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Abstract

• Measurements of F-16 aircrafts noise during take- Given the high-power concentration of combustion engines used in military aviation, it is
reasonable to measure the instantaneous surges in the sound pressure level. Therefore, a reoff.
search question was raised regarding the differences in this level for various aircraft engines
• The stability of production assessment method apof the same type (F100-PW-229) to assess their size and statistical significance. The aim of
plied in noise significance estimation.
the paper is to discuss the attempt to check the significant difference between the parameters
• Contribution to the state of knowledge on the ho- of the acoustic level generated by the aircraft engines. The measurements were carried out for
mogeneity of the F-16 noise results.
32 engines of the F-16 Block 52+ multirole aircraft during takeoff process. The parameters
• Basis for the decision regarding the sample selec- of noise in the point system and in the octave distribution were subject to analysis. Statistical
methods dedicated to assessing production stability, i.e. the Shewhart chart, were applied.
tion data in further noise analyses.
The results of the analysis showed that the discrepancies generally do not exceed a value of
+/− 3σ . Therefore, it can be concluded that the analogous results for F-16 noise are homogeneous. Thus, the Shewhart chart method proved useful for assessing the homogeneity of
these measurements.
Keywords
This is an open access article under the CC BY license noise measurements, F-16 aircrafts, the homogeneity assessment, quality control methods
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Air traffic and aircraft ground services generate noise, the main
source of which are the engines operating in the air and on the tarmac
[7, 12, 59]. Sometimes, increased noise is also the result of efforts to
increase the performance of aircrafts [28]. So, a fundamental element
of protection against noise is the practical application of scientific and
technological achievements. The optimization of takeoff and landing profiles and correct generation of airport takeoff and approach
trajectories should constitute an inseparable element of improvement
of the airport management systems. This, however, forces continuous
exploration of new possibilities of forecasting of the impact of this
type of noise on the environment. The assessment of acoustic effects
and noise is already a well-researched topic in the road vehicles application [1, 42]. In the aviation, both in the civil and the military ones
the noise is the constantly researched problem. In [16] a statistical
analysis of the relationship between pilot actions and noise emitted
into the environment was undertaken. In [22, 33, 50] authors analyze
the problem of environmental noise pollution at various airports. One
of the still unsolved problems related to the aircraft noise measurement is the assessment of the level and structure of noise in different

examples of the same aircraft. It is generally known that each of them
generates different level of acoustic pressure, mainly due to different
technical, operating and weather conditions [17, 48, 49]. The evaluation of different types of noise can be presented in many ways. The
first one is the evaluation based on the measurements, processing and
analysis of physical quantities, i.e. acoustic pressure. In the presented
investigations, no other approach than the subjective assessment of
the nuisance of aircraft noise has been taken into account (frequently
used and based on subjective popular survey evaluation) [9, 26, 45].
Another approach is the determination and assessment of psychoacoustic indicators (or complex models) such as loudness, tonality or
roughness of sound [11, 41, 52]. There are also mixed approaches
which includes both processing of physical quantities and assessment
of psychoacoustic indicators [43]. These have not been taken into account in the paper.
The effectiveness of using the noise assessment has been successfully proven for both the maintenance and the reliability in different
branches. There are various maintenance approaches which are taking
into account different signal processing methods and main noise parameters in time domain (e.g. using wavelet transform in [18] or [29])
and frequency domain (e.g. using frequency filtration or/and Fourier
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transform as in [53, 55, 58]). However, especially in the case of reliability assessment of mechanical objects it is a very important issue
because different noise parameters can be very good diagnostic information carriers [5, 25, 38, 54]. Therefore one can expect that a proper
noise assessment is a crucial aspect in the aviation management. In
the effect, it becomes fundamental to assess in what boundaries we
can acknowledge the similarity of differences of the measured sound
levels (analysing an individual measurement as a parameter for an
objective aircraft noise assessment) in the cyclic investigations approach, identical in terms of the applied methodology. In this paper
the first stage of the investigations was the performance of several
series of measurements of the noise generated by the F-16 military
aircraft during takeoff. The main purpose of this paper was to present
a new way of the homogeneity assessment of the noise level distribution generated by aircrafts. The group of aircrafts is called as homogeneous in terms of the generated sound when the parameters describing
the sound are within a defined range, and their deviations from the
expected value/level are not statistically significant.
In practical training performed in tactical aviation bases it is required to maintain high technical efficiency of the aircraft. From this,
among others, the maintenance of the imposed rhythm of flight training depends. Furthermore, the effectiveness of the system for the implementation of technical services performed on individual aircraft is
connected to high technical efficiency of the system operation. Technical maintenance can be performed both within own internal units
and outside the organization. The manner in which the periodic and
pre-flight maintenance of the F-16 aircrafts are performed determines
their technical condition, which directly affects the emitted noise level. A proper decision regarding the implementation of maintenance
requires considering many factors, including the assumptions of the
organization’s aircraft operating policy and the requirements set out in
its statute. However, it should be considered that the operation policy
developed by the airworthiness unit relates to the previously identified conditions. It means that this data set is not limited. Thus, additional data mining related to aircraft technical condition parameter are
required based on ongoing operations and continuous updating of the
aircraft damage risk indicators. One of the possible indirect sources of
this kind of knowledge may be the result of noise analysis using the
Shewhart control charts. This means that the measurement results of
selected aircraft, which significantly differ from the established reference range, may indicate to poor technical condition and the further
need to unplanned maintenance action.

In relation to a single flight operation, such as takeoff, cruise and
landing, another index of objective noise nuisance applies - a noise A
exposure one: LAE [37, 51]. It appears as though instantaneous oscillations of the acoustic pressure are a very good parameter in the consideration of the discussed problem as well as the qualitative structure of
the generated signal, as has been confirmed in [48]. In [17] a continuous measurement of noise in the vicinity of the Ben-Gurio airport was
carried out, taking into account different types of aircraft, its operating conditions (aircraft height and takeoff time) and the weather. The
main parameter under analysis was the instantaneous level of acoustic
pressure, particularly its maximum peaks related to the takeoff.
A combination of the equivalent and the exposure sound levels
has been presented in [24]. Based on the investigations, the authors
confirmed that the sound level equivalent index (e.g. related to the
daytime LAeqD) may be a correct parameter defining the noise nuisance for high traffic airports, similarly to the instantaneous maximum sound level. If, however, the number of aircraft takeoff/landing
operations amounts to approx. five per hour, these parameters begin
to vary significantly, which, in the aspect of objective aircraft noise
analysis excludes the equivalent sound level as the correct decisionmaking parameter [24].
Therefore, a research question arises whether we can check the
comparability of sound A (LAE ) with the available measurement and
analytic methods for different types of the same aircraft and whether
we can infer on the entire group of a single type of aircraft based on a
low number of measurements.
Advanced research results were performed in the USA. There are
reports on experimental procedures addressing some jet-noise phenomena observed during the measurements made in the geometric
near field of the jet produced by an engine installed on an F-22A Raptor. Following the reports, the results of the measured jet noise values
such as general sound pressure levels (OASPL), spatial diversity of
the spectral content and basic time wave properties were obtained.
Based on these results, frequency-dependent radiation patterns were
observed, two separate spectral peaks unique for full-scale jets were
identified, and a non-linear content of acoustic shock was shown.
Noteworthy is the observation resulting from the comparison of the
spectral shapes for the ‘military’ and ‘afterburner’ engine mode measured at z = 15.2 m (see Fig. 1).

2. Selected methods of measurement and analysis
of the aircraft noise
The assessment of the nuisance of aircraft noise in the airport surrounding environment in Poland is carried out based on long-term
mean sound level determined as an average long-term value obtained
from the equivalent sound levels A. The admissible noise level in
the environment, expressed with the noise indexes LDWN and LN as
well as LAeqD and LAeqN, is specified by the regulation of the Minister
of Environment dated 14 June 2007 regarding the admissible noise
levels in the environment [60]. It is differentiated depending on the
category of geographical area and the type of facility or activities generating the noise. The situation is similar in Europe and worldwide,
as confirmed in [23].
The LDWN index determines the long-term mean sound level A expressed in [dB], obtained during all trials throughout the year, differentiated into time of day/evening/night. LN is a long term mean
sound level A expressed in [dB], obtained during all nights throughout
the year. Besides, in order to determine and control the conditions of
environment burden in reference to a single day, equivalent sound A
indexes apply, expressed in [dB] for the daytime LAeqD and nighttime
LAeqN respectively. These indexes apply in the performance of a longterm policy of environment protection against noise. The examples of
works, in which they were used have been described in [2, 3, 44, 47].
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Fig. 1. 1/3 octave spectra measured along the reference array at z=15.2 m.
Solid lines represent the SPL values averaged over all scans [56]
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With the increase in power from ‘military’ to ‘afterburner’, high
frequencies are boosted by approx. 3 dB, while low frequencies are
boosted by approx. 8 dB. This is accompanied by a double-peak near
the dominant frequencies [56]. Evidence of a double peak also appears in the flyover measurements of the F-15 ACTIVE Aircraft 30
and in the flyover measurements of a military jet. Information on the
structure of the impact in the propagation wave was disclosed. Above
the peak frequency of approx. 200 Hz, it reached an average of 3 dB /
octave, up to the frequency of approx. 1.25 kHz [35].
Other research regarding the correlation analyses of ground-based
acoustic-pressure measurements of noise from a tethered F-22A provided insights into the sound-field characteristics. To the side of the
nozzle exit, the temporal-correlation envelope decays rapidly, whereas the envelope decays more slowly in the maximum radiation region
and further downstream [19].
The Alabama research centre has developed an innovative measurement method. The purpose of the tool is to measure the far-field
noise radiated by the engine plume. In addition, the tool is equipped
with a prediction package based on a semi-empirical far-field acoustic
radiation model and an existing CFD database of the engine plume.
The tool is able to display both the predicted and the measured results
in real time [14].
Military aviation noise tests are also carried out in Europe. Based
on the United Kingdom restrictions to limit noise from low-flying
military jet aircraft, special research was conducted. The limits are
based on a scientific assessment of the actual noise characteristics
of different aircraft types and, for operational reasons, they are in
the form of speed and height restrictions. The project was based on
both laboratory and field studies of the reactions of humans to such
noise. Each noise characteristic (using examples of noise signatures
obtained during field trials and controlled flyovers) and comments on
its application and validity were considered[27].
The above-mentioned research results do not answer the research
question regarding the possibility of assessing the homogeneity of the
noise level distribution generated by aircraft. Therefore, the authors
decided to validate the new application of the method of control of
statistical parameters, particularly the control X chart –R, usually
used in the industry for the assessment of the stability of the production processes [36].

3. Statistical parameter control method (control
chart)
The Shewhart control chart is used to control the quality of production [30, 34] or control the widely understood analysis of multidimensional statistical data [8, 15]. In [13] the authors used this method
(along with its different variances) for a statistical analysis and control
of the water consumption in flush toilets in a public building. There
are also some articles which are in opposition to the Shewhart control method. In [10] the main aim was to show the advantages of the
Wiebe function utilization for statistical processing of data characterizing the nonhomogeneity of the combustion engine process between
individual cycles. The results shown that statistical processing of data
can be done by different ways, e.g. using Wiebe function. What is
more important, it is significant due to reliability assessment of various technical object, especially complex machines [21]. However, the
main issue is to collect an appropriate amount of homogeneous data.
The above-mentioned examples indicate the topicality of this method
in different scientific areas. Therefore, the authors decided to use it
in the assessment of the homogeneity of the distribution of the noise
level generated by F-16 aircraft.
The essence of the X –R chart is the control of statistical stability of a process performed through observation of the average value
tracing X and the tracing of the range R from the samples of count n
each (Fig. 2). The condition for the application of the chart is the assumption that an investigated characteristic has a normal distribution

or similar to a normal distribution [32, 57]. The control chart is made
of three parts [40]; the calculation form, the investigated statistical
parameters variability graph (control chart tracings) and the descriptive part.

Fig. 2. Variability of the statistical parameters (chart X - R), proprietary
data based on [20, 32]

The calculation form includes: subsequent numbers of samples,
time intervals (frequency) between the subsequent samples and the
sample count (ascertained individually for each kind of control chart
due to different statistical parameters). Upon inserting the results for
each element of the investigated sample into the control chart, an
arithmetic average X of the results in the sample must be calculated (the sum of the results divided by the sample count/number of
samples). The next step is the calculation of the range (the difference
between the highest and the lowest value in the sample) [21].
The tracing of the variability of the investigated statistical parameters (control chart tracings). This part of the chart has two coordinate
systems. On the horizontal axes of both systems we have the same
scale denoting the subsequent number of the sample. In the vertical
axis of the upper system we have a scale of numerical values (units,
in which the measurement of the average values in the samples is
performed). The scale range is limited to the interval of variability of
the probable averages during the observation. The system pertaining
to the ranges has the same scale but it is adapted to the scope of its
variability (start of the scale at zero). The components of the tracing
are: the central line determined as X ), the external control lines (upper control limit - UCL and lower control limit - LCL) for X and the
external upper control line for the range. In the coordinate systems we
can additionally introduce internal control lines that are to indicate
changes in the process prior to the occurrence of the distortions [40].
Upon overlaying the results of the average value and the range on the
appropriate tracing (corresponding to the value of the samples and its
location on the vertical numerical axis) the tracing must be analysed.
The occurrence of a point outside of the area designated by the limits
denotes: the occurrence of a signal and an interference in the course of
the signal, which is recorded in the chart [31]. The method of calculation of the control lines is presented as follows [39, 40]:
UCL = X +

1, 96
σ
n

(1)

LCL = X −

1, 96
σ
n

(2)
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where: n - sample count, X - arithmetic average of the obtained results, σ - standard deviation of the investigated characteristic.
It is assumed that 95% of the sample averages will fall in the range
1, 96
1, 96
σ to +
σ . In practice, 1.96 is substituted with 3 assuming
−
n
n
that approx. 99% of the averages occur within the limits of the control
lines and the upper and lower control lines are defined as (±) 3σ :
UCL = X + 3σ

(3)

LCL = X − 3σ

(4)

In order to improve the analysis, alert lines are placed in the graph
shown as (±) 2σ .
Research in Polish scientific centre is worthy of attention in this
context. The comprehensive and diverse research based on measurement data included a four-year period and sixty-nine measurement
stations: noise of different origins was recorded: traffic noise, railway
noise, industrial noise and aircraft noise. The data set was analysed
in terms of determining the forms of probability distributions. Only
for 3% of the analysed one-day noise indicators, were the distribution functions confirmed to be normal. In this case, using the classical
method (the law of uncertainty propagation) for determining type A
measurement uncertainty may lead to the erroneous determination of
the uncertainty interval. Following analysis of the data set, the possibility of modelling the distributions of one-day noise indicators with
a mixture of two normal distributions was verified. Such an approach
would significantly simplify uncertainty determination using the nonclassical method based on probability distribution propagation. It was
indicated that 94% of the analysed samples are characterised by a distribution that is a mixture of two normal distributions [46].
Such assumption gives rise to the search for new solutions in the
field of aircraft noise assessment. Two decades ago, French researchers suggested the detection of environmental changes using Shewhart’s
control chart detection algorithm that searches for the changes in the
means of Gaussian sequence. This technique is general since no assumption is made on the nature, level and occurring time of noise and
gives significant improvement compared to classical compensation
algorithms [6].
The possibility of using control charts in noise investigation is also
highlighted by Danish research. The objectives of their study were
to explore what impact of variation (noise) in the data had on the
performance of different statistical monitoring methods (such as univariate process control algorithms-Shewhart Control Chart, Tabular
Cumulative Sums, and the V-mask-and monitoring of the trend component-based on 99% confidence intervals and the trend sign). Results
revealed that the Shewhart Control Chart was better at detecting increases over decreases in sero-prevalence, whereas the opposite was
observed for the Tabular Cumulative Sums. The trend-based methods
detected the first event well, but performance was poorer when adapting to several consecutive events [4].
Considering the above scientific achievements and the assumption
that noise generated by aircraft during individual aircraft operations
can be treated as a source under constant conditions, the Shewhart
chart quality method can be used in this case. Possible minor deviations due to corrections for noise distribution similar to normal have a
marginal impact and are acceptable. The spread chart was not applicable here due to single measurements for each object [57].

4. Empirical research method
The location of the empirical research validating the new application of the X chart in the assessment of the homogeneity of the noise
level distribution generated by aircraft was the immediate surround-
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ings of the airfield complex of the 31 Tactical Airbase located in the
south-eastern part of Poznań. The area occupied by the military unit is
928.88 ha, including the airstrip of the area of 874.5ha. The length of
the runway (DS-1) is 2500m and its width - 80 m. After the modernization of the airfield (2001/2002), the runway was extended by 300 m
and now has a total area of 19800 m2.
The measurements of the exposure sound level A were carried out
in relation to takeoffs of individual multirole F-16 Block 52+ aircraft.
The measurement point was located at the extension of the RWY30
takeoff edge at a distance of 200m. The selection of the times of measurements was tightly dependent on:
–– monthly flight schedule for the Poznań – Krzesiny Airfield,
–– daily flight schedules determining the air operations and their
objectives,
–– direction of the takeoffs specified by the control tower for each
individual air operation,
–– procedurally adopted independent causes of flight cancellations
(bad weather conditions, human factor, equipment factor).
Example results of the recorded signals have been shown in Fig. 3.
Furthermore, all sound measurements were not exposed on other disturbances (e.g. background noise), thus it can be concluded that each
measurement was carried out under the same conditions.

Fig. 3. Selected time tracings of the acoustic pressure signals

Based on the analysis of the signals presented in Fig. 3, one cannot
confirm whether they are statistically homogeneous. In order o assess
the homogeneity, a parameterization of the signals was performed and
then statistical analyses were carried out.
Due to the specificity of the performance of military tasks, the
noise investigations were performed in two stages. The measurements aimed at the obtainment of the exposure noise level – LAEq.
A time constant of 100 ms was adopted. During the investigations,
the authors recorded sound signals of 32 F-16 aircraft. Based on the
results of the measurements, point measures LAEq were determined
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along with the octave and 1/3 octave spectra. In reference to the point
values, calculations were performed with a view to carrying out a
further analysis. To this end, the average and the standard deviation
were obtained using Statistica 13.1 and then, on this basis, the authors
obtained the boundary values - the upper control limit (UCL) and the
lower control limit (LCL). The results of the calculations have been
shown in Table 1.
Table 1. Results of the analysis of the LAE point values
Parameter

Calculation results

Highest value [dB]

103,93

Average value [dB]

100,29

Upper control limit UCL [dB]

104.65

Lowest value [dB]

96,88

Standard deviation (Sigma)

Lower control limit LCL [dB]
Number and percentage of outliers

1.45

> UCL
< LCL

0

95,94

0

Based on the analysis of Fig. 5, the authors observed differences
in the sound levels in the octave bands for different sound signals
recorded during the aircraft takeoffs. A question arose whether these
differences were statistically significant.
Results of the statistical calculations in relation to the values obtained for the octave spectral bands have been shown in table 2.
The data in Table 2 present the spectral shapes for the military engines. They indicate an increase in the acoustic level along with the
increase in the frequency to approx. 200 Hz and then its drop from
the average of 102.73 dB for 250 Hz to the average of 50.81 dB for
16 kHz. This spurred the authors to more thoroughly scrutinize the 63
Hz, 125 Hz and 250 Hz spectra that have the greatest impact on the
total noise level. During the analysis, the authors also had to allow
for the spread of the results that influenced the value of the standard
deviation and, indirectly, the control limits. The graphical interpretation of the X charts made with Statistica 13.1 has been shown in
Figs. 6-15.

0%
0%

The graphical interpretation of the X chart made with Statistica
13.1 has been shown in Fig. 4.

Fig. 6. X card for the 31,5 Hz octave spectrum

Fig. 4. Chart X for the LAE point results

The analysis of the X chart allowed determining the trend in the
differences between the LAE sound levels of individual aircraft. All
the results of the measurements fell in the range between the upper
control limit (UCL) and the lower control limit (LCL), i.e. none of the
results exceeded the upper and lower limits. Taking this dependence
into account, one can assume that the results of the point measurements are homogeneous.
The confirmation had to be additionally found in the spectral analysis of the acoustic signals. To this end, the authors performed calculations, the effect of which were octave and 1/3 octave spectra of
the recorded signals. The example octave spectra have been shown
in Fig. 5.

Fig. 7. X card for the 63 Hz octave spectrum

Fig. 8. X card for the 125 Hz octave spectrum

Fig. 5. Octave spectra of the acoustic signals

Fig. 9. X card for the 250 Hz octave spectrum
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Table 2. Results of analyses of the octave spectra
Frequency

31,5Hz

63Hz

125Hz

250Hz

500Hz

1kHz

2kHz

4kHz

8kHz

16kHz

Highest value [dB]

67,60

86,50

94,81

95,51

96,62

99,25

97,79

92,01

78,11

59,96

Lowest value [dB]

65,38

84,11

91,90

91,11

85,20

85,89

84,63

77,80

62,41

36,02

Average value [dB]

66,56

85,19

93,08

92,99

91,06

92,47

92,67

87,23

71,97

46,44

0,45

0,45

0,49

0,95

3,35

1,10

1,96

1,92

2,04

4,54

67,92

86,54

94,54

95,83

101,11

101,77

98,55

93,00

78,09

60,06

65,21

83,85

91,63

90,15

81,00

83,16

86,78

81,46

65,85

32,82

> UCL

0

0

2

0

0

0

0

0

1

0

< LCL

0

0

0

0

0

0

2

4

3

0

Parameter

Standard deviation
(Sigma)

Upper control limit
UCL [dB]

Number of
outliers

Lower control limit
LCL [dB]

Fig. 10. X card for the 500 Hz octave spectrum

Fig. 11. X card for the 1000 Hz octave spectrum

Fig. 12. X card for the 2000 Hz octave spectrum

Fig. 13. X card for the 4000 Hz octave spectrum

Fig. 14. X card for the 8000 Hz octave spectrum

192

Fig. 15. X card for the 16000 Hz octave spectrum
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The analysis of the distribution of individual measurements within
the control limits in Figs. 6-15 was performed and the following observations were made:
1) the shape of the histogram indicated similar characteristics to
a normal distribution, (based on the central limit theorem this
noise assumption can be sufficient [20])
2) the results of measurements exceeded the upper control limit
(UCL) or the results of measurements were lower than the
lower control limit (UCL) or all the measurements fell in the
admissible limits.
The first group, for which the results exceeded the upper control
limit UCL was the most important due to the higher risk of noise compared to the interval resulting from the overall measurements. Such a
deviation occurred for two frequencies. At 125 Hz, the exceed pertained to 2 aircraft (6.25%) numbered 24 and 25 and the highest UCL
exceed value was 0.27 dB. A single exceed of the UCL line (3.12%)
occurred at 8 kHz (no. 11, deviation 0.26 dB).
Another group are the outliers below the lower control limit LCL.
In three spectral distributions, i.e. 2 kHz, 4 kHz and 8 kHz there were
outliers below LCL, which is not a risk but a lower, safer sound level
compared to the boundary interval.

All the measurement results fell in the admissible limits in six distributions. This pertained to the following spectra: 31.5 Hz, 63 Hz,
250 Hz, 500 Hz, 1 kHz and 16 kHz.
When evaluating the negative impact of the upper outliers one
should first of all consider their percentage share in the total number
of measurements. In such an approach, one may state that approx.
9% of the aircraft exhibits discrepancies that eliminate them from the
homogeneous group generating a similar level of noise.
In the further analysis the 500 Hz and 1000 Hz spectra turned out to
be significant. They did not exhibit similar characteristics to a normal
distribution and a relatively great spread compared to other frequencies was observed. These frequencies lacked median values and the
results were close to both limits. Such an observation may indicate
the necessity of analysis of this interval using a different method.
The results related to all higher frequencies (in excess of 500 Hz) are
also striking, for which at the increasingly reduced average value, the
standard deviation remains relatively high.
An in-depth analysis was performed by making calculations in relation to the values obtained for the 1/3 octave bands, the example
characteristic of which have been shown in Fig. 16 and table 3.
The data in table 3 present the spectral shapes for a military engine.
The graphical interpretation of the X charts made with Statistica
13.1 have been shown in Figs. 17-44.
The analysis of the distribution of individual measurements within
the control limits in Figs. 17-44 was performed and the following observations were made:
1) the shape of the histogram indicated similar characteristics to
a normal distribution, (based on the central limit theorem this
noise assumption can be sufficient [20])
2) the results of the measurements exceeded the upper control
limit (UCL) or the results of measurements were lower than

Fig. 16. 1/3 octave spectra of the acoustic signals

Fig. 17. X card for the 31,5 Hz 1/3 octave spectrum

Fig. 18. X card for the 40 Hz 1/3 octave spectrum

Fig. 19. X card for the 50 Hz 1/3 octave spectrum

Fig. 20. X card for the 63 Hz 1/3 octave spectrum

Fig. 21. X card for the 80 Hz 1/3 octave spectrum
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Table 3. Results of analysis of the 1/3 octave values
Frequency

Parameter
Highest
value [dB]

Lowest
value [dB]

Average
value [dB]

Standard
deviation
(Sigma)

Upper control limit 59,95 67,03 73,79 79,68 85,27 88,75 89,63 91,03 91,77 91,13 93,49 95,63 96,97 97,39 97,55 97,22 96,40 95,07 95,79 90,72 91,32 87,05 82,78 77,13 71,15 65,18 59,25 59,44
UCL [dB]

Lower control limit 57,09 64,28 71,08 76,92 82,44 85,37 86,65 87,74 87,96 84,57 77,91 75,55 75,56 76,26 77,72 78,62 78,66 78,71 83,90 78,89 79,71 75,32 70,27 65,21 56,88 45,65 33,09 20,28
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< LCL

Number of outliers

Fig. 22. X card for the 100 Hz 1/3 octave spectrum

Fig. 23. X card for the 125 Hz 1/3 octave spectrum

Fig 24. X card for the 160 Hz 1/3 octave spectrum

Fig 25. X card for the 200 Hz 1/3 octave spectrum

Fig 26. X card for the 250 Hz 1/3 octave spectrum

Fig 27. X card for the 315 Hz 1/3 octave spectrum

Fig 28. X card for the 400 Hz 1/3 octave spectrum

Fig 29. X card for the 500 Hz 1/3 octave spectrum

Fig 30. X card for the 630 Hz 1/3 octave spectrum

Fig 31. X card for the 800 Hz 1/3 octave spectrum

Fig 32. X card for the 1000 Hz 1/3 octave spectrum

Fig 33. X card for the 1250 Hz 1/3 octave spectrum
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Fig 34. X card for the 1600 Hz 1/3 octave spectrum

Fig 35. X card for the 2000 Hz 1/3 octave spectrum

Fig 36. X card for the 2500 Hz 1/3 octave spectrum

Fig 37. X card for the 3150 Hz 1/3 octave spectrum

Fig 38. X card for the 4000 Hz 1/3 octave spectrum

Fig 39. X card for the 5000 Hz 1/3 octave spectrum

Fig 40. X card for the 6300 Hz 1/3 octave spectrum

Fig 41. X card for the 8000 Hz 1/3 octave spectrum

Fig 42. X card for the 10000 Hz 1/3 octave spectrum

Fig 43. X card for the 12500 Hz 1/3 octave spectrum

the lower control limit (UCL) or all the measurements fell in
the admissible limits.

Fig 44. X card for the 16000 Hz 1/3 octave spectrum

196

The first group where the results in the distribution exceeded the
upper control limit (UCL) pertains to 9 frequencies: 50 Hz, 63 Hz,
100 Hz, 125 Hz, 160 Hz, 200 Hz, 2000 Hz, 8000 Hz, 10000 Hz. This
constitutes a consequent relation with the exceeds disclosed in the
spectral distribution for the frequencies of 125 Hz and 8 kHz.
Another group are the outliers from the lower control limit (LCL).
For nine frequencies, i.e. 100 Hz, 2000 Hz, 2500 Hz, 3150 Hz, 4000
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Fig. 45. Comparison of the octave sound spectrum for the noise generated by
the aircraft and the acoustic background

Fig. 46. Comparison of the one-third octave sound spectrum for the noise generated by the aircraft and the acoustic background

Hz, 5000 Hz, 6300 Hz, 8000 Hz and 10000 Hz, single results fell
below the lower control limit LCL.
Majority of the frequencies have confirmed all the measurement
results within the admissible limits and these were: 31.5 Hz, 40 Hz,
80 Hz, 250 Hz, 315 Hz, 400 Hz, 500 Hz, 630 Hz, 800 Hz, 1000 Hz,
1250 Hz, 1600 Hz, 12500 Hz and 16000 Hz.
Due to the fact that not all results were within the assumed limits,
it was found that it should be checked whether the analysed measurement results were not influenced by external phenomena (the acoustic
background). Therefore, the parameters describing the acoustic background were determined. Three types of analyses (one-third octave,
octave and broadband) were performed and the case with the lowest
values was selected for the comparison. Thanks to this step, it was
possible to determine minimal differences between the background
noise and the sound generated by the aircraft engine during take-off.
Furthermore, it is known that if the difference in sound pressure levels between the measurement of the phenomenon and the background
noise is greater than 10 dB, then the background noise has no influence on the result of the sound level measurement [5].
The difference between the background noise and the noise generated by the aircraft during take-off was 37 dB in the broadband study.
The noise comparison results of the one-third octave and octave spectra are shown in Figs. 45 and 46.
Based on the performed three comparison analyses, it was found
that the background noise did not affect the measurement results in
any case study. Differences between the measurements and the background noise in all spectrum bands were higher than 10 dB.

pliance of the point measurements based on the lack of results that
exceeded the limit lines. An in-depth analysis related to the octave
and 1/3 octave spectra has shown few differences, outliers and trends.
The excess of the upper control limit took place for only 0.9% of the
octave results, which was also confirmed by the low index of excess
for the 1/3 octave results (1.2% excesses). This allows an assumption

5. Conclusions
In the paper the authors presented a novel approach to the analysis
of acoustic signal using methods of statistical quality control. The attempt to assess the homogeneity has led to a confirmation of the com-

that the statistical method of quality control using chart X may turn
out useful in the assessment of aircraft noise measurements.
Based on the performed analyses one can state that both the point
measures as well as the octave and 1/3 octave spectra from the signals
recorded during the F-16 takeoffs are mostly homogeneous. This is
important as it enables a significant reduction of the recorded signals
needed to identify the parameter models of sound propagation around
airport runways.
The developed assessment method of the homogeneity of the
acoustic signal sources group generated by takingoff aircrafts can be
used as an additional diagnostic tool. It can enable the detection of
sound-generating objects in the tested group of aircrafts with a spectral composition significantly different from the reference spectrum
(average spectrum for a homogeneous group of F-16 aircraft). Thanks
to this approach, the objects deviated from the reference tested group
could be directed to an unplanned maintenance. Therefore, it would
have a significant impact on increasing the level of reliability and
safety indicators.
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Highlights

Abstract

• Machine learning models were developed to pre- In this study novel integrative machine learning models embedded with the firefly algorithm
(FA) were developed and employed to predict energy dissipation on block ramps. The used
dict energy dissipation on block ramps.
models include multi-layer perceptron neural network (MLPNN), adaptive neuro-fuzzy in• Firefly algorithm was used as integrative method
ference system (ANFIS), group method of data handling (GMDH), support vector regreswith machine learning methods.
sion (SVR), linear equation (LE), and nonlinear regression equation (NE). The investigation
• Computational time and stability of models in dif- focused on the evaluation of the performance of standard and integrative models in different
ferent runs were analyzed.
runs. The performances of machine learning models and the nonlinear equation are higher
• Firefly algorithm increases the accuracy of stand- than the linear equation. The results also show that FA increases the performance of all applied models. Moreover, the results indicate that the ANFIS-FA is the most stable integrative
ard machine learning models.
model in comparison to the other embedded methods and reveal that GMDH and SVR are
the most stable technique among all applied models. The results also show that the accuracy
of the LE-FA technique is relatively low, RMSE=0.091. The most accurate results provide
SVR-FA, RMSE=0.034.
Keywords
This is an open access article under the CC BY license firefly algorithm, machine learning, energy dissipation, block ramps.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Excessive kinetic energy causes damage to the hydraulic structures.
Downstream of dams, the high flow velocity causes scours, which reduces the stability of a structure. To control the kinetic energy several
techniques have been applied
including designing flip buckets, designing stilling basins,
designing stepped chutes, and
designing block ramps [27]. A
block ramp is a hydraulic structure that conducts the flow to a
lower elevation producing high
energy dissipation [3]. The dissipation causes the material of
high roughness placed on the
sloped of the structure. A typical block ramp is shown schematically in Fig. 2.

In Fig. 1 y0 is the upstream flow depth, H is the block ramp
v2
height, ∆E is the energy dissipation, v is the flow velocity,
is
2g
the velocity head, Q is the flow discharge, a is the block ramp angle,

Fig. 1. A schematic view of block ramp
(*) Corresponding author.
E-mail addresses: A. Mahdavi-Meymand (ORCID: 0000-0002-9125-5214): amin.mahdavi1990@gmail.com, W. Sulisz (ORCID: 0000-0002-7484-5669):
sulisz@ibwpan.gda.pl, M. Zounemat-Kermani (ORCID: 0000-0002-1421-8671): zounemat@uk.ac.ir
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y1 and y2 are the upstream supercritical flow depth and the downstream subcritical flow depth of the hydraulic jump, respectively.
The design of block ramps must take into consideration the structure permeability and stability with a number of socio-economic and
socio-ecologic aspects [3, 21, 27]. The block rump purifies water
as well as increases water aeration, which is important to decrease
damages arising from cavitation [17]. The block ramps are resistant
against destructive forces, especially forces arising from uplift pressure. The maintenance costs of block ramps are relatively low in comparison with corresponding maintenance coasts of traditional hydraulic structures. The block ramps are considered to be eco-friendly type
structures due to the possibility of building them from local material
[23, 27].
The energy dissipation, ∆E , is an important parameter in the design
of block ramps. In this regard, various experimental studies have been
conducted to analyze different aspects of block ramp performance,
especially the amount of dissipation energy under different hydraulic
and geometric conditions [3, 23, 24, 27]. Pagliara and Chiavaccini
[23] and Rahmanshahi and Shafai Bejestan [27] conducted some experiments and developed equations for the estimation of ∆E .
In recent years, the successful applications of machine learning
methods in modeling engineering problems have been reported in
numerous studies [4, 18, 19, 26, 33]. Despite the empirical formulas
are easy to use, the outcome of research conducted in recent decades,
including studies conducted in hydraulic engineering, indicate that
the machine learning methods are more accurate [14, 16, 22, 29, 39].
Recently conducted studies have shown that the integration of machine learning models with meta-heuristic algorithms may drastically
increase the accuracy of standard machine learning models. Firefly algorithm (FA) is an effective optimization approach developed by Yang
[35]. The FA is a generalized form of the three popular meta-heuristic
algorithms i.e. particle swarm optimization (PSO), differential evolution (DE), and simulated annealing (SA) [15]. Kumar and Kumar [15]
discussed various aspects of FA in a study and concluded that the FA
is a promising optimization algorithm. This motivated present work
to derive novel and original techniques by developing integrative machine learning models embedded with the firefly algorithm, FA.
In this study, a number of machine learning techniques were applied to estimate the energy dissipation by block ramps. The applied
models include multi-layer perceptron neural network (MLPNN),
adaptive neuro-fuzzy inference system (ANFIS), group method of
data handling (GMDH), support vector regression (SVR), and linear
and nonlinear regression methods. First, the machine learning models are described. Then, a novel and original technique was derived
by developing integrative machine learning models embedded with
the firefly algorithm. Next, model evaluation criteria are introduced.
Finally, the developed models are ranked based on innovative and
original criteria including model accuracy, stability, and time duration
in 30 consecutive runs, and conclusions are specified.

2. Material and methods
2.1. Empirical relations
Pagliara and Chiavaccini [23] developed the following relation by
using regression methods to estimate ∆E based on their measured
laboratory data sets:
∆Er =

∆E
B + C .S ) yc / H
= A + (1 − A ) e(
E0

(1)

where ∆Er is the relative energy dissipation, E0 is the total energy
upstream of the block ramp, S is the ramp slope, yc is the critical
water depth, and A , B and C are coefficients which are determined
from Table 1.

Table 1. The value of coefficients A, B, and C

yc / d50

A

B

yc / d50 <2.5

0.33

−1.3

6.6< yc / d50 <42

0.15

−1

2.5< yc / d50 <6.6
42< yc / d50

0.25

−1.2

0.2

−0.9

C

−14.5
−12

−11.5
−25

Note: d50 is the particle size at which 50% of ramp material by weight is finer

Rahmanshahi and Shafai Bejestan [27] conducted some experiments and developed two equations for estimating ΔE for smooth
(Equation 2) and rough (Equation 3) ramps based on the gene-expression programming regression method:
∆Er = e

y
−49.06 c
L

y 

+ S + S 2 1 − 35.54 c 
L


(2)

yc

y L y 
y 

∆Er =  S6.14 c  + c  2.25 − 0.3 c 
L
L
d50 


(3)

where L is the ramp length.

2.2.

Machine learning methods

2.2.1. Multi-layer perceptron neural network
The MLPNN is one of the artificial neural network branches that
can model complex problems. Like regression methods, MLPNN determines a relation between inputs and outputs and may be recommended to be applied even when a relationship is complex. Many
studies report the successful application of MLPNN in engineering
problems [8, 9, 11, 28]. The MLPNN also is a type of deep neural
network [37]. In the MLPNN algorithm, there are three main layers
including the input layer, middle layers, and output layer. Each layer
is composed of several neurons connected to each other. The number
of neurons in inputs and outputs layers is equal to the number of inputs and outputs parameters. The number of layers and neurons of the
middle layers may vary. The input vector of neurons in the middle
layers is calculated from the following equation:
Aik +1 =

n

∑ wij × x kj + b

(4)

j =1

where n is the total number of middle layer neurons, x j is the output
of jth neuron of k layer, wij is the weight between jth neuron of layer
k and ith neuron of k+1, and b is the bias. The output of the neurons of
the middle layer may be written in the following form:
yi = f ( Ai )

(5)

where f is the activation function. The MLPNN can be trained by applying different optimization approaches such as conjugate gradient,
gradient descent, and meta-heuristic algorithms. In this study, the
Levenberg-Marquardt algorithm (LM) and the firefly algorithm (FA)
were used to determine the network coefficients.
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2.2.3. Group method of data handling

2.2.2. Adaptive neuro-fuzzy inference system
The adaptive neuro-fuzzy inference system (ANFIS) is a kind of
artificial neural network introduced by Jang [12]. The ANFIS is based
on the Takagi–Sugeno fuzzy inference system (FIS) that has the advantages of both neural networks and fuzzy logic principles in a single
structure [12]. The previous studies approved the capability of ANFIS
to approximate nonlinear functions in engineering problems [1, 5, 7,
31]. Generally, the ANFIS network consists of five layers. In Fig. 2 a
basic flow diagram of ANFIS with four inputs is depicted.

Fig. 3. A schematic view of the developed GMDH network

Fig. 2. A schematic view of the developed ANFIS structure

In Fig. 2 L, S, d50, and yc are inputs and 𝛥Er is the output. The first
layer, which is known as fuzzification, turns the input parameters into
a fuzzy set by member functions as follow:
O1Ai = µ Ai ( L )

i = 1, 2, 3, 4

O1Bi = µ Bi ( S )
1
OCi
= µCi ( D50 )

O1Di = µ Di ( yc )

(6)

i = 5, 6, 7, 8

(7)

i = 9,10,11,12

(8)

i = 13,14,15,16

(9)

where µ is the membership function (type A, B, C. or D). In the second layer i.e. the multiplication layer, the weight of each rule is calculated from the following equation:
Oi2 = wi = µ Ai ( L ) .µ Bi ( S ) .µCi ( D50 ) .µ Di ( yc )

i = 1, 2, 3, 4 (10)

wi
4

∑ i wi

(11)

The fourth layer is the defuzzification layer. The output of this
layer is obtained as below:
Oi4 = wfi

i = 1, 2,3, 4

(12)

where f is a linear regression function. In the fifth layer, which is the
summation layer, the output of the network can be calculated from the
following equation:
Oi5

202

= ∑wi fi
i

i = 1, 2, 3, 4

In the neurons of the GMDH network the connection between inputs and output variables can be expressed by Kolmogorov–Gabor
polynomial equation [10]:
N

N N

N N N

i =1

i =1 j =1

i =1 j =1k =1

y = w0 + ∑wi xi + ∑ ∑ wij xi x j + ∑ ∑ ∑ wijk xi x j xk + …

(13)

(14)

where x is the input vector, y is the output, and w is the weight vector.
Usually, the second-order form of this equation is used as a transform
function:
y = w0 + w1x1 + w2 x2 + w3 x1x2 + w4 x12 + w5 x2 2

(15)

The weight coefficients can be determined by regression methods as well as optimization algorithms. In the GMDH network, the
number of middle layers neurons increases from layer to layer. The
number of middle layers neurons of quadratic polynomial GMDH is
calculated from:
N j
N j +1 = 
 2 



The third layer is the normalization layer:
Oi3 = w =

The group method of data handling (GMDH) belongs to the neural network branch of machine learning methods. The GMDH can be
used to solve different problems such as classification, prediction, etc.
Numerous studies have reported the successful application of GMDH
in engineering problems [2, 13, 38]. Like other neural networks, the
GMDH structure also includes the input layer, middle layers, and output layer. Each layer consists of several neurons. In Fig. 3 a schematic
view of the developed GMDH with four inputs, five layers, and one
output is shown.

(16)

where N j +1 and N j are the numbers of neurons of j+1th and jth
middle layer, respectively. As can be seen, the number of neurons
will increase from layer to layer, which increases the complexity of
a network. In this study, the maximum number of the middle layers
neurons is assumed to be 10. In this strategy, the neurons were ranked
based on their RMSE, 10 of the best neurons were selected for creating the network, and the rest were eliminated (the gray neurons in
Fig. 3).
2.2.4. Support vector regression
The support vector machine (SVM) is a type of machine learning
method that was originally used for classification problems. The SVR
is an adaptation of SVM developed by Cortes and Vapnik [6] for re-
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gression problems. The wide applications of SVR are reported in different disciplines including engineering [20, 25, 30, 36]. In the SVR
method, the original data are mapped into a feature space of a higher
dimension where a linear equation is fitted to the data with minimum
complexity [32]. The main equation describing the implementation of
SVR may be written in the following form:

Second rule: The attraction of fireflies depends on their brightness.
Between two fireflies, the brighter one will attract the less bright firefly. This means in the algorithm process the less bright firefly will
move toward the brighter one. The brightness depends on the distance
between fireflies-it will decrease with increasing the distance. The
fireflies will move randomly if there is no bright firefly.

f ( x ) = w,ϕ ( x ) + b

Third rule: The brightness of the population is determined by the cost
function.

(17)

where f (x ) is a nonlinear regression function, ∅ (x ) is the nonlinear mapping of data in a space of higher dimension, and the vector w
and the scalar b are the weights. The w and b are determined by the
following optimization procedure:
N
1
Minimize : w2 + C ∑ξi + ξi*
2
i =1

(18)

 yi − ( w.∅ ( xi ) + bi ) ≤ ε + ξi


Subject to : ( w.∅ ( xi ) + bi ) − yi ≤ ε + ξi*

ξi , ξi* ≥ 0


(19)

where ξi and ξi* are the slack variables, C is the regularization parameter, and ε is the insensitive-loss function. This equation can be
solved by the method of Lagrange multipliers. The final nonlinear
regression equation of SVR can be expressed in the following form:
n

(

)

f ( x ) = ∑ ai − ai* K ( xi , x ) + b
i =1

(20)

where a and a* are the Lagrange multipliers, and K (xi , x ) is the
nonlinear kernel function. In this study the Gaussian kernel function
was applied:
 x − x2 
K ( xi , x ) = exp  i 2 
 2σ 



(21)

where σ is the kernel function parameter.

2.3. Regression methods
In this study, in addition to machine learning methods, two simple
regression equations i.e. linear equation (LE) and nonlinear equation
(EQ) were applied to predict ∆Er . These equations may be expressed
in the following form:
∆Er = A0 + A1L + A2 S + A3 D50 + A4 yc

(22)

∆Er = A0 + A1LA2 + A3S A4 + A5 D50 A6 + A7 yc A8

(23)

where A is the weight coefficient vector. In this study firefly algorithm
(FA) was applied to estimate the values of A.

In FA, the distance between fireflies i and j ( rij ) is defined via
Euclidean distance:
rij = xi − x j =

m

∑ ( xik − x kj )

(24)

k =1

where x denotes the position of fireflies and m is the dimension of
the problem under consideration. The attractiveness of the population
is determined by the following equation:

βij = β 0e

−γ rij 2

(25)

In the above equation, β 0 is the attractiveness at rij = 0 . In the
end, the new position of fireflies is calculated by the following equation:
xit +1 = xit + β 0e

−γ rij 2

( xtj − xit )

(26)

2.5. Integrative FA-machine learning methods
In this study, standard machine learning methods and integrative
machine learning methods combined with the firefly algorithm (FA)
were applied to predict the energy dissipation over block ramps. The
firefly algorithm was incorporated in the process of the training of
models. The training procedure with FA for all machine learning
methods is the same. At first, it is necessary to determine which parameters should be optimized and introduce an objective/cost function. For MLPNN weights and biases (Eq. 4), for ANFIS membership
function parameters, for SVR regularization (C), insensitive loss (ε),
and kernel function (σ) parameters, for GMDH weights of quadratic
polynomial function (Eq. 15), and for regression methods weight coefficients (Eq. 22 and 23) were optimized with the FA. The RMSE
between measured and predicted values is considered as an objective/
cost function. The FA is a population-based optimization algorithm.
So before starting the optimization process, the number of population
and other constant parameters must be initialized. In general, these
parameters are initialized based on trial and error, user experiences,
and previous studies. The considered values of FA parameters are presented in Table 2.
In the next stage, the population/fireflies must be distributed randomly in the search space and their positions are updated based on
the FA equations. In the end, the optimized values must be set to the
models which provide the predicted values. For a better view of these
steps, in Fig. 4 the flowchart of the optimization process of the applied
models by applying FA is illustrated.

2.6. Input data

2.4. Firefly algorithm
The firefly algorithm (FA) is a nature-inspired swarm-type algorithm that mimics the flashing behavior of the fireflies (is a nature-inspired algorithm mimics the flashing behavior of a swarm of fireflies.
Yang [34] considered three ideal assumptions for developing FA:
First rule: the fireflies are unisex. So, each firefly can attract other
fireflies distributed in the search space.

In this study, ramp length (L), particle diameters (d50), ramp slope
(S), and critical flow depth (yc) were considered as input parameters
to model the energy dissipation on block ramps ( ∆Er ). In total 465
data were used to create the models. These data were collected from
two published recourses. Pagliara and Chiavaccini [23] carried out
an experimental study on the water surface profile over the block
ramps and determined the amount of energy dissipation. In these ex-
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periments, the discharge range was from 14 to 106 l/s and the ramp
height was equal to 0.7 m. Different ramps geometry and hydraulic
conditions were considered in hydraulic experiments conducted by
Rahmanshahi and Shafai Bejestan [27]. A total of 255 data were extracted from this publication. Rahmanshahi and Shafai Bejestan [27]
conducted laboratory experiments in a flume of 8 m length, 0.3 m
wide, and 0.8 m height. The discharge varied from 8 to 36 l/s, and the
block size varied from 0.0 mm to 30 mm. A total of 210 data were
extracted from these experiments. The details of experimental data
are presented in Table 3.

Table 2. The considered values of the initial parameters of FA
Parameter

Value

Mutation Coefficient Damping

0.97

Mutation Coefficient (a)

0.2

Light Absorption Coefficient (γ)

1

Attraction Coefficient (β0)

2

Population (MLPNN)

100

Population (SVR)

10

Population (ANFIS)

200

Population (GMDH)

100

Population (Regression equations)

2.7. Modeling procedure
The data set was divided randomly into three categories including
the training data set that comprises 70% of all data, the validation data
set (15%), and the testing data set (15%). In Table 4 the ranges of the
data sets are presented.
All models were trained based on the training data set. The validation data was used to prevent the overfitting of models in the training
process. The testing data set was used to evaluate the performance of
applied models. In the end, the results of models in 30 consecutive
different runs were analyzed.

100

2.8. Model Evaluation Criteria
Five statistical parameters such as the root mean square error
(RMSE), mean absolute error (MAE), coefficient of determination
(R2), Nash–Sutcliffe efficiency (NSE), and index of agreement (IA)
were used to analyze and evaluate errors and output results. These
parameters are calculated from the following equations:
RMSE =

MAE =

Fig. 4. Diagram of the training procedure of the applied integrative MLPNN,
ANFIS, SVR, GMDH, and regression methods combined with FA

1 N
∑ ∆Erip − ∆Erio
N i =1

(

1
N

)

2

(27)

N

∑ ∆Erip − ∆Erio

(28)

I =1

Table 3. The details of experimental data applied in the modeling
Rahmanshahi and Shafai Bejestan [27]
Parameter

D

L (m)

d50 (mm)
S

yc (m)

∆Er
Number of data

1.9

AVG

sd

15.52

10.031

0.079

0.022

1.9

[0, 30]

[0.083, 0.25]

0.174

[0.104, 0.865]

0.539

[0.041, 0.114]

210

Pagliara and Chiavaccini [23]
D

0

AVG

[2.1, 6.91]

sd

4.441

1.97

[64, 133.8]

96.72

19.885

[0.022, 0.114]

0.070

0.021

0.063

[0.101, 0.333]

0.166

[0.607, 0.965]

0.199

0.097

0.787

0.080

255

Note: D denotes the range; AVG denotes the average value; Sd denotes the standard deviation

Table 4. The ranges of the training, validation and testing data sets
Training
Parameter

D

L (m)

[1.9, 6.91]

S

[0.08, 0.33]

∆Er

[0.18, 0.96]

d50 (mm)
yc (m)

AVG

3.28

Validation
sd

1.94

[1.9, 6.91]

0.08

[0.08, 0.33]

0.17

[0.10, 0.94]

[0, 133.8]

60.72

43.14

[0.02, 0.11]

0.07

0.02

0.19

0.68

D

AVG

3.26

sd

[1.9, 6.91]

0.09

[0.08, 0.33]

0.19

[0.13, 0.93]

58.74

43.37

[0.03, 0.11]

0.07

0.02

0.18

0.66

D

1.88

[0, 133.8]

Note: D denotes the range; AVG denotes the average value; Sd denotes the standard deviation
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Testing
AVG

3.38

sd

1.92

[0, 133.8]

58.25

45.41

[0.03, 0.11]

0.08

0.02
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0.18

0.65

0.07

0.20

(

)(

)

 N ∆E p − ∆E p ∆E o − ∆E o 
 ∑ i =1
ri
r
ri
r 



R2 =

∑

N
i =1

(

∆Erip − ∆Er p

)∑ (
2

N
i =1

∆Erio − ∆Er o

∑ i =1( ∆Erip − ∆Erio )
N

NSE = 1 −

∑

N
i =1

(

∆Erio

− ∆Er

)

o

∑ i =1( ∆Erip − ∆Erio )
N

IA = 1 −

N



∑ i =1 ∆Erip − ∆Er o

2

)

2

(29)

2

(30)

2

2

+ ∆Erio − ∆Er o 


2

(31)

where ∆Er p is the predicted energy dissipation, ∆Er o denotes the
observed values, and ∆Er is the average value of energy dissipation.

3. Results
The final performance of the applied machine learning models
(ANFIS, ANFIS-FA, MLPNN, MLPNN-FA GMDH, GMDH-FA,
SVR, and SVR-FA) along with the regression-based (LE-FA and NE-

FA) machine learning models are presented in Table 5 for the training
and validation stages.
As can be seen in Table 5, the models were evaluated based on the
average performance and the best and worst performances. The analysis of the results of machine learning models based on the RMSE,
NSE, and coefficient of determination show that the best training
process for the simulation of the energy dissipation provides ANFIS
and SVR-FA. These models provide the lowest values for the RMSE
and the highest values for the R2 and NSE during the training and
validation stages. On the other hand, the regression-based models
(LE-FA and NE-FA) show weaker efficiency than the machine learning models. Although the standard GMDH model acts better than the
regression-based models, the integrative GMDH-FA exhibits weaker
performance than the regression-based models.
The differences between the statistical measures for the training
and validation sets of MLPNN, SVR, ANFIS, MLPNN-FA, SVR-FA,
and ANFIS-FA models in Table 5 imply that there is an unexplained
variance for all these models. However, by the use of the validation
set, the overtraining problem has been resolved.
In Table 6, the final assessment of the predictive models is given
using five performance criteria, including the RMSE, MAE, NSE, IA,
and R2. Unlike Table 5, Table 6 comprises the results of two other
models i.e. the empirical model of Pagliara and Chiavaccini [23] and
the machine learning model of GEP reported by Rahmanshahi [27],
so that one can have a better and unbiased judgment over the final
accuracy of the models. Taking into account the statistical measures,

Table 5. Performance of the applied machine learning models estimating the dissipation of energy for the training and validation stages
Statistical indices
Method

Training

Result type

ANFIS

Best

ANFIS

Worst

ANFIS

Average

ANFIS-FA

Best

ANFIS-FA

Worst

ANFIS-FA

Average

MLPNN

Best

MLPNN

Worst

MLPNN

Average

MLPNN-FA

Best

MLPNN-FA

Worst

MLPNN-FA

Average

GMDH

-

GMDH-FA

Best

GMDH-FA

Worst

GMDH-FA

Average

SVR

-

SVR-FA

Best

SVR-FA

Worst

SVR-FA

Average

LE-FA

Best

LE-FA

Worst

LE-FA

Average

NE-FA

Best

NE-FA

Worst

NE-FA

Average

Validation

RMSE

R

NSE

RMSE

R2

NSE

0.016

0.99

0.99

0.041

0.984

0.955

0.026

2

0.976

0.976

0.047

0.976

0.019

0.986

0.986

0.044

0.983

0.037

0.954

0.951

0.047

0.977

0.018

0.988

0.988

0.045

0.977

0.017

0.023
0.025
0.02

0.022

0.036
0.027
0.035

0.989

0.981
0.978
0.985

0.982

0.955
0.974
0.955

0.989

0.981
0.978
0.985

0.982

0.953
0.974
0.955

0.043

0.045
0.057
0.049

0.043

0.049
0.046
0.053

0.952

0.979

0.947

0.949

0.938

0.96

0.925

0.933

0.901

0.973
0.967

0.048

0.919

0.915

0.052

0.946

0.034
0.016

0.963
0.991

0.959
0.991

0.052
0.027

0.914

0.969

0.977

0.044
0.061

0.947
0.936

0.944
0.884

0.941

0.97

0.946
0.892

0.949

0.97

0.039
0.057

0.94

0.941
0.982

0.95

0.943

0.949
0.927
0.929
0.98

0.037

0.973

0.965

0.045

0.954

0.948

0.076

0.789

0.789

0.086

0.813

0.805

0.077

0.787

0.784

0.087

0.808

0.799

0.017

0.084
0.044
0.071

0.053

0.99

0.782
0.93

0.861

0.902

0.989

0.744
0.93

0.816

0.896

0.038

0.088
0.05

0.065

0.059

0.965

0.802
0.938
0.92

0.933
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0.96

0.794
0.934

0.889
0.907
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Table 6. Performance of the applied machine learning models predicting the dissipation of energy for the testing set
Statistical indices
Method

Testing

Result type

ANFIS

Best

ANFIS

Average

ANFIS-FA

Worst

MLPNN

Best

MLPNN

Average

MLPNN-FA

Worst

GMDH

-

GMDH-FA

Worst

SVR

-

SVR-FA

Worst

LE-FA

Best

LE-FA

Average

NE-FA

Worst

ANFIS

Worst

ANFIS-FA

Best

ANFIS-FA

Average

MLPNN

Worst

R2

MAE

NSE

IA

0.039

0.98

0.032

0.961

0.99

0.974

0.033

0.957

0.049

0.953

0.038

0.975

0.041

0.046
0.04

0.041

Best

MLPNN-FA

RMSE

0.049

0.044

0.039

0.991

0.947
0.96

0.986
0.99

0.974

0.033

0.958

0.989

0.968

0.034

0.951

0.988

0.943

0.985

0.956

0.973

0.035
0.03

0.94

0.962

0.985
0.99

0.054

0.942

0.04

0.927

0.981

0.052

0.891

0.972

Best

GMDH-FA

Average

SVR-FA

Best

SVR-FA

Average

LE-FA

Worst

NE-FA

Best

NE-FA

Average

0.062

-

0.043

0.04

0.045

0.974

0.034

0.94

0.039

0.914

0.044

0.961

0.043

0.957

0.052

0.028

0.034

0.089

0.093

0.091

0.043

0.046
0.07

0.032

0.95

0.066

the SVR-FA (RMSE=0.034, NSE=0.971) provides the best predictions
for the energy dissipation values. The ANFIS-FA and MLPNN-FA
(RMSE= 0.040) also show a reasonable performance for the prediction process.
In addition to the average values of the statistical criteria, Table
6 provides useful information regarding the ranges of the statistical
measures especially information regarding the weakest outcome and
the best results. Among a number of possible comparisons which may
be conducted by applying between the weakest and the best results,
it is worth comparing the variance in the predicted results. In this regard, it is worth noting that the NSE values for the SVR model range
from 0.952 for the weakest results to 0.980 for the best results, while
for the GMDH-FA model this range is from 0.891 to 0.949. In other
words, the lowest NSE value of the SVR-FA model is greater than the
highest NSE value of the GMDH-FA model This fact indicates the absolute superiority of the SVR-FA model over the GMDH-FA model.
On the whole, for the SVR model, the integrative SVR-FA showed
considerably better performance than its standard counterpart. For
instance, the SVR-FA improved the RMSE values up to 22% and
the NSE value up to 2% in comparison to the standard SVR model.
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0.03

0.964

0.989

0.037

GMDH-FA

-

0.033

0.985

0.956

Average

GEP-Rahmanshahi and
Shafai Bejestan [27]

0.974

0.029

0.938

0.048

MLPNN-FA

Pagliara and Chiavaccini
[23]

0.953

0.036

0.983

0.977

0.807

0.794

0.802

0.963

0.911

0.955

0.955

0.925

0.033

0.019

0.959
0.949

0.933

0.951
0.98

0.028

0.952

0.069

0.802

0.021

0.065

0.066

0.034

0.048

0.036

0.033

0.049

0.971

0.781

0.793

0.954

0.905

0.948

0.954

0.876

0.99

0.987

0.982

0.986

0.995

0.987

0.992

0.946

0.927

0.934

0.988

0.976

0.986

0.988

0.967

The integration process improved the performances of all the applied
machine learning models, however, the embedding advantage is not
blatant for the other applied models like the SVR-FA model. As an
illustration, the GMDH-FA slightly enhanced the statistical measures
compared to the standard GMDH model i.e. the average RMSE of the
GMDH-FA is equal to 0.052 while the RMSE of the GMDH is 0.054.
Interestingly, the integrative nonlinear regression model, NE-FA,
(RMSE=0.043 and R2=0.963) followed by the empirical relation suggested by Pagliara and Chiavaccini [23] (RMSE=0.043 and R2=0.955)
act reasonably in comparison to the sophisticated machine learning
models. Although these nonlinear relations do not provide as good
results as the SVR-FA, ANFIS-FA, and MLPNN-FA models, they
surpassed the standard machine learning models such as the SVR,
MLPNN, ANFIS, GEP, and GMDH. As could be expected, the linear
regression-based model, LE-FA, demonstrated the weakest performance compared to the nonlinear and machine learning models.
Fig. 5 and Fig. 6 are scatterplots that compare the observed and
predicted energy dissipation values (ΔEr) from the best standard and
integrative machine learning methods, respectively. Obviously, the
predicted values of the LE-FA and GEP models are more scattered
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than the other applied models. It can also be seen that the SVR models
(both the standard SVR and SVR-FA) tend to over-predict smaller
values of energy dissipation (ΔEr<0.5). Although the SVR-FA model
acts better than the other models (the highest R2 value equal to 0.977),
the ANFIS-FA is more successful in mapping the predicted values
close to the line of agreement (1:1 line) with the highest trendline
slope coefficient close to 1 (m= 0.979).
In Table 7, the computational costs (CPU time) of a single and 30
consecutive runs related to the applied machine learning models are
presented. While the computational times of the standard machine
learning models for single runs, including ANFIS, MLPNN, GMDH,
and SVR, are less than 4 seconds, their integrative FA counterparts are
not as timely-efficient models as the standard ones. This issue reveals

the fact that embedding the FA model to the machine learning models
cannot be always considered as an ultimate technique. Although most
of the published research papers ‒ together with this study ‒ have
already claimed that using integrative models could improve the accuracy of the standard machine learning models, the majority of them
have not reported and compared the computational cost of the standard versus integrative models. In other words, if the computational
time is not a confining factor for the user/modeler, then the application of integrative machine learning models is recommended.

Fig. 5. Scatterplots comparing observed and predicted energy dissipation at the testing stage for standard machine learning
models

Fig. 6. Scatterplots comparing observed and predicted energy dissipation at the testing stage for integrative machine learning models
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Table 7. Computational cost of a single and consecutive 30 runs-time
duration (CPU: AMD RyzenTM 7 PRO 4750U)
Method

Single run (s)

ANFIS

3

ANFIS-FA
MLPNN
GMDH
SVR

35978

1079340

1124.8

33744

138

4140

0.1

SVR-FA
LE-FA

96

NL-FA
Summation

348810

0.5

GMDH-FA

580

48436.6

4. Further Discussion

90

11627
3

MLPNN-FA

30 consecutive runs (s)

90

15
3

2880

17400

1453098

Fig. 7 depicts the box-whisker plots for the applied machine
learning models and the testing set. The box-whisker plots illustrate
the spreading of the dataset based on a five-element summary: the
minimum, the first quartile, the median, the third quartile, and the
maximum.
Such plots reveal two facts about the performance of the derived
models: (i) the accuracy and (ii) the precision. As for the accuracy of
the models, the SVR-FA shows the lowest values for the RMSE (e.g.,
the median equal to 0.038) and the highest values for the NSE (e.g.,
the median equal to 0.963). On the other hand, the LE model acts
worst, in terms of accuracy, with the RMSE median equal to 0.091 and
NSE median equal to 0.790. Regarding the precision of the models,
the GMDH and SVR models were absolutely superior to the other
applied models in such a way that no visual differences are observed
between the minimum and maximum values. The corresponding boxwhisker plots with the GMDH-FA and NE-FA show that these models
have the widest maximum-minimum range (the distance between the
lowest and highest parts of the box-whisker plots). This means that the
GMDH-FA and NE-FA are the least precise applied models. Hence,
an interesting fact can be noted from the plots in Fig 7. By embedding
the FA algorithm to the MLPNN and SVR machine learning models,
the accuracy of the models has been improved, while the precision of
the models has not been enhanced. Embedding the FA to the ANFIS
not only improved the accuracy of the model but also slightly upgraded the precision of the standard ANFIS. The GMDH-FA model
was the only machine learning model whose performance has not
been improved in comparison with the performance of a standard
GMDH. Thus, unless more studies suggest using embedded GMDH
models, it is not recommended to create an integrative version of the
standard GMDH model. In the last decades, it has been shown that
the machine learning models have better performance in comparison
with the traditional methods. Nonetheless, the application of machine
learning models is more difficult than empirical and regression equations. However, ∆Er is an important parameter for the design of
block ramps. Hence, the designers are recommended to consider the
trained SVR-FA model to calculate ∆Er in real water management
projects.

Fig. 7. Box-whisker plots for the RMSE and NSE values based on the 30 runs
of the applied machine learning models

ing the derived models in the prediction of energy dissipation on block
ramps ( ∆Er ). Four standard machine learning models including multi-layer perceptron neural network (MLPNN), adaptive neuro-fuzzy
inference system (ANFIS), group method of data handling (GMDH),
and support vector regression (SVR), as well as linear and nonlinear
regression equations, were chosen as the basic predictive methods.
In addition to the aforementioned models, two empirically-based relations were applied for comparisons with the derive models. Four
parameters including ramp length (L), particle diameter (d50), ramp
slope (S), and critical flow depth (yc) were considered as inputs to
the developed models. The performance of each model was evaluated
in 30 consecutive runs. The effectiveness of the developed models
was evaluated and ranked based on innovative and original criteria including model accuracy, stability, and time duration in 30 consecutive
runs. The results show that the SVR-FA is the most accurate model
among the developed models (RMSE=0.034). Moreover, the results
show that the FA increases the accuracy of SVR, ANFIS, MLPNN,
and GMDH by about 22.73%, 2.44%, 9.09%, and 3.70%, respectively. The results reveal that the standard GMDH and SVR are the most
stable models, while their integration with FA reduces their stability.
The computational cost analysis of the applied models reveals that the
FA increases the time duration of the modeling process.

5. Conclusion
In this study, comprehensive investigations were conducted to derive a novel and original technique by developing integrative machine
learning models embedded with the firefly algorithm, FA, and apply-
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Abstract

• A flexible dynamic model of the connecting bolts Dynamic loads of the connecting bolts in a universal joint can greatly affect the bolt fatigue
and fracture, as well as the machinery safety and stability. But few researches focused on
is presented.
those. To obtain the dynamic load characteristics of the connecting bolts in a universal joint,
• A multibody dynamic model of the universal joint
this paper established a flexible dynamic model for the connecting bolts. A multibody dyis established.
namic model of a universal joint is developed. The dynamic loads on the connecting bolts of
• Influence of the preload, speed and load on the the universal joint are analyzed. The influences of the preloads, speeds and loads are studied.
bolt loads were researched.
The amplitude and frequency properities are obtained. The effect of the preload is small when
• Advantages of the presented method were shown the preload is in the range of 80%~120% of the standard value. The load and speed have great
influence on the time- and frequency-domain dynamic loads of the bolts. The flexible dyby comparing with the rigid models.
namic model of the connecting bolt is closer to the actual situation than the rigid model since
it can consider the preload and deformation of the bolts. This study can provide guidance for
the fatigue life prediction of the universal shaft and its bolts.
Keywords
This is an open access article under the CC BY license dynamic loads; connecting bolts; universal joint; dynamic model.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
The universal joint has the advantages of the wide power transmission range, simple structure, high reliability and easy to maintenance,
which can transmit the torques and power in the mechanical systems.
It is widely used in various ships, vehicles, power engineering and
other fields [18][25]. As the components for connecting the universal joint and the input- output shafts, the connecting bolts have great
influences on the safety and stability of the daily operation of the universal joint and the whole transmission system [2]. The dynamic loads
can greatly affect the bolt fatigue and fracture. Thus, a study of the
dynamic loads of connecting bolts on the universal joint is necessary.
Many researchers studied the loads on the connecting bolts [6]. Shi
et al. [19] presented a finite element (FE) model for the connecting
bolts of the flange by using the equivalent beam model. The loadstress curve of the bolt was obtained by using the FE analysis. The fatigue damage of the bolt was predicted and verified by the PalmgrenMiner linear cumulative damage theory. Weijtjens et al. [22] obtained
the load transfer function for the connecting bolts of the flange in the
support structure of the offshore wind power unit based on the in-situ
monitoring data. The function was verified by using a FE analysis.
They also studied the contributory factors for the load transfer proc-

ess. Jamia et al. [5] established an equivalent reduced-order model for
the flange connecting structure. Their model considered the frictions
between the contact interfaces. They predicted the flange dynamic response caused by the dynamic loads from the presented model. The
results were verified by using the FE analysis. Qin et al. [17] studied
the influence of the bolt loosening on the time-varying stiffness of the
rotating joint interface by using the nonlinear FE simulation. Sharda
et al. [12] pointed out that the external load, material and geometry
have great influences on the fatigue performance of the connecting
bolts in the wind turbines. They presented a fatigue assessment method to estimate the bolt endurance. Nazarko et al. [16] conducted a
static tensile test to obtain the elastic wave signals of the connecting
bolts of the flange. It seems that the elastic wave signal was changed
by the load. The forces on the bolt were recognized and predicted
by using the artificial networks. Zhou et al. [29] pointed out that the
small preload or large external load would lead to the yield deformation on the bolts of the flange in the wind turbine foundation. Zeng et
al. [27] established a FE model for the flange connecting bolts in the
combustion chamber casing of an aircraft. The stress and deformation of the connecting bolts of the flange under the axial tensile and
bending load were calculated. Weiser and Corves [23] analyzed the
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dynamics, deflection and vibration characteristics of the mechanics.
The influences of the bolt connection stiffness and damping were considered. Hu et al. [4] conducted the analysis for the connecting bolts
in the motor suspending of a high-speed train by using the numerical
and test methods. It seems that the alternating load from the motor and
cardan shaft misalignment were the main reasons for producing the
bolt fatigue and fracture.
Moreover, the dynamic characteristics of the universal joint could
affect the load of the connecting bolts. Venugopal et al. [21] calculated the stress and angular deflection of the universal joint in a vehicle under different working angles, torques and materials. Wu and
Niu [24] analyzed the dynamic stability of the U-joint by using the
monodromy matrix approach. Ma et al. [15] calculated and verified
the constant velocity transmission condition based on the dynamic
characteristics of the double Cardan joint. They found out the phase
angle with the smallest speed fluctuation. Zhang et al. [28] formulated
the interference curve between two connecting forks of the universal
joint. It seems that the workspace of two connecting forks in the universal joint is a curved surface, which was affected by the geometric parameters. Guo et al. [3] analyzed the dynamic characteristics
of the single cross universal joint. Bulut and Parlar [1] analyzed the
dynamic stability of the elastic shaft torsional vibration in the universal shaft. They studied the effects of the misalignment angle, inertia
and rigidity ratios on the torsional vibrations. Lu et al. [14] conducted
a dynamic model for the universal joint considering the cross shaft
neck clearance. It pointed that the small clearance could lengthen the
universal joint transient duration. The large clearance could affect the
output moment. Liu et al. [7] studied the relationship between the radial clearance and contact force of the universal joint under different
torques by using the FE analysis. Most above works were focused on
the static load, preload and fatigue damage analysis of the connecting
bolts by using the FE model. Although series of studies in the field
of fault and fatigue life of the bearing rotor system have been
conducted by Liu and coworkers [8, 9, 10, 11, 20], but few re- (a)
searches studied the dynamic loads and fatigue life of the bolts
in the universal joint. Therefore, to evaluate the practical load
conditions and fatigue life of the universal joint and obtain the
dynamic forces of the universal joint, it is necessary to research
the dynamic loads by considering the bolt deformation, preload
and different working conditions.
This paper presents a flexible dynamic model for the flange
connecting bolts in a universal joint. A multibody dynamic Fig. 3.
(MBD) model of the shafting consisted of the universal joint,
bolts and shafts is developed. The dymanic load characteristics
in time- and frequency- domain can be obtained by presented
model. The influences of the deformantion, preload and working condition are also investigated. A numerical calculation for
the shaft under various working conditions is applied to obtain the
dynamic loads of the flange bolts. The results from the rigid and flexible models of the bolts are compared. The flexible model of the bolts
can consider the torsion and bending deformations of bolts, as well as
the angular displacements between the adjacent flanges.

2. Dynamic modelling method
2.1. Modelling method of the connecting bolts in the universal joint
In this study, eight bolts are evenly arranged on each pair of the
flange set. The diameter of the bolt distribution circle is 482 mm as
shown in Fig. 1. In the previous researches about the multi-body dynamics of the connecting bolts in the universal joint, two bolt modeling methods were used, such as the rigid modelling method and flexible modelling method. In the rigid modeling method [14], the bolts,
flange and shaft were regarded as the rigid bodies; the bolts and shaft
were not deformed; the torque and power were totally transmitted
from the input flange to output flange by the bolts. Although the rigid
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modelling method has less time consumption, it cannot consider the
bolt preload, collision and rebounding between the bolts and flanges.
Therefore, the influences of the preload, deformation and displacement were ignored by the rigid modelling method.

Fig. 1. The bolt connection of the shaft flange in the universal joint

Fig. 2. The flexible connection model of the bolt

(b)

(c)

The bolt deformation caused by the displacement of the flange: (a) bending deformation caused by the radial displacement, (b) tensile deformation caused by
the axial displacement, and (c) torsional deformation caused by the angular displacement

In the presented flexible modeling method, the bolt is regarded as a
flexible body; the torque and power are transmitted through the deformation of the preloaded bolts as shown in Figs. 2 and 3. It can reflect
the interaction between the bolts and flanges, which is more accurate
than the rigid modelling method. Therefore, the flexible modelling
method is selected to obtain the dynamic loads of the connecting bolts
in this study. The dynamic equation of the bolts is described as:
 Fx 
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0
0
0   x  c11 0 0 0 0 0   vx   F1 
 k11 0
 
 
 
0 k
0
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0
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(1)
where Fx, Fy, Fz, Tx, Ty and Tz are the forces and torques on the bolt
in x, y and z directions; k11, k22 and k33 are the stiffness coefficients in
the translational directions of the bolts; k44, k55 and k66 are the stiffness coefficients in the rotational directions of the bolts; x, y and z
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are the translational displacements of the adjacent flanges, which also
represent the tensile or bending deformation of the bolts; θx, θy and
θz are the angular displacements of the adjacent flanges, which also
represent the torsional deformation of the bolts; c11, c22 and c33 are
the damping coefficients of the bolts in the translational directions;
c44, c55 and c66 are the damping coefficients of the bolts in the rotational directions; vx, vy and vz are the relative velocities of the adjacent
flanges in the translational directions; ωx, ωy and ωz are the relative
angular velocities of the adjacent flanges in the rotational directions;
F1, F2 and F3 are the preload forces on the bolts in the translational
directions; Tb1, Tb2 and Tb3 are the preload torques on the bolts in the
rotational directions. The dynamic model of the bolt is determined
by the stiffness and damping coefficients, preload force and preload
torque as shown in Eq. (1). The preload force could be obtained
by querying the standard value data according to the bolt type and
grade, z direction is defined as the axial direction, the preload forces
F1=F2=0, the preload force F3 is 31900N (the bolt type is M20 and the
grade is 3.6). The bolts are not torqued after tightening, the preload
torque Tb1=Tb2=Tb3=0.
By treating the bolts as a cylinder with the uniform mass, the stiffness coefficients in the translation and rotation directions could be
obtained by the material mechanics. Therefore, the translational stiffness coefficients in the circumferential direction k11 and k22, the translational stiffness coefficient in the axial direction k33, the rotational
stiffness coefficients in the horizontal and vertical circumferential directions k44 and k55, and the rotational stiffness coefficient in the axial
direction k66 could be calculated by:
k11 = k22 =

GA
l

k66 =

(6)

2.2. A multibody dynamic model of the universal shaft
The relative motions of the components of the studied universal
shaft are shown in Fig. 4. Here, T1 is the input torque of the shaft;
T2 is the load of the shaft; ω1 and ω3 are the rotating speed of the
input and output shaft; β1 is the acute angle between the input shaft
and intermediate shaft; β2 is the acute angle between the intermediate shaft and output shaft; γ is the angle along the rotation direction
between the plane formed by the input-intermediate shafts and that
formed by the intermediate-output shafts; φ is the angle between the
forks at the input and output sides of the intermediate shaft; θ1 and
θ3 are the rotation angles of the input and output shafts; θ21 and θ22
are the phase angles of the fork at the input and output sides of the
intermediate shaft.

(2)
Fig. 4. Motion of the universal shafting
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Gπ r 4
2l

(5)

According to the geometric relationship of the universal joint at the
input side of the shaft, it has:
tan θ1
1
=
tan θ 21 cos β1

(7)

Then, θ21 can be written as:
tan θ 21 = tan θ1 cos β1

(8)

θ 21 = tan −1 (tan θ1 cos β1 )

(9)

where E is the elastic module of the bolt material; A is the crosssection area of the bolt, which can be obtained from the corresponding
technological standards; l is the length of bolt; d is the diameter of the
bolt; G is the shear module of the bolt material; r is the bolt radius; I
is the rotational inertia about the axial direction of the bolt. The corresponding values are shown in Table 1. The stiffness coefficients of
the bolt are calculated by Eqs. (2) to (5). According to the bolt material properties, the damping coefficients in the translational and rotational directions of the bolt c11=c22=c33=50 Ns/mm, c44=c55=c66=50
Nmm·s/deg.

Taking the derivation of t on two sides of Eq. (9), it has:

Table 1. Properities of the connecting bolt (M20) in the universal joint

The transmission ratio from the input shaft to intermediate shaft is
obtained:

E

G

A

l

d

200 GPa

80 GPa

314 mm2

100 mm

20 mm

Therefore, the dynamic equation of the connecting bolt in the universal shaft in the flexible model can be written as:

ω2 =

dθ 21
cos β1
dθ1
cos β1
=
=
ω1
2
2
dt
1 − sin β1 cos θ1 dt 1 − sin 2 β1 cos 2 θ1

i12 =

ω2
cos β1
=
ω1 1 − sin 2 β1 cos 2 θ1

(10)

(11)

The angle relationship of the universal joint in the output side of the
shaft can be obtained by:
tan θ 22
= cos β 2
tan θ3
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(12)
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θ3 = tan −1 (

tan θ 22
)
tan β 2

(13)

Taking the derivation of t on the two sides of Eq. (13), it has:

ω3 =

dθ 3
cos β 2
dθ 22
cos β 2
=
=
ω2 (14)
2
2
2
dt 1 − sin β 2 cos θ 22 dt
1 − sin β 2 cos 2 θ 22

The relationship between the phase angle θ21 and θ22 is given by:

θ 22 = θ 21 − γ + ϕ

(15)

Then, Eq. (14) can be written as:

ω3 =

2

2

3. Results analysis

cos β 2
−1

1 − sin β 2 cos [tan (tan θ1 cos β1 ) − γ + ϕ ]

ω2

(16)

The transmission ratio from the intermediate shaft to the output shaft
is expressed as:

ω
cos β 2
i23 = 3 =
2
2
ω2 1 − sin β 2 cos [tan −1 (tan θ1 cos β1 ) − γ + ϕ ]

(17)

According to Eqs. (11) and (17), the transmission ratio from the
input shaft to the output shaft is written as:
i13 = i12 ⋅ i23 =

cos β1
cos β 2
⋅
1 − sin 2 β1 cos 2 θ1 1 − sin 2 β 2 cos 2[tan −1 (tan θ1 cos β1 ) − γ + ϕ ]

(18)
The shafts are coplanar in this study. The angle β1 between the adjacent shafts is 1.95°. The phase difference between the forks is 0.
The transmission ratio of the universal shafting is given by
i13 = i12 ⋅ i23 =

cos β1
2

2

⋅

2

cos β1

2

1 − sin β1 cos θ1 1 − sin β1 cos [tan −1 (tan θ1 cos β1 )]
(19)

By using a commercial software Adams, a MBD model of the
universal shaft is proposed to conduct the numerical calculations as
shown in Fig. 5. The dynamic model of the flange bolt is shown in Fig.
6. Here, Fa is the axial load of the flange bolt, Fc is the circumferential
load of the bolt. The motion relationship between the components in
the model can be described by various motion pairs. The input and
output shafts are constrained by the cylindrical joints. The cross shafts
and forks are connected by the hook’s joints. The forks and input or
output shaft are connected by the bolts, which are modeled by flexible method. The friction forces are considered by using the contact
pairs established in the model. The static friction coefficient is 0.3, the
dynaimc friction coefficient is 0.1.

Fig. 5. A multi-body dynamic model of the universal shafting

214

Fig. 6. The flexible bolt in the multi-body dynamic model

The influences of the shaft speeds, loads and preloads on the dynamic loads of the connecting bolts in the axial and circumferential
directions are obtained. The results from the flexible model and the
rigid model are compared.

3.1. Influence of the preload on the bolt dynamic loads
Figures 7 to 10 show the waveforms of the circumferential and
axial dynamic loads of the bolts under different shaft speeds, loads
and preloads. The speeds are 400 rpm, 600 rpm, 800 rpm and 1000
rpm. The loads are 0 kNm, 10 kNm, 20 kNm, 30 kNm, 40 kNm and
50 kNm. The preloads are 80%, 100% and 120% of the standard value
(whose value is 31900 N). Figures 11 to 14 show the corresponding
RMS values. The waveforms of the dynamic loads of the flange bolts
are periodical ones. The frequencies of the waveforms are influenced
by the rotating speed. The average values of the axial loads are almost
0. The amplitudes of the axial loads increase with the shaft load. The
amplitudes of the axial loads of the output flange are higher than those
of the input flange. The average values and amplitudes of the circumferential loads varies with the shaft load and rotating speed. The average values of the circumferential loads of the output flange are lower
than those of the input flange.
In Figs. 11 to 14, the RMS values of the circumferential loads varies from 0.9 kN to 20.1 kN for the studied shaft load cases. The RMS
values of the axial loads of the input flange bolts varies from 1.3 kN
to 1.7 kN for the studied shaft load cases. The RMS values of the axial
loads of the output flange almost are fixed at 1.4 kN. The RMS values
of the circumferential loads of the input flange bolts are lower than
those of the output flange bolts. The waveforms and RMS values of
the circumferential and axial loads under different preloads are identical ones. The preload variation has small influences on the dynamic
loads of the bolts, when it varies from 80% to 120% standard value.
Thus, the following analysis will use the standard preload.

3.2. Circumferential loads on the bolts
3.2.1. Circumferential loads on the input flange bolts
Figures 15(a) and (b), 16(a) and (b) show the waveforms and spectra of the circumferential loads of the input flange bolt under different
shaft speed and load conditions. When the shaft is unloaded, the loads
are consisted of the basic to tripling frequencies. The basic frequency
amplitudes vary from 8.6 N to 52.5 N with the shaft speed. The doubling frequency amplitudes vary from 6.1 N to 48.9 N with the shaft
speed. The tripling frequency amplitudes vary from 9.9 N to 59.2 N
with the shaft speed. When the shaft is full-loaded, the loads consist
of the basic frequency and few doubling frequencies. The basic frequency amplitude varies from 714.4 N to 956.3 N with the speed.
Figure 17 shows the effects of the load and shaft speed on the circumferential load of the input flange bolts. The corresponding data
is depicted in Table 2. When the shaft is loaded, the circumferential
load of the input flange bolt is affected by the shaft load. The maxi-
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Fig. 7. The time-domain dynamic loads on the bolts with different preloads under 400 rpm and 0 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts

Fig. 8. The time-domain dynamic loads on the bolts with different preloads under 400 rpm and 50 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts

Fig. 9. The time-domain dynamic loads on the bolts with different preloads under 1000 rpm and 0 kNm: (a) circumferential loads of the input flange bolts, (b) axial
loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts
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Fig. 10. The time-domain dynamic loads on the bolts with different preloads under 1000 rpm and 50 kNm: (a) circumferential loads of the input flange bolts,
(b) axial loads of the input flange bolts, (c) circumferential loads of the output flange bolts, and (d) axial loads of the output flange bolts

Fig. 11. The RMS value of the dynamic loads of the bolt with different preloads under 400 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange

Fig. 12. The RMS value of the dynamic loads of the bolt with different preloads under 600 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange
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Fig. 13. The RMS value of the dynamic loads of the bolt with different preloads under 800 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange

Fig. 14. The RMS value of the dynamic loads of the bolt with different preloads under 1000 rpm and different loads: (a) RMS value of circumferential loads on the
bolts in input flange, (b) RMS value of axial loads on the bolts in input flange, (c) RMS value of circumferential loads on bolts in output flange, and (d) RMS
value of axial loads on the bolts in output flange

Fig. 15. The waveforms and spectra of circumferential loads on input flange bolts under no-load working condition through flexible and rigid model: (a) waveforms
of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model
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Table 2. The average values and amplitudes of frequency components of the circumferential loads on the input flange bolts (N)
Loads (kNm)
0

10
20
30
40
50

Values

Average

Basic frequency amplitude

Doubling frequency amplitude
Tripling frequency amplitude

400 rpm

600 rpm

8.6

22.9

911.7
6.1

9.9

921.2
16.2

22.7

Speeds

800 rpm

1000 rpm

34.1

52.3

935.0
22.5

40.9

959.0
48.9

59.2

Average

4105.8

4064.8

4064.0

4057.7

Doubling frequency amplitude

44.45

70.5

90.5

162.8

Basic frequency amplitude
Average

Basic frequency amplitude

Doubling frequency amplitude

739.0

8054.7
744.7

36.55

930.5

8052.8
937.5
53.2

808.7

8051.8
814.5
81.6

699.4

8045.4
703.8

152.5

Average

11659.7

12057.9

12016.5

12050.3

Doubling frequency amplitude

35.8

48.8

79.4

149.6

Basic frequency amplitude

748.6

942.1

818.4

706.6

Average

16110.9

16067.2

16065.8

16059.5

Doubling frequency amplitude

35.45

47.1

79.3

148.3

Basic frequency amplitude

754.4

948.5

818.2

709.9

Average

20082.7

20078.4

20036.2

20070.4

Doubling frequency amplitude

35.4

46.5

77.9

147.7

Basic frequency amplitude

760.9

956.3

829.2

714.4

Fig. 16. The waveforms and spectra of circumferential loads on the input flange bolts under full load working condition through flexible and rigid model: (a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

mum basic frequency amplitude occurs when the load is 50 kNm and
the rotating speed is 600 rpm, which is 956.3 N. The average values
of waveforms are unchanged with the rotating speed. The doubling
frequency amplitude increase with the rotating speed. The maximum
doubling frequency amplitude occurs when the load is 10 kNm and
the rotating speed is 1000 rpm, which is 162.8 N.
Figures 15(c), 15(d), 16(c) and 16(d) show the waveforms and
spectra of the circumferential loads of the input flange bolts of the
rigid model. When the shaft is unloaded, the circumferential loads of
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the input flange bolts from the flexible model are higher than those
from the rigid model. The loads of the rigid model are consisted of
the basic to quadrupling frequency. The amplitudes of the frequency
components of the rigid model are smaller than 0.3N. When the shaft
is fully loaded, the loads of the rigid model are consisted of the basic
frequency and doubling frequency with the similar amplitude in the
range of 80 N to 110 N.
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Fig. 17. Influences of the speed and load on average, basic and doubling frequency amplitudes of the input flange bolts: (a) average value, (b) basic frequency, and
(c) doubling frequency

decreases and then increases when the load is fixed. The maximum
doubling frequency amplitude occurs when the speed and load are 400
rpm and 10 kNm, whose value is 84.2 N.
Figures 18(c) and (d), 19(c) and (d) show the waveforms and spectra of the circumferential loads of the output flange bolts of the rigid
model. When the shaft is unloaded, the loads of the rigid model are
consisted of the basic to the quadrupling frequency. The amplitudes
of the frequency components are smaller than 1 N. When shaft is fully
loaded, the loads of the rigid model are consisted of the basic and
doubling frequencies with the similar amplitudes. The amplitudes of
the basic and doubling frequencies of the rigid model varies from 75
to 110 N with the shaft speed.
According to the above analysis, the characteristics of the circumferential loads of the input flange bolts are similar with those of the
output flange bolts. The loads of the flexible model have simpler
frequency components and higher amplitudes. The loads of the rigid
model are opposite. The reason of the differences between the two
models is that in the presented flexible model, bending and torsional
deformation occurred in the bolts when the shaft is working as shown
in Figs. 3(a) and (c). The forces and torques are transmitted between
the adjacent flanges through the bolt deformations. The radial and angular displacements between the adjacent flanges are also constrained
by the bolts. The circumTable 3. The average values and amplitudes of frequency components of the circumferential loads on output flange bolts (N)
ferential force caused by
the displacements would
Speeds
Loads
act on the bolts. Therefore,
Values
(kNm)
400 rpm
600 rpm
800 rpm
1000 rpm
in the flexible model, the
average values and amAverage
922.4
914.1
904.8
891.4
plitudes of the circumfer0
Basic frequency amplitude
97.2
116.8
97.15
81.8
ential load vary with the
Doubling frequency amplitude
5.5
10.5
14.3
31.7
load and shaft speed. In
Average
3864.5
3825.6
3824.6
3831.3
the rigid model, the bolts
and adjacent flanges have
10
Basic frequency amplitude
737.8
898.3
745.9
597.8
no defamation and disDoubling frequency amplitude
84.2
76.1
51.7
67.6
placement. The circumAverage
7567.1
7564.9
7563.8
7570.6
ferential loads of the bolts
are smaller than the flex20
Basic frequency amplitude
744.5
906.5
752.6
603.6
ible model. Moreover, the
Doubling frequency amplitude
75.8
60.9
38.3
55.2
adjacent bolts and flange
Average
10950.3
11323.4
11284.5
11328.9
will rebound due to their
impact interactions; and
30
Basic frequency amplitude
749.1
912.8
757.6
608.2
this process may cause the
Doubling frequency amplitude
74.7
58.9
37.6
55.5
complex frequency comAverage
15128.2
15086.8
15084.8
15092.1
ponents. When the shaft
is loaded, the rebounding
40
Basic frequency amplitude
755.9
920.2
759.2
613.9
is inhibited, the frequency
Doubling frequency amplitude
74.8
59.7
36.9
58.1
components become simAverage
18856.6
18852.1
18812.3
18857.2
pler as shown in Figs.
18(b) and (d), 19(b) and
50
Basic frequency amplitude
763.8
929.8
771.8
620.9
(d).
Doubling frequency amplitude
75.7
61.5
38.2
61.7
3.2.2. Circumferential loads on the output flange bolts

Figures 18(a) and (b), 19(a) and (b) show the waveforms and spectra of the circumferential loads of the output flange bolts under different shaft speeds and loads. When the shafting is unloaded, the loads
of the flexible model are consisted of the basic frequency. The basic
frequency amplitude varies from 81.8 N to 116.8 N. When the shaft
is fully loaded, the loads of the flexible model are consisted of the
basic frequency. The basic frequency amplitude varies from 620.9 N
to 929.8 N.
Figure 20 shows the influences of the load and shaft speed on the
circumferential load of the output flange bolts. The corresponding
values are shown in Table 3. The circumferential loads of the output
flange are influenced by the shaft speed and load. The loads are consisted of the basic frequency and small amount of the doubling frequency. The average values of the circumferential loads of the output
flange bolts are influenced by the load. The maximum of the average
value at the highest shaft speed and load, whose value is 18857.2 N.
The basic frequency amplitudes firstly increase and then decreases
with the rotating speed. The maximum basic frequency amplitude occurs when the shaft speed and load are 600 rpm and 50 kNm, whose
value is 929.8 N. The doubling frequency amplitude is influenced by
the load and the shaft speed. The doubling frequency amplitude firstly
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Fig. 18. The waveforms and spectra of the circumferential loads on the output flange bolts under the unload working condition from the flexible and rigid models:
(a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

Fig. 19. The waveforms and spectra of the circumferential loads on the output flange bolts under the full load working condition from the flexible and rigid models:
(a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

Fig. 20. Influences of the speed and load on the average, basic and doubling frequency amplitudes of the output flange bolts: (a) average value, (b) basic frequency,
and (c) doubling frequency
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3.3. Axial loads on the bolts
3.3.1. Axial loads on the input flange bolts
Figures 21(a) and (b), 22(a) and (b) show the waveforms and spectra of the axial loads of the input flange bolts under different shaft
speed and load conditions. The loads are consisted of the basic frequency. When the shaft is unloaded, the amplitude of the basic frequency varies from 1292.2 N to 1846.4 N. When the shaft is fully
loaded, the amplitude of the basic frequency varies from 1671.6 N to
2403.2 N.

frequency varies from 1292.2 N to 2403.2 N. The maximum basic
frequency amplitude occurs at 600 rpm and 50 kNm.
Figures 21(c) and (d), 22(c) and (d) show the waveforms and spectra of the axial loads of the input flange bolts of the rigid model. When
the shaft is unloaded, the loads of the rigid model are consisted of
basic to the quadrupling frequency. The average values of the axial
loads are 108.25 N. The amplitudes of the frequency components are
smaller than 0.03 N. When the shaft is fully loaded, the average value
of the loads is 110 N. The amplitudes of the frequency components
vary from 5.4 N to 6.7 N.

Table 4. The average value and amplitude of the frequency components of the axial loads on input flange bolts (N)
Loads
(kNm)
0
10
20
30
40
50

Values

Speeds
400 rpm

600 rpm

800 rpm

1000 rpm

Basic frequency amplitude

1534.9

1846.4

1540.3

1292.2

Basic frequency amplitude

1555.5

1871.8

1562.1

1307.4

Basic frequency amplitude

1613.8

1946.2

1625.7

1356.9

Basic frequency amplitude

1696.5

2064.1

1725.5

1437.5

Basic frequency amplitude

1831.4

2218.8

1847.6

1543.9

Basic frequency amplitude

1976.8

2403.2

2014.5

1671.6

Average
Average
Average
Average
Average
Average

69.1
69.1
69.1
69.1
69.1
69.1

107.4
107.9
107.9
107.9
107.9
107.4

124.6
124.6
124.6
124.6
124.5
124.6

113.9
116.1
118.4
120.6
122.8
124.9

3.3.2. Axial load on the
output flange bolts
Figures 24(a) and (b),
25(a) and (b) show the
waveforms and spectra
of the axial loads of the
output flange bolts under
different shaft and load
conditions. The loads are
consisted of the basic frequency. When the shaft is
unloaded, the amplitude of
the basic frequency varies
from 1334.7 N to 1903.3
N. When the shaft is fully
loaded, the amplitude of
the basic frequency varies
from 1363.9 N to 1940.8
N. The average value of
the loads varies from 67.9
N to 127.9 N.

Fig. 21. The waveforms and spectra of the axial loads on the input flange bolts under the unload working condition from the flexible and rigid models: (a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

Figure 23 shows the influences of the shaft rotating speed and load
on the axial loads of the input flange bolts. Table 4 shows the corresponding data. The axial loads on the input flange bolts are influenced
by the load and shaft speed. The average values increase with the shaft
speed. The average value obtained by the flexible model varies from
69.1 N to 124.9 N. The maximum average value occurs when the shaft
speed and load are 1000 rpm and 50 kNm. The amplitude of the basic

Figure 26 demonstrates the influences of the shaft speed and load
on the axial loads of the output flange bolts. Table 5 shows the corresponding values. The average value and basic frequency amplitude
are influenced by the shaft speed. The average value firstly increases
and then decreases with the increment of the speed. The maximum
average value occurs at 600 rpm and 40 kNm, whose value is 127.9
N. The maximum basic frequency amplitude firstly increases and then
decreases with the increment of the speed. The maximum basic fre-
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Fig. 22. The waveforms and spectra of the axial loads on the input flange bolts under the full load working condition from the flexible and rigid models: (a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

quency amplitude occurs at 600 rpm and 50
kNm, whose value is 1940.8 N.
Figures 24(c) and (d), 25(c) and (d) show
the waveforms and spectra of the axial loads
of the output flange bolts of the rigid model.
The average value of the rigid model varies from 100 N to 110 N. When the shaft is
unloaded, the loads of the rigid model are
consisted of the basic to the quadrupling
frequency. The frequency component amplitudes vary from 0 N to 0.5 N. When the shaft
is fully loaded, the loads of the rigid model
are consisted of the basic and doubling freFig. 23. Influences of the speed and load on the average, basic frequency amplitudes of the input flange bolts:
quencies. The amplitudes vary from 5 N to
(a) average value and (b) basic frequency
7 N.
The differences between the axial
loads of the flexible model and those
Table 5. The average value and amplitude of the frequency components of the axial loads on output flange bolts (N)
of the rigid model are observed. The
Speeds
reason is that the preload can affect
Loads
Values
(kNm)
the axial loads in the flexible model.
400 rpm
600 rpm
800 rpm
1000 rpm
The axial displacement between the
Average
67.9
108.4
127.6
119.1
adjacent flanges is constrained by the
0
Basic frequency amplitude
1581.5
1903.3
1588.9
1334.7
bolts. The axial force from the displacement would act on the bolts. In
Average
67.9
108.9
127.6
118.6
10
the rigid model, the influences of the
Basic frequency amplitude
1582.7
1904.9
1590.2
1336.4
preloads are ignored. The adjacent
Average
67.9
108.9
127.6
118.1
flanges will rebound due to their im20
pact interactions. Then, the complex
Basic frequency amplitude
1586.3
1909.4
1594.1
1340.2
frequency components occur in the
Average
67.9
108.9
127.6
117.5
axial loads of the bolts. The rebound30
Basic frequency amplitude
1591.5
1916.9
1600.4
1346.0
ing is inhibited when the shaft is
loaded, the tripling and quadrupling
Average
67.9
108.9
127.9
116.9
40
frequencies disappeared as shown in
Basic frequency amplitude
1600.6
1927.4
1598.9
1353.9
Figs. 24(b) and (d), 25(b) and (d).
50
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Average

Basic frequency amplitude

67.9

1611.0

108.4

1940.8

127.6

1620.8

116.4

1363.9
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Fig. 24. The waveforms and spectra of the axial loads on the output flange bolts under the unload working condition from the flexible and rigid models: (a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

Fig. 25. The waveforms and spectra of the axial loads on the output flange bolts under the full load working condition from the flexible and rigid models: (a) waveforms of flexible model, (b) spectra of flexible model, (c) waveforms of rigid model, and (d) spectra of rigid model

4. Model validation
The calculation is conducted by using the
empirical method. The results from the flexible model are verified with those from the
empirical method and the rigid model. The
axial load of the flange bolt equals to the
preload force of the bolt. The circumferential
loads of the flange bolt can be expressed as
[7, 13, 14, 26]:
Fc =
Fig. 26. Influences of the speed and load on the average, basic frequency amplitudes of the output flange
bolts: (a) average value and (b) basic frequency
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where, n is the bolt number of the flange connection, D is the diameter
of the bolt distribution circle.
Figure 27 shows the RMS values of the circumferential loads of the
input flange bolt by using the three methods. Table 6 shows the corresponding data. The differences between the loads of the three methods are observed. The results from the empirical method are higher
than those from the numerical calculation by using the flexible model.
Although the empirical method considers the influences of the flange
parameters and the shaft working conditions. But the influences of
the preload, stiffness and damping on the loads of the bolts are ignored. The more accurate values cannot be obtained by the empirical
method. Thus, the flexible model can reach more accurate values than
the empirical method and the rigid model.

5. Conclusions

This study presents a flexible modelling method for the connecting bolts of the universal joint. A numerical analysis for the dynamic
loads of the connecting bolts is conducted. Some obtained conclusions are as follows.
(1) The presented model for the connecting bolts of the universal shaft considers the affective factors for the dynamic loads
of the bolts, such as the bolt preload, deformation, damping
coefficient and adjacent flanges’ displacement. The presented
method is close to the real situation of the bolts than those from
the rigid model.
(2) When the preload on the connecting bolts of the universal joint
is from 80%~120% of the standard value, it has small effect on
the dynamic loads of the bolts.
(3) The average value and the basic frequency amplitude of the
circumferential load are affected by the rotating speed. The
double frequency amplitude is affected by the load and speed.
The average value and basic frequency amplitude of the axial
load are affected by the shaft rotating speed too.
(4) Based on the above analysis, the effects of the load and speed
on the dynamic forces can be obtained. Then, the evaluation of
the working status and fatigue life of the universal shafting can
be conducted, which can provide information for the design,
applications and maintenance of the universal shafting.
(5) This study only investigated the dynamic forces under the
static load and rotating speed, the dynamic forces under the
Fig. 27. The RMS values of the circumferential loads of the input flange bolts
dynamic working condition are not studied. Furthermore, only
at 1000 rpm and different loads
the bolts were treated as the flexible bodies in this paper. Future research will be focused on the dynamic forces under
Table 6. The RMS values of the circumferential loads on the input flange bolts by using
the dynamic working condition by treating the whole unithe flexible model and the empirical method
versal shafting as flexible bodies.
Loads (kNm)

Rigid model (N)

Empirical method (N)

Flexible model(N)

10

905.3

5186.7

4057.65

30

909.5

15560.15

12050.3

20

40

50
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Abstract

• The effect of adding alcohol to fuels is an increase The operating conditions of injectors in spark ignition engines with direct fuel injection
make them susceptible to coking, which leads to a reduced quality of fuel atomization. This
in the injection time.
can be observed by a drop in performance and an increase in exhaust emissions, especially
• Alcohol admixtures in fuels affect the geometrical
particulate matter. One effective method of reducing injector coking is by using detergentparameters of the fuel spray.
dispersing gasoline additives. The article describes the effect of using an admixture with a
• The best indicator for assessing admixtures is the varied alcohol content on the quantitative and qualitative fuel atomization indicators. The
fuel spray surface area.
research consisted of a 48-hour engine test, done in accordance with the CEC F-113-KC pro• The admixture of alcohol into gasoline changes cedure (CEC-F-113 test). After each test cycle, the injectors underwent optical tests with the
use of an isochoric chamber. The spray penetration and surface area were analyzed at a set
the carbon build-up process on the injector.
of different fuel injection parameter values. The research performed resulted in determining
the influence of each tested admixture on the change of injection time and on the geometric
indicators of the fuel spray. The obtained characteristics of the engine in operation and conducted stationary tests enabled the operational evaluation of the impact an alcohol admixture
with gasoline fuels had on key engine parameters.
Keywords
This is an open access article under the CC BY license spark ignition combustion engine, direct injection, fuel injectors, injector coking, gasoline,
(https://creativecommons.org/licenses/by/4.0/)
alcohol, injector operating parameters.

1. Introduction
Alcohols are an attractive alternative to commercially used fuel,
both as fuels themselves as well as in blends with gasoline or diesel
fuel. The switch towards alcohol-based fuels may be one of the significant factors which could contribute to the reduction of exhaust
emissions into the atmosphere (including greenhouse gases) – provided that the properties of these fuels are well known and their optimal use is understood in terms of adapting to the requirements of
the current prevalent engine design. Ethanol and butanol are alcohols
considered to be the most promising biocomponents and admixtures
for the conventional fuels currently in use. The European directives
RED (Renewable Energy Directive) and FQD (Fuel Quality Directive
2009/30/EC) [15] introduced in 2009 make it possible to increase the
ethanol content in traditional petrol up to 10% (V/V), and also favor
the construction of Flex Fuel Vehicle type cars (FFV) designed to run
on fuel containing up to 85% (V/V) ethanol. The FQD [15] directive
allows using an butanol added to the gasoline (up to 15% (V/V)).
Given separately (tert-butanol and isobutanol) and other butanol isomers are included in the group “other oxygen compounds” [12]. The

lower content of oxygen in butanol (21.6% (m/m)), compared to other
alcohols, means that in compliance with the requirements of EN 228,
more than 10% (V/V) of butanol can be mixed with gasoline. This butanol content in gasoline will not exceed the density, vapor pressure,
and oxidative stability values required by EN 228.
When considering the choice of alcohol to be blended with gasoline as a fuel for an SI engine, several critical properties of such fuel
should be considered in terms of engine requirements. The chemical energy of the alcohol-gasoline mixture defined as the calorific
value of the fuel relative to the volume has a significant impact on
the process of controlling the injectors operation. The change in injection parameters caused by the change of the fuel calorific value
translates into the quality of the fuel-air mixture formation. This is of
particular importance in the currently used direct fuel injection systems, where an appropriate amount of fuel, depending on the engine
operating conditions, is supplied to the combustion chambers mainly
by controlling the injection duration and timing [32]. Table 1 provides
a comparison of the important physical and chemical properties of
gasoline, n-butanol, isobutanol, and ethanol.

(*) Corresponding author.
E-mail addresses: Z. Stępień (ORCID: 0000-0003-0615-6930): stepien@inig.pl, I. Pielecha (ORCID: 0000-0001-7340-635X): Ireneusz.Pielecha@put.poznan.pl,
W. Cieslik (ORCID: 0000-0001-6841-5390): Wojciech.Cieslik@put.poznan.pl, F. Szwajca (ORCID: 0000-0001-5724-0927):
Filip.Szwajca@put.poznan.pl
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Table 1. Selected physico-chemical properties of gasoline, n-butanol, isobutanol and ethanol [9, 13, 31]
Property

Chemical formula

Research octane number
3

Fuel density [kg/m ]

Heating value – mass [MJ/kg]

Heating value – volume [MJ/dm3]

Latent heat of vaporization [kJ/kg]
Mass fraction – C [%]
H [%]

O [%]

Viscosity [mPa·s]

Boiling point [°C]

Excess air ratio

gasoline

n-butanol

isobutanol

95

94–96

113

complex mixture of
carbohydrates
753

C4H9OH
810

C4H9OH
806

ethanol

C2H5OH
110

790

42.9

33.3

33.3

26.8

380–500

716

579

904

32.3
86

27.0
65

26.8
65

21.2
52

14

13.5

13.5

0.4–0.8

2.57

3.33

1.08

11.2

9.0

0

199

14.7

Butanol mixtures with gasoline presents several significant advantages over ethanol, when used as a fuel for SI engines [24]. Butanol is
much less hygroscopic, more miscible with gasoline and has a higher
calorific value, which translates into lower fuel consumption (for mixtures containing butanol compared to mixtures containing ethanol).
When butanol is mixed with gasoline, its blending vapor pressure is
lower than that of ethanol, which makes it easier to meet the requirements of EN 228.
The biggest disadvantages of butanol in relation to ethanol when
applied to fuels blended with gasoline are lower octane number and
lower heat of vaporization as well as higher density and viscosity,
which may contribute to a greater – when compared to ethanol – tendency to form undesirable deposits. This applies to the fuel injection
system as well as the engine (intake valves and ducts, and combustion
chambers). In summary, butanol has a greater performance potential
than ethanol when used in gasoline-alcohol fuel blends and to power
diesel engines.
The fuel injectors of Direct Injection Spark Ignition (DISI) engines
operate under much harsher environmental conditions compared to
those of Indirect Fuel Injection (PFI) engines [5]. The injector tips
located in the combustion chamber are exposed to the direct influence
of high pressure and temperature of the burning fuel, which has an
impact on the rapid formation of harmful deposits inside and outside
the injector holes. The chemical effects of the combusted fuel are also
important [8]. In [16] the authors noted the significant influence that
aromatic compounds contained in the fuel have on the rate of injectors
contamination with carbon deposits. As a result, the emission of particulate matter increased in relation to the contamination of the injectors, characterized as 6%–8% of the loss of uniform flow as compared
to new clean injectors. In addition, there was an about 2.5% greater
reduction of the maximum torque obtained at an engine speed of 2000
rpm and below. However, the use of appropriate fuel additives (DCA
– Deposit Control Additives), reducing the temperature of the injector
tip and increasing the injection pressure were presented as effective
methods for limiting the gradual disruption of flow out of the injectors [6, 26]. Optical fuel atomization tests in ambient conditions conducted by Henkel et al. [18] indicate a change in the shape of the fuel
spray as a result of the injectors becoming contaminated. As a result of
this change in the spray indicators, in tests on a 4-cylinder engine, an
increase in the emission of PM/PN particles was observed. Using Laser Doppler Anemometry to assess the fuel atomization, a 30% greater
mean droplet velocity in the initial spray and a 5% increase in the
mean diameter of the droplets from contaminated injectors compared
to clean ones were found [23].
The described build-up of contamination is a big problem for the
proper functioning of the engine, because the quality of the fuel-air

21.5
118

11.2

21.5
108

13
35

78

mixture formed in the combustion chambers is almost entirely dependent on (controlled by) the functioning of the fuel injectors, which are
significantly impacted by the formation of harmful deposits on them.
External deposits around the exhaust ports are formed mainly from
combusted fuel and to a lesser extent from engine oil. They cause distortions of the atomized fuel spray and its elongation. Internal injector
deposits in the fuel discharge channels are purely sourced in the fuel
itself. They limit the flow rates of fuel injected into the combustion
chambers due to the reduction of the outflow cross-section of the injector. Whenever any deviations or disturbances occur in the optimized
fuel spray process, e.g. changes in the fuel spray angle, disruptions of
the expected spray jet symmetry, extension of the fuel spray penetration or increase in the average diameter of the fuel droplet, they result
in increased engine emissions as well as reduced engine performance,
and efficiency [1, 17, 20, 36]. One of the possibilities of reducing injector coking is by using detergent additives based on Mannich principles or polyisobutylene succinimides [3]. In a more extensive analysis
of DCA for fuels, Mannich-based detergents proved to be more effective than polyetheramine-based detergents [2]. The reduction of the
tendencies for injectors to coke based on the results of testing many
fuels with different characteristics was observed when increasing the
T90 from 160°C to 182°C and increasing the sulfur concentration in
the fuel from 30 to 150 ppm [4]. However, increasing the olefins from
5% to 20% and increasing the sulfur content above 400 ppm slightly
in-creased coking again. Analysis of the coking, or deposit formation
mechanism in the DI injector holes by Kinoshita et al. [21] showed an
increased tendency of deposits formation when the injector tip temperature is increased to over 150°C. In addition, keeping the injector
tip temperature below 90% of the fuel distillation temperature allows
the injected fuel to flush the soot precursors away.
Disruptions in the combustible mixture formation in the engine
cylinders can be caused by many factors, the most important of which
are: the quality and time of fuel atomization, the penetration speed
and depth of the atomized fuel spray, properly controlled movement
(swirling) of the mixture, the interaction of the atomized fuel with the
walls of the combustion chamber and the piston head, physicochemical properties of the fuel, as well as the temperature and pressure in
the combustion chamber. Disruptions in the fuel atomization process cause issues, such as: an increase in the amount of fuel deposited
on the combustion chamber walls, increase of the time necessary for
fuel evaporation as a result of larger diameter of the droplets, or the
uncontrolled evaporation of the fuel absorbed by the deposits formed,
including at the injector tips. Combustion of a mixture with an incorrect composition and mixture quality can result in premature, uncontrolled ignition, misfiring and prolonged combustion on the outlet
stroke. Initially, this leads to an increase in the exhaust emission of
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harmful components, and eventually to an increase in fuel consumption, reduced engine performance, uneven engine operation and difficulties in proper engine ignition [14, 27, 34].
The deposit formation mechanisms in the engine differ depending on the factors and where these deposits are formed. The size of
the formed sediments is the result of the sediment formation and removal processes. The mechanisms of deposit formation are known,
although the processes of their formation are not fully understood
yet. In the case of fuel injectors, sediment precursors are formed as a
result of oxidation, condensation and precipitation of unstable hydrocarbons (aromatics and olefins) from the fuel [2]. These precursors
form deposits through two distinct chemical reaction pathways, i.e.
self-oxidation at low temperatures and the formation of coke deposits by pyrolysis at high temperatures. So far, it has not been possible
to establish the borderline temperature between the reactions taking
place at low and high temperatures – especially since the reactions
assigned to both temperature groups have been observed to take place
simultaneously in some temperature ranges [35]. Generally, factors
promoting deposit formation can be related to the fuel type, engine
design, injector design, and engine operating conditions. The degree
of wear also has a significant impact on the fuel flow characteristics,
regardless of the injector type [19]. Additionally, changes in the fuel
supply system design, such as the length or diameter of the fuel container, are important [22].
Alcohol additions, such as ethanol, to conventional fuels can have
a beneficial effect on keeping the injectors clean. Unlike gasoline,
alcohol is a single component fuel with no double bonds which makes
it more thermally stable. The ethanol molecule contains only two carbon atoms, and most importantly one oxygen atom, which makes it
35% oxygen. As a result, very little soot is produced when ethanol
is burned. The soot and injector deposit mechanisms are different
for PFI and DISI engines. Since the temperature of soot formation
is much higher than the temperature of deposit formation, it can be
expected that the amount of injector deposits in the combustion of
ethanol will be much lower than in the combustion of gasoline. Moreover, ethanol has a lower phase transformation heat, which causes
the temperature of the injector nozzles to be lower compared to the
temperatures present when the engine runs on just gasoline [7, 11].
Comparative studies of the DI engine operation powered by gasoline
and E100 ethanol confirmed the possibility of limiting the deposits
formation by supplying the engine with ethanol. Additionally, good
cleaning properties were emphasized, even with a low 20% (V/V)
ethanol content in gasoline [30].
In addition to the many advantages of ethanol – in terms of managing the amount of injector deposits in DISI engines – ethanol also has
the disadvantage of having a lower boiling point (T90) than gasoline.
As a result, ethanol-gasoline blends have a lower T90 compared to
gasoline alone. The results of many studies [7, 11] have shown the
advantages of ethanol or gasoline-ethanol blends in terms of the lower
tendency to form injector deposits. In the case of the intake system,
the use of E85 fuel with a significant ethanol content has the opposite effect in the form of an increased tendency to cause precipitates
formation on the intake valves when indirect injection is used [10].
Similar conclusions were obtained when using cellulosic ethanol as
fuel [25].
Due to the problem of injectors contamination in modern direct injection systems, the Authors of the article proposed assessing the impact of alcohol (ethanol or butanol) admixture with selected gasolines
(with different physico-chemical properties) on the tendency to form
injector precipitates. The discussed problem is significant due to the
proven deterioration of the ecological indicators of internal combustion engines as a result of the gradual loss of proper fuel flow out. The
proposed assessment method of the impact, that alcohol admixtures
have, was divided into two stages:
• The first, consisting of carrying out engine tests in accordance
with CEC-F-113 test, where the injectors are fed with specific
types of fuels.
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• The second, where the same injectors were mounted in an isochoric chamber, where the process of fuel flow was recorded with
a high speed camera.
During the tests on the model stand (isochoric chamber), the injection and backpressure parameters were selected in such a way as to
best reproduce the conditions present in engines tested on an engine
dynamometer.

2. Research objects and methods
2.1. Fuels
As part of the engine tests, three petrol types, with different physical and chemical properties, were tested, including two with different
alcohol content (ethanol or butanol). The reference fuels used in the
CEC engine tests were considered as regular petrol in this research.
The RF-12-09 batch 10 gasoline is a fuel with a high tendency to
form deposits on the intake valves of SI engines. RF-02-03 gasoline
is a fuel with a low tendency to form deposits on the intake valves
of SI engines. CAF W18-936, on the other hand, is a fuel with a low
tendency to form coke deposits in the engine injectors. It is used to
calibrate the VW EA111 BLG test engines. The properties of the fuel
prepared for the tests were listed in Table 2.

2.2. Research method
The research on the tendency of fuels to result in the formation of
deposits on injectors in an engine was carried out in CEC-F-113 test.
A four-cylinder EA 111BLG (by Volkswagen) spark-ignited engine
with a displacement of 1.4 dm3 was used in the dynamometer tests.
The tested engine is fitted with direct fuel injection, with a combined charging system (supercharging and turbocharging) – Table 3.
The fuel injection was performed by 6-hole electro-magnetically controlled injectors made by Magneti Marelli (designated 03C 906 036 E).
The CEC F-113-KC procedure specifies tests lasting 48 h. The engine (during the tests) is operated at constant parameters: n = 2000
rpm and Mo = 56 Nm. The above engine operating parameters are
defined (and required) following the European standard CEC F-113 –
VW EA111 DISI Injector Deposit Test.
This test allowed the fuel to be assessed in terms of its ability to
keep the injectors clean. The test result is the length difference of the
fuel injection time (required is single injection). Measurements are
taken before and after the test. The measured injection time is unstable and changes with a very high frequency and relatively large
amplitude. Thus, calculating the increasing injection time by simple
comparison its size at the beginning and at the end of the test could be
biased. With this in mind, a methodology based on the use of the trend
function was used. It was assumed that the values calculated from the
trend function would be more representative than those based on the
final measurement points. This is how the calculation of the average
injection time at the beginning and at the end of the test was carried
out. The dissimilarities between these two values results from the performed test, and is usually given in [%] increase in the electric pulse
length controlling the duration of a single fuel injection. A detailed
measurement and analysis of current-voltage waveforms during the
injector’s operation was not performed due to the length of the test
[33]. The next research stage concerns assessing the impact that the
generated injector deposits had on the fuel atomization quality as well
as the change in the observed shape and measured parameters of the
fuel spray.
A high-pressure constant volume chamber was used to assess the
qualitative indicators of fuel atomization of the injectors. In tests with
the use of the chamber, it is assumed that the piston movement and
thermal changes of the gas inside the chamber on the analyzed phenomenon are negligible. Such assumptions are also made for the optical tests of the fuel injection process in static conditions.

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

229

0.9 ±1.5

0.11

< 0.80
< 0.80
< 0.80
< 0.80
< 0.80
< 0.80

% (V/V)
% (V/V)
% (V/V)
% (V/V)
% (V/V)
% (V/V)

Volatility index

Fractional composition:
IBP
end of distillation temperature
distills
residue
losses
T10
T50
T90

Dry vapor pressure equivalent (DVPE)

Organic compounds containing oxygen:
methanol
ethanol
isopropyl alcohol
tert-butyl alcohol
isobutyl alcohol
other oxygen compounds

–

o

C
C
% (V/V)
% (V/V)
% (V/V)
o
C
o
C
o
C

o

kPa

746 ±36

34.8 ±3.4
205.5 ±5.1
97.9
0.7
1.7
52.3 ±2.6
106.5 ±3.6
172.9 ±4.0

60.8 ±1.1

0.5 ±0.1

% (m/m)

% (V/V)

Oxygen

Benzene

7.4 ±1.4
32.1 ±2.6

% (V/V)
% (V/V)

> 360

mg/100
ml

min.

9.0 ±1.5

85.9

96.0

746.3 ±0.4

RF-12-09

RF-12-09
batch 10

mg/kg

–

–

kg/m3

Unit

Content of hydrocarbon types:
olefinic
aromatic

Resin content

Induction duration

Sulphur content

Research octane number (RON)

Research octane number (RON)

Density @15oC

Notation

Parameter

859 ±36

38.5 ±3.4
202.3 ±5.1
97.8
1.2
1.0
53.0 ±2.6
100.8 ±3.1
171.9 ±4.0
936 ±36

37.2 ±3.4
199.5 ±5.1
97.6
1.2
1.2
51.4 ±2.6
72.4 ±3.1
163.4 ±4.0

63.1 ±1.1

< 0.17
20.1
< 0.17
< 0.17
< 0.17
< 0.17

< 0.17
10.2 ±0.57
< 0.17
< 0.17
< 0.17
< 0.17
58.0 ±1.1

7.40

0.3 ±0.1

5.1 ±1.1
28.8 ±2.6

1.0 ±1.8

> 360

5.3 ±1.7

87.8

98.2

751.7 ±0.4

RF-12-09+20E

RF-12-09
+20% (V/V)
ethanol

3.73 ±0.29

0.4 ±0.1

< 5.0
30.4 ±2.6

1.1 ±1.5

> 360

7.8 ±1.7

86.4

97.4

758.2 ±0.4

RF-12-09+10E

RF-12-09 batch
10 +10% (V/V)
ethanol

Table 2. Properties of the types of fuel (based on gasoline) prepared for tests

722 ±36

38.1 ±3.4
20.5 ±5.1
97.7
1.2
1.1
55.4 ±2.6
99.6 ±2.9
170.8 ±4.1

55.2 ±1.1

< 0.17
< 0.17
< 0.17
< 0.17
7.4 ±0.43
< 0.17

2.23 ±0.29

0.4 ±0.1

5.7 ±1.5
30.4 ±2.6

1.3 ±1.9

> 360

7.3 ±1.6

86.8

97.8

753.9 ±0.4

RF-12-09+10B

RF-12-09 batch
10 +10% (V/V)
butanol

1018 ±36

33.3 ±3.4
200.4 ±5.1
97.6
1.2
1.5
52.6 ±2.6
96.0 ±3.6
176.6 ±4.0

57.3 ±1.1

< 0.17
4.8 ±0.37
< 0.17
< 0.17
< 0.17
< 0.17

4.8 ±0.47

< 0.1

7.9 ±2.0
31.8 ±2.6

0.8 ±1.5

> 360

1.3 ±0.5

86.7

96.1

746.9 ±0.4

CAF W18936

CAF W18936

910 ±36

37.2 ±3.4
196.4 ±5.1
97.9
0.4
1.1
53.1 ±2.6
96.8 ±3.5
152.2 ±4.1

59.5 ±1.1

< 0.17
< 0.17
< 0.17
< 0.17
< 0.17
< 0.17

< 0.1

0.16 ±0.1

4.3 ±1.1
33.1 ±2.6

0.5 ±1.5

> 360

1.4 ±1.0

88.0

99.3

751.4 ±0.4

RF-02-03

RF-02-03

757 ±36

42.3 ±4.8
194.4 ±5.1
98.4
1.2
0.4
51.2 ±2.6
85.9 ±2.9
154.0 ±4.0

741 ±36

43.0 ±3.4
194.0 ±5.1
98.5
1.1
0.5
55.3 ±2.6
95.0 ±2.9
152.7 ±4.0

55.3 ±1.1

< 0.17
< 0.17
< 0.17
< 0.17
11.3 ±0.64
< 0.17

< 0.17
9.7 ±0.57
< 0.17
< 0.17
< 0.17
< 0.17

59.8 ±1.1

2.61 ±0.29

0.1 ±0.1

< 4.0
28.5 ±2.6

1.0 ±1.5

> 360

< 0.3

88.9

100.0

758.4 ±0.4

RF-0203+10B

RF-02-03
+10% (V/V)
butanol

3.51 ±0.29

0.1 ±0.1

< 4.0
30.2 ±2.6

< 0.5

> 360

< 0.3

88.7

99.9

759.8 ±0.4

RF-0203+10E

RF-02-03
+10% (V/V)
ethanol

PN-EN 228 + A1-201706

PN-EN ISO+3405:2019

PN-EN 13016-201805:2009

PN-EN 1601:2009

PN-EN 1601:2017-09

PN-EN
238:2000+A1:2008

PN-EN 15553:2009

PN-EN ISO 6246:201705

PN-EN ISO 7536:2011

PN-EN ISO 20846:2020

PN-EN ISO 5163

PN-EN ISO 5164

PN-EN ISO 12185:2002

Test
procedure

Table 3. Technical specifications of the VW EA111 BLG engine used for testing
Type

Displacement

Cylinder bore

Piston stroke

No. of valve/cyl.

Compression ratio

Max power

Max torque

Aftertreatment systems
Emission norm

–

[cm3]

4-cyl., in-line (wall-guided mixture formation system)

[mm]

1390
76.5

[mm]

75.6

[–]

10:1

[–]

[kW]

4

125 kW at 6000 rpm

[Nm]

220 Nm at 1750–4500 rpm

–

Tree-way catalysts, closed feedback loop

–

EU4

Two injection pumps (high-pressure, up to 20 MPa)
were used to perform injection of various fuels into
the chamber. The modification of the original system
allowed to use two different test fuels. A LaVision
High Speed Star 5 recording camera was used to capture images of the fuel atomization. Image acquisition
frequency was f = 10 kHz. The optical configuration
of the camera for spray testing was shown in Fig. 1a.
An AF Nikkor prime lens was used in the research. No
optical filter was used in the tests, because the recording only concerned the light from the halogen lamp
that was reflected from the injected fuel drops.

2.3. Scope of research

The test plan included testing each of the injectors
at the injector opening time of tinj = 0.4 ms and at three
back pressure values: 0 MPa; 0.1 MPa; and 0.2 MPa.
The test chamber consisted of a cube-shaped body with clear quartz
The fuel was supplied to the injector under constant pressure which
windows placed in the openings of each of these walls, a mounting
equalled to 10 MPa. Each attempt was repeated twice.
system for attaching the engine head, valves supplying and dischargThe optical testing procedure was as follows (Fig. 2):
ing gas (air) to the chamber, and a system of sealing and assembly con1. From each photo containing a spray of injected fuel, the first phonections. The constant volume chamber in the test setup was shown
to (considered as the background) was subtracted. In this way,
in Fig. 1. The test setup included a light source (halogen lamp) and a
only the difference in each photo was obtained, resulting from
recording camera (Fig. 1a). The fuel injection was registered through
successive photos.
the transparent chamber window and one of the steering mirrors (Fig.
2. The mask, for which the calculations of the fuel spray geometrical
1b). The technical data of the constant volume chamber were given
indicators were made, was denoted.
in Table 4.
3. Geometric indicators were determined using the
Table 4. Technical data of the constant volume chamber used in the fuel atomization tests
following methods:
a. Spray penetration – S – determined based on the
Value
Characteristics
Dimensions
X coordinate (vertical change in the number of pixels)
outer diameter
material φ × h
steel 110 ×400 mm
between the spray top and the maximum value in the
Element
inner diameter
material φ × h
steel 90 × 350 mm
vertical direction; the global penetration was determined, the analysis of individual spray of injected fuel
volume
2200 cm3
was not conducted (due to their optical nature).
Optical access
material/thickness
quartz glass
30 mm
b. Spray surface area – A – determined based on the
Light source
type
halogen lamp
230 V, 500 W
number of pixels in a given measurement area, the
luminance of which is above a specified luminance
a)
value.
c. The angle of the spray cone – α – determined using four designated points on the bilateral envelope of the spray cone (these
distances are 5 and 15 mm from the fuel outflow); based on
four data points, the angle between them was calculated and
the cone angle of the outgoing fuel spray was determined.
Due to large changes in the illumination intensity of pixels in
the vicinity of the fuel outflow, the specified angle was characterized by quite large measurement uncertainties.
d. Fuel spray velocity – v – determined based on the penetration
related to individual recording times of subsequent images.
The analysis of the results was carried out with the use of
LaVision's DaVis software.
b)

3. Results
3.1. Engine test results for injector deposits
The comparison of changes in fuel injection time obtained
using to CEC-F-113 test for the eight fuels selected for testing
are shown in Figure 3. The data contained therein indicates the
existence of different fuel injection times when using additives
with high and low tendency to deposit formation. Admixtures
with a high tendency for deposit formation significantly increase the fuel injection time, while those with a low tendency
to form deposits corresponded with significantly shorter times.
Analysis of these results resulted in obtaining different trends:
Fig. 1. Schematic (a) and picture (b) of the test stand for testing fuel atomization (6-hole in the first case (fuel with a high tendency to form deposits) an
injector, Pinj = 10 MPa; tinj = 0.4 ms, camera: f = 10 kHz, lens: Nikon AF 24-85 inertial (towards a fixed value) or linear trend was observed.
mm f/2.8-4D IF, images 512 × 512 px)
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◦◦ test 4: RF-12-09+20E: with 20% ethanol
b) tests including RF-02-03: fuel: fuel that limits
coking of the injector holes:
◦◦ test 5: RF-02-03: no additives
◦◦ test 6: RF-02-03+10E: with 10% ethanol
◦◦ test 7: RF-02-03+10B: with 10% butanol
The activities presented in Fig. 4 were applied
to all performed test series. The mean surface area
and spray penetration values (Fig. 5) indicate flow
characteristics changes for the tested injectors
when using the RF-12-09 fuel.
The backpressure increase in each analyzed case
reduced both the surface area and spray penetration. Specific changes in the characteristics from
Fig. 2. The image processing procedure and determining the geometric indicators of the injected fuel
alcohol admixtures to the RF-12-09 fuel were as
spray
follows:
• the addition of 10% ethanol (RF-12-09+10E)
caused the greatest decrease in surface area and penetration for
tests without any backpressure present (decrease in the maximum surface area by 15% compared to the tests of new injectors – NEW),
• the addition of 20% ethanol (RF-12-09+20E) reverses this
relationship, increasing the surface area in all tests by 8%–17%
depending on the backpressure value,
• the test determining the effect of the RF-12-09 fuel alone,
without any admixtures in the form of ethanol or butanol, was
characterized by a significant reduction in the surface area during tests with backpressure – a reduction of 33% at a backpressure of 0.1 and 0.2 MPa.
• the test without additives (RF-12-09) and with 10% addition of butanol (RF-12-09+10B) resulted in a similar change to
the tests of new injectors in the absence of backpressure in the
chamber, thus having little to no effect on the measured parameters.
With no backpressure present the fuel spray achieved a maximum surface area at about 2 ms after starting the injection. Increasing the back pressure increased this time.
The spray penetration analysis was carried out only up to 2
ms time into the injection, because in the later period the range did
not increase any more (or the technical limitations of filming are
reached).
Geometric indicators of the fuel spray from the injectors tested
with RF-02-03 fuel with alcohol admixtures were presented in the
averaged comparison (mean values from the analyzed tests) in Fig. 6.
Similarly to the analyzes carried out earlier, the impact of fuel on the
process of mixture formation and the surface area and spray penetration were determined. When analyzing the data from Figure 6, it was
found that:

Fig. 3. Evaluation of VW EA111 engine injector sedimentation tendency for tests done
according to the CEC-F-113 test

3.2. Results from tests carried out in a constant volume
chamber
The test results of the injectors and fuels have been presented in the
form of averaged surface area and spray penetration. An example of
the surface area averaging process was shown in Fig. 4.
The following configuration was used for this research (new injectors were also taken into account):
a) tests including RF-12-09 fuel: fuel prone to high coking of the
injector holes:
◦◦test 1: RF-12-09 – no additives
◦◦test 2: RF-12-09+10E: with 10% ethanol
◦◦test 3: RF-12-09+10B: with 10% butanol

Fig. 4. Results of the spray surface area tests for the RF-12-09 fuel (Pinj = 10 MPa and Pb = 0; 0.1; 0.2 MPa; the results show the process of
determining the mean values)
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• the surface area of the RF-02-03 fuel without additives was reduced by 10%–24% at the end of the test compared to the initial
values,
• the addition of 10% butanol (RF-02-03+10B) did not increase
the surface area both in the absence of backpressure and with its
increase to 0.1 MPa when compared to the fuel without the additive,

• the addition of 10% ethanol (RF-02-03+10E) increased, in the
entire scope of the analysis, the spray penetration and the surface
area for the tests carried out at backpressure of 0.1 and 0.2 MPa
(in the absence of backpressure, this regularity was not observed,
however).

Fig. 5. Results of the spray penetration and surface area tests for the RF-12-09 fuel (Pinj = 10 MPa and Pb = 0; 0.1; 0.2 MPa; the results show
the mean values from the tests of 4 injectors according to Table 2)

Fig. 6. Results of the spray penetration and surface area test for the RF-02-03 fuel (Pinj = 10 MPa and Pb = 0; 0.1; 0.2 MPa; the results show
the mean values from the tests of 4 injectors according to Table 2)

232

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

4. Results discussion
When considering the results, it should be emphasized that each
engine design, combustion process control strategy and injector design have a very significant impact on the process and intensity of the
injector coking phenomenon. Thus, the final result of the evaluation
of fuel choice depends on the deposit formation progression and the
amount of deposits formed over time. In this case, the assessment was
based on the VW EA111 BLG engine tested in accordance with the
CEC-F-113 test.
The fuel assessments carried out previously in accordance with the
above-mentioned procedure allowed – as part of the work of the CEC
TDG F-113 Work Group – to determine the repeatability of the results
gathered from this method based on Student’s t-distribution. According
to the calculations in order for two results to be distinguishable with a
95% confidence interval, their absolute difference must be about 3.0%
of the change in the electric pulse length which controls the injection
time. However, taking into account that in practice it is a large change
in the signal pulse length, it was established that when evaluating the
results, a smaller confidence interval (90%) would be used, for which
an absolute dissimilarities between the results of the change in the
electric pulse length of 1.8% for the injectors opening time in a single
fuel injection. This allowed for a sufficient differentiation and results
comparison for the tested fuels. The results of evaluation for the eight
fuels presented in Fig. 3 was divided into four groups. The first group
included only one fuel (CAF W18-936). As it is the reference fuel
dedicated to the tuning and control of the VW EA111 BLG engine
operation, this fuel was used for the first of the conducted tests. The
obtained result (4.169% of the averaged increase in the width of the
injector opening electric impulse in a single fuel injection) confirmed
that the engine was well prepared for tests, as per the requirements of
the CEC-F-113 test. The requirements of this procedure state that the
result for this fuel should have the value of 5 ±2%. Taking into account the obtained test results, the second group included the following fuels: RF-12-09 (result: 5.841%), RF-12-09+10E (result: 5.871%)
and RF-12-09+10B (result: 6.338%). These results should be considered as being statistically the same value result. On the other hand, the
result for the fuel RF-12-09+20E (8.132%) could not be statistically
included in the same group and had to be treated as separate (third
group). The fourth group included the results of the following fuels:
RF-02-03 (2.699%), RF-02-03+10E (2.249%) and RF-02-03+10B
(2.124%). In the case of fuels from the second and third groups, an
unfavorable effect of alcohol admixture on counteracting the formation of injector deposits was observed – RF-12-09 (5.841%), RF-12
-09+10E (5.871%), RF-12-09+10B (6.338%), and RF-12-09+20E
(8.132%). In the case of fuels from the fourth group, the resulting
change was below the reference value – RF-02-03 (2.699%), RF-0203+10E (2.249%) and RF-02-03+10B (2.124%). These results are not
consistent with those described in [5, 7, 30], but instead more aligned
with the results described in [25]. Perhaps the reasons for the discrepancy in these results of the alcohol impact on the injector deposits formation tendency should be sought in the interactions of the properties
of RF-12-09 and RF-02-03 fuels with alcohols, which are difficult to
determine – Table 2. It should be noted, however, that both in the case
of the fuels in the second and fourth groups, the addition of one of
the alcohols to gasoline RF-12-09 and RF-02-03, respectively, caused
such a small variation in the result that – from a statistical point of
view – these results can be considered the same. Therefore, one can
only indicate trends in the scope of changes in the results caused by
the addition of alcohols. The only deviation was noted in the case
of adding 20% (V/V) ethanol to gasoline RF-12-09, which resulted
in a significant, even from a statistical point of view, increase in the
length of the injector opening electric pulse in a single fuel injection,
i.e. 8.132% for fuel RF-12-09+20E relative to 5.841% for RF-12-09
fuel. The differentiated trends that occur in the case of fuels with and
without alcohol content presented in Fig. 7 and 8.

Fig. 7. The changes of fuel injection time for the tested fuel from the second
fuel group

Fig. 8. The changes of fuel injection time for the tested fuel from the fourth
fuel group

All the fuel injection pulse duration results presented in Fig. 7 and
8 were characterized by a gradual, but un-stable, increase over time.
Considerable, often rapid fluctuations in changes in fuel injection time
could be observed during the test. Such fluctuations in values could
be most reasonably explained by the simultaneous and opposed processes of contamination of the injectors and their cleaning, i.e. removal
of already produced deposits by the following fuel dose (for example,
during the formation of deposits on the inlet valves of the engine [28,
29]). In order to better evaluate the trend of injection time changes
of the tested fuel samples, their trend lines are drawn in Fig. 7 and 8.
Using these trend lines, it can be noted that in the case of fuels with
no alcohol admixtures (RF-12-09 and RF-02-03), there was a gradual,
linear increase in fuel injection time throughout the duration of the
test. It can be assumed that if the test time was extended, the fuel
injection time would further increase, and hence coke deposits on the
nozzles and in the injector outlet holes to continue gathering. Another
trend of changes in the fuel injection time observed in the conducted
tests was in the case of fuels containing alcohols. For these fuels, the
trend lines indicated a logarithmic increase in the fuel injection time
increase. As a result, after a period of progressive increase in fuel
injection time, the duration stabilizes over many cycles at a certain
level. In the case of the RF-12-09 fuel containing alcohol, this stabilization takes place 25–30 hours from the start of the test – Fig. 7, and
in the case of the fuel RF-02-03 in approximately 22 to 25 hours – Fig.
8. Therefore, it would be expected that the fuels containing alcohol
(for the tests described in this work, using ethanol or butanol) are less
prone to facilitating deposit formation on the fuel injectors. This is
because due to the linear increase in fuel injection time observed for
fuels without alcohol admixtures, the level of injector contamination
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will over time exceed that of injectors using fuels with alcohol admixtures, since alcohol helps stabilize the increasing injection time over a
certain number of engine work cycles. The dissimilarities in the trends
of the size and formation of the injector deposits for the tested fuels
resulted mostly from the intensity of the initial deposit precursor formation processes, the force of their adhesion to the surface on which
they were formed and the simultaneous processes of self-cleaning of
the injectors. The logarithmic curve shows that deposit precursors are
formed more intensively at the beginning of the test cycle, adhere
more strongly to the surface and/or are removed less intensively. In
the case of a linear relationship, the sediment formation and removal
processes take place with a constant intensity in a certain proportion,
with the deposit formation processed being dominant. After the formation and stabilization of sediment precursors on the surface of the
injectors, further contamination of the injectors is the result of the
sediment build-up and removal processes.
The fuel spraying indicators analysis for high-pressure injectors in
a constant volume chamber, while averaging the obtained results, was
presented in the further part of the work. The results of the fuel spray
surface area were presented for two analytical points in the form of
the spray surface area within 2 ms after the start of fuel injection (SOI)
and the maximum surface area during the optical analysis. The results
presented in Figures 9 and 10 contain the maximum spray surface
area, where the reference value (100%) was defined as the area obtained using new clean injectors, and the percentage changes of the
analyzed parameter based on the fuels used.
The analysis of the results obtained for the RF-12-09 fuel (Fig. 9)
leads to the following conclusions:
a) The RF-12-09 fuel has shown a reduction of the spray surface
area in relation to the reference value with Pb = 0.1 and 0.2
MPa; tests without backpressure did not show this trend.
b) 10% addition of butanol to the RF-12-09 fuel increased the surface area of the fuel spray at each backpressure value in relation to the fuel with 10% ethanol. However, a 20% addition of
ethanol significantly increased this indicator, regardless of the
air backpressure. This may suggest a better performance of the
admixture of high ethanol content in gasoline. Increasing the
fuel spray area suggests an increase in its flow cross-section.
The addition of 20% ethanol resulted in the highest spray surface area at each backpressure setting to be achieved.
c) Significant differences in the surface area growth time were observed for fuels containing significant amounts of ethanol and
butanol admixture, as it resulted in changes in the fuel outflow
characteristics.
d) Having no backpressure in the chamber resulted in a slight difference between the maximum surface area and that achieved at
t = 2 ms after SOI. Further increase in the backpressure resulted
in even greater differences between the two analytical points,
in the measurements carried out at Pb = 0.1 MPa, the maximum
surface area was on average approximately 14% greater than
that achieved at the 2 ms point. While in the tests carried out at
Pb = 0.2 MPa, this difference was about 25%.
The analysis of the results obtained for the RF-02-03 fuel (Fig. 10)
leads to the following conclusions:
a) The use of RF-02-03 fuel resulted in a reduction of the surface
area by 10%–15% in each of the test point (Pb = 0–0.2 MPa).
b) The addition of butanol caused a slight increase in the obtained
surface area at each test point for the fuel RF-02-03.
c) The addition of ethanol (10%) increased the surface area compared to both the base fuel as well as fuel with the butanol admixture.
d) Admixtures showed favorable effect compared to the base fuels, but still indicated a smaller spray surface area achieved than
those obtained in tests of new clean injectors.
e) For both the RF-12-09 fuel and the RF-02-03 fuel a slight
difference was obtained in tests between the maximum sur-
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face area and that achieved at the time t = 2 ms after SOI, at
Pb = 0 MPa; increasing the back pressure increased the differences between the two measured points.

Fig. 9. Summary of the averaged maximum surface area and the area covered
at 2 ms after injection start for the RF-12-09 fuel and its additives

Fig. 10. Summary of the averaged maximum surface area and the area covered at 2 ms after injection start for the RF-02-03 fuel and its additives

5. Conclusions
Analysis of alcohol admixtures with gasoline impact on the formation of precipitates and performance parameters of fuel injectors
resulted in a set of conclusions.
• The results of engine tests conducted in accordance with the CECF-113 test and the results of optical analyzes of fuel atomization in
the direct injection system were correlated.
• The effect of the choice of fuel type and the alcohol admixture
was verified by using the change in the duration of the injector
control pulse as the measured indicator. It has been shown that the
fuel with a higher content of sulfur, resins, olefin-type hydrocarbons and with a lower volatility index (RF-12-09) increased the
injection time in relation to the RF-02-03 and CAF W18 fuels at
the same operating point of the engine.
• The addition of alcohols (ethanol, butanol) to the fuel RF-12-09
and RF-02-03 had a measurable effect on the sediment formation,
varying from linear for basic fuels to non-linear, for fuels with
admixtures of alcohols as measured throughout the 48-hour test
period.
• Optical tests showed that a 10% ethanol admixture to a fuel with
a lower tendency for deposit formation (RF-02-03) resulted in the
greatest values of surface area and spray coverage. Additionally,
with the back pressure Pb = 0.1 MPa and 0.2 MPa, these indicators
were still higher than for new clean injectors.
• For the fuel with a higher tendency to form deposits (RF-12-09),
the best atomization rates were obtained with the addition of 20%
ethanol. With such an admixture, the obtained indicators were
greater than those for the new clean injectors. The spray surface
area and the penetration increased with the addition of ethanol.
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In the case of a lower content of additives (10% ethanol or 10%
butanol) the atomization indicators were lower than those reached
using clean injectors.
• The greatest impact of using alcohol admixtures on changing the
fuel flow characteristics out of the injectors was achieved for the
fuel with a higher tendency to deposit formation (RF-12-09).

• During the tests of fuels, only the addition of ethanol increased
the atomization indicators to values greater than those obtained
for new clean injectors.
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Highlights

Abstract

• A method hybrid two machine learning algorithms There lacks an automated decision-making method for soil conditioning of EPBM with high
accuracy and efficiency that is applicable to changeable geological conditions and takes
to predict the dosage of foam is proposed.
drive parameters into consideration. A hybrid method of Gradient Boosting Decision Tree
• GBDT is used to select geological parameters
(GBDT) and random forest algorithm to make decisions on soil conditioning using foam is
with big impact on the dosage of foam.
proposed in this paper to realize automated decision-making. Relevant parameters include
• Considering drive parameters as decision-making decision parameters (geological parameters and drive parameters) and target parameters
factors improves the practicability.
(dosage of foam). GBDT, an efficient algorithm based on decision tree, is used to determine
• Results shows that the prediction model performs the weights of geological parameters, forming 3 parameters sets. Then 3 decision-making
models are established using random forest, an algorithm with high accuracy based on decibetter than other algorithms in accuracy.
sion tree. The optimal model is obtained by Bayesian optimization. It proves that the model
• The proposed method can realize real-time deci- has obvious advantages in accuracy compared with other methods. The model can realize
sion-making compared with experiment.
real-time decision-making with high accuracy under changeable geological conditions and
reduce the experiment cost.
Keywords
This is an open access article under the CC BY license soil conditioning, automated decision-making, hybrid algorithm, geological parameters,
(https://creativecommons.org/licenses/by/4.0/)
drive parameters, feature selection.

1. Introduction
Shield machine is one of the most important large-scale equipment
in the field of construction machinery, widely used in tunneling such
as subway, railway and highway. According to statistics, in developed
countries, the amount of tunnel excavation by the shield method accounts for more than 90% of the total amount of tunnel excavation.
And EPB shield, whose excavation quantity accounts for more than
80% of all shield methods, is the most frequently used method because of the high mechanization level, fast construction speed, strong
environmental adaptability, as well as relatively low cost [10].
It is necessary to improve the properties of the excavated material
to ensure that the EPBM runs at a low failure rate and reduce the wear
of the cutterhead [6, 33]. Firstly, the excavated material is used to
transfer thrust from the jacks to keep the excavation face pressure balanced and ground surface settlement stable. Secondly, the excavated
material is also used to generate a face-supporting muck to prevent
water inflows at the tunnel face [10]. So stable geotechnical properties are required, including good plastic deformation, small inner friction angle. Thirdly, material flowing out from the excavation chamber
should be conveyed steadily and continuously by the screw conveyor

to ensure the earth pressure balanced, so the geotechnical properties
such as plasticity and liquidity need to be suitable [9]. Soil with poor
geotechnical properties likely causes spewing, mud cake, etc., and increase the wear of the cutters and screw conveyors, then damage the
shield equipment, finally lower construction quality [11, 25].
The most mature method for soil conditioning is to inject soil additive to improve poor soil properties. Generally, additives such as
foam and polymers apply to coarse grained soils, while water and
suspension apply to fine grained soils [17]. At present, foam is one
of the most commonly used soil additives in engineering application.
The advantages are that it is universal for a variety of soils, convenient
to transport and use [27]. In recent years, EPBM is gradually used in
areas with complex and changeable geological conditions in China,
such as Yunnan and Tibet. In addition, the foam injection system in
the EPBM is automated, and the geological prediction accuracy of a
certain distance in front of the working face is high, which provides a
prerequisite for the automation technology of soil conditioning. One
of the key issues in the field of soil conditioning is how to achieve
accurate and rapid automated decision-making on the dosage of foam
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under changeable geological conditions, to improve the efficiency of
the EPBM.
Traditional decision-making methods such as experimental method
perform poor when applied to uncovered geological conditions, and
don’t take drive parameters that may impact the dosage of foam into
consideration, see Section 2.1. Besides, they are too low in efficiency
to do on-site decision-making. In fact, there is a lack of decision-making methods for soil conditioning with high accuracy and efficiency
that comprehensively consider geological conditions and construction
requirements to improve the automation level of soil conditioning
decision-making.
It is the purpose of the present paper to provide a decision-making
model with high accuracy and efficiency to determine the dosage of
foam for soil conditioning (especially for coarse grained soil) in order
to achieve automated decision-making for EPBM. The model is supposed to comprehensively consider geological parameters and drive
parameters to improve its accuracy and application in engineering. A
data-driven method integrating GBDT with random forest algorithm
is proposed to establish the model. Sections 2 determines foam as the
additive for soil conditioning by analyzing the grain-size distribution
of the excavated material, and obtains target parameters. Section 3
makes the feature selection of decision parameters based on GBDT
and correlation analysis, and three geological parameters sets are obtained. A decision-making method is presented in Section 4 based on
random forest algorithm, and three decision-making models are obtained by Bayesian optimization according to the geological parameters sets. Finally, in Section 5, the optimal model is selected using
fitting accuracy analysis. And the trend how the decision parameters
affect the target parameters in the optimal model is analyzed, revealing the mechanism of soil conditioning to some extent.

2. Background
2.1. Previous researches about soil conditioning
Recent theories and technologies about soil conditioning can be
divided into two: Method based on experiment and method based on
data driving. Method based on experiment refers to sampling the soil
at regular intervals in the work area before construction, and testing
the influence of the amount of additive injected on the soil properties,
finally determining the optimal dosage of the additive on each type
of soil, as a reference for shield construction. This kind of method
shows high retrieval efficiency because of structured domain knowledge. So far, many soil conditioning plans based on specific geological conditions such as water-rich sandy soil, loose sandy-clay have
been proposed [15, 22]. The most reasonable soil conditioning plan
can be obtained by experiments. The disadvantage is that because the
sample cannot cover all geological conditions, a reasonable plan cannot be obtained for uncovered geological conditions since the samples
cannot cover all geological conditions. Meanwhile, the influence of
drive parameters on the dosage of the additive cannot be obtained
through experiments, thus reducing the practicality of the experimental results.
Methods based on data driving refer to mining the data correlation
of relevant parameters for soil conditioning based on historical construction data, and establishing a reasonable decision-making model
to predict the dosage of certain additive. Unlike methods based on
experiment, the decision-making model is used to predict the dosage of the additive for new geological conditions, thereby providing
a reasonable plan based on data analysis. And the efficiency is significantly better than experiment. Moreover, the model can cover the
drive parameters of EPBM and is more adjustable. Some researchers
established mapping models between drive parameters and the dosage of certain additive for specific geological conditions [20]. Others
studied mapping models between specific geological parameters and
the dosage of certain additive [9, 18]. However, there is a lack of
comprehensive consideration of both drive parameters and geologi-
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cal parameters in the decision-making model. This leads to the weak
generalization ability to new geological conditions and low practical
value.

2.2. The importance of automated decision-making for soil
conditioning
As mentioned in Section 1, EPBM is gradually used in areas with
complex and changeable geological conditions such as plateaus and
flood plains. The conditions of these areas are particularly complex,
and the stratigraphic section changes greatly every less than 10 meters.
If the experimental method is used to determine the soil conditioning
plan, it is necessary to sample the soil on site at short intervals. However, with such high-density sampling, the time and resource costs for
sampling and testing are too high, and in many cases cannot meet the
construction schedule requirements and cost constraints. If a low sampling density is adopted, a plan with similar geological conditions can
only be used when geological conditions that have not been sampled
occur, with poor conditioning effect [2].
With the improvement of the automation level of the foam injection system in the EPBM and the advancement of the geological prediction technology for a certain distance in front of the working face,
the automated decision-making for soil conditioning becomes possible [14, 24]. Depending on the historical data of soil condition, a
data-driven method is used to establish a high-precision correlation
model between related parameters such as geological conditions and
the dosage of additive. Based on this model and geological prediction
technology, the dosage of additive under different working conditions
is predicted and fed back to the foam injection system to realize the
automation of soil conditioning decision-making.
The significance of the above-mentioned automation process for
soil conditioning decision-making is as follows. Firstly, the model realizes high-precision decision-making within the coverage of historical data. And it can provide a relatively reasonable plan for uncovered
geological conditions since the model mines the internal correlation
of the relevant parameters of soil conditioning. Besides, the model
can be continuously updated based on new data to improve its scope
of application to working conditions. Secondly, the efficiency of this
method is extremely high, and the resource cost is very low compared with experiment. Thirdly, the automation of soil conditioning
decision-making realizes real-time decision-making with high accuracy for the dosage of foam under changeable geological conditions,
thereby expanding the application conditions of the EPBM and improving the efficiency of shield construction.

2.3. Background of the project
The data source in this research is the construction data of the
EPBM in the section from Wanqingsha Station to Hengli Station
(W-H Section) of Guangzhou Rail Transit Line 18 in China. The total
length of this section is around 2.4km, and the buried depth of the tunnel is 24.32-44.17m. And in terms of geological structure, this section
covers over 7 types of rock stratums mainly including mucky medium
coarse sand, medium coarse sand and fine sand. The grain-size distribution curves of the key soil sampling points are shown in Fig. 1.
As can be seen from Fig. 1, the main component of the excavated material is sand. And most of the soil has the grain size greater
than 0.075mm, which is classified as coarse-grained soil. Previous
researches and experiences show that foam applies to coarse grained
soils [1]. Besides, foam is cost-effective, and the construction side has
experience in using it. For all these reasons, foam was chosen as the
additive for soil conditioning in this project.
As for the equipment, the EPBM with two screw conveyors was
chosen. The shield machine has 12 foaming lines, corresponding to 12
foaming agent injection ports on the cutter head, to increase the flow
rate of additives. Fig. 2 shows the selected EPBM in this project.
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According to above equations, the target parameters that determine
the dosage of foaming agent are Qf, QL, QA and QS. Methods for determining the decision parameters are presented in Section 3.

2.5. Data preparation
In this project, the data of drive parameters and target parameters
can be obtained from the Database for EPBM Condition Monitoring
System. And the source of the geological data is the geological report
recorded by the operators. In fact, the operators collect soil every ring
(Ring), then analyze the composition of soil and record it. A ring is
completed when the segments are assembled in a circle for the EPBM.
Before data analysis, the data from above database need to be processed in Rings to correspond to geological data. The data of poor effect for soil conditioning in each Ring, as well as the non-work data
are eliminated to avoid the impact of bad data on the accuracy of
the decision-making model. And the remaining data is averaged in
Rings.
As for the geological data, according to the geological report, there
are 12 key geological parameters, including plasticity index, silt particle content, void ratio, moisture content etc. When processing geological data in Rings, the matter is how to determine the value of above
geological parameters since the cutterhead excavates several kinds of
stratums. This paper provides a feasible plan as follows:

Fig. 1. The grain-size distribution curves of main soils

I

Identify all strata, query the values of above geological parameters of each stratum, and sort them into the standard values matrix
of geological parameters, denoted as M, as shown in Table 1.

II

Calculate the proportion of each stratum in the nth ring (Ring n),
and sort them into the proportion matrix of each stratum, denoted
as Pn.

III Calculate the actual values matrix of geological parameters in
Ring n, denoted as Dn. The equation is as follows:
Dn = Pn × M .

Specifically, the actual value of geological parameters is the
weighted average of the standard values in each stratum, with the
weight been Pn.

Fig. 2. The selected EPBM used in this project

2.4. Description of relevant parameters
Relevant parameters can be divided into two: target parameters and
decisionrefer to the dosage parameters of foam, as the output of the
decision-making model. Decision parameters have an important influence on the target parameters, as the input of the model.
Target parameters mainly depends on three indices: concentration
of foaming agent within foaming liquid (cf), foam expansion ratio
(FER) and foam injection ratio (FIR) [28]. The equations of above
indices are shown in Eq. (1), Eq. (2) and Eq. (3) [12]:
cf =

Qf
QL

,

(4)

(1)

FER =

QL + QA
,
QL

(2)

FIR =

QL + QA
,
QS

(3)

where Qf is flow rate of foaming agent (m3/min), QL is flow rate of
foaming liquid (m3/min), QA is flow rate of air (m3/min), QS is flow
rate of excavated soil (m3/min).

3. Methods for determining the decision parameters
The decision parameters can be divided into two based on physical
interpretation: geological parameters and drive parameters. Feature
selection is carried out to screen key factors.

3.1. Geological parameters
The geological parameters can be obtained in Section 2.5, including
12 parameters such as plasticity index, silt particle content, moisture
content. Feature evaluation and selection is made next to eliminate
irrelevant parameters.
(1) Methods of feature selection
The feature selection approach mainly includes filter and embedding method. The filtering method scores features according to indicators such as divergence and relevance, then sets thresholds to filter
features. This method has a low computational cost, but it takes less
consideration of target parameters and subsequent learners. As for
embedding method, there are two steps. First, an efficient algorithm is
chosen to train the model, and the weight coefficient of each feature is
obtained for feature selection. Second, an algorithm with similar principle is selected to further optimize the model to get higher accuracy
[31]. The reason is that theory suggests that the models trained by the
algorithms with similar principle can be transferred mutually better
[20]. Considering the computational cost and model accuracy, the embedding method is adopted for feature selection in this research.
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Table 1. The standard values matrix of 12 key geological parameters in each stratum
Stratum

A

B

C

0

35.3

0

11.20

60

0

11.42

1

15

3

9

2
4
5
6
7

0
0
0

15.84

D

E

80

240.7

11.32

50.3

282.7

27.5

1.91

0.809

12.07

50.7

488.9

23.4

1.98

0.69

0

50.4

194.5

382.5

1.58

G

176.0
200

63.8

F

0

20

1.85

28.3

1.92

22

26.3

1.90
1.94

1.708
0.6
0.6

H

2.28
0
0

0.814

0.85

0.770

0.02

I

1.48

0.27
0.27

0.44

J

1.89
7
7

4.5

K

5.7

L

6.0

0

27.0

16.0

13.5

0

32.0

0.2

0.44

4.29

20.0

19.3

-0.09

0.38

4.73

24.3

20.2

0.40

4.65

23.1

20.5

A: clay particle content (%); B. plasticity index (%); C. silt particle content (%); D. shear wave velocity (m/s); E. moisture content (%); F. wet density (g/cm3); G. void
ratio; H. liquidity index (%); I. coefficient of compressibility; J. modulus of compressibility (MPa); K. cohesion (kPa); L. friction angle (o)
1: mucky medium coarse sand; 2: silty fine sand; 3: silt; 4: silty clay; 5: medium coarse sand;
6: coarse sand; 7: weathered granite

Algorithms based on decision tree are the most commonly used
for feature selection. While the leaf nodes of the tree are divided, the
importance of features is given through indicators such as information
entropy, which naturally generates evaluation mechanism for feature
selection. As an efficient algorithm based on decision tree, Gradient
Boosting Decision Tree (GBDT) is employed for feature selection.
The essence of GBDT is to generate Cart Tree and calculate the reduction of weighted impurity of all non-leaf nodes during splitting [8].
The larger the reduction, the more important the feature.

I

The mean (Me) of the comprehensive weights is greater than the
median (Mo), which belongs to the right-skewed distribution with
P(X>Mo)>P(X>Me). It means that more parameters are greater
than Mo. For feature selection, it is necessary to cover as many
effective features as possible. Mo is selected as the threshold for
extracting effective features.

II

The key parameters whose comprehensive weights are higher
than Mo are determined: plasticity index, silt particle content,
soil shear wave velocity, compressive modulus,
cohesion, and friction angle. The sum of these
parameters’ weights is more than 0.8, indicating
that the 80% of the influence of geological parameters on target parameters can be explained
by them.
III There are 3 alternative parameters whose
sum of weights are around 0.15.
According to the weights, three geological
parameters sets are determined as the input geological parameters when modeling. The results
are in Table 2.

Fig. 3. The feature selection process for geological parameters based on GBDT

(2) Feature selection experiment based on GBDT
The feature selection process for geological parameters is shown
in Fig. 3.
Step I. Take 12 geological parameters as input and 4 target parameters (Qf, QL, QA and QS) as output.
Step II. Use GBDT algorithm to establish a regression model
and adjust values of the model’s key hyper-parameters to improve accuracy.
Step III. After determining a better model, output the weights
of the geological parameters in the model, and then sort the
weights to get key features.
A pre-experiment is carried out to determine the value of key
parameters for the GBDT model in Step II. The result is that the
accuracy is high when the number of estimators is 100 and the
learning rate is 0.1 in the model.

3.2. Drive parameters

Some drive parameters have great influence
on the dosage of foam. After literature analysis
and interviews with experienced drivers, it was found that the soil
conditioning process of the EPBM is mainly related to the cutterhead
and screw conveyor. The cutterhead is responsible for excavation, and
the screw conveyor is responsible for conveying the excavated mate-

(3) Analysis of experimental results
The GBDT model is repeatedly trained 100 times, and then
the results are averaged to obtain the weights on 4 target parameters. The comprehensive weights of geological parameters are
calculated as follows. Since the importance of all target parameters are equal, the above data is averaged with equal weights.
The result is shown in Fig. 4. The conclusion is as below.
Fig. 4. Comprehensive weights of geological parameters on target parameters
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Table 2. Three geological parameters sets according to the weights on the target parameters
Parameter Set
1
2

3

Parameter

shear wave velocity, friction angle, modulus
of compressibility, plasticity index, cohesion
force, silt particle content.
Set 1, void ratio, liquidity index,
coefficient of compressibility.

Set 2, clay particle content, wet density, moisture content.

Remarks

Sum of weights

Significant for at least 1
target parameters

0.95

Significant for at least 2
target parameters

can explain 93% of screw
pressure. And it proves
that the model is good
because the accuracy
is considered high with
R2>0.85.
The validity evaluation
of the model can be measured by F-test and t-test.
F-test evaluates whether
the model is statistically

0.8

Without feature selection

1

rial. Specifically, there are 4 parameters: the cutterhead torque, the
screw conveyor torque (screw torque), the screw conveyor pressure
(screw pressure), and earth pressure around the screw conveyor (earth
pressure) [26, 30].
(1) Data standardization
In order to avoid the influence of the magnitude difference of parameters on following analysis, the raw data is standardized by Zscore before modeling. The equation of certain parameter (x) is represented in Eq. (5):
Zi =

xi − µ
,
σ

(5)

where xi is the ith data of x; μ is the mean of x; σ is the standard deviation of x; Zi is the standardized value of xi.
(2) Correlation analysis of drive parameters
The Pearson correlation coefficient analysis is used to exam the
linear correlation of drive parameters. One of the parameters with
strong correlation is eliminated to reduce input variables. The evaluation index is Pearson Correlation Coefficient (p). Table 3 presents the
results in detail. It is clear that screw pressure and screw torque has a
very strong linear relationship with p = 0.966. And this conclusion is
significant at the error rate level α = 0.01 based on hypothesis test.

Fig. 5. The fitting curve of the linear regression model between screw pressure and screw torque

(3) Regression analysis between the screw pressure and screw
torque
Regression analysis is carried out to further test the linear correlation between the screw pressure and screw torque. A linear regression
model is established with the screw torque as input and screw pressure
as output. The equation is as follows:
Pscrew = 0.9655 × Tscrew ,

significant for all data. This model is statistically significant with a
confidence of 99% since Sig. < 0.001. Moreover, t-test measures the
significance of the independent variables on the model. It can be seen
that the screw torque has a significant impact on the model with a
confidence of 99%.
Table 4. The result of fitting accuracy evaluation and validity evaluation
on the linear regression model between screw pressure and screw
torque

(6)

Accuracy

where Pscrew is the screw pressure and in bar; Tscrew is the screw torque
and in kN·m. And Fig. 5 represents the fitting curve of this model.

R

2

F

0.932

The evaluation of the linear model is shown in Table 4. In terms
of accuracy evaluation, the index is coefficient of determination (R2),
which represents the extent to which independent variables explain
dependent variables in the model. It can be seen that the screw torque

F-test

3742.836

Sig.

.000

0.9655

Screw Pressure
Earth Pressure
Screw Torque

p

Significance

Screw Pressure

Earth Pressure

Screw Torque

\

.613

.440

.514

.047

−.422**

1

−.469**

−.040

.966**

−.469**

1

p

Significance

**. At 0.01 level (two sided), it is significant.

.613
.440

.514

\

.000

.000

.000
\

.000

**

−.040
.966**

p

Significance

.047

−.422

−.031

Significance

−.031
1

p

61.179

Sig.

.000

b. Sig. is short for significance of the test; B is the coefficient of the linear model.

Cutterhead Torque
1

t

a. Independent variable: Screw torque, Dependent variable: Screw pressure

Table 3. The result of Pearson correlation coefficient analysis for drive parameters

Cutterhead Torque

B

t-test

To sum up, the screw
pressure and screw torque
has strong linear correlation, and the screw pressure is eliminated from
drive parameters.

.000

.000
\
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4. Methods for the establishment of soil conditioning
decision-making model
GBDT algorithm is used to complete the feature selection of geological parameters in Section 3. According to the principle of embedding methods, an algorithm based on decision tree should be selected
to establish the decision-making model in order to ensure the effectiveness of the selected features. The representative methods are Adaboost, random forest, GBDT, etc. [5, 21]. Random forest (RF) is employed to establish the decision-making model in present research.
Random Forest is an ensemble learning algorithm. This algorithm
builds Bagging ensemble with the decision tree as the base learner,
and introduces a random strategy for feature selection when training
the tree [23]. The advantages are low computational cost, and good
generalization ability. The main reason is that the diversity of base
learners comes from sample disturbance and attribute disturbance,
which improves the differences among individual learners [4]. The
process of using random forest to establish a soil conditioning decision-making model is shown in Fig. 6.

4.1. Before modeling
(1) Data preprocessing
Although decision tree-based models are not sensitive to the magnitude of feature values, the raw data is standardized by Z-score before modeling according to Eq. (5). This process can exclude the influence of irrelevant factors on the performance comparison of the
models in later section since the comparison models’ accuracy and
some accuracy indexes may be affected by the magnitude difference
of parameters. 80% of total samples were randomly selected as training set and 20% as test set.

4.2. Hyper-parameter optimization for the models
Hyper-parameters are the framework parameters of the model, and
the reasonable values of hyper-parameters can greatly improve the fitting accuracy and generalization ability. Common methods for adjust
hyper-parameters include grid search, random search, and Bayesian
optimization. Grid search method is improper for this research due to
the high calculation time and combinatorial explosion [19]. Besides,
the optimization results of random search are unstable and unreliable
[3]. By contrast, Bayesian optimization adjusts hyper-parameters
of the model automatically. The principle is that an objective function is set first, then minimizes it using the probability model based
on past evaluation result, hereby determine the optimal value of the
hyper-parameters [29]. The superiority is that it will consult previous evaluation results when trying the next set of hyper-parameters,
which improves the efficiency and has stable results. Hence Bayesian
optimization is used to optimize the key hyper-parameters of the models which have great impact on the accuracy of the model. The key
hyper-parameters are extracted based on the principle of RF including maximum number of features in decision tree (max features), the
number of decision trees (tree number), the maximum depth of the
decision tree (max depth), and the minimum number of samples for
leaf nodes (min samples).
(1) Determining the objective function
The objective function is the evaluation index when adjusting hyper-parameters by Bayesian optimization, and it refers to the model’s
accuracy in this research. Specifically, the prediction error (RMSE)
of the model with k-fold cross-validation is adopted as the objective
function with k = 10.
(2) Setting the domain space
Domain space refers to the value range of each hyper-parameter. The method selects a set of hyper-parameters for the model
from the domain space according to the probability distribution
of each parameter and evaluate the accuracy while iterating
[34]. Therefore, it is necessary to set the sampling probability
distribution pattern for the hyper-parameters. The determination
of the distribution pattern usually requires comprehensive consideration of the data type, value range, and empirical rules. The
results are shown in Table 5. It is generally believed that when
tree number is large enough, a small increment will not cause
a large change in model performance. So logarithmic uniform
distribution is used for sampling in order to reduce the calculation cost. And considering the fewer optional ranges, discrete
uniform distribution is used for other hyper-parameters to cover
as many values as possible. The kernel density estimation of the
distributions for the hyper-parameters is shown in Fig. 7.

Fig. 6. The process of using random forest to establish a soil conditioning decision-making model

(2) Input and output parameters
The target parameters are taken as output of the model: Qf, QL, QA
and QS. The decision parameters are taken as input when modeling,
including 3 drive parameters and some geological parameters. According to conclusions in Section 3.1, 3 geological parameters sets
are considered when choosing the geological parameters.
Model 1: Take the geological parameters of top 6 on the weight as
input parameters, assign weights when modeling, corresponding to
Parameter Set 1 in Table 2.
Model 2: Take the geological parameters of top 9 on the weight
as input parameters, assign weights and modeling, corresponding to
Parameter Set 2 in Table 2.
Model 3: Take all the geological parameters without feature selection as input parameters, corresponding to Parameter Set 3 in Table 2.

242

(3) Setting optimization algorithm
The common algorithms for Bayesian optimization include
sequential model-based optimization (SMBO), Tree Parzen
Estimator (TPE), etc. [7]. The TPE algorithm, which has been
proven to perform well in accuracy and computational efficiency, is employed in this research [32].

(4) Results of hyper-parameter optimization
The hyper-parameter optimization of 3 models in Section 4.1 are
performed following steps above. The optimization is repeated 100
times, and the results are averaged. The values of the hyper-parameters for the optimal models are shown in Table 6. The following conclusions can be drawn:
I

The results of max features and max depth are the same for 3
optimal models. When max features are Auto (referring to selecting all features), and max depth is -1 (referring to full-grown),
the prediction accuracy of 3 models is best.

II

The tree number decreases, as the number of geological parameters increase. The reason might be that the more input parameters,
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I Model 2 is the best in fitting accuracy of all.
Concretely, the Distance is the smallest, and R2
on both training set and test set is high, and the
RMSE is low, indicating robustness in the model.
II The fitting accuracy of Model 1 is lower than
Model 3 on the training set, but better on the test
set, showing stronger generalization ability but
lower accuracy.
III Model 3 has the highest fitting accuracy on
the training set, but the lowest on the test set,
indicating that the model has learned the noise
of the training set, which leads to decrease in
generalization ability.

Fig. 7. The kernel density estimation of the distributions for the hyper-parameters

To visually analyze the prediction error, the
models are applied to several Rings of the dataset to compare the predicted value and the measured value. Consecutive 100 Rings with continuous data are selected for testing. And Qf is chosen
as the target parameter to plot, as shown in Fig. 8.
It shows that the fluctuation of error in Model 1 is
stable, but there is always a large distance between
the predicted value and the measured value, indicating that the mean of the error is high. Model 2
fits well with small and stable error. Model 3 fits
well on some data, but poorly on the others with
even completely opposite trends, showing very unstable predicted values.
With all the analysis, Model 2 is the optimal
model, which has the best fitting accuracy.

Table 5. Sampling probability distribution pattern for each hyper-parameter
Hyper-parameter

Description

maximum number of features in decision tree when
splitting

Auto, sqrt, log2

maximum depth of the decision tree

[-1, 20], where -1
means full-grown

Max Features
Tree Number
Max Depth

Min Samples

probability distribution pattern

Value Range

The number of trees in the
forest
minimum number of samples for leaf nodes

discrete uniform distribution
logarithmic uniform
distribution

[1, 1000]

discrete uniform distribution
discrete uniform distribution

[1, 150]

Table 6. Results of hyper-parameter optimization for 3 models
Model

Max Features

Tree Number

Max Depth

Min Samples

Model 2

Auto

25

-1

4

Model 1

Model 3

Auto

Auto

37

19

-1

-1

3

5.1.2. Performance comparison with other
models

Remarks (number of
geological parameters)

2

the stronger the model’s fitting ability to training set, causing fewer decision trees required to achieve the same accuracy.

9

12

Table 7. The analysis results of the fitting accuracy for 3 models
Model

5. Results and model interpretation

Model 1

5.1. Performance measurement and evaluation of the models
There are two part for performance measurement of the models. On
one hand, fitting accuracy analysis is performed on 3 models to select
the optimal model. On the other hand, some artificial intelligence algorithms are used to establish decision-making models. Compare the
prediction accuracy of above models to prove the advantages of the
optimal model.
5.1.1. Fitting accuracy analysis of the models
The common evaluation indexes of the fitting accuracy are R2 and
RMSE, as mentioned above. The two indexes have different changing
trends, and there are also differences between training set and test set.
The TOPSIS method is used to integrate R2 and RMSE to evaluate the
fitting accuracy comprehensively [16]. Firstly, the original evaluation
results are normalized based on unified standards to obtain an ideal
solution. Then the distance between each evaluation object and the
ideal solution (Distance) is calculated as a comprehensive index. The
analysis results of the fitting accuracy are shown in Table 7. And following conclusions can be obtained.

A variety of common multi-output regression
algorithms are employed to establish decisionmaking models to prove the advantages of Model
2. The models are obtained by 10-fold cross-validation on the training set, and the hyper-parameters are as follows. In the k-Nearest Neighbors

6

Model 2

Model 3

Training Set

R

2

0.8232

0.8855

0.9011

RMSE

0.1832

0.1487

0.1380

R

2

Test Set

0.7964

0.8540

0.7231

RMSE

0.2052

0.1588

0.2841

Distance
0.1165

0.0189

0.1812

(KNN) model, the number of neighbors is 10. In the BPNN model,
the number of hidden layer nodes is 20. In the SVR model, RBF is selected as the kernel function. In the remaining models which are based
on decision tree, the number of trees is 25, the minimum number of
samples for leaf nodes is 4, and the maximum depth of the tree is fullgrown. These models are trained and tested 100 times on the dataset
respectively, and the performances are evaluated by the mean of R2
and RMSE. The results on the test set are shown in Table 8. Besides,
0 visually shows fitting effect between the predicted values and the
measured values of the standardized Qf. And the following conclusions can be drawn:
I

Poor fitting accuracy. The R2 of models (a), (b), (c) and (d) is less
than 0.7, indicating that the models have poor accuracy on the
test set. The reason may be that the learning ability of the model
is too weak, such as the Multiple Linear model, or the learned
noise leads to overfitting, such as the BPNN model.
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a)

b)

c)

Fig. 8. Comparison between measured value and predicted value of three decision-making models: (a) Model 1: geological parameters of top 6 on the weight as
input; (b) Model 2: geological parameters of top 9 on the weight as input; (c) Model 3: all geological parameters as input
Table 8. Performance comparison of soil conditioning decision-making models based on different regression algorithms
Algorithm

Distance

0.3083

0.3070

0.5539

0.4433

BPNN Regression

0.6062

0.4027

Support Vector Regression

0.6898
0.6637

0.3343

AdaBoost Regression

0.7874

0.2112

XGBoost Regression

0.7623

0.2362

LightGBM Regression
Random Forest Regression (Model 2)

0.7407

0.2473

0.9069

Good fitting accuracy. The R2 of the four models based on decision tree is basically greater than 0.75, and RMSE is small,
indicating that the models fit the test data well. Among them,
the Random Forest model (Model 2) is proved to be the most
reasonable model with the Distance being 0. It also proves that,
when using decision tree-based algorithms for feature selection,
the accuracy of models based on the same principles is higher
than that of models based on other algorithms.

0.1328

The change trend of output variables with input variables based
on Model 2 is explored to further reveal the influence of the decision
parameters on the target parameters. Control variable method is employed, and Qf is chosen as the representative target parameter. The

0.4992
0.4253
0.3439
0.1690

0.2350

0.2045
0

experimental results are shown in Table 9. And the following conclusions can be drawn.
I

The trend how input variables affect foaming agent flow can be
divided into 4 categories. Category 1 is a positive parabola, that
is, with the increase of the input variable, Qf decreases first and
then increases. By contrast, Category 2 is a negative parabola, as
the input variable increases, Qf increases first and then decreases.
Category 3 is a positive correlation curve, which means Qf increases with the increase of the input variable. Finally, Category 4
is a negative correlation curve, Qf decreases with the increase of
the input variable.

II

The slope of the curve represents the degree of influence of the
decision parameter on the target parameter. The curve slope of
drive parameters such as the cutterhead torque and screw torque

5.2. Model interpretation
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RMSE

Multiple Linear Regression

k-Nearest Neighbors Regression

II

R2
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 9. Fitting results of decision-making models using a variety of multi-output regression algorithms

is obviously greater than the slope of geological parameters such
as plasticity index. It indicates that the former has a greater effect
on soil conditioning decision-making.

I

Based on the data in W-H Section, the target parameters and decision parameters for decision-making model are determined.
And decision parameters include geological parameters and drive parameters. And it is the first time that drive parameters are
considered in the decision-making for soil conditioning, which
improves the practicability of the model in engineering.

II

Taking GBDT, an efficient algorithm based on decision tree, as
the feature selection method, three geological parameters sets are
determined as the input of the decision-making model. The screw
pressure as a drive parameter is filtered by correlation analysis
since the results show it can be expressed by the screw torque.

6. Conclusion
In order to solve the problems that traditional soil conditioning
decision-making methods for the EPBM perform poor when applied
to uncovered geological conditions, don’t take drive parameters into
consideration, and are too low in efficiency to do on-site decisionmaking, a method based on intelligent algorithms to predict the dosage of foam for automated decision-making for soil conditioning is
studied. The following conclusions can be drawn.
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Table 9. The trends how decision parameters affect Qf
Category

Curve Type

Diagram

1

Positive Parabola

decreases first and
then increases

cutterhead torque,
earth pressure, shear
wave velocity

2

Negative Parabola

increases first and
then decreases

the screw torque

3

positive correlation
curve

continuously increases

plasticity index, silt
particle content, cohesion force

4

negative correlation
curve

continuously decreases

modulus of compressibility, friction angle

III The random forest, also an algorithm based on decision tree, is
used to establish three decision-making models differentiated by
the geological parameters sets. And the optimal models are determined through Bayesian optimization to optimize the hyper-parameters. And Model 2 (with 9 geological parameters) is the best
model based on the results of fitting accuracy analysis compared
with the models based on five regression algorithms. And it also
proves that, when using decision tree-based algorithms for feature selection, the accuracy of models based on the same principles
is higher than that of models based on other algorithms.
IV The trends how input variables affect foaming agent flow can be
divided into 4 categories: positive parabola, negative parabola,
positive correlation curve and negative correlation curve. And
the curve slope shows drive parameters have greater effect on
soil conditioning decision-making than geological parameters.

Trend

Decision Parameters

cal parameters and drive parameters on the dosage of foam, thereby
improving the adaptability to new geological conditions and engineering practicability compared with method based on experiment.
The accuracy of the model is proved to be higher than traditional
data-driven methods. Apparently, this method is more efficient than
experiment. The method can realize real-time decision-making with
high accuracy for the dosage of foam under changeable geological
conditions, broaden the application conditions of the EPBM, improve
the efficiency and reduce the experiment cost for soil conditioning. It
must be noted that this model is based on the construction data of the
EPBM, so the application area should be limited to similar engineering backgrounds.
Acknowledgement
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To sum up, a hybrid method of GBDT and random forest algorithm
for soil conditioning decision-making using foam is proposed, which
presents a new idea for automated decision-making for soil conditioning. The model comprehensively considers the influence of geologi-
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Abstract

• We consider predicting failure time of IoT devices IoT networks are so voluminous that they cannot be treated as individual devices, but as
populations. Main aim of the paper is to create a comprehensive method for predicting
in networks.
failures taking device variance into consideration. We propose using data fusion of happen• We propose a data fusion of happenstance data.
stance observations (resets and failures) to better estimate device parameters. We propose
• Proposed Bayesian hierarchical model captures using methods of population analysis in Bayesian statistics to estimate failure times investibetween group variance.
gating only a part of the population. For this purpose, we use multilevel hierarchical Bayesian model and provide it with post stratification. We propose model assumptions, construct
• Post-stratification helps in generalization.
the model and evaluate it, and perform computations using Hamiltonian Monte Carlo. This
method is known as the Bayesian workflow. We have analyzed three different models showing that, in case of small device variance, it can be ignored, or at least compensated, while
significant differences require hierarchical modeling. We also show that hierarchical model
shows significant robustness to a small amount of data. We have shown attractiveness of
Bayesian approach to modeling failures of IoT devices. Ability to diagnose and tune models,
and assure their computational fidelity is a great advantage of Bayesian workflow.

Keywords
This is an open access article under the CC BY license IoT failures; Bayesian workflow; post-stratification; Hamiltonian Monte Carlo.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
We can say, that Internet-of-Things (IoT) devices have become a
ubiquitous aspect of current industry and life. The remote monitoring
systems using Internet of Things include vehicle or assets monitoring, people/pets monitoring, fleet management, water and oil leakage, energy grid and power plant monitoring etc. Main applications
of IoT devices include on-line monitoring and predictive maintenance
of industrial equipment. Their use provides both process monitoring
for constant quality assurance, and condition monitoring in order to
prevent unplanned downtimes. The machines and devices diagnostics,
their maintenance and methods of preventing failures with the use of
IoT relate to various fields such as Industry 4.0, management of transport devices or medical devices.
Currently rising in relevance and especially interesting field are the
IoT networks comprising multiples of same device. Example would
be an industrial plant sensor network, which collects data regarding
the operation of the entire installation at various points. Failures of
sensor devices are not uncommon, especially if the devices are cheap
and/or mass produced. This, of course, causes degradation of cov-

erage, but also introduces a multitude of problems. Replacement of
networked devices during plant operation might be difficult – for example, because of physical accessibility. Usual reasons for switching
to wireless solutions are difficulties with providing necessary cable
connections. IoT device failures introduce difficulties in energy management, while they are usually low power solutions, their number
complicates matters. This is even more troublesome for battery operated devices.
As IoT networks are not failure free, we need to consider accidental failures, such as broken communication links or failures of cyber
instances and cyber-attacks. Even sensors made in the same factory
can have significant variance. Thus ensuring the robustness of IoT
devices and predicting the failure of these devices is a very important
issue. In this subject, we can divide research studies into the following categories:
• IoT devices anomaly detection,
• attack detection in IoT,
• self-healing IoT sensors,
• cascade-of-failures across domains.
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Because of advances in sensor monitoring technology, low-cost
solutions, and high impact in various application domains, IoT systems are becoming increasingly popular, and anomaly detection has
attracted considerable attention from the research community Fahim
and Sillitti [9] present a literature review of anomaly detection in IoT
systems. They identify several research gaps related to data collection, analysis of unbalanced large data sets, limitations of statistical
methods in processing massive sensory data. They note that a few
research articles deal with predicting anomalous behavior in realworld scenarios. In anomaly recognition, the focus of most papers
is on automatic detection of anomalies in data. Key considerations
are point, contextual, and collective anomalies. Rarely, they focus on
relationships of data anomalies with sensor failures. Kaya et al. [15]
present the prediction of sensor failure because of aging or environmental factors in the food industry. They base proper food quality
assessment on the correct operation of the sensors used. The authors
examine the loss of data, in order to tolerate for the failed sensor and
keep the overall prediction accuracy acceptable. They propose a Single Plurality Voting System (SPVS) classification approach, applying
K-Nearest Neighbor (kNN), Decision Tree, and Linear Discriminant
Analysis (LDA) as the base classifiers.
Vangipuram et al. [23] present detection of missing values in IoT
environment based on open sourced data. The authors presented a
technique for imputation of missing data values, a classifier that is
based on feature transformation to perform classification, and an imputation measure to compute the similarity between any two instances,
also useful as a similarity measure. They tested the performance of the
proposed classifier using imputed datasets got by applying Kmeans,
F-Kmeans and the proposed imputation methods. Moghaddam and
Muccini [20] present an overview of methods, techniques and architectures for Fault-tolerance in IoT. Failure can occur at all levels of
the Internet of Things (IoT) application architecture, e.g., oversight
of sensor nodes, failure of network links, and failure of components
that process and store data. For this reason, fault-tolerance (FT) has
become a key issue for IoT systems.
Anomaly detection and prediction is the first step to secure IoT
systems. The goal of IoT security is to protect assets, ensure the privacy, confidentiality, availability, and integrity of communications in
the IoT ecosystem. Therefore, IoT security has recently gained the
attention of researchers in attack detection. Hasan et al. [14] analyzed
performances of several machine learning models and compared them
in attack and anomaly prediction on the IoT systems accurately. The
authors consider several machine learning (ML) algorithms, such as
Logistic Regression (LR), Support Vector Machine (SVM), Decision Tree (DT), Random Forest (RF), and Artificial Neural Network
(ANN). Diro and Chilamkurti [8] present the application of deep
learning to enable attack detection in the social web. The authors compare a deep and a shallow neural network using open source dataset
and show that the deep model is more effective in detecting attacks
than its shallow counterparts. Manimurugan et al. [18] also consider
deep machine learning for anomaly and intrusion detection in IoT.
They propose a model of the Deep Belief Network (DBN) algorithm.
Self-healing IoT sensors are the next research area. Lin et al. [16]
propose a solution called SensorTalk for automatic detection of potential sensor failures and calibrate the aging sensors semi-automatically.
They have proposed both analytical and simulation models for the
detection delay selection so that when a potential failure occurs; it
detects it early enough without causing too many false alarms. Cascading failures are another important topic. In the Internet of Things
(IoT), various devices work together to collect data, communicate information to each other, and process it intelligently. Because of the
interactions and dependencies between IoT devices, a malfunction of
one of them can trigger a cascade of failures. Xing [27] systematically
reviews cascading failure modeling and reliability analysis methodologies, as well as failure mitigation strategies. However, research
on cascade failure prediction is lacking. Wang et al. [25] consider a
sequence of failures due to randomly failed physical links (and simul-

taneous failures of cyber nodes). Makhshari and Mesbah [17] present
new research on the challenges of IoT. The authors provide the first
systematic study of bugs and challenges that IoT developers face in
practice through a large-scale empirical investigation. They collected
5,565 bug reports from 91 representative IoT project repositories and
categorized a random sample of 323 based on the observed failures,
root causes, and the locations of the faulty components.
Aleš et al. [1], who consider effectiveness of production and maintenance in Industry 4.0 installations with a focus on Industrial IoT,
present an interesting approach. In their work, they propose original
calculations of Nakajim’s OEE (overall equipment effectiveness) indicator for the entire production and monitoring line. This approach,
however, relies on relatively simple mathematical models.
As we can conclude, from the observed results, a lot of work was
done in the anomaly detection, failure classification and security. The
condition of entire networks is a different matter. Efficient diagnostics
of large scale IoT device networks are very difficult. Because of device number, maintenance has to be worked in large scale and predictive solutions. Such networks, especially comprising similar devices,
can be viewed as populations of sorts, and this is a potential for a new
method. The hypothesis that we want to verify in this work is it is
possible to use methods usually reserved for populations to analyze
networks of IoT devices. We wanted to find out if such methods can
provide useful results in the technical context, especially for reliability analysis.
Population behavior is normally a domain of social sciences and
psychology. That is why statistical modeling thrives in these areas,
with special mention to Bayesian statistics. Bayesian statistics is an
approach allowing for inference in the presence of uncertainty (A.
Gelman et al. [11]). And in case of analyzing mass-produced products, such as IoT devices, one has to consider production variability
and systematic behavior, not unlike ‘traditional’ populations. This
is a field where most successful are multilevel, hierarchical models
(Bürkner [6]; Browne and Draper [5]; A. Gelman [12]). There are certain results of Bayesian statistics in the reliability field, as for example
Andrzejczak and Bukowski [2] have considered Bayesian approach
to model Weibull distribution of expected lifetime. Currently, there
is a substantial field of methods allowing practical diagnostics and
evaluation of such models (Vehtari, Gelman, and Gabry [24], Gabry
et al. [10]; Mikkola et al. [19]). Justification for reliance on population analysis methods also comes from the fact that collection of data
regarding IoT behavior is rarely a goal itself, but it’s collected as happenstance. So instead of planned validation experiments, we can log
information such as restarts, package losses, and times of failure.
The goal of this work is then to provide a conceptual design of a
Bayesian method to estimate failure times (or equivalently remaining
useful time). Main contributions are:
• creation of data fusion method, joining restart and failure time
data, to determine underlying state of system,
• analysis of methods for modeling pooled data to compensate for
small variability in the network and their shortcomings when variability increases,
• creation of a multilevel hierarchical model that captures group
variability and providing complete design analysis in the aspect
of prior selection and computational faithfulness,
• post-stratification with a hierarchical model, using limited data
about a sample of population, to predict statistics of the entire
group (with potentially different composition) and validating robustness with limited data.
We organized paper as follows. In the following section, we provide basics of Bayesian inference methods used for the rest of the
paper. We describe the Bayesian basics, prior and posterior predictive
checks, simulation based calibration and computational framework
that was used. Then we follow with the description of considered case
study. Next three sections cover pooling models for data with similar
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groups (no faults), multilevel model and post-stratification analysis.
Paper ends with conclusions.

2. Materials and Methods
In this section, we will cover the basics of so called Bayesian workflow (Gelman et al. [13]), which is a collection of practices allowing
principled and responsible modeling of phenomena. We cover basics
and concepts we use in this paper. We also describe the computational
setup and express the assumptions of data fusion of observational data
for IoT maintenance.

2.1. Bayesian inference
We will now introduce the main ideas of Bayesian modeling, which
encapsulate information and data as a highly structured collection of
probability distributions. Obviously, such a defined model fully realizes the requirements of transparency and interpretability, as we can
instantly recover information about not only feature influence but also
their uncertainty.
Principled Bayesian modeling (otherwise known as Bayesian
workflow) relies on creation of highly customized models that will
capture phenomenon of interest. Usually actual process depends on
some kind of latent system, and we can observe it through a measurement process. Main strength of Bayesian approach is the ability to
jointly model this process and the latent system. This is a model of the
actual data generating process. Our measurement process results in
observations y , that belong to an observation space, Y . On the other
hand, models have their assumptions, or structures from the assumptions space  . Parameter 𝜃 identify structured models, representing
model configurations. Our observational model on the Y ×  is then
the likelihood:

π ( y |θ )

(1)

Likelihood together with a prior distribution π  (θ ) gives a Bayesian joint distribution:

π  ( y,θ ) = π  ( y | θ ) π  (θ )

(2)

This distribution is a model representing measurement process and
the expertise about possible model configurations. Having actual observations we can incorporate them together into a posterior distribution:

π  (θ | y ) =

π  ( y ,θ )
∝ π  ( y ,θ )
∫ π  ( y ,θ ) dθ

(3)

which is our main tool for inference.
Important aspect in practice becomes model utility verification. In
particular, we need to address prior selection, analysis of prior predictive distribution and simulated based calibration.

2.2. Prior predictive checking
Main tool for prior distribution selection (in a way that allows encoding our expertise) is the prior predictive check. For that, we use the
prior predictive distribution:

π  ( y ) = ∫ π  ( y , θ ) dθ ,

(4)

vide us the information about observational space expected by the
model that it is consistent with observed data. In case of low dimensional problems observation of possible measurement distribution is
enough. In multidimensional cases we need to verify distributions of
some desired statistics of both simulated and real measurements.
Fortunately, we do not need to construct the distribution (4) explicitly integration might be difficult, impractical or simply not possible.
We can, however, approximate it (or pushforward distributions of statistics) using joint distributions samples. Sampling:

θ ∼

π  (θ )
y ∼ π  y | θ

(

(5)

is equivalent to sampling from the joint distribution (2). In order to get
samples from pushforwards we need to evaluate the statistics of interest on values of y . We compute Actual prior predictive checks using
either visualizations or interval coverages of appropriate marginals.

2.3. Posterior predictive checking
One of the main tools allowing to verify model validity is to verify
how predictions generated by the model behave regarding data. Main
tool for that is the posterior predictive distribution:

π  ( y | y ) = ∫ π  (θ | y ) π  ( y | θ ) dθ

(8)

Similarly to the prior predictive distribution, we do not integrate
directly, but first sample the posterior distribution of parameters, and
then use them to sample the predicted outputs. This is an extremely
useful tool, as it allows to compare how the model fits the data and
how well it captures the uncertainty.

2.4. Simulated-based calibration
Theoretical tools for model analysis are only worth as much as our
ability to compute them. In case of Bayesian models we usually need
to use Monte Carlo sampling in some variant (in this paper we use
Hamiltonian Monte Carlo). HMC allows for analysis of certain types
of problems, like non-identifiability, by analysis of divergences, however there are other issues that make exploration of the posterior (or
joint distribution) problematic.
One theoretical tool that we can use for verification of HMC sampling validity is the self consistency of posterior. This property means,
that posterior distributions fit using simulated data from prior predictive distribution recover the prior distribution when averaged. We can
formulate it as [11]

π  (θ ') = ∫ π  (θ '|y ) π  ( y,θ ) dy dθ .

(7)

This is of course needs to be considered in the context of HMC
samples. Talts et al. [22] proposed to compare prior distribution and
estimated average (7) using rank statistic. If those distributions are
equivalent, the distribution of ranks should be uniform. This requires
a following procedure. First, we sample parameters from priors. Next,
we simulate outputs from corresponding prior predictive distribution,
and use them to estimate parameters (in other words, to fit the posterior). We then use prior samples of parameters to compute ranks with
respect to sampled parameters from posterior. Because of possibility
of autocorrelation influencing rank statistic the samples we thin the
samples (usually by a factor of 8). This is repeated many times (usually 1000) and histograms are computed and evaluated for uniformity.
Deviation form uniformity indicates computational problems.

This distribution allows as to average our data generating process
over the prior. This is then a marginal distribution of possible measurements given our expertise. A reasonable prior distribution will pro-
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2.5. Multilevel regression with post-stratification (MRP)
This method (sometimes called “Mister P”) is a statistical technique
used for correcting model estimates for known differences between a
sample population (the population of the data you have), and a target
population (a population you would like to estimate for). There are
multiple success stories of this method. For example, Wang et al. [26]
using political surveys for Xbox gamers could construct very reliable
predictions of U.S. presidential election results. This idea is popular
in social sciences, but as we show here, we can also use it in technical
applications.
The post-stratification is essentially using a fitted model for data of
a population of different composition than the training dataset. Multilevel regression aspect is representing using Bayesian models for
partial pooling of data from different groups within the population.
This allows for capturing both similarities and differences between
groups.

• The approximate model of the underlying cause is a parameter
with an appropriate link function corresponding to the state of the
system (its health).
• There is a possibility of a variance between batches of the same
(or functionally identical) devices, but with some general similarity.
• Distribution of restarts and failure time is Poisson and Gamma,
respectively.
• Certain number of restarts are normal.
• Very short failure times are rather unlikely.
• We have an observational data of a few devices, but dataset has
representation of this variability.

2.6. Computational setup
For Bayesian computation, we have used Hamiltonian Monte
Carlo algorithm, for which the currently most advanced software is
Stan (Carpenter et al. [7]). Hamiltonian Monte Carlo algorithm (see,
for example, paper by Betancourt [3]) (also known as hybrid Monte
Carlo), is a Markov chain Monte Carlo method used for sampling of
probability distributions. The main idea behind HMC is to use Hamiltonian dynamics equations to simulate movement of points on the
“surface” of probability distribution to construct proposal distribution
for Metropolis-Hastings algorithm. Hamiltonian differential equations
are automatically created by automatic differentiation of probability
distribution and then solved with symplectic integrators (preserving
volumes and differential forms, time reversible and limiting diffusion
of solutions). The samples from HMC have smaller autocorrelation
than, for example, random walk Metropolis-Hastings algorithm and
HMC is more efficient in exploration of typical sets of probability
distributions. Moreover, HMC has self diagnosis properties as divergences (numerical instabilities in solutions of differential equations)
indicate either non-identifiability or problems with posterior geometry.
We performed independent computation on Apple Mac Mini with
Apple M1 CPU and 16 GB RAM and on Apple MacBook Pro with
Intel Core i9 CPU and 32 GB RAM. Computation results were identical on both platforms, with approximately 14% speed advantage for
the former. All the codes are available in the repository listed at the
end of the paper.

3. Case study – Diagnostic data fusion
In case of multi-element systems, starting with process industry,
through complicated machinery to IoT networks, detailed diagnostics of each part is not possible. One cannot provide sensors for each
part, that is why traditional methods of diagnostics are useless. Failure
phenomena in all kinds of devices are hard to model, as they usually
are tangent to fundamental behavior of systems. It can have multiple,
subtle underlying causes. That is why we have two major problems
to handle: lack of dedicated data, and no basis in first principle modeling.
That is why we need to consider observational data that can be
available with little overhead, in case of IoT devices those are number
of resets and total lifetime of device (referred in this paper as failure
time). We will create a data fusion [21] of these two disparate sources,
in order to provide information about underlying parameters of the
model and to predict failure times of devices.
We give the following basic assumptions:
• There are underlying causes of increased number of restarts and
approaching failure.
• This relationship is approximately monotonous: high probability
of restart reduces expected failure time.

Fig. 1. Relationship between resets occurring during operation and time of
failure of the device does not have an obvious relationship. However,
we can observe a group of devices that are characterized by a large
amount of resets and short lifetime that come from the same batch.
Rest of the batches are mixed. Considered dataset comprises 200 samples of pairs of number of resets and registered lifetime

We provide a case study covering an extended network of 1000
similar IoT devices. We have data from 200 devices that have failed;
we have registered their failure time and number of resets that occurred. Devices came from four batches approximately evenly represented in the dataset. We artificially generated data, in a way fulfilling
the assumptions. Data, together with generating code, are available in
the repository. We present registered pairs of resets and failure times
in the figure 1. Color of the points corresponds to batches from which
they come. As we can observe, three batches express a similar behavior, while one (marked in the dataset as third) exhibits short time till
failure and many resets.
In the following sections, we will cover three aspects of modeling:
1. Modeling based only on the healthy data. This is a typical situation, where we have only accessed to normal operation of the
system. We will try to cover such a situation with a simple
model, pooling all the data together, and then we will analyze
how model behaves with addition of a faulty batch.
2. Modeling entire dataset with a full hierarchical model. Because
of the increased model complication, we will cover the entire
analysis aspect of prior verification and analysis of computational faithfulness.
3. Post-stratification. We will then perform the post-stratification
using the hierarchical model on the entire 1000 device network
to predict the failure time of the given percentage of the entire
network. We will also present the robustness analysis of the
model. We will consider how the model behaves when, instead
of an original sample of 200 devices, it would consider only its
subset. We will verify how it would influence the post-stratification, especially its confidence interval.
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Fig. 2. For the simplified analysis, we consider data from batches numbered
as 1, 2 and 4, which exhibit similarity to each other and similar lifetimes. Data includes no more than 30 resets per device

4. Pooling of all data in the normal operation
The first case we want to consider is also a very common one.
Often, system data collection is not a planned experiment, but a happenstance, or casual observation. And obviously the most operation
occurs under normal conditions, so data about abnormal cases are
scarce. That is why we focus on an example of such situation in the
considered case. In the figure 2, we see that for three batches behavior
of devices is relatively similar, with a bulk of points concentrated in
one space.
Because of the observed similarity, we attempt to create a relatively
simple model, still adhering to the assumptions. We, however, ignore
the information about batches to create a model capturing entire population. This is not an uncommon approach, as not knowing about
group variance it is natural to treat all object similar way.

Fig. 3. As an initial attempt of modelling we propose a simple Poisson model,
where all devices are characterized by parameter β which is influencing both resets and time of failure. In the proposed model structure we
have three parameters. General reset baseline λR is added to system
parameter and transformed by exponential link function to a Poisson
distribution. Link function is necessary to keep positivity of Poisson
distribution’s rate. Failure time is modelled as a Gamma distribution
with shape parameter κ and as the scale we use β, again through link
function. For the purpose of image clarity we have denoted number of
resets per device as yi and time of failure of device as τ i

the variance of the sample. This suggests that a more dispersed model
can improve it.

4.1. Poisson model
We propose a three-parameter model with combined likelihood.
This likelihood joins both information about resets and the lifetime.
We introduce two additional parameters (besides system health β):
• A reset baseline λR which is added to β and through exponential
link function serves as a Poisson distribution’s rate.
• A shape parameter κ of Gamma distribution, for which (also via
link function) β serves as a scale.
Link function is necessary to ensure the positivity of coefficients,
while allowing efficient exploration of parameter space by Hamiltonian Monte Carlo.
We present graphical representation of this model in the figure 3,
and the mathematical formulas for it are:
y ∼ Poisson ( exp ( λR + β ) )

τ∼

Gamma (κ , exp ( β ) )

κ∼
λR ∼
β∼

half  ( 8,1)
 ( 3,1)
 ( 0, 3)

(10)

Prior parameters were reasonable guesses to comply with assumptions and not over-saturate the exponential. We do not give here details of prior predictive checks because of space constraints. Code
given in the repository allows such an analysis.
We present summaries of samples from the posterior distribution
in the table 1. As we can observe, the parameters are relatively well
concentrated with λR having the smallest standard deviation of all
(relative to the mean). Verifying posterior predictive samples in the
figure 4 we see, that while for the simple dataset failure times are
captured rather well, the predictions of resets have not represented
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Fig. 4. Posterior predictive distributions of proposed simple model Poisson
in reduced dataset are reasonable, but not a perfect fit. We compare
ribbon plot of sampled data histograms with the histogram of original
data. While the more important failure time (top image) shows reasonable consistency, there is a systematic difference for predictions of
number of resets (bottom image). Observed samples are much wider,
while predicted ones are well concentrated around the mean
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Table 1. Sampling of posterior distribution of the simple model does not provide difficulties. All parameter estimates are well concentrated around their means. Markov Chain Monte Carlo standard errors are small, two orders of magnitude below parameter
standard deviations. Effective sample size of both bulk of distribution and its tails is on the level between 16% and 19% (total
number of samples is 4000) what is a reasonable result. Potential scale reduction factor , R̂ is reasonably close to 1 indicating
good mixing of Markov chains

λR

Mean

st. dev.


MCSE

4.617

0.441

0.017

3.678

κ
β

0.104

−0.951

0.004

0.102

0.004

ESS (bulk)

ESS (tail)

666.0

775.0

652.0

647.0

703.0

739.0

R̂
1.0

1.0

1.0


– mean of Monte Carlo standard error for variable, ESS (bulk) – efmean – mean value of variable, st. dev. – standard deviation of variable, MCSE

fective sample size of samples from the bulk of distribution of variable, ESS (tail) – effective sample size of samples from the bulk of distribution of
variable, R̂ – potential scale reduction factor

4.2. Dispersed Poisson or Negative Binomial model

One of main limitations of Poisson models (e.g. Poisson regression) is that this distribution enforces mean and variance to be equal.
An attractive solution for this requirement is the Negative Binomial
distribution, in the so called location-overdispersion parametrization1:
n

φ

 n + φ − 1  µ   φ 
NegBinomial2 ( n | µ ,φ ) = 


 
 n  µ + φ   µ + φ 
The
mean
and
variance
n ∼ NegBinomial2 ( n | µ ,φ ) are:

of

a

 [ n ] = µ and Var [ n ] = µ +

random

µ2
.
φ

(11)

variable

(12)

Seeing that Poisson ( µ ) has variance μ, negative binomial distribution has its variance increased by an additional µ 2 / φ > 0 . This
gives much more flexibility in modelling of distributions of integers.
The only problem with this parametrization, is that only φ → ∞ returns to Poisson distribution. That is why it is more convenient to
construct model using ψ = φ −1 , which actually covers the overdispersion, while ψ = 0 returns (computationally) the original Poisson.
We will not provide details of the implementation, but the code is in
the repository.
Using a negative binomial distribution, we formulate the model in
the following form (graphical representation in the figure 5):
y ∼ NegBinomial2 ( µ ,φ )
µ=
exp ( λR + β )
τ ∼ Gamma (κ , exp ( β ) )

κ∼
λR ∼
β∼

half  ( 8,1)
 ( 3,1)
 ( 0, 3)

(13)

Regarding prior on φ , we actually set uniform, bounded from below by 0 prior on ψ = φ −1 This essential gives a reciprocal of square
for prior on φ , but it does not influence computation, and would only
clutter the formulas. In the code, we represented it by setting a lower
bound of 0 on the parameter.
We present summaries of samples from the posterior distribution
in the table 2. All the parameters are much more uncertain than in the

Fig. 5. In order to better capture the variance in device resets in the
case of similar groups we are considering the overdispersed
integer model, governed by the negative binomial distribution.
The general assumptions are not modified – all devices are
characterized by parameter β which is influencing both resets
and time of failure. Similarly to the poisson model, we are adding the exponential link and a reset baseline λR . We are adding however the over-dispersion parameter which functionally
behaves like poisson distribution, but with variance different
from the mean. Failure time, without changes, is modelled as a
Gamma distribution with shape parameter κ and as the scale
we use β, again through link function. For the purpose of image clarity, we have denoted number of resets per device as yi
and time of failure of device as τ i
previous case, which actually is a desired quality. As we know, data
came from different batches, and capturing variance between them
requires more uncertain parameters. β parameter has even unknown
sign (as 67% confidence interval has zero somewhere around the middle), but this is not as important because of link function. This uncertainty, however, impedes the predictive quality of failure time. As we
can see in the figure 6, the ribbon plot of failure time predictions is
much wider, and the actual median prediction is well below observed
data. Ability to capture resets variance in the right image in figure 6
results in unreliable prediction for failure time in the left image. Most
uncertainty is especially for short failure times.
As we can observe, both models pooling all the data together have
their shortcomings. For completeness, we present how they predicted
resets and failure times for individual batches. We can observe it in
the figure 7. As we can see, predictions for the population are not representative of the individual groups. This puts into question how well
both models would function in the full dataset.

1 see for example Stan Functions Reference
https://mc-stan.org/docs/2_28/functions-reference/nbalt.html
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Table 2. Sampling of the posterior distribution of the negative binomial
model is computationally more efficient. Effective sample sizes
start at 32% of original sample size, even getting over 50% in one
case. R̂ is very close to 1. However, uncertainty of parameters is
much more significant, up to the situation that we cannot confidently establish the sign of β. Markov Chain Monte Carlo standard
errors are also larger, but this is explainable by increased variance. This is justified because data comes from different distributions, and some compromises had to be made

λR

κ

β
φ

Mean

st. dev.


MCSE

7.983

0.967

0.020

2.957
-0.230
7.632

0.925

0.026

0.926

0.026

1.367

0.028

ESS (bulk)

ESS (tail)

2303.0

1910.0

1302.0

1301.0

2438.0

R̂

1448.0

1.0

1474.0

1.0

2076.0

1.0
1.0

mean – mean value of variable, st. dev. – standard deviation of variable,

MCSE
– mean of Monte Carlo standard error for variable, ESS (bulk) –
effective sample size of samples from the bulk of distribution of variable,
ESS (tail) – effective sample size of samples from the bulk of distribution
of variable, R̂ – potential scale reduction factor

Fig. 6. Posterior predictive distributions of proposed dispersed model improve the predictive ability in the aspect of resets (bottom image) but
the increased uncertainty of parameters results in very wide confidence intervals for short failure time occurrences (top image)

Fig. 7. Posterior predictive distributions of Poisson (top two rows) and negative binomial (bottom two rows) show that neither model using pooled data can capture
behavior within individual groups. Batch 3 is missing, as it contains the faulty data that we will introduce to the model in the next section

4.3. Inference on full dataset
While simple models worked rather well evaluating pooled data
for similar groups, introduction of the less similar group (batch, see
Fig. 1) show their weakness more significantly. In order to save space,
we will not provide here full results of sampling (they are available in
the repository), but we just give some main takeaways:

254

• Sampling of both models was rather similar regarding parameter
concentration and HMC behavior.
• We observed that λR increased significantly for the Poisson model (mean of 5).
• While both models incorporated the same distribution for failure
time, its coefficients were completely different. For this case β
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Fig. 8. Posterior predictive distributions of resets for Poisson (left image) and negative binomial (right image) models show that neither model can handle introduction of more different groups. Poisson distribution just give prediction between the observed data, and the negative binomial model is over-inflated at zero

equations, because they are more readable from the
code or diagram than from equations.
Main justifications of the model are following:
• We assume general structure of Poisson-Gamma
model for each group.
• We keep reset baseline λR and shape κ identical
for each group.
• Multilevel effect come from the individual ‘health’
parameter βi for each group (batch) of devices.
• Hierarchy is in the regularization enforced by the
assumption that all βi come from the same Normal
distribution with hyper-parameters µb and σ b .
Hyper-parameters have respectively priors as standard normal, and half-normal with standard deviation
of 2.
• Non-centered parametrization is functionally
equivalent, but is computationally more efficient
to consider group parameters from standard normal
and scaling and shifting them by parameters.
Fig. 9. In order to capture between group behavior, we used a multilevel regression model with use
of batch indicator as predictor with individual intercepts for each group. Because we are
considering the same type of device expected behavior is similar, that is why the model is hierarchical with normal prior for intercepts with hyper-parameters μb and σb. Natural, so called
‘centered’ parametrization (left image) is, however, very inefficient computationally. We do not
provide detailed analysis here. Those problems are not present in equivalent ‘non-centered’
parametrization (right image)

was strongly negative for Poisson model, and mostly positive for
the negative binomial one.
• Neither model could capture behavior of resets. In the figure 8,
we can see that Poisson model is stuck between actual data and
negative binomial is very vague.
• We are not presenting failure time predictions, nor individual
group predictions, as they are rather uninteresting. Complete set
of figures with generating code is available in the repository.
These issues show that construction of a model cannot ignore group
behavior, especially if we expect groups to differ from one another. In
case of IoT devices, changes in manufacturer, model or even production batch can introduce significant deviations. That is why we need
to focus on more sophisticated models.

5. Focusing on individual batches – Multilevel hierarchical model
We propose to use multilevel hierarchical model. Batches will
share the same distribution type, but with different parameters, coming from a common distribution with unknown hyper-parameters. We
give proposed model structure in the figure 9 in both centered and
non-centered parametrization. In our code, we only use the latter because of its computational efficiency. We avoided providing detailed

5.1. Prior predictive checking

Because the model is much more complicated,
we provided a thorough prior predictive checks illustrated in table 3 and with prior predictive distributions in the figure 10. The general idea is to sample parameter values from priors. So using priors
we have simulated 1000 times parameters for 200
devices split into 4 batches (with the same composition of batches as in original data) and then using those parameters
sampled from appropriate Poisson and Gamma distributions corresponding pairs of resets and failures. Having such samples, we have
computed relevant statistics. In table 3, we can see that statistics of individual parameters are consistent with priors. We visualize simulated
data in the figure 10. We have used the same bins as with histogram
of original data and computed histograms for each sample (of 200
devices), then for each bin we have computed quantiles obtaining the
visualized ribbon plots. Data simulated on priors is obviously zero
inflated, but it does not contradict the original data, as it fits within
the ribbon plots.

5.2. Simulation-based calibration
To ensure computational fidelity, we have performed full simulation-based calibration. We did this to avoid situation, when complicated model geometry provides difficulties in proper exploration of
typical set by HMC in Stan, and also to avoid potential coding errors.
Using a similar scheme as with prior predictive checks, we have simulated 1000 samples of 200 devices and their corresponding resets and
failure times. For each of those samples, we have performed MCMC
sampling of the multilevel model using them as data. Then, for each
of sampled parameters, we have computed the rank statistic, of how
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Fig. 10. Complicated structure of the model warrants analysis of parameter priors, so they allow consistency with data. Provided prior parameters show that failure
time is plausible (left image). Reset data is not as clear, as histogram does not fit in the 90th percentile of ribbon plot. It, however, fits in to the 99th (right
image)

Fig. 11. In order to verify the computational faithfulness of the model, we have
performed simulation-based calibration. We have sampled from prior
predictive distribution and fitted the model to those samples. Because
of self-consistency property of Bayesian models, the rank statistic of
parameters should have uniform distribution. Grey shapes correspond
to percentiles of acceptability (with the dark gray line being median).
As we can see it, all rank histograms are reasonably uniform

many samples were smaller than the one of the model which generated
the data. Distributions of those ranks should be uniform. We verified
that by thinning samples 8 times and plotting histograms. We present
histograms of ranks in the figure 11. All are reasonably uniform.

5.3. Posterior predictive (retrodictive) distributions
We complete our analysis with posterior predictive checks, which
work as an actual validation of the model. As previously, we can verify that using ribbon plots and comparing them to the data. In this way
we can consider them retrodictive, as we want to obtain the same data,
that we used for the inference.
In the figure 12, we can see that, especially in the aspect of resets,
we have obtained very good results. While median of predicted failure
times is consistent with data, previous models also were not bad in this
aspect. However, in case of resets we can see, that model well identified
groups of devices. This is also visible in plots for the individual groups
(figure 13) as the model coefficients well represented each batch.
Finally, we can observe the parameter fits in table 4. We can see the
relatively good concentration of parameter values for each group βi .
What is perhaps interesting, such concentration is visible in ‘centered’
parameters and not in the ‘non-centered’ that are the part of the actual
model. Hyper-parameters have significant uncertainty, allowing all
the individual batches to be captured. As we can also see, batch no. 3,
the faulty one, has significantly different coefficient.

6. Post-stratification and robustness analysis
Having a well-fitted model it was possible to perform post-stratification. We have tested it on a sample of 1000 devices with only their
batch number recorded. Our goal was to analyze following statistics:
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Fig. 12. Application of multilevel model results in much better fits to the data.
Histogram of failure times is almost identical to ribbon plot median
(top image). In case of resets, our histogram is independent for every
integer, so we can see certain negligible inconsistencies (bottom image)

• after what time 20% devices will fail,
• after what time 50% devices will fail.
The idea of post-stratification computationally uses the samples
from the MCMC inference. In our case, we had 4000 samples of parameters for each group and the global parameters. For each of those,
we sampled 1000 failure times (with the desired composition of devices) and computed the relevant statistic. In this way, we obtained 4000
samples of each statistic, which we could use for our maintenance
predictions. We visualize these results in the figure 14. As we can see,
their distribution is approximately normal and value concentrations
are relatively good. As we can see in the table 5, confidence intervals
are tight with standard deviations on the level of 4% of mean.

6.1. Robustness to amount of data
As a final verification of the methodology, we have analyzed the
model consistency if scarcer data are available. Considered 200 samples is a relatively big part of post-stratified 1000, and not I realistic.
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Fig. 13. Analysis of the multilevel model with respect to individual batches supports it is a good model for the problem. Each individual group is well modeled, both
for cases of failure times (a) and resets (b). In case of batch 3 i.e. the faulty one, the fit of resets is less obvious, but we should note that all the samples are
in the neighborhood of data points, and the actual number of datapoints observed was not large for each integer value
Table 4. Posterior parameter estimates are reasonable. Each of them has a confidence interval with a sensible level of uncertainty.
Sampling is very effective as effective sample sizes are around 25% some even exceeding. For completeness, we present also
recomputed parameters β which are not explicitly present in non-centered parametrization. From it, we can clearly see that
parameter of batch no. 3 differs significantly from the others. Potential scale reduction factor R̂ is reasonably close to 1
indicating good mixing of Markov chains, however it was required to adapt integration step of HMC and increase the maximal
tree depth parameter.

λR

κ
µbatch
σ batch
αbatch,1
αbatch,2
αbatch,3

αbatch,4
β1
β2
β3
β4

Mean

st. dev.


MCSE

8.164

0.615

0.017

2.960
0.145
1.497

−0.411
−0.019

0.080

0.002

0.621

0.020

0.609

0.453
0.420

0.019

0.016
0.014

ESS (bulk)

ESS (tail)

1262.0

1378.0

1337.0
988.0
990.0

813.0
893.0

R̂

1671.0

1.00

1170.0

1.00

1248.0

1083.0
1035.0

1.00
1.00

1.00
1.01

1.462

0.646

0.020

1079.0

1121.0

1.00

−0.376

0.084

0.002

1412.0

1596.0

1.00

−0.712

0.504

0.018

773.0

980.0

1.00

0.137

0.082

0.002

1398.0

1781.0

1.00

−0.770

0.083

0.002

1479.0

1922.0

1.00

2.075

0.080

0.002

1349.0

1715.0

1.00


mean – mean value of variable, st. dev. – standard deviation of variable, MCSE
– mean of Monte Carlo standard error for variable, ESS (bulk) – effective sample size of samples from the bulk of distribution of variable, ESS (tail) – effective sample size of
samples from the bulk of distribution of variable, R̂ – potential scale reduction factor

Recent works (Broderick, Giordano, and Meager 2021) show that
even 1% of data can significantly influence the predictions. While
authors provide more detailed metrics for certain simpler problems,
we have dropped randomly bigger chunks of data to see how it influences the post-stratification results. We have decided to randomly
drop 10%, 75% and even 90% of data to see how post-stratification
results will behave. As a metric, we have considered means and standard deviations of statistics of interest. We summarize results in the
figure 15 and the table 6. As we can see, the method handles issue remarkably well. Means are very consistent and what really changes are
the confidence intervals, which also are not blowing up, as they are at
most doubled (better than the expected 10 ). What is also interest-

ing (but because of constraints kept to the repository) is that even with
20 data points, the model still captures individual properties of each
group rather well (and estimate 8 parameters).

7. Discussion and conclusions
In this paper, we have performed a conceptual analysis of using
Bayesian models for modeling IoT device behavior using Bayesian
analysis. Our intention was to show that such models allow capturing complicated group behavior (for different batches of devices). We
have shown, that for simpler cases, with limited variation between
units we can ignore it all together with obtaining estimates with some
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Table 5. Results of post stratification in tabular form. Q20 is the estimated
20th percentile of failure times, and median is its median. Estimates
are relatively tight

q20
median

Mean

st. dev.


MCSE

10.064

0.362

0.006

5.971

0.245

0.004

ESS
(bulk)

3501.0
3876.0

ESS
(tail)

3559.0
3530.0

Table 6. Detailed values of estimated q20 (the estimated 20th percentile)
and median of failure times, for different amounts of data. Mean
values are very consistent, and data reduction (even 10 times)
increases uncertainty in a limited fashion

R̂
1.0
1.0

mean – mean value of variable, st. dev. – standard deviation of variable,


– mean of Monte Carlo standard error for variable, ESS (bulk) –
MCSE
effective sample size of samples from the bulk of distribution of variable,
ESS (tail) – effective sample size of samples from the bulk of distribution
of variable, R̂ – potential scale reduction factor

10% of data
25% of data
90% of data
Full dataset

Fig. 14. Using model estimated using 200 samples with approximately even
batch distribution, we can compute quantities of interest. In particular, we can estimate the distribution of time after 20% of devices fail
(top plot) and same for 50% (bottom plot)

Fig. 15. Reducing the dataset does not influence the quality of post-stratification significantly. While having fewer samples increases the confidence interval, mean is relatively consistent and loss of uncertainty
is not enormous. In the image, we have visualized means along with
error bars of one standard deviation

uncertainty. When the device population has large variation (for example from bad quality control at the manufacturer or subcontractor) it justifies more complicated models. We have shown that using
hierarchical multilevel structure, we can efficiently estimate population lifetime. Proposed model is robust with respect to data reduction,
provided groups are representation. These results show great potential
for using Bayesian method in technical applications, where they are
underrepresented, especially for reliability analysis.
There are obvious limitation to our approach. Because we have
used simulated data, it is obviously not applicable directly. However,
using real data would obfuscate main ideas, as it would necessitate
more complex model. And such complications are a potential for
method extension.
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mean

st. dev.

median

q20

10.156

1.025

median

q20

9.710

0.665

median

q20

9.973

median

10.064

q20

6.059
5.803
5.907
5.971

0.555
0.379
0.248
0.370
0.245

0.362

Natural ideas of extension would model not only within device type
but also between type variance of devices. As long as we can capture
certain similarities, concepts still hold. This conceptually is just adding a level to the model. We have just used examples of post-stratification metrics. Those could be much more advanced utility functions.
For example, one could consider expected coverage, energy losses,
costs of maintenance, etc. Such complications of the model are possible and we will investigate them in the future.
The observation about robustness is an assuring one, as 20 datapoints allowed to estimate 8 parameters of the model with accuracy
high enough to obtain useful results. Reason of such gain might be the
data fusion effect. Using two measurements from each device adds
additional regularization. This compensated for an increased number
of parameters.
There is a large application potential for the depth of Bayesian
methods in the technical sciences. This work is one example and we
will continue it in further research. Monitoring and maintaining IoT
networks is one area where their use can be very natural.
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Highlights

Abstract

• Analysis of the efficiency of the external gear The basis of every hydraulic system is based on energy transformations, which are realized
through hydraulic working fluid. Hydraulic oils are certainly subject to changes within their
pump by monitoring the parameters.
structure, meaning the basic characteristics and parameters of hydraulic oil, such as density,
• Measurements at maximum pump pressures
viscosity, humidity. The oils that are exploited are exposed to the process of degradation,
showed a drastic drop in its flow.
which largely leads to significantly poorer quality of hydraulic fluid. The paper deals with
• Testing and analysis of hydraulic working fluid.
the influence of changes in the characteristics of the hydraulic fluid on the hydraulic operating
parameters of the gear pump installed on the hydraulic press. The parameters refer to
• Filtration of hydraulic oil and repair of damaged
pressure, flow, and temperature, as well as the quality of hydraulic oil, which affects the
gaps increase the pump's efficiency.
volumetric efficiency of the pump, and the results presented in the conclusion are based
on the measured values of parameters before and after corrective measures. The control of
parameters aims to increase the efficiency and reliability of the hydraulic system, a way of
modern detection of deviations of parameters from standard, required values.
Keywords
This is an open access article under the CC BY license hydraulic system, press, fluid, oil, degradation, filtration, external gear pump, measure(https://creativecommons.org/licenses/by/4.0/)
ment, efficiency.

1. Introduction
Condition Based Maintenance compared with other maintenance
strategies is considered a more efficient way to reduce maintenance
costs. The diagnostic itself consists of detection, isolation, and identification of failures, whereas prognostic is a prediction activity before
the failure occurs. In line with modern trends in industrial production,
it is interested in keeping the system fully functional during its service
life, and Savić et al. [10] defined the reliability of individual elements
of the hydraulic system and presented the behavior of the reliability curve on the example of a gear pump. The policy of this concept
implies the introduction of new trends in maintenance strategy that
lead to the prediction of failure and decision-making when a system is
subject to preventive or corrective maintenance and when inspections
[3, 35]. According to [18], the basic function of organizing system
maintenance is:
• diagnosing the causes of technical system failure,
• troubleshooting.
Rotary equipment, which certainly includes hydraulic elements hydraulic pumps, in this case, the external gear pump, require extremely

high performance [41]. Working fluids greatly influence the reliability and efficiency of hydraulic pumps, i.e., hydraulic oils and their
quality during operation. High pressures and dynamic loads affect the
structure of the fluid, which can further lead to degradation and loss
of performance of the fluid itself, which causes damage to internal
components. When it comes to the performance and efficiency of the
gear pump, Negrov et al. [17] claim that the most common reason for
the impact on efficiency and performance is actually the geometry
inside the pump, i.e., all the elements that create the appropriate tightness, taking into account the standard bearings of moving, rotating
elements.
Hydraulic systems are one of the most complex industrial systems. Systems of this type are characterized by high precision operation during energy transformations within the system. They aim
to increase the transmitted power, minimize environmental pollution,
increase the technical life and reliability of the machine [7]. As stated
by Han and Jiang [5], diagnosis and condition monitoring are crucial
for improving the reliability and stability of hydraulic pumps. Energy
transformations are realized through hydraulic working fluid, i.e., hydraulic oil, and it is necessary that such systems are in the standard
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and required quality. Fluids require monitoring of parameter quality,
so the final state is determined based on their parameters [32]. Oil
purity is one of the most important characteristics of any hydraulic
system [15].
The characteristics of hydraulic oil according to which the quality
of oil can be concluded are certainly:
• density,
• viscosity,
• humidity.
According to [25], density and viscosity are the main parameters
that affect the pressure losses within a hydraulic system and thus increase the system’s inefficiency, and therefore question the reliability
of the system and its operation.
When it comes to hydraulic presses, the focus of the problem is on
the drive elements, pumps, valve controls, and the system’s working
fluid. In the case of diagnosing machines in operation, the causes of
problems in the early stage of fault development can be detected, and
their further growth monitored, reducing its development, and thus
reducing the number of unwanted downtimes of the monitored system and total costs. Modern diagnostic methods also require specific
equipment that accompanies these methods. In testing the functionality and reliability of the mentioned elements, devices for testing the
flow, pressure, and temperature of a hydraulic system, i.e., a hydraulic
turbine with CAN software, were used in this paper. The hydraulic
fluid analysis is performed through a laser device for reading the presence of solid particles inside the fluid and a viscometer for reading the
kinematic viscosity of the working fluid. The service life and the quality of the oil depend to a large extent on the way the hydraulic systems
are operated, and if the system is designed, maintained, and adjusted
properly, one of the main causes of failure is a degradation of working
elements or physicochemical characteristics of hydraulic fluid. To determine the quality of hydraulic oil, several aspects analyzed in papers
are certainly important [37, 38], where the main causes of oil contamination are metallic and non-metallic particles, air bubbles.
Condition monitoring can be performed online and offline, depending on sampling capabilities, system structure, and conditions [27].
In this paper, a combination of the laser-optical method of hydraulic
fluid quality analysis is presented, and in addition to the mentioned
method, there are several other standardized methods for oil testing,
such as Rodrigues et al. [22] described in their paper.
In addition to physicochemical indicators of oil quality, there are
also operational indicators, which show anti-wear and oxidation life
[14]. In practical application, the most commonly used oils are viscous grades ISO VG 46 and ISO VG 32, and according to the ISO
standard of quality class HM or HV.
Based on the analysis of the state of the hydraulic fluid within the
hydraulic system, a prediction of the system’s state and potential component failures can be made. Constant monitoring of characteristics
contributes to reducing the risk of unnecessary machine downtime,
which would cause greater economic losses. The process of working fluid filtration is a way and solution for extending the life of the
effective duration of the fluid and its function prescribed by petrochemical standards. When it comes to hydraulic systems, 70% of the
causes of component failures, whether in the initial phase or in the
advanced phase, are caused by the working fluid circulating in the
system. Detection and identification of the operation of the system’s
hydraulic components are performed using a test of parameters, artificial simulation of the increase in pressure in the system, and the
behavior of flow and temperature. The reliability and correctness of
the hydraulic pump, as a drive unit, is described in papers [8, 35] as
crucial in terms of the correctness of the supporting elements of the
system, considering the potential occurrence of cavitation within the
system due to pump suction problems, hydraulic shocks, that would
greatly negatively affect other components of the system, causing potential damage and increased leaks as well as much shorter service
life. By evaluating all tested elements of the system, it increases the

percentage accuracy of predicting the reliability of work and facilitates the assessment of the remaining service life. In order for testing
to be valid and technically correct, experience and detailed knowledge
of the behavior of a given system is necessary because in addition to
testing a gear pump, other system segments, valves, manifolds, and
actuators, such as cylinders, must be considered. Given that the hydraulic press system is very complex, with several modes of operation
and load, it is important that data collection is performed by segments,
from initial units to end components, taking into account that the system is closed and that the behavior within the system cannot be seen
or concluded without a detailed analysis of each component of the
system. Torrent et al. [33], described in their paper the definition of
volumetric efficiency through pump torque. The importance of this
type of diagnostics is reflected in the precise assessment of the state
of the system, and especially the working fluid as an energy carrier,
and not based on sampling, testing can be performed further prediction of behavior, based on working conditions and parameters. When
it comes to predictive maintenance of hydraulic gear pumps, it can be
performed by other types of diagnostics, e.g., implementation of vibrodiagnostics. This type of diagnostics can detect the problem from
the aspect of bearing failures on the pumps, as well as the wear of the
gears inside the pump rotor, which allows easier access to the identification of potential failures without unnecessary downtime.
In the segment of parameter testing methodology, the steps of the
approach to testing the hydraulic system of the press are described.

2. Methodology for testing hydraulic press parameters
The testing methodology in this paper refers to two segments of
testing:
• testing of hydraulic fluid parameters,
• testing the pressure, temperature, and flow parameters of the drive
element of the press system - gear pump with external gearing.

2.1. Dependence of viscosity and density of hydraulic fluid
ISO HM VG 46 on temperature and pressure
As the main characteristic of hydraulic oil, viscosity has very important functions within a system, such as lubrication and sealing
(avoiding fluid leakage from pump chambers, valves, motors). The
viscosity must have precisely defined limits, taking into account the
system’s requirements, especially due to the uniform flow, which directly affects the efficiency of work [30]. For each system and condition, it is necessary to determine the minimum allowable limits of oil
viscosity in order for the system to be well exploited and thus to avoid
the degradation process. In their paper [8], Hruzik et al. proved that
the temperature differences of hydraulic oil directly affect the change
in oil viscosity, and thus the change in pressure within the system,
which further represents a causal link with the system’s reliability. An
increase in viscosity leads to increased friction and elevated temperature, which directly causes oxidation of the lubricant. A drop in viscosity below the allowable limit affects the lubrication process itself,
reduces the layer of lubricant film, and directly affects the increased
wear within the system [12]. From the aspect of the working fluid,
the authors dealt with the examination of its parameters in the hydraulic press system, in several operating modes, and with one type
of working fluid, i.e., industrial oils, in order to get a clear picture of
the behavior of fluids within the system. The laser method is used to
measure the quality of the hydraulic fluid. Contaminants, pollutants
in the liquid itself interrupt the light beam, throwing the image on the
photodiode cell, where the change in light intensity directly affects the
change in electrical output. The laser device in offline mode provides
fast and accurate identification of fluid quality, displaying measured
codes, sizes in microns in relation to set standards, as well as reading the relative humidity of the working fluid. Dynamic viscosity is
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measured in rotary devices, and the kinematic viscosity is determined
based on the density of the working fluid.
The determination of the dependence of viscosity, pressure, and
temperature is represented by a mathematical model, shown in equation (1):


p
η ( p, t ) = ηa exp 

 a1 + a 2t + ( b1 + b 2t ) p 

(1)

Dynamic viscosity can also be expressed in terms of pressure coefficient, modulated equation (2):
�
η ( p, t ) = ηa exp {αp}

(2)

and the coefficient can be expressed in terms of equation (3):
α ( p, t ) =

lnη − lnηa
1
=
p − pa
a1 + a2t + ( b1 + b2t ) p

2.2. Pressure-temperature-flow characteristics of the pump
test
(3)

The dependence of temperature and viscosity is described according to Vogel’s equation (4):
 B 
η ( t ) = Kexp 

t + C

(4)

Hydraulic testing of gear pumps is based on the detailed isolation
of all potential problems in one system from problems that can only
be generated by pumps alone. The test is performed using a SCKIT340-PTQ (Pressure-Temperature-Flow) turbine with a manually adjustable choke.
The technical characteristics of this device and the measuring
range are:
l
• flow: 8 ÷ 300
,
min
• operating pressure: 350 bar ,
• accuracy: ±1 IR (IR − indicated reading ),

i.e., according to equation (5):

• fluid temperature rate −20°C÷90°C.



p
 B 
η ( t ) = Kexp 

 exp 
t + C
 a1 + a 2 t + ( b1 + b 2 t ) p 

(5)

Savić [25], defined the method of determining viscosity and density
according to the following equations. The calculation of the kinematic
viscosity as a function of pressure is shown in equation (6):

(

ρ ( t ) = ρ ( t )i ⋅ 1 − α p ⋅ ∆T

)

(6)

Measurement of oil density in the industry is performed using online
systems or non-destructive measurement methods [2, 23]. Also, the required minimum limits and the behavior of the density of the working
hydraulic fluid can be determined empirically by equations (7):

(

ρ ( t ) = ρ ( t )i ⋅ 1 − α p ⋅ ∆T

)

(7)

for the conditions of density change as a function of temperature
change, and according to equation (8):

∆p 
ρ ( t ) = ρ ( t )i ⋅ 1 +

 Ks 

(8)

when using an adiabatic compression module.
Degradation is manifested in the form of an increase in micro particles within the fluid, which results in a decrease of fluid quality, i.e.,
a class that is not appropriate according to prescribed standards. Solid
particles affect the appearance of specific wear mechanisms (abrasion, erosion, material fatigue, etc.) of contact surfaces of working
elements [13, 36], as well as catalysis of chemical reactions in which
compounds of high molecular weight are formed, which again in
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combination with solid particles lead to the formation of deposits that
disrupt the proper functioning of hydraulic components. According to
[16], viscosity plays one of the most important roles in determining
the volumetric efficiency of a pump. If the viscosity of the working
hydraulic fluid is too low, there will be a decrease in volumetric efficiency and an increase in wear due to surface contact. Also, if a liquid
with too high viscosity appears in the system, the potential for cavitation damage will appear [6] defines that the volumetric degree of
utilization is a critical factor for determining the reliability of hydraulic systems. Performance improvement of the gear pump is achieved
by properly designing the internal fluid dynamics of both side plates,
and the gaps in the rotor must be determined micro-precisely to avoid
losses [4]. Hydraulic oil diagnostics is based on an automated system
for monitoring the rate of change of intensity and the degree of fluid
degradation over time [24, 34].

The application of this type of diagnostics covers all relevant tests
related to the hydraulic condition of the pump, pressure, flow, and
temperature. The gear pump is one of the basic units of the hydraulic
system and control system. It is widely used in the field of mechanical engineering since the gear pump has the advantages of small size,
light-weight, not sensitive to pollution, reliable operation, good performance, and its price is relatively low [26]. According to [28], the
hydraulic gear pump requires proper design to allow control of oil
flow, pressure, and temperature parameters and provide the correct
diagnostic and prognostic parameters on that basis.
Testing of the hydraulic system component is performed in several
steps to obtain the correct condition of the components. Each segment
of the system is tested individually:
• Step 1: The test of the hydraulic system of the press starts from
the test of the drive element, i.e., the gear pump. The measuring
turbine is installed immediately behind the pump in the “by-pass”
system, and the test is started. If the pump does not raise the pressure in the system at all, it is defective, however, if the pressure
rises and the flow drops to a greater extent than allowed, then the
volumetric efficiency of the pump is called into question.
• Step 2: If everything is in order with the pump, proceed to test the
pressure relief valve. The turbine is installed on the P-line of the
pump behind the pressure valve. By identifying the pressure, it
can be concluded whether the problem is in the valve. If the pressure behaves normally in the system, the valve has no problems,
and the test must be continued to the other components.
• Step 3: In this case, there is still the possibility of a diverter valve
or a problem in the piston, which is excluded in this case because
a problem with the pump is immediately identified.
The possibility of preventing the occurrence of a malfunction is
reflected in the correct approach and interpretation of the pump wear
diagnostics. A necessary precondition for such possibilities is knowledge of potential failures of this type of system [20]. In the case of
gear pumps, axial and radial clearances occur due to tolerances in
production, which leads to a decrease in the efficiency and proper
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functioning of the pumps [19]. Figure 1 shows the external gear pump
and all its components.

which in this case is 200 bar, and that pressure is held for an average
of 1:20 to 1:40 minutes and 2:35 to 3:00 in an alternating mode.

Fig. 2. PTQ characteristics of external high pressure gear pump

From the diagram (shown on Figure 2), a flow drop in the maximum operating pressure mode of 31% can be identified. Table 1 shows
the measured flow values in relation to the pressure in the shown time
range.
Fig. 1. External gear pump (1-couple of gears, 2-housing, 3-bearing, 4-rear
cover, 5-front cover, 6-shaft seal, 7-seal to prevent external leakage,
8-axial clearance compensating seal)

What is necessary to know is that there must be precisely defined
axial and radial gaps between the gears and the pump body so that the
gears can move flexibly inside the pump, within a few microns [1, 21,
39], while radial the clearances between the pump housing and the
sleeve for high-pressure pumps are from 0.015 mm to 0.025 mm of
the shaft sleeve diameter. Zhao and Vacca [40], based their theoretical research on the flow of an external gear pump via the CFD model
and cited clearances as a parameter that directly affects the pump efficiency. A common problem with gear pumps is the sealing elements,
according to Figure 1, this refers to elements 7 and 8, which are 7-seal
to prevent external leakage, 8-axial clearance compensating seal. The
poor oil quality, elevated temperatures inside the impeller, and similar
phenomena, which can cause internal wear of the pump elements, can
damage the seals, resulting in a drop in pump performance.

3. Measuring the parameters of the hydraulic gear
pump
3.1. PTQ test
The basic characteristics of pumps include flow, pressure, and temperature that occur in the system. It is generally known that hydraulic systems have standard defined operating temperatures within the
system and that they are up to 60°C. The limit of 60°C applies to
hydraulic oils type HM VG 46. When it comes to PTQ (PressureTemperature-Flow) characteristics, they are interdependent and based
on their relationship, and pump functionality it can be defined by determining the actual volumetric efficiency. The measurement of the
PTQ characteristics of the pump is per-formed using a turbine with a
choke and CAN software for collecting data on the pump’s behavior
at different operating modes in test mode. The functionality and reliability of the pump and its volumetric efficiency are determined based
on output data and a comparison of flow and pressure.
Characteristics of external gear pump
• displacement: 25 cm3 ,
l
,
• flow: 34
min
• max. pressure: 200 bar ,
• operating pressure: 120 bar ,
• speed: 1500 rpm .
The Figure 2 shows a diagram of the PTQ dependence, where the
pressure is brought to the maximum operating pressure in that system,

Table 1. Measured flow values according to pressure
Pressure (bar)

Flow (l/min)

20

33,401

10
30
40
50
60
70
80
90

100
120

140
160
180
200

33,546

Comment

33,389
33,100
32,960
32,850
32,823
32,699
30,089
27,750
27,543

25,870

Operating pressure

24,968
24,004
23,570

Max. pressure

Based on the measured data, it was found that the tested gear pump
has a problem in the interval of the maximum operating pressure of
200 bar. Based on the measured values, it is concluded that the pump
is inefficient in relation to its required characteristics. When it comes
to operating pressure (120 bar), it refers to the pressure that most often
occurs in the system, i.e. the maximum pressure required to perform
one press cycle.

3.2. Quality testing of mineral hydraulic oil ISO HM VG 46
Measurements were made on a sample of oil that was in the hydraulic press at the time of testing. The type of oil is standard hydraulic mineral oil of viscous gradation 46. In its mode of operation,
the hydraulic press has four temperature ranges that are achieved in
the operation process, and according to this scope, fluid tests are performed.
At all temperature ranges, the change in the fluid’s viscosity in
relation to the achieved pressures in the system is measured, which
automatically includes the density of the system’s working fluid in the
calculation. The viscosity calculation was performed at atmospheric
pressure, at working pressure (120 bar), and at the maximum pressure achieved in the system (200 bar). The Parker IOS1210EUR type
device is used in the oil analysis, which works on the principle of
dimming and blocking light. Table 2 shows the results of the sampled
oil.
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Table 2. Measured values of hydraulic fluid
Description and sample
identification

Working fluid-hydraulic oil

Characteristics

Measure
units

Relative humidity RH

ISO cod

Oil purity
Viscosity

ISO cod
mm2/s

Methods

Results
obtained

Oil purity requirements according to standard ISO 4406-05

87%

30-80%

ISO 4406-05

22/21/19

ISO 3104

37

ISO 4406-05

In systems, in general, no working fluid is completely clean, i.e.,
it is not possible to produce a fluid without some percentage of contaminants, and it is necessary to determine the tolerance limits for the
elements of hydraulic systems. When it comes to gear pumps, some
ideal conditions are considered to be classification 19/17/14 according to the ISO 4406:2017 standard, while the humidity is between
30% and 80%.
Solid particles within fluids cause the biggest problems, as they
are the most prevalent and harmful can cause physical damage, which
automatically leads to a change in the pump’s volumetric efficiency
[29]. The most dangerous particles within the system are those particles that are smaller than the predicted clearances, particles up to 5
microns are very abrasive.

3.3. Identification of the cause of poor hydraulic parameters
in the system
Based on the test, the measurement results obtained through the
PTQ test do not match the concept of efficient operation of the hydraulic system of the press. In the first step of the measurement, a
detailed approach to identifying the cause of the problem concluded
that there are leaks inside the gear pump that do not belong to the
classification of permissible, tolerant leaks according to the manufacturer’s declaration. Based on such diagnostics, a visual inspection of all segments of the pump impeller is approached. Figure 3
shows the condition of the sealing elements for axial clearances and
the seal to prevent leakage. Worn seals can be seen in the Figure 3
in several different places. The cause of the damage can be found
in the poor quality of the hydraulic fluid, with a large percentage of
coarse solid particles in the oil. Oil under pressure and the tendency
of temperature rise to 60°C, and in some cases even more than the
mentioned temperature, which largely causes the form of thermal
deformation.
The seals on the test pump are made of nitrile rubber (NBR) material with the following properties:
• seal type: 70 NBR 14.1,
a)

19/17/14

46 (ISO HM VG 46)

• hardness: 70 ± 5 ShA,
• temperature range −30÷100°C.
Nitrile rubber-type belongs to the seals of a lower class, especially
from the aspect of resistance to higher temperature ranges and solid
particles.
Based on the operating conditions of the gear pump on the hydraulic press, it is proposed to replace the material of the sealing elements
with Viton-Kalrez material.
The properties of this sealing material are as follows:
• seal type: 80 FKM 10.1,
• hardness: 80 ± 5 ShA,
• temperature range: −20÷200°C
Changing the material from NBR to FKM increases the resistance
of the sealing element to the action of solid particles of metal origin
and thus reduces the possibility of damage to the surface of the sealing
element. Also, Viton material has the characteristic of higher resistance to heating and temperature rise inside the pump, which in this
case occurs to temperature ranges of approximately 100℃.

3.4. Working fluid filtration process
Based on the measured and analyzed values of the hydraulic working fluid, oil class HM VG 46, it is necessary to filter the oil in the
system. The filtration process restores the quality and technical performance of the working fluid to an appropriate extent, which is specified by the working fluid quality standards for a precisely defined
pump [11].
In order to bring the system to a proper working condition, the
hydraulic fluid was filtered before commissioning, and the filtration
results are shown in the Table 3.
After the process of filtration of the hydraulic working fluid, the
data on the working fluid parameters are shown in Table 3. After the
filtration process, the percentage of moisture inside the oil is reduced,
thus achieving a higher viscosity of the working fluid. In addition to
b)

Fig. 3. Identified places of damage to the sealing elements: (a) damage to the sealing ring at the point of prevention of external leakage; (b) damage to the surface
of the sealing element to prevent external leakage
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the mentioned process, the process of filtering solid particles within
the working fluid was performed and based on the measured particles
by the laser method, the oil is classified in class 20/17/14, which is
certainly within the permissible limits and standards for gear pumps.

to ISO standard for oil type HM VG 46. Figure 7 shows the analysis
of the working fluid density.
The density of the working fluid depends on the temperature and
pressure conditions prevailing in the system. It is a well-known fact
that oil becomes thicker during longer working life,
Table 3. Measured values of hydraulic fluid after filtration process
and loses its tribological properties. Controlling the
behavior of the working fluid density is important
Description and
Working fluid-hydraulic oil
from the aspect of the technical quality of the worksample identification
ing fluid and its actual function. Figure 7 shows the
Oil purity requirestandard values that need to be set as the limit condiMeasure
Results
ments according
Methods
Characteristics
tions for the behavior of the working fluid density at
units
obtained
to standard ISO
4406-05
appropriate pressures and temperatures.
After the process of filtering and projecting the beOil purity
ISO cod
ISO 4406-05
20/17/14
19/17/14
havior of the working fluid under different conditions
Relative humidity RH
ISO cod
ISO 4406-05
34%
30-80%
within the hydraulic system, and performed correc2
ISO 3104
43
46 (ISO HM VG 46)
Viscosity
mm /s
tive measures for the implementation of new material
of the sealing elements of the gear pump, the PTQ
characteristics of the system were measured. Figure 8
shows the results of the gear pump parameters under
4. Results and discussion
the new operating conditions.
Based on the measured values of the working fluid and the basic
parameters of the hydraulic press, the drive element of which is a
hydraulic external gear pump, an image of the behavior of the system
operating under inadequate operating conditions was created. After
the steps taken, it is necessary to analyze the obtained results, both
from the aspect of the parameters of the hydraulic working fluid and
from the aspect of the parameters of pressure, temperature, and flow.
The kinematic viscosity analysis was performed in four temperature
ranges 20°C, 26°C, 40°C, 60°C. Figure 4 shows the kinematic viscosity of the working fluid ISO HM VG 46.

Fig. 5. Viscosities of the working fluid at an operating pressure of 120 bar

Fig. 4. Viscosities of the working fluid at atmospheric pressure

Considering that the hydraulic system is in operation and testing in
two more cases, the first when the operating pressure, i.e., 120 bar and
when the system is subjected to maximum pressure, which in this case
for a given pump is 200 bar, the behavior of kinematic viscosity was
analyzed and under those conditions. Figure 5 shows the analysis of
kinematic viscosity at operating pressure in a 120 bar system.
According to Figure 5 it can be determined that at the operating
pressure achieved by the pump, there is a drastic difference in the
viscosity of the fluid, especially at the maximum tested temperature of
60°C, while at the optimal operating temperature of 26°C differences
in viscosity occur. Figure 6 shows the projection of fluid viscosity at
a maximum system pressure of 200 bar.
The exponential decrease in the kinematic viscosity of the fluid
directly depends on the increase in temperature inside the system, and
in the case of increasing pressure to 200 bar, as in the case of maximum pump load, the viscosity decreases dramatically when the fluid
is unfiltered relative to the filtered fluid and ideal condition according

Fig. 6. Viscosities of the working fluid at a maximum pressure of 200 bar

The measured parameters on the gear pump are now within the
permissible limits. The measured flow drop at the highest pressure
that the pump can achieve is 7%, which is the efficient operation of
the pump. The pump was tested twice at similar time intervals to con-
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a)

Fig. 8. PTQ parameters of gear pump operation after implementation of new
solution
Table 4. Measured flow values at certain pressures after the implementation of the new solution
Pressure (bar)

Flow (l/min)

20

33,996

10
30
40
50
60
70
80
90

100
120

140
160
180
200

33,998

Comment

33,993
33,991
33,896

b)

33,898
33,805
33,745
33,604
33,551
33,001

32,895

Operating pressure

32,303
31,905
31,621

Max. pressure

firm the result. As in the first case, the load-interval of the pump at the
highest pressure is approximately the same. The temperature of the
fluid has a slight tendency to increase, since on this system of hydraulic presses, in some time intervals it is over 60°C.
Table 4 gives the exact flow values at the corresponding pressures.
Table 5 shows the results of volumetric degrees of gear pump efficiency in two cases in relation to the minimum allowable limits of
theoretical volumetric efficiency. Figure 9a shows the ratio of pressure and flow before and after corrective measures, as well as the
ratio of volumetric efficiency of the gear pump before and after the
implementation of the new solution (Figure 9b).
After applying an adequate solution, one can see an obvious difference between the degree of efficiency, since in the first case, the
degree of efficiency is below the theoretical criteria provided for that
pump and those modes of operation of the pump (Figure 9b). In the
second case, which is defined after corrective measures, it is concluded that the volumetric efficiency in the mode of maximum working
pressure this time has a good percentage since the efficiency ranges
from 0,92-0,98 for entirely correct pumps.
The minimum theoretical criterion of volumetric efficiency for a
maximum working pressure of 200 bar is 0,853.
Szewim [31], described the influence of radial and axial clearances
on the volumetric efficiency of a gear pump and the application of
CFD models for dynamic flow analysis in the meshing zone and suction chamber. Considering that on the example of this gear pump, the
gear fits according to standards and tolerances, the volumetric efficiency is determined based on leaks on the sealing elements of the
pump chamber.
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Fig. 9. Comparative analysis of: (a) gear pump flow before and after the implementation of a new solution; (b) volumetric efficiency of gear pump
in the case before and after implementation of new solution

5. Conclusions
Hydraulic systems and their components require clearly defined
operating conditions, and the reason for this is the sensitivity of the
components to any changes in conditions within the system. Highpressure gear pumps must be geometrical of ideal design in order to
achieve the required pump flow functions. As an executive element
of the hydraulic system, the gear pump’s reliability and efficiency
directly affect the reliability and efficiency of the whole system. A
large percentage of failures of hydraulic components are caused by
hydraulic working fluids, which degrade over time and with partially
unsuitable operating conditions, and their quality does not correspond
to standard oil classes. The importance of the paper is reflected in the
examination of the characteristics from the aspect of pressure, temperature, and flow, on the one hand, while on the other hand, the examination of the behavior of the hydraulic working fluid, before and after
the filtration process. By designing the behavior of the working fluid
within the system, data are obtained on the necessary conditions for
efficient operation of the pump, as well as for the required structure
of the pump, in this case, the sealing elements. Based on the obtained
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Table 5. Volumetric efficiency of external gear pump
Pressure (bar)
10

20

30

40

50

60

70

80

ηr1

ηtr

ηr 2

0,987

0,993

0,999

0,983

0,982

0,970

0,969

0,966

0,965

0,960

0,985

0,979

0,971

0,963

0,957

0,949

0,941

0,999

0,999

0,999

0,996

0,996

0,994

0,992

90

0,885

0,934

0,988

120

0,810

0,912

0,971

100
140
160
180
200

0,816
0,761
0,734
0,706
0,693

0,926
0,897
0,882
0,868
0,853

0,986
0,967
0,950
0,938
0,930

tolerances define the geometrical characteristics inside the pump so
that fluid flow inside the working chamber is ideal. The appearance of
solid particles inside the working fluid and the decrease in viscosity
directly affect the quality of lubrication of the impeller, as well as the
appearance of abrasive wear, which occurs when solid particles under
pressure come into contact with the pump body surface, in this case
with sealing elements and leave negative effects on them.
The effect of such a phenomenon is reflected in the system’s poor
performance, the direct impact on the parameter values of pressure,
temperature, and flow, and thus on the overall volumetric degree of
efficiency of the gear pump. Stabilizing the flow drop, or reducing
it to the allowable limits, is a priority if the system tends to work
efficiently. In this paper, by filtering hydraulic oil and restoring its
quality to appropriate satisfactory limits, and by replacing materials
with suitable sealing elements, the flow drop is reduced from 31%
to 7% at a maximum pressure of 200 bar, which corresponds to the
gear efficiency standard (η= 0.93). Compared with optimal working
conditions, i.e., with an operating pressure of 120 bar, the operating
efficiency has been brought to a measure of η = 0,971, which can already be considered the ideal condition of the pump. By optimizing
the system’s operation, which is achieved, among other things, by periodically monitoring the state of the components, potential downtime
is avoided as a result of reduced efficiency, and thus overall reliability,
which in this case is reflected through efficiency.

values of the sampled oil and the oil that has passed the filtration process, the projection of the behavior of that oil under different conditions, which is dictated by the system, is performed. Precisely defined
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Highlights

Abstract

• FEM-based studies of an asymmetric bolted con- The aim of the paper is to analyse an exemplary bolted connection under the conditions of
loss of bearing capacity of some fasteners in the connection. The presented tests are numerinection are presented.
cal and concern an asymmetric bolted connection. The joined elements in the connection
• Six different tensioning orders of the bolts were
were modelled as 3D finite elements, and the fasteners were treated as hybrid models contested.
sisting of rigid heads and nuts, and flexible beams between them. The bolted connection was
• The failure of selected bolts in a connection load- first preloaded according to six different tensioning orders using a standardised force. After
ed with temperature was simulated.
all bolts were tensioned, the selected bolts were removed, simulating bolt damage. The con• The influence of tensioning order on the bolt forc- nection was then tested for external loads with temperatures ranging from 20 to 600°C. The
influence of loosening the connection on the load in the remaining bolts at the operational
es in a damaged connection was probed.
stage of the connection was investigated. The calculation results were compared with the
test results for a healthy bolted connection. It was shown that the bearing capacity of the
connection in the damaged state decreased by 13%.
Keywords
This is an open access article under the CC BY license bolted connection; thermal strength; non-linearity; finite element method; preload.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Steel bolted connections are used in many engineering, mechanical and building structures that can be subjected to a wide variety
of thermal loads [11, 28]. As a result of these loads, the preload of
bolts changes, which may be an unfavorable phenomenon [27, 51]. It
has been observed that, in the case of moment connections, the tensile force in the bolts tends to decrease with increasing temperature.
However, in the case of shear connections, the force in the bolts tends
to increase with temperature [44]. At elevated temperatures, the mechanical properties of the bolts also drop significantly, which directly
affects the safety and reliability of steel structures [3, 34, 53].
Many experimental studies with the use of testing machines have
shown that temperature loads quickly lead to a significant decrease in
the load capacity of bolted connections and affect their failure modes
[22, 55, 62]. In order to prevent bolted connections from being failure
by elevated temperatures, a series of experimental studies have been
carried out, which have resulted in the development of special design
rules, for example, for additional protection of bolts [7, 18, 23, 61].
In the papers written so far, the behaviour of bolted connections
at elevated temperatures is sometimes analysed on the basis of the

E-mail addresses:

component method [2, 20, 46, 58, 63]. The still poor knowledge of
some elements, especially the elements in shear, limits the wider application of this method. However, much more often it is modelled
and described using the finite element method (FEM). Towarnicki and
Grzejda [49] presented an analysis of the influence of the temperature
load on the stress state in the joint separated from the bolted flange
connection. They demonstrated the usefulness of using a simplified
bolt model for modelling bolted connections in order to determine
the forces acting on the bolt. The influence of the thread length on the
failure of bolted connections at elevated temperatures was discussed
by Shaheen et al. [45]. Schaumann and Kirsch [42] simulated a flush
endplate connection at elevated temperatures taking into account nonlinearities, e.g. temperature dependent material. Lim and Young [25]
investigated the influence of elevated temperatures on bolted moment-connections between cold-formed steel members and proposed
some simple design rules that allow for this influence to be taken into
account. Abid et al. [1] studied the strength and sealing performance
of a preloaded gasketed bolted flange connection at combined pressure, axial and thermal loading to show its safe and unsafe operating
limits. Similar thematic considerations were presented by Wang et al.
[56]. The fracture behaviour of high-strength bolted steel connections

R. Grzejda (ORCID: 0000-0002-8323-1335): rafal.grzejda@zut.edu.pl

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

269

one solid [52]. The joined plates are welded to the top and bottom
at elevated temperatures and also loaded with shear forces was debases. The thickness of the joined plates and the bases is equal to 28
scribed by Cai et al. [5]. Li and Zhao [24] conducted an analytical
mm. The connection is sloped to the horizontal at an angle of 60 deg
tests of beam‑to‑column connections at elevated temperatures and the
(for comparison, see [8]). The total heigh of the structure is approxiverification of these tests with the use of FEM.
mately 266 mm. The plates and bases are performed of 1.0577 steel.
There are also many papers on the determination of the behaviour
After machining, the bolts and nuts have been tempered to achieve
of bolted connections under fire conditions [12, 13, 19, 21, 37-39] and
the characteristics for the class of mechanical property 8.8 and 8, reseveral on the behaviour of bolted connections at reduced temperaspectively.
tures [29, 47, 50] using FEM.
Only a few studies dealt with the issue of changing the stress
distribution in a bolted connection subjected first to failure and
then to temperature loads. Most often they concern the analysis
of connections with properties changed by the earthquake, and
therefore different from those designed for a given structure
and then subjected to fire. Della Corte et al. [9] investigated
the post-earthquake fire resistance of steel moment resisting
frames, which confirmed that the fire resistance of structures
can be significantly reduced depending on the damage caused
by seismic action. Xu et al. [59] came to similar conclusions, but
in the case of bolted end-plate connections with end-plate and
web stiffeners. Tartaglia et al. [48] described the behaviour of
seismically damaged extended stiffened end-plate connections
at elevated temperature. They presented the results in terms
of moment-rotation-temperature characteristics and pattern of
plastic deformations, which indicate under what conditions the
type of cyclic damage may affect the performance of the connection under high temperature. An example of a test stand and
test procedure to analyse the behaviour of steel beam to column Fig. 1. Model of the connection: (a) model 3D, (b) model 3D of the single fastener, (c)
outline of the surface at the contact of the joined plates and assumed numbering
end-plate bolted connections under the post-earthquake fire acof the bolts
tion was published by Petrina [35].
Likewise, there are few papers on the effect of the number
The contact surface area between the joined plates and the assumed
and arrangement of bolts in a bolted connection on its performance
numbering of the bolts are presented in Fig. 1c. This area fits in a cirunder the influence of high temperatures. Wang et al. [57] conducted
cle with a radius of 90 mm, and its outline does not exceed 90 cm2.
an experimental study of the relative structural fire behaviour and roUsing the Midas NFX 2020 R2 finite element system tools, a modbustness of different types of bolted steel connections in restrained
el of the bolted connection was made, shown in Fig. 2. The joined
steel frames. Wang and Wang [54], and Yahyai and Rezaeian [60]
plates were divided into 3D finite elements, while the fasteners were
presented numerical analyses verified experimentally on essentially
modelled as flexible beams with rigid heads and nuts (for comparison,
similar issues. However, they did not investigate the effect of bolts
see [32, 33]). All connection parts were assigned the properties of
loss on the bolted connection behaviour.
isotropic linear steel materials. The constitutive relationships in this
There are also several papers on the evaluation of the reliability of
case can be described by Hooke’s law [10].
bolted connections, or larger structures with these connections. HowGeneral surface-to-surface contact elements were applied between
ever, they do not take into account the influence of temperature on
the joined plates. They allow for non-linear analysis taking into conreliability, but rather relate to the assessment of fatigue reliability [26,
sideration the possibility of separating the joined plates in the vertical
30, 41].
direction and the occurrence of sliding in the horizontal direction. The
According to the conducted review of the state of knowledge, few
following values of the contact layer parameters were adopted:
scientists have so far dealt with the health assessment of the bolted
• normal stiffness ratio equal to 10,
connections under conditions of elevated temperatures and after the
• tangential stiffness ratio equal to 1,
failure occurred earlier in the connection. Therefore, this theme was
• static friction factor equal to 0.14 [17].
taken up by the author of the featured paper. The paper concerns a
bolted connection, some experimental tests of which have been described in [14-16]. The novelty in relation to the above-cited articles
is that in the current paper an asymmetrical connection was modelled
under bolt loss conditions. The failure of the connection was simulated by removing the selected bolts from the connection, similarly
to the explicit finite element analysis using element erosion, in which
the elements are removed from the analysis after meeting certain failure criteria [43]. The calculations were made for an exemplary bolted
connection using the finite element system called Midas NFX 2020
R2, and their results are the courses of force changes in bolts remaining in the connection, which was pretensioned and then subjected to
variable temperature loads.

2. Material and methods
The subject of research and analysis is the bolted connection presented in Fig. 1a. The tested connection is made of a pair of plates
joined with i fasteners shown in Fig. 1b (for i = 1, 2, …, 7). The
fasteners are of the M10x1.25 type and consist of a bolt and a nut as
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Fig. 2. FE-model of the bolted connection: (a) entire connection, (b) single
fastener
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Queue No.
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Welded type contact elements were used between the plates and the
bases, preventing the elements from moving relative to each other in
any direction.
The bolted connection model was created with a total of 78750 elements and 133162 nodes. The maximum size of the side length of a
finite element in the mesh does not exceed 10 mm. The mesh has been
significantly densified at the point of contact between the joined plates
and at the point of contact between the fasteners and the joined plates
(for comparison, see [4]). The model was constrained by taking away
all degrees of freedom on the underside of the bottom base. The preload
of the bolts was applied via the “pretension” function built into the Midas NFX 2020 R2 system. A non-linear static analysis was chosen as
the type of FE-analysis. The mathematical description of the temperature distribution in this case can be done using the Fourier-Kirchhoff
partial differential equation for stationary isotropic bodies [40].
The research was divided into the following stages:
1. Pretensioning the bolted connection according to one of the six
adopted tensioning orders presented in Table 1 with a pretension Fp equal to 22 kN.
2. Performing calculations of forces in the bolts in the connection subjected to thermal loads in the range from 20 to 600°C
(temperature boundary conditions were assigned to all model
nodes as uniform prescribed nodal temperature [6]).
3. Entering the failure states according to the diagram shown in
Table 2 (after each way of tensioning the bolted connection).
4. Designation of changes in the value of forces in the bolts remaining in the connection.
5. Duplication the above steps for all connection tensioning orders.
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The obtained courses of the bolt forces variation for individual
types of pretensioning of the connection are qualitatively very similar.
Since their quantitative comparison also gives a high similarity, this
paper presents a set of diagrams for an example type of pretensioning
of the connection, which is the queue No. 3, marked with bold letters
in Table 1.
The graphical presentation of the calculation results is shown in
Fig. 3. The values of the operating forces in the bolts remaining in the
connection after the introduction of two successive states of failure
and those obtained for the healthy connection were compared. The
operating forces were related to the preload of the bolts to improve
the readability of the graphs.
The forces in the bolts tend to increase with temperature, which is
inherent in shear connections [44]. In general, increments in operating bolt forces due to temperature decrease as the number of bolts

80

140 200 260 320 380 440 500 560 620

20

60

T , °C

1.03
1.01
0.99
0.97

1.1

100 140 180 220

1.05
1

0.95

20

80

140 200 260 320 380 440 500 560 620

T , °C

Healthy connection

State 1

State 2

Fig. 3. Distributions of bolt forces in the connection pretensioned according
to the queue No. 3: a) bolt No. 2, b) bolt No. 3, c) bolt No. 5, d) bolt
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Table 3. Z1 indicator values

Queue No.

Z1, %

Healty connection
2

3

Bolt number
5

6

State 1

7

2

3

State 2

Bolt number
5

6

7

2

Bolt number

3

5

6

7

1

15.7

15.0

20.1

19.1

20.2

20.1

8.1

19.4

12.8

19.7

12.3

7.0

19.6

8.6

18.8

3

16.1

15.0

20.6

19.1

19.7

20.6

8.1

19.9

12.9

19.1

12.5

7.2

20.4

8.6

18.1

2

4

5

6

16.0

15.7

15.8

16.0

14.6

19.7

15.0

19.6

15.3

20.5

15.1

20.2

19.5

19.1

18.6

19.1

19.9

20.3

20.2

19.7

20.6

7.9

20.1

8.1

20.3

8.2

20.6

which would take into account other types of connections, with a different number of bolts.
The force increments in bolts for individual load conditions of the
connection are summarised in Table 3. They are expressed using the
following Z1 indicator:
Z1 =

FbiT

− Fbip
Fbip

⋅ 100

In most cases, the force increments in bolts under the influence of
temperature acting on the damaged connection are smaller than for
the healthy connection. The exceptions are the increments in force in
bolt No. 2 in the first stage of failure, when they are greater than corresponding increments for the healthy connection. The force in this
bolt then increases by about 20% for all tensioning cases. This does
not exceed the permissible value of the preload according to Eurocode
3 [36], which for the M10x1.25 bolt in the class 8.8 is 31 kN. On the
other hand, it may pose a threat due to the high pressure on the contact
surface of the nut and the joined plate.
The bolt tensioning method has a slight effect on the Z1 indicator
values.
The last comparisons of the calculation results presented in Table
3 were aimed at determining the value of the temperature T at which
the operating forces in the bolt No. 2 in the first state of connection
failure reach the values corresponding to the final load condition in
the healthy connection. The results of these analyses are summarised
in Table 4.
The bearing capacity of bolt No. 2 in the failure state No. 1 decreased by approx. 13%. The bolt tensioning method has a slight effect on the value of the bearing capacity of the connection.
The total bolts tension at the end of the connection loading process
was compared on the basis of the proposed Z2 indicator described by
the formula:
Fth − Ftd
Fth

⋅ 100

(2)

where: Fth is the total force in the bolts in the considered distribution
of forces at the end of the process of loading the healthy connection,
and Ftd is an analogous force in the case of the damaged connection.
The greatest drops in total force do not exceed 2% for failure state
No. 1 and 5% for failure state No. 2, for all methods of tensioning the
bolted connection (Table 5). The bolt tensioning method has a slight
effect on the differences in these drops.
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18.9

19.9

19.5

13.1

19.3

12.8

19.8

12.4

19.7

12.8

19.2

12.7

12.3

12.3

12.6

6.6

18.9

6.9

18.9

7.4

20.4

7.1

19.8

Table 4. Limit values of the temperature T

1

527.1

3

526.8

2

4
5
6

18.6

18.2

526.8

Table 5. Z2 indicator values

3

8.6

18.9

526.6

6

2

8.3

527.1

5

1

8.6

18.5

526.4

4

Queue No.

8.8

T, °C

Queue No.

(1)

where: FbiT is the operating force in the i-th bolt at the end of the connection heating process as a function of the type of tensioning, and
Fbip is the preload of the i-th bolt.

Z2 =

8.1

19.0

State 1
1.69
1.68
1.70
1.69
1.68
1.69

Z2, %

State 2
4.04
4.07
4.03
4.06
3.99
4.04

In the literature cited in the introduction, the differences in the displacements of the joined elements as a result of the removal of selected
bolts were studied rather than the differences in the values of forces in
the bolts not removed from the connection. In this sense, the presented
research and their results supplement the state of knowledge on the
behaviour of damaged bolted connections at elevated temperatures.

4. Conclusions
The paper presents a method of modelling preloaded asymmetric
bolted connections in conditions of failure and load with increased
temperature. This method can be used in assessing the health of bolted
connections. The results of the study lead to the following conclusions:
1. The increments in operating forces in a damaged connection
subjected to elevated temperature may be greater than in the
case of a healthy connection. In extreme cases, the differences
in the values of the operating forces can be as high as 20%.
2. The bearing capacity of a damaged connection may be reduced
by approx. 13%.
3. The method of tensioning the connection has a slight effect on
the magnitude of increments in the values of bolt forces and
the bearing capacity of the connection in its failure state.
4. The described tests can be extended to determine the universal
load-strength interference [31] allowing the assesment of the
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health condition of bolted connections subjected to temperature loads.

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Abid M, Nash DH, Javed S, Wajid HA. Performance of a gasketed joint under bolt up and combined pressure, axial and thermal loading –
FEA study. International Journal of Pressure Vessels and Piping 2018; 168: 166-173, https://doi.org/10.1016/j.ijpvp.2018.10.014.
Al-Jabri KS, Davison JB, Burgess IW. Performance of beam-to-column joints in fire – A review. Fire Safety Journal 2008; 43(1): 50-62,
https://doi.org/10.1016/j.firesaf.2007.01.002.
Ban H, Yang Q, Shi Y, Luo Z. Constitutive model of high-performance bolts at elevated temperatures. Engineering Structures 2021; 233:
111889, https://doi.org/10.1016/j.engstruct.2021.111889.
Buczkowski R, Kleiber M. A study of the surface roughness in elasto-plastic shrink fitted joint. Tribology International 2016; 98: 125-132,
https://doi.org/10.1016/j.triboint.2016.02.021.
Cai W-Y, Jiang J, Li G-Q, Wang Y-B. Fracture behavior of high-strength bolted steel connections at elevated temperatures. Engineering
Structures 2021; 245: 112817, https://doi.org/10.1016/j.engstruct.2021.112817.
Chinesta F, Ammar A, Lemarchand F, Beauchene P, Boust F. Alleviating mesh constraints: Model reduction, parallel time integration and
high resolution homogenization. Computer Methods in Applied Mechanics and Engineering 2008; 197(5): 400-413, https://doi.org/10.1016/j.
cma.2007.07.022.
Dai XH, Wang YC, Bailey CG. Effects of partial fire protection on temperature developments in steel joints protected by intumescent coating.
Fire Safety Journal 2009; 44(3): 376-386, https://doi.org/10.1016/j.firesaf.2008.08.005.
Daniūnas A, Urbonas K. Influence of the semi-rigid bolted steel joints on the frame behaviour. Journal of Civil Engineering and Management
2010; 16(2): 237-241, https://doi.org/10.3846/jcem.2010.27.
Della Corte G, Landolfo R, Mazzolani FM. Post-earthquake fire resistance of moment resisting steel frames. Fire Safety Journal 2003; 38(7):
593-612, https://doi.org/10.1016/S0379-7112(03)00047-X.
Dovstam K. Augmented Hooke's law based on alternative stress relaxation models. Computational Mechanics 2000; 26(1): 90-103, https://
doi.org/10.1007/s004660000157.
El Ghor AH, Hantouche EG, Morovat MA. Review of research on the fire behavior of simple shear connections. Fire Technology 2018; 54:
1149-1169, https://doi.org/10.1007/s10694-018-0736-9.
El Kalash S, Hantouche E. Mechanical modeling for predicting the axial restraint forces and rotations of steel top and seat angle connections
at elevated temperatures. Journal of Structural Fire Engineering 2017; 8(3): 258-286, https://doi.org/10.1108/JSFE-05-2017-0033.
Fischer EC, Chicchi R, Choe L. Review of research on the fire behavior of simple shear connections. Fire Technology 2021; 57: 1519-1540,
https://doi.org/10.1007/s10694-021-01105-1.
Grzejda R, Parus A. Experimental studies of the process of tightening an asymmetric multi-bolted connection. IEEE Access 2021; 9: 4737247379, https://doi.org/10.1109/ACCESS.2021.3067956.
Grzejda R, Parus A. Health assessment of a multi-bolted connection due to removing selected bolts. FME Transactions 2021; 49(3): 634-642,
https://doi.org/10.5937/fme2103634G.
Grzejda R, Parus A, Kwiatkowski K. Experimental studies of an asymmetric multi-bolted connection under monotonic loads. Materials
2021; 14(9): 2353, https://doi.org/10.3390/ma14092353.
Grzesik W. Effect of the machine parts surface topography features on the machine service (in Polish). Mechanik 2015; 88(8-9): 587-593,
https://doi.org/10.17814/mechanik.2015.8-9.493.
Guo Z, Lu N, Zhu F, Gao R. Effect of preloading in high-strength bolts on bolted-connections exposed to fire. Fire Safety Journal 2017; 90:
112-122, https://doi.org/10.1016/j.firesaf.2017.04.030.
Hantouche EG, Sleiman SA. Response of double angle and shear endplate connections at elevated temperatures. International Journal of
Steel Structures 2016; 16(2): 489-504, https://doi.org/10.1007/s13296-016-6019-8.
Heidarpour A, Bradford MA. Behaviour of a T-stub assembly in steel beam-to-column connections at elevated temperatures. Engineering
Structures 2008; 30(10): 2893-2899, https://doi.org/10.1016/j.engstruct.2008.04.007.
Hu G, Engelhardt M. Studies on the behavior of steel single-plate beam end connections in a fire. Structural Engineering International 2012;
22(4): 462-469, https://doi.org/10.2749/101686612X13363929517497.
Hu G, Engelhardt MD. Experimental investigation of steel single plate beam end connections at elevated temperatures. Engineering Structures
2014; 58: 141-151, https://doi.org/10.1016/j.engstruct.2013.09.015.
Huang S-S, Davison B, Burgess IW. Experiments on reverse-channel connections at elevated temperatures. Engineering Structures 2013; 49:
973-982, https://doi.org/10.1016/j.engstruct.2012.12.025.
Li Y, Zhao J. Analytical investigation of beam‑to‑column endplate connections at elevated temperatures. International Journal of Steel
Structures 2019; 19(2): 398-412, https://doi.org/10.1007/s13296-018-0127-6.
Lim JBP, Young B. Effects of elevated temperatures on bolted moment-connections between cold-formed steel members. Engineering
Structures 2007; 29(10): 2419-2427, https://doi.org/10.1016/j.engstruct.2006.11.027.
Lochan S, Mehmanparast A, Wintle J. A review of fatigue performance of bolted connections in offshore wind turbines. Procedia Structural
Integrity 2019; 17: 276-283, https://doi.org/10.1016/j.prostr.2019.08.037.
Nah H-S, Lee H-J, Kim K-S, Kim J-H, Kim W-B. Method for estimating the clamping force of high strength bolts subjected to temperature
variation. International Journal of Steel Structures 2009; 9: 123-130, https://doi.org/10.1007/BF03249487.
Nakahara T, Hirohata M, Kondo S, Furuichi T. Paint coating removal by heating for high-strength bolted joints in steel bridge and its
influence on bolt axial force. Applied Mechanics 2021; 2(4): 728-738, https://doi.org/10.3390/applmech2040042.
Noh M-H, Cerik BC, Han D, Choung J. Lateral impact tests on FH32 grade steel stiffened plates at room and sub-zero temperatures.
International Journal of Impact Engineering 2018; 115: 36-47, https://doi.org/10.1016/j.ijimpeng.2018.01.007.
Novoselac S, Kozak D, Ergić T, Damjanović D. Fatigue damage assessment of bolted joint under different preload forces and variable
amplitude eccentric forces for high reliability. Fracture at all Scales, Lecture Notes in Mechanical Engineering 2017: 239-268, https://doi.
org/10.1007/978-3-319-32634-4_13.
O’Connor PDT. Variation in reliability and quality. Quality and Reliability Engineering International 2004; 20(8): 807-821, https://doi.

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

273

org/10.1002/qre.596.
32. Omar R, Abdul Rani MN, Yunus MA. Representation of bolted joints in a structure using finite element modelling and model updating.
Journal of Mechanical Engineering and Sciences 2020; 14(3): 7141-7151, https://doi.org/10.15282/jmes.14.3.2020.15.0560.
33. Palenica P, Powałka B, Grzejda R. Assessment of modal parameters of a building structure model. Springer Proceedings in Mathematics &
Statistics 2016; 181: 319-325, https://doi.org/10.1007/978-3-319-42402-6_25.
34. Pang X-P, Hu Y, Tang S-L, Xiang Z, Wu G, Xu T, Wang X-Q. Physical properties of high-strength bolt materials at elevated temperatures.
Results in Physics 2019; 13: 102156, https://doi.org/10.1016/j.rinp.2019.102156.
35. Petrina T. Steel connections post-earthquake fire tests setup. Procedia Engineering 2016; 161: 133-136, https://doi.org/10.1016/j.
proeng.2016.08.510.
36. PN-EN 1993-1-8, 2006. Eurocode 3: Design of steel structures, Part 1–8: Design of joints.
37. Qiang X, Wu N, Jiang X, Luo Y, Bijlaard F. Experimental and numerical analysis on full high strength steel extended endplate connections
in fire. International Journal of Steel Structures 2018; 18(4): 1350-1362, https://doi.org/10.1007/s13296-018-0130-y.
38. Rahnavard R, Thomas RJ. Numerical evaluation of the effects of fire on steel connections; Part 1: Simulation techniques. Case Studies in
Thermal Engineering 2018; 12: 445-453, https://doi.org/10.1016/j.csite.2018.06.003.
39. Rahnavard R, Thomas RJ. Numerical evaluation of the effects of fire on steel connections; Part 2: Model results. Case Studies in Thermal
Engineering 2019; 13: 100361, https://doi.org/10.1016/j.csite.2018.11.012.
40. Ranatowski E. Problems of welding in shipbuilding - an analytic-numerical assessment of the thermal cycle in haz with three dimensional
heat source models in agreement with modelling rules, Part I: Theoretical basis of modelling and an analytical assessment of heat sources
models. Polish Maritime Research 2010; 17(1): 75-79, https://doi.org/10.2478/v10012-010-0009-0.
41. Savkin AN. Assessing the reliability of thread joints under variable loads. Journal of Machinery Manufacture and Reliability 2007; 36(4):
336-340, https://doi.org/10.3103/S105261880704005X.
42. Schaumann P, Kirsch T. Simulation of a flush endplate connection at elevated temperatures including fracture simulation. Journal of Structural
Fire Engineering 2013; 4(2): 103-112.
43. Seif M, Main J, Weigand J, McAllister TP, Luecke W. Finite element modeling of structural steel component failure at elevated temperatures.
Structures 2016; 6: 134-145, https://doi.org/10.1016/j.istruc.2016.03.002.
44. Shaheen MA, Foster ASJ, Cunningham LS, Afshan S. Behaviour of stainless and high strength steel bolt assemblies at elevated temperatures
– A review. Fire Safety Journal 2020; 113: 102975, https://doi.org/10.1016/j.firesaf.2020.102975.
45. Shaheen MA, Foster ASJ, Cunningham LS, Afshan S. Selecting suitable bolt parameters to achieve ductility at elevated temperatures. Ce/
papers 2021; 4(2-4): 1191-1195, https://doi.org/10.1002/cepa.1411.
46. Spyrou S, Davison JB, Burgess IW, Plank RJ. Experimental and analytical investigation of the ‘compression zone’ component within a steel
joint at elevated temperatures. Journal of Constructional Steel Research 2004; 60(6): 841-865, https://doi.org/10.1016/j.jcsr.2003.10.005.
47. Stranghöner N, Lorenz C, Feldmann M, Citarelli S, Bleck W, Münstermann S, Brinnel V. Brittle fracture of high-strength bolts of large
diameters at low temperatures (in German). Stahlbau 2018; 87(1): 17-29, https://doi.org/10.1002/stab.201810559.
48. Tartaglia R, D’Aniello M, Wald F. Behaviour of seismically damaged extended stiffened end-plate joints at elevated temperature. Engineering
Structures 2021; 247: 113193, https://doi.org/10.1016/j.engstruct.2021.113193.
49. Towarnicki P, Grzejda R. Analysis of the impact of temperature load on the state of stress in a bolted flange connection. Proc. of the 2018
International Interdisciplinary PhD Workshop, IEEE Conferences 2018: 96-98, https://doi.org/10.1109/IIPHDW.2018.8388333.
50. Truong DD, Jung H-J, Shin HK, Cho S-R. Response of low-temperature steel beams subjected to single and repeated lateral impacts.
International Journal of Naval Architecture and Ocean Engineering 2018; 10(6): 670-682, https://doi.org/10.1016/j.ijnaoe.2017.10.002.
51. Tu Y, Huang Y-K, Tu S-T. Real-time monitoring of bolt clamping force at high temperatures using metal-packaged regenerated fiber Bragg
grating sensors. International Journal of Pressure Vessels and Piping 2019; 172: 119-126, https://doi.org/10.1016/j.ijpvp.2019.03.006.
52. Wang G, Ding Y. The interface friction in the friction-type bolted joint of steel truss bridge: Case study. The Baltic Journal of Road and
Bridge Engineering 2020; 15(1): 187-210, https://doi.org/10.7250/bjrbe.2020-15.467.
53. Wang H, Hu Y, Wang X-Q, Tao Z, Tang S-L, Pang X-P, Chen YF. Behaviour of austenitic stainless steel bolts at elevated temperatures.
Engineering Structures 2021; 235: 111973, https://doi.org/10.1016/j.engstruct.2021.111973.
54. Wang M, Wang P. Strategies to increase the robustness of endplate beam–column connections in fire. Journal of Constructional Steel
Research 2013; 80: 109-120, https://doi.org/10.1016/j.jcsr.2012.09.017.
55. Wang P, You Y, Liu M, Zhang B, Zhou S, Chen J. Behavior of thread-fixed one-side bolted T-stubs with backing plates at ambient and
elevated temperatures. Journal of Constructional Steel Research 2020; 170: 106093, https://doi.org/10.1016/j.jcsr.2020.106093.
56. Wang P, Zhang L, Wang L. Influence of temperature on the bolt loads and variation in a bolted flange for subsea pipeline connection.
Mathematical Problems in Engineering 2021; 2021: 5636941, https://doi.org/10.1155/2021/5636941.
57. Wang YC, Dai XH, Bailey CG. An experimental study of relative structural fire behaviour and robustness of different types of steel joint in
restrained steel frames. Journal of Constructional Steel Research 2011; 67(7): 1149-1163, https://doi.org/10.1016/j.jcsr.2011.02.008.
58. Xie B, Hou J, Xu Z, Dan M. Component-based model of fin plate connections exposed to fire - part II: Establishing of the component-based
model. Journal of Constructional Steel Research 2018; 145: 218-231, https://doi.org/10.1016/j.jcsr.2018.02.018.
59. Xu J, Wang J, Mohamed HS, Han J, Han Z, Tu J, Li Z. Post-earthquake fire resistance of bolted end-plate connection joint with end-plate and
web stiffeners. Journal of Constructional Steel Research 2021; 185: 106835, https://doi.org/10.1016/j.jcsr.2021.106835.
60. Yahyai M, Rezaeian A. Behavior of beams in bolted column-tree frames at elevated temperature. Fire and Materials 2016; 40(3): 482-497,
https://doi.org/10.1002/fam.2305.
61. Yang K-C, Chen S-J, Ho M-C. Behavior of beam-to-column moment connections under fire load. Journal of Constructional Steel Research
2009; 65(7): 1520-1527, https://doi.org/10.1016/j.jcsr.2009.02.010.
62. You Y, Liu M, Liu Y, Wang P, Zhou S, Chen J. Experimental studies on thread-fixed one-side bolted T-stubs in tension at elevated temperatures.
Journal of Constructional Steel Research 2020; 171: 106139, https://doi.org/10.1016/j.jcsr.2020.106139.
63. Yu H, Burgess IW, Davison JB, Plank RJ. Experimental investigation of the behaviour of fin plate connections in fire. Journal of Constructional
Steel Research 2009; 65(3): 723-736, https://doi.org/10.1016/j.jcsr.2008.02.015.

274

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

Eksploatacja i Niezawodnosc – Maintenance and Reliability
Volume 24 (2022), Issue 2

journal homepage: http://www.ein.org.pl

Article citation info:
Wang Y, Xie MJ, Su C. Dynamic reliability evaluation of buried corroded pipeline under rockfall impact. Eksploatacja i Niezawodnosc –
Maintenance and Reliability 2022; 24 (2): 275–288, http://doi.org/10.17531/ein.2022.2.9.

Dynamic reliability evaluation of buried corroded pipeline
under rockfall impact

Indexed by:

Yifei Wang a,#, Mingjiang Xie a,#, Chun Su a, b,*
a
b

Southeast University, School of Mechanical Engineering, Nanjing 211189, China
Hunan University of Science and Technology, Hunan Provincial Key Lab of Health Maintenance for Mechanical Equipment, Xiangtan 411201, Hunan, China

Highlights

Abstract

• The relationship between pipeline stress and rock- Load impact, such as the rockfall, may bring significant threats to the integrity management
of pipeline. This study is intended to evaluate the reliability of buried pipeline under rockfall
fall parameters is quantified.
impact, and so as to reduce the possible failure and unnecessary downtime. Firstly, the dy• Dynamic response of buried corroded pipeline unnamic response of the buried pipeline under load is analyzed by Euler Bernoulli foundation
der load impact is analyzed.
beam. After that, the process of rockfall impact on buried corroded pipeline is simulated
• The corroded pipeline’s dynamic reliability under with nonlinear finite element method. Furthermore, the influence of rockfall’s parameters
rockfall impact is evaluated.
(including rockfall mass, impact velocity, impact position, etc.) on the pipeline’s equivalent
stress is quantitatively analyzed. Eventually, a time-varying reliability model is established
to calculate the failure probability. The results indicate that the mass and velocity of the
rockfall have obvious influence on the pipeline’s failure probability, and the change of impact’s position has small influence. The proposed method can provide a theoretical reference
for the design and maintenance of buried pipeline.
Keywords
This is an open access article under the CC BY license buried pipeline, rockfall impact, finite element simulation, dynamic reliability.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Due to its high efficiency and low transportation cost, pipeline has
been widely used to transport natural gas and petroleum. For long-distance pipeline, it needs to pass through various types of terrains, and
a variety of factors (such as landslide, collapse, and rockfall, etc.) can
affect its performance and reliability [4]. Up to now, lots of rock impact events have occurred on pipeline, and they have seriously threatened the pipeline’s safe operation [35]. To ensure the safe operation
of buried pipeline, it is of great significance to analyze the pipeline’s
deformation mechanism and dynamic response, and further to predict
the pipeline’s reliability under rockfall impact [12, 26].
Affected by the ground motions, such as landslide or explosion,
buried pipeline is vulnerable to rockfall impacts. Considering the dynamic interaction between the soil and pipeline, Manolis et al. [16]
used the waveguide model in classical elastodynamics to study the dynamic response of continuous pipeline. To analyze the effect of spatial
variability on the response of buried pipeline, Han et al. [6] conducted
a series of three-dimensional shaking table tests to study the effect of
non-uniform seismic excitation on pipeline’s strain. By using the integral probability method, Xu et al. [28] deduced analytical formulas

for the pipeline’s deformation and axial stress caused by the friction of
pipe and soil, and pipeline’s stress and deformation along the mining
process were analyzed. On the basis of linear viscoelasticity, Khusainov [11] established a pipe-soil interaction model, and the buried
pipeline’s dynamic response to a longitudinal wave propagating was
analyzed. However, the above analytical models have not considered
the axial and circumferential response of the buried pipeline under
load impact.
Essentially, the deformation mechanism for the buried pipeline
under rockfall impact is a nonlinear contact problem. Even the theoretical calculation formula can provide a simple solution, the obtained
result has obvious limitations, especially on the accuracy and the
range of application. In recent years, finite elements method (FEM)
has received attention in this area. Ismail et al. [7] used FEM to evaluate the influence of pipeline’s diameter, buried depth, wall thickness and other parameters on the resistance to upheaval buckling of
buried submarine pipeline. Zhang et al. [33] analyzed the pipeline’s
deformation caused by radial impact, inclined impact, and eccentric
impact of spherical rockfall and cubic rockfall. The results indicated
that the smaller the curvature radius of the rockfall contact area is,
the greater the damage to the pipeline will be. Shin et al. [21] applied

(*) Corresponding author.
(#) These
authors contributed equally to this work.
E-mail
addresses:
E-mail addresses:

C. Su (ORCID: 0000-0002-5523-1469): suchun@seu.edu.cn, Y. F. Wang : yifeiwang@seu.edu.cn, M.J. Xie : mingjiang@seu.edu.cn

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

275

FEM to study the interaction between pipe-soil-rock in the case of
anchor impact. Meanwhile, the pipeline’s strain caused by the change
of anchor weights (drop heights), submarine pipeline buried depth and
rock berm heights was obtained through experiments. Zhang et al.
[32] established a pipe-soil finite elements model for buried pipeline,
and the effects of the impact height, the pipe’s wall thickness as well
as the pipe’s buried depth were studied. Aiming at the X80 steel largediameter oil and gas pipeline crossing seismic faults, Yan et al. [29]
employed a large deformation shell FEM to study the strain response,
and the sensitivity of multiple impact factors on the pipeline was conducted. Jiang et al. [8] studied pipeline’s response to the transverse
impact load of falling objects, and the effects of various parameters
on the pipeline were analyzed, including the seabed flexibility, buried
depth and soil properties. Tian et al. [22] applied a nonlinear explicit
dynamic FEM to assess the damage of the submarine pipeline under
the impact of falling objects. Up to now, most studies focused mainly
on the load impact on the pipeline’s mechanical behavior, while the
load impact on the pipeline’s corrosion defects has rarely been studied.
For pipeline, the load impact usually results in corresponding deformation and further influences its reliability. In the last decades,
numerical simulation methods have been widely applied to evaluate
pipeline’s reliability under the impact load. Zelmati et al [30] proposed
a probabilistic method to evaluate the corroded pipeline’s remaining
life, and FEM was used to calculate the pipeline’s failure pressure.
Based on FEM, Abyani et al. [1] proposed a new method to evaluate the reliability of pipeline corrosion resistance. Then, the Latin hypercube sampling method was combined with simulated annealing to
simulate the uncertainty of the random parameter. Aryai et al. [2] used
the three-dimensional nonlinear FEM to model the residual strength
of the pipeline in terms of time, and solved the reliability of the water
pipe based on the time-dependent reliability analysis. Nahal et al. [17]
studied the influence of corrosion and residual stress on the irregular area of the pipeline by establishing finite elements model of the
corroded elbow area. The failure probability and reliability index of
different corrosion areas were calculated by Monte Carlo simulation
(MCS). In addition to using FEM, some studies used other reliability
theories and mechanical models to study the influence of load on the
pipeline’s reliability. Zha et al. [31] studied the influence of traffic
load on the reliability of buried polyethylene pipeline, where the center point method and MCS method were applied, and the reliability
index and residual life of the buried pipeline were calculated. Li et
al. [13] adopted Timoshenko beam and Winkler foundation model to
analyze the performance of pipeline, and the pipeline’s reliability was
estimated with the method of subset simulation (SS). Guillal et al. [5]
used the SS approach to study the reliability of medium-strength and
high-strength pipeline under the plastic failure and fracture. Sahraoui
et al. [20] investigated the effect of the repair for welded joint on
the corroded pipeline’s reliability considering the spatial variability of
hardness and soil erosion.
Up to now, some works have been done regarding the buried pipeline under the impact load, including earthquake, explosion, traffic
load, rockfall, etc. However, few studies have analyzed the residual
life of buried steel pipes with corrosion defects, and the impact of
rockfall is rarely considered. Moreover, the existing methods have not
considered the coupling relationship among the dynamic response of
buried corroded pipeline and the rockfall’s parameters, such as rockfall mass, impact velocity and the impact position.
This study is to evaluate buried pipeline’s reliability by considering
the coupling relationship among the aforementioned factors. The major contributions are as follows: (1) The effect of rockfall parameters
on the pipeline’s deformation is analyzed, including rockfall mass,
impact velocity, and impact position. Meanwhile, the coupling relationship between the von Mises equivalent stress and rockfall parameters is quantitatively analyzed; (2) Sensitivity analyses are conducted
for the rockfall parameters, and dynamic reliability model is established to update the pipeline’s reliability; (3) The pipeline’s dynamic
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reliability during and after the rockfall impact are studied. This study
can be used to evaluate the buried corroded pipeline’s reliability considering the rockfall impact.
The remainder of the paper is organized as follows. Section 2 establishes the mechanical modeling of buried pipeline impacted by the
external load. In Section 3, the dynamic reliability modeling of the
buried pipeline under rockfall impact is introduced. The numerical
model of the pipeline under the rockfall impact is established by FEM
in Section 4, and the sensitivity analysis of various rockfall parameters is conducted. The accuracy and effectiveness of the proposed
method is demonstrated through a case study in Section 5. Conclusions are given in Section 6.

2. Mechanism analysis of impact process
The impact process of the rockfall on the pipeline is quite complicated. It needs to be simplified in theoretical aspect, such as transforming it into a static problem for analysis. By taking the rockfall
impact force as the static load, we can analyze the pipeline’s stress.
Up to now, two types of models can be used to describe the stress
load of buried pipeline, i.e. multi-span continuous beam and elastic
foundation beam [22]. In this study, we simplify the buried pipeline
into an Euler-Bernoulli beam model to analyze the vibration response
and the pipeline’s characteristics under the impact load. To determine
the pipeline’s dynamic response under the rockfall impact, besides
the initial boundary conditions, it also needs to quantify the impact
force.
According to the theorem of kinetic energy, during the process of
rockfall collision the energy loss (i.e ∆E ) can be calculated as [10]:
1
1
∆E = mv02 − mv12
2
2

(1)

where m is the mass of rockfall; v0 and v1 are the initial and final velocities of the rockfall impact process respectively.
For the soil, its elastic deformation potential energy (i.e. W) can be
expressed as:
W=

1 2
kζ
2

(2)

where k is the stiffness of the soil spring; and ζ is the deformation
value of the soil.
By now, three types of soil spring models are commonly applied,
they are the pipe axial soil spring, horizontal soil spring, and vertical soil spring respectively. According to the standard of American
Society of Civil Engineers (ASCE), the stiffness coefficients of the
above three soil springs are as follows [29].
(1) Along the pipe axis, the friction f of the pipe per unit length
is:
f = 0.75π Dhγ s µ

(3)

where D is the diameter of the pipe; h is the distance from the central
axis of the pipeline to the surface; γs is the unit weight of soil; and μ is
soil friction coefficient of the pipe.
(2) In the horizontal lateral direction, the lateral earth pressure on
the unit length of pipe (i.e. P) is given as:
P = γ s hN h D

(4)

where Nh is the horizontal bearing capacity coefficient of the sand.
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(3) In the vertical direction, the soil reaction force on unit length
of pipe (i.e. Q) is:
Q = γ s hN v D

Q (x, t ) = Fmax ⋅ Q0 (x, t )
The solution for Eq. (8) can be expressed as the follows:

(5)

y ( x, t ) =

where Nv is the vertical bearing capacity coefficient of the sand.
According to Eqs. (3) - (5), the values of the stiffness (i.e. k) for
different types of soil springs can be obtained, and the elastic potential
energy (i.e. W) can be calculated. Based on the law of conservation of
energy, we have:
(6)

∆E = W

When the mass velocity (i.e. v) and the stiffness of the soil spring
(i.e. k) are known, we can obtain the maximum deformation (i.e. ζ max )
with Eqs. (1)-(6). When the rockfall velocity is 0, the impact force on
the soil will be the largest and the corresponding deformation is also the
largest. The maximum impact force (i.e. Fmax) can be expressed as:
Fmax = kζ max

A

∂ 4 y ( x, t )
∂x 4

+m

∂ 2 y ( x, t )
∂t 2

+c

∂y (x, t )
∂t

+ Ky (x, t ) = Q (x, t )

(8)

where y(x, t) is the pipeline’s vibration; A is the bending stiffness of
the pipeline; m is pipeline mass; c is foundation damping coefficient;
and K is the foundation modulus.
The initial conditions and boundary conditions are defined in Eqs.
(9) and (10), respectively.
y ( x, t ) t = 0 =

lim

∂ n y ( x, t )
∂x n

x →∞

∂y (x, t )
∂t

t =0

=0

= 0 (n = 0,1, 2,3)

During the process of impact, the pipeline is mainly affected by a
series of short pulse loads. The unit pulse function is defined as:
 0, x ≠ x0
δ ( x, x0 ) = 
∞, x = x0

2 ∞
 nπ
∑ sin 
T n =1  T


 nπ 
x  ⋅ sin 
x0 

 T


(12)

The unit concentrated impulse is:
Q0 ( x, t ) = δ ( x, x0 ) δ ( t , t0 ) =

2 ∞
 nπ
∑ sin 
T n =1  T

 nπ 
x
 T 

n =1

n =1
∞

4

nπ
 nπ
yn ( t ) sin 
T
 T

 nπ
 ∞ ••
x  + ∑ m yn ( t ) sin 
 T
 n =1


 nπ 
x  ⋅ sin 
x0  ⋅ δ ( t , t0 )    (13)

 T


(15)

 nπ
 ∞ •
x  + ∑ C y n ( t ) sin 
 T
 n =1


x +


∞
 nπ  2
 nπ   nπ 
x  sin 
x0 δ ( t , t0 )
x  = Fmax ∑ sin 
T
T

 T   T


n =1

∑ kyn ( t ) sin 

n =1

(16)

Moreover, it can be simplified as:
••

•

y n ( t ) + c yn ( t ) + p 2 yn ( t ) = γ ( t )

where c =

(17)

4

C
2F
1 A
 nπ 
; p2 = 
x0  δ (t , t0 ).
+ k  ; and γ (t ) = max sin 


m
mT
m T
 T



The general solution for homogeneous equation yn∗ is:
yn∗ = e

c

− t
2  C cos 
1







p2 −


c 2 
c2
t + C2 sin  p 2 −

4 
4



 
t 
 
 

(18)

where C1 and C2 are the constants.
The particular solution y n of the inhomogeneous equation can be
obtained by using undetermined coefficient method:
yn =

c
2

2
 nπ  − 2 (t −t0 )  2 c
sin 
x0  e
sin p − (t − t0 )


mT
4
 T




(19)

The solution of vibration control differential equation for the buried pipeline under unit external force is as follows:
∞

y ( x, t ) = ∑ Fmax e
n =1

c
− t
2

c
2


c2 
c2 
nπ
2
 nπ  − (t −t0 )  2 c 
C1 cos  p 2 −  t + C2 sin  p 2 −  t + sin  x0  e 2
sin p −
(t − t0 ) sin x



4
4  mT  T 
T
4







(20)

(11)

According to the Dirichlet condition, the function needs to satisfy
the following items [3]: (1) There are only finite discontinuities of the
first kind (both left and right limits exist) in a continuous field; (2) If
there are only finite extreme points, the function can be expanded into
Fourier series. When δ satisfies the conditions, it can be expanded as:

δ ( x, x0 ) =

∞

∑A

(9)

(10)

∞

∑ yn ( t ) ⋅ sin 

Bring Eq. (15) into Eq. (8), we have:

(7)

Here, the Euler Bernoulli foundation beam is used to model the
buried pipeline. Under the load impact of Q(x, t), the differential equation for the pipeline’s vibration (i.e. y(x, t)) can be obtained as [16]:

(14)

Therefore, to analyze the dynamic response of the buried pipeline
under external load, we can establish the foundation beam model under impact load, on the basis of unit pulse function and Fourier series.
By analytically calculating of the model, we can obtain the pipeline’s
displacement and velocity response. So far, the mechanical parameters are obtained, including the pipeline’s bending moment and shear
force.

3. Structural reliability theory
The pipeline’s stress and strength are essentially random variables,
and we can define them with the probability distributions. At the
initial stage of usage, the strength is usually greater than the stress,
thus the pipeline has sufficient safety margin. With the increase of the
pipeline’s service life, and under the influence of corrosion defect and
other factors, the pipeline’s strength will decrease gradually. When
the strength is lower than the stress, failure will occur. Therefore, we
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can define the pipeline’s limit state function (LSF), i.e. G as follows
[36]:
(21)

G=H −S

where H is the generalized strength, and it indicates the pipeline’s
bearing capacity; and S denotes the generalized stress.
According to the value of G, the pipeline has three types of states:
(1) G = 0, it indicates that the pipeline is in a limit state; (2) G > 0, it
indicates that the pipeline is in reliable state; and (3) G＜0, it indicates
that the pipeline is in failure state [24]. Therefore, the pipeline’s failure probability (i.e. Pf ) can be written as:
Pf = P (G = H − S < 0 )

(22)

3.1. Limit state functions
3.1.1. Model of burst failure
For buried pipeline, when the operating pressure exceeds the allowable pressure, the pipeline will burst. Here, based on Eq. (21), we
can rewrite the pipeline’s LSF as follows:
G1 (t ) = Pb - P0

(23)

where Pb is the pipeline’s burst pressure; and P0 is the pipeline’s
operation pressure.
In this study, the DNV RP-F101 model is adopted [27], and Pb is
estimated with:
d

1−
2ωU 
ω
Pb =

D − ω 1 − d
 ωM







(24)

where U is the ultimate tensile strength of the pipeline; ω is the pipe
wall thickness; d is corrosion depth; D is the outer diameter of the
pipe; l is the length of the corrosion defect; and M is the expansion
coefficient of the pipeline.

l2
M = 1 + 0.31
Dω

(25)

3.1.2. Von Mises stress failure model
For the buried corroded pipeline, it needs to bear various types
of loads, including the internal pressure, soil covering, and potential
rockfall impact, etc. The loads may cause deformation of the pipeline,
thus it will affect the pipeline’s safe operation. Eq. (21) can be rewritten in stress failure mode, as follows [25]:
G2 = σ y − σ e

σ e = σ c2 + σ l2 − σ cσ l

(27)

where σc is the circumferential stress of buried corroded pipeline; and
σl is the axial stress.

3.2. Calculation of pipeline’s failure probability
In this study, two types of failure modes are considered for the
buried pipeline, i.e. burst pressure and von Mises stress failure. Therefore, the pipeline’s failure probability can be expressed as [18]:
Pf (t ) = P G1 (t ) ≤ 0  G2 (t ) ≤ 0 

(28)

where G1, G2 are the LSFs of the above failure modes respectively.

3.3. Simulation method
The basic procedures for calculating the pipeline’s failure probability with MCS are as follows [15]:
(1) Set the total number of simulations (i.e. N) to analyze the failure probability of the corroded pipeline;
(2) Based on the pipeline’s historical statistical data, determine the
mean and standard deviation of each variable;
(3) By using the statistical characteristics of the random variables
in Step (2), generate the samples;
(4) Substitute the generated samples into LSFs, and count the
number of LSFs that is less than 0 (i.e. Nf);
(5) Calculate the pipeline’s failure probability (i.e. pf), by using
Eq. (29):
pf =

Nf

(29)

N

where Nf is the number of simulations in violation of LSF (i.e., the
LSF is less than zero).

3.4. Reliability analysis for buried corroded pipeline under
rockfall impact
On the basis of the reliability theory and Eqs. (21)-(28), we can
obtain the probability of failure of the event (i.e. pi) as follows:
Pi (t ) = P (Gi (H i , Si , t ) < 0 ) = P (H i (t ) < Si (t ))

(30)

where Pi(t) denotes the probability of an event; Si(t) denotes the structural response (i.e., load effects); Hi(t) denotes the structural resistance; and Gi is the LSF, it is defined as Gi=Hi(t)−Si(t).
Considering the process of the rockfall impact on the buried pipeline, the first time that the rockfall impact usually has the most serious
harm to the pipeline. In dynamic reliability theory, it also satisfies the
first transcendental failure mechanism. It can be regarded as “first passage probability”, and the corresponding expression is as follows [9]:
t

− vdt
p f (t ) = 1 − 1 − p f (0 ) e ∫0

(31)

(26)

where pf (0) is the failure probability at time t=0; and v is the mean rate
for the response process S(t) to upcross the threshold H(t).

where σy is the yield strength of pipeline material; and σe is the equivalent stress caused by loads.

The upcrossing rate (i.e. v) can be determined by Rice formula [23]:

According to von Mises stress theory, the equivalent stress (i.e. σe)
can be expressed as [14, 19]:
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 • •
∞ • • 
+
v = vH
= ∫  S− H  f •  H,S d S
H
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(32)

and the cross-covariance function is:

+
where vH
is the upcrossing rate of the response process S(t) relative
•

to the resistance threshold process threshold H; H is the slope of H
•

relative to time t; S (t ) is the time derivative process of S(t); and
f

•

SS

(⋅) is the joint probability density function of S and
  •
  H − µ•
S S  H − µS   
SS
=
φ
 φ
σS  σS   σ •

SS
 
 

σ•

+
v = vH
=d

C

•

S:

 •
 •
 H − µ•
 H − µ•
SS
SS
−
Φ  −

σ•
σ•


SS
SS





•

tion of S and S .
When the response process obeys Gaussian process, its mean
function (i.e. µ s ( t ) ) and auto-covariance (i.e. Css ti , t j ) can be
determined by the Eqs. (34) - (39) [23]:

SS

)

(34)

(

(35)

= σ • 2 1 − ρ S2

σ•

SS

S

)

(39)

In this study, by using the finite element analysis software of
ABAQUS, a three-dimensional FEM of the pipeline-soil-rockfall is
established, and it is used to analyze the rockfall impact on buried
corroded pipeline. In this model, the rockfall is assumed to impact the
soil vertically to the tangent plane of the defect length.

is the upcrossing rate relative to deterministic threshold
where
H; φ ( ⋅) and Φ (⋅) are the standard normal density and distribution
functions respectively; µ and σ are the mean and standard devia-

•

σ•
= E  S S = H  = µ • + ρS S [ H − µS ]
σS
S



)

∂t j

4. Finite element model

+
vH
=d

µ•

(

∂CSS ti , t j

On this basis, we can determine all the variables in Eq. (33).
For a clear illustration, the analysis process can be divided into
four parts, they are: (1) mechanism analysis of impact process; (2)
pipeline’s reliability modeling; (3) simulation with FEM: and (4) case
study, respectively. The framework is shown as in Fig. 1.









(33)

(

(ti , t j ) =
SS
•

4.1. Parameters of the material
In the FEM model, the length of the pipeline is set to be 10m, and
the length of the rockfall is set as 320 mm. Besides, the size of the
stratum is 10 m × 4 m × 4 m, and the thickness of backfill soil is 1m.
The ideal elastic-plastic Drucker-Prager constitutive model [32] is
adopted to describe the mechanical behavior of stratum and rock materials. The other parameters for the pipeline, soil, and rockfall are
shown as in Table 1 and Table 2 respectively [34]. Moreover, the dilation angles of the soil and rock are set to be zero.

Table 1. Parameters of the pipeline

where:

µ S• =

σ S• =

ρS =

d µs (t )
dt

(

∂ 2CSS ti , t j
∂ti ∂t j

)i= j

(ti , t j )
CSS ( ti , t j ) C ( ti , t j )
SS
C

(36)

(37)

813.00

Wall thickness
(mm)
8.00

Density
(kg/m3)

7800.00

Poisson’s
ratio
0.30

Young’s modulus
(MPa)
2.06×105

Yield strength
(MPa)
448.50

Table 2. Parameters of the soil and rockfall

Material type

•

SS

Diameter
(mm)

(38)

••

Soil

Rockfall

Density
(kg/m3)

Poisson’s ratio

2800.00

0.30

1840.00

0.30

4.2.

Elastic modulus
(MPa)

Internal
friction
angle

Cohesion
(MPa)

2.85×105

42.00

6.72

20.00

(°)

15.00

0.015

Geometric modeling

The geometric models are established for the rockfall,
soil, and pipeline respectively, as shown in Fig. 2. The falling rock is represented by a cube, and the soil is modeled
with a cuboid hollowed out in the middle, as shown in Fig.
2(a). The eight-node hexahedron linear reduced integral
solid element (i.e. C3D8R) is adopted for the pipeline and
soil respectively. Moreover, to obtain accurate simulation
results, it needs to refine the mesh locally. On this basis,
the dense grids are arranged at the defected parts, and at
the intact parts coarse meshes are used, as shown in Figs
2(b) respectively.

4.3.

Fig. 1. Flow chart of the proposed approach

Contact and boundary setting

In the finite elements model, two types of contact pairs
are defined, they are the contact pair between the pipeline
and soil, and the contact pair between the rockfall and soil,
respectively. Moreover, it is assumed that the buried soil
belongs to large granular sand, and the soil’s friction coefficient is 2.5. Both the contact pairs are surface to surface
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a)

fects and under the rockfall impact. The diameter of the APIX80
pipeline is 813 mm, the wall’s thickness is 8 mm, and the yield
strength is 448.5 Mpa. To facilitate the research, the corrosion defects are appropriately simplified. It is assumed that the shape of
the corrosion defect is cuboid, and the size of the corrosion defect is
400 mm×200 mm×4 mm. The falling rock is cubic, and its side length
is 320 mm. The buried depth of the pipeline is 1m. In total, 395 times
of simulations are done, where the rockfall impact velocity increases
from 10 m/s to 30 m/s, with an increment of 5 m/s; the rockfall mass
increases from 68.9 kg to 160.7 kg, with an increment of 22.9 kg; the
axial distance from the impact position to the corrosion center moves
from 0mm to 2500 mm with an increment of 625 mm each time; the
corrosion length is from 200 mm to 600 mm with an increment of
100 mm; the corrosion width is from 100 mm to 300 mm with an
increment of 50 mm; and the corrosion depth is from 2 mm to 6 mm
with an increment of 1 mm.

b)

5.2. Validation of finite element model
By using the parameters introduced in Section 5.1 and comparing
the result with the theoretical model introduced in Section 2, the effectiveness of the proposed FEM simulation model is demonstrated. The
displacement response curves of the theoretical solution and FEM
simulation are shown in Fig. 3. It is found that the results obtained
with the two types of methods are quite close, and the maximum error
is around 9%. Further, it is more convenient to apply FEM to analyze
the rockfall impact on buried corroded pipeline’s dynamic reliability.
Subsequently, the reliability of the buried pipeline will be evaluated
and updated through a large number of FEM simulation data.

Fig. 2. Finite element model for the pipeline: a) finite element model of pipesoil-rockfall, b) mesh division of the pipeline and enlargement of the
defect’s mesh

(explicit) contacts, and the penalty function algorithm is adopted.
Moreover, in order to simplify the simulation process, this paper
selects a single pipe as the research object, where the influence of
pipe connection on the simulation results is ignored [34]. Within the
impact model, three types of factors are considered in the boundary
conditions, they are: (1) limit the rigid displacement of the pipeline
along the vertical direction of the soil, and the soil’s bottom boundary
is set as a fixed one; (2) set the soil and pipeline’s section symmetrical
boundary conditions; (3) the rockfall is restrained, and it can move
only vertically along the soil.

5. Results and discussion
5.1. Parameter determination
In this section, to demonstrate the effectiveness of the proposed
method, numerical cases are conducted to analyze the dynamic response and reliability variation for the pipeline with corrosion de-
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Fig. 3. Displacement response results of FEM simulation and theoretical solution

5.3. Parameters analysis of rockfall impact
Here, the rockfall mass is assumed to be 160.7 kg, the impact velocity is 20 m/s, and the axial distance to the center of the corrosion
defect is 2500 mm. With respect to different impact times, the impact
analysis results are shown in Fig. 4. Figs. 4(a)-(b) show the falling
contact process of rockfall impact. The radial displacement results
show that the rockfall only contacts with the soil in 0s and reaches the
deepest point in 0.01s. Meanwhile, the rockfall has moved 152.7 mm
downward. Figs. 4(c)-(f) show the rebound process after the rockfall hitting against the deepest point. It is found that the rockfall rebounds upward at 0.02s and moves upward by 47.8 mm. Moreover,
the trend is more obvious at 0.05s, where the rockfall moves upward
by 166.2 mm.
A large number of simulations are carried out to analyze the influence of rockfall masses, velocities and axial distances on the corrosion defect. Table 3 lists some of the results of the simulation.
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a)

b)

c)

d)

e)

f)

Fig. 4. Variation of rockfall radial displacement during impact: a) the impact time is 0s, b) the impact time is 0.01s, c) the impact time is 0.02s, d) the impact time
is 0.03s, e) the impact time is 0.04s, f) the impact time is 0.05s
Table 3. Simulation results under different parameters of rockfall
Rockfall mass (kg)

Rockfall velocity (m/s)

Axial distance from corrosion defect (mm)

68.90

30.00

0.00

68.90

68.90

68.90

68.90
68.90
68.90
68.90
68.90
68.90
68.90
68.90

10.00

20.00

10.00

20.00
30.00

20.00
30.00

10.00

137.80

137.80

137.80

137.80

137.80

137.80

137.80

625.00

1875.00

30.00

137.80

137.80

625.00

10.00

20.00

20.00
30.00

20.00

30.00

10.00

20.00

30.00

10.00

20.00

30.00

Von Mises (MPa)

625.00

1250.00

10.00

137.80

0.00

10.00

137.80
137.80

0.00

1250.00
1250.00
1875.00
1875.00
0.00
0.00
0.00

625.00

625.00

625.00

1250.00

1250.00

1250.00

1875.00

1875.00

1875.00
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335.60

354.20

384.70

236.10
289.20
305.30
227.70
259.70
284.60
233.60
264.30
321.50
346.40
549.00
677.50

335.50

538.00

643.00

323.20

493.50

616.20

313.30

514.20

594.80
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a)

b)

c)

Fig. 5. Nephogram of pipeline’s stress under different impact velocities: a) 10m/s, b) 20m/s, c) 30m/s

5.3.1. The effect of impact velocity
Fig. 5 shows the von Mises equivalent stress nephogram corresponding to the buried pipeline under the impact velocity from 10m/s
to 30 m/s. The stress nephogram of changing rockfall mass and impact
position is similar to that in Fig. 5. The results show that the pipeline’s
von Mises equivalent stress will increase with the increase of impact
velocity. The reason is that the increase of impact velocity will increase the rockfall’s energy impacting on the soil, which will increase
the deformation of the buried pipeline. Meanwhile, since the strength
of the corrosion defect is low, and the increase of the load will lead to
the transfer of the maximum stress position.

line’s deformation and stress concentration. Fig. 7 shows the curves of
the von Mises equivalent stress of the buried pipeline vs. the rockfall’s
mass with different velocities. Obviously, under the same impact velocity, the pipeline’s von Mises equivalent stress will monotonously
increase with rockfall mass. It is found that the larger the impact velocity, the larger the von Mises equivalent stress will be. When the
rockfall mass exceeds a critical value, the peak of the pipeline’s von
Mises equivalent stress will exceed the yield strength, and finally result in the pipeline’s failure.

Fig. 7. Von Mises equivalent stress curve (impact position of 1250mm)
Fig. 6. The effect of impact velocity variation on von Mises equivalent stress

Fig. 6 indicates the relationship between the von Mises equivalent
stress and the impact velocity under different axial distances. It is
found that for buried pipeline, the von Mises equivalent stress increases with the increase of impact velocity, when the impact position
is from 0 mm to 2500 mm. However, the relationship between the
impact velocity and von Mises equivalent stress is not a simple linear growth relationship. The impact force increases with the increase
of rockfall velocity, and the pipeline’s peak stress will also increase.
Meanwhile, as the impact position of rockfall will gradually move
away from the corrosion defects, the von Mises equivalent stress will
first decrease when the axial distance is within 0mm-1250 mm, and
then increase when the axial distance is within 1250-2500 mm.
5.3.2. The effect of rockfall mass
Moreover, according to Eq. (1), the impact energy will increase
with the increase of the rockfall’s mass, and it will aggravate the pipe-
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5.3.3. The effect of impact positions
Fig. 8 shows the curves of the von Mises equivalent stress under
different impact positions and velocities. It is found that at the same
impact position, the von Mises will increase with the increase of rockfall impact velocity. Meanwhile, as the position of the rockfall impact moves gradually away from the pipeline’s defect, the von Mises
equivalent stress will first decrease and then increase. Fig. 9 describes
the relationship between the impact positions and the von Mises
equivalent stress. Actually, it can help to explain the above results.
According to Fig. 9, when the rockfall mass is 68.9 kg and the
impact velocity is 10 m/s, as the impact position of the rockfall moves
gradually away from the defect center, the pipeline’s corresponding
position of von Mises equivalent stress changes greatly. Some conclusions can be gained as follows:
(1) When the impact position is at the defect center (i.e. 0 mm), the
maximum stress will occur at the defect’s edge. As the impact position
increases from 0mm to 1250 mm, the maximum stress will gradu-
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5.3.4. The effect of corrosion defect

Fig. 8. The effect of impact position on von Mises equivalent stress

The existence of pipeline corrosion defects will lead to the decrease
of its strength. Therefore, in this section we study the influence of corrosion defect size on the von Mises equivalent stress of the pipeline.
When the impact mass of rockfall is 91.8 kg and the impact position is
0mm, the analysis results are shown as in Fig. 10. Figs. 10 (a) and (b)
show the stress diagrams corresponding to the change of defect length
and width respectively. It can be found that the stress increases with
the increase of defect length, while the increasing speed decreases
gradually. The overall variation range of von Mises equivalent stress
is very small, basically within 25 MPa. Meanwhile, when the impact
velocity increases, the stress will increase accordingly. The change
of corrosion defect width has the same trend. Fig. 10 (c) shows the
effect of the change of defect depth on the stress. It can be seen that
a)

b)
Fig. 9. The relationship between impact position and von Mises equivalent
stress relative defect position

ally move to the defect center. With the further increase of the impact
position, the position of the maximum stress will suddenly move to
the impact position. In this study, the impact position that caused the
sudden change of maximum stress position is defined as the critical
impact position. When the rockfall mass is 68.9 kg and the impact
velocity is 10m/s, the critical impact position is around 1250 mm. The
reason is that the effect of the corrosion defects on the pipeline is
weakened gradually, and the effect of the impact on the pipeline stress
is larger than the defect.
(2) When the rockfall’s mass remains unchanged and its velocity
increases from 10 m/s to 30 m/s, the maximum stress is still at the
edge of the defect, with the rockfall impact happening at the defect
center. With the increase of the impact position, the maximum stress
will also move to the impact’s position. As the velocity of the impact
becomes larger, the critical impact position becomes smaller. When
the rockfall’s mass is 137.8 kg, the curves for different velocities are
similar while with smaller critical impact positions.
(3) When the impact energy is less than a certain threshold, and
within the critical impact position, the maximum stress gradually
moves from the defect edge to the defect center. When the impact position is larger than or equal to the critical impact position, the maximum stress position will move to the impact area.
According to Figs. 6-9, it is found that the impact mass, velocity,
and the position of the rockfall impact will affect the results of the von
Mises stress. To further evaluate the reliability of the buried pipeline
under the rockfall impact, the relationship among these factors and the
pipeline’s von Mises equivalent stress needs to be investigated.

c)

Fig. 10. The stress diagram of different corrosion defect geometry: a) different
corrosion lengths, b) different corrosion widths, c) different corrosion
depths
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the stress increases with the increase of defect depth, which is almost
linear. When the impact velocity is 30m/s, the overall variation range
of von Mises equivalent stress amplitude reaches 229 MPa. Therefore, the equivalent stress of the pipeline is greatly affected by the
defect depth.

5.4. Fitting of rockfall parameters
The coupling relationship among the mass, velocity, impact position and pipeline’s maximum von Mises equivalent stress are shown
in Fig. 11. From Fig. 11 (a), with the increase of the impact velocity and impact time, the von Mises equivalent stress continues to increase. The relationship among the rockfall mass, impact time and the
von Mises equivalent stress are shown in Fig. 11 (b), and it has a similar trend as Fig. 11(a). Meanwhile, the effect of the rockfall impact’s
position on the von Mises equivalent stress is shown in Fig. 11(c).
Obviously, compared with the rockfall mass and impact velocity, the
effect of the rockfall impact’s position on the von Mises equivalent
stress is relatively small. Here, the polynomial function is used to fit
the relationship among the rockfall mass, velocity, impact position,
and the maximum equivalent stress of the pipeline. Moreover, by using the parameters fitting technique, the results can be quantified to
update the corroded pipeline’s reliability under the rockfall impact.
To better describe the change process of von Mises during impact,
we draw the trend diagrams of stress and rockfall parameters under
different parameters in Fig. 11. Among them, the change slope of von
Mises can be obtained.
a)

b)

c)

Here, R-squared (R2) is used to evaluate the imitative effect of the
fitting function, and it is shown as in Eq. (40) [37]:



R2 =

∧



∑  yi − y 




∑ ( yi − y )

2

2

where
y is the ith observation; y is the mean value of observed value;
∧ i
and yi is the ith observation of linear regression.

After the impact time is 0.05s, the relationship between von Mises
stress and rockfall mass, impact velocity and impact position is shown
in the Fig.12.
Fig. 12 shows the relationship between rockfall parameters and
stress after impact. Among it, Fig. 12 (a) shows the von Mises stress
relationship corresponding to the change of rockfall mass and velocity when the impact position is 625 mm; Fig. 12(b) shows the stress
contour map under different masses and velocities. When the velocity
increases from 10 m/s to 30 m/s and the mass increases from 72 kg to
160 kg, the peak stress gradually increases from 100 MPa to 500 MPa.
And the rockfall velocity has a greater impact on the stress. Fig. 12(c)
indicates the relationship among the stress and the rockfall mass and
the impact position when the impact velocity is 10m/s. The corresponding stress contour map is shown in Fig.12(d). As observed from
Fig.12(c) and Fig.12(d), when the rockfall mass increases from 72 kg
to 160 kg and the impact position increases from 0mm to 1800 mm,
the peak stress changes from 100 MPa to 300 MPa. As the impact position varies from 600 mm to 1800 mm, the stress will decrease first and
then increase. In this process, the stress amplitude changes little. The
stress relation diagram corresponding to different rockfall velocities
and impact positions when the rockfall mass is 68 kg are shown in
Figs.12(e)-(f). When the rockfall velocity increases from 10m/s to
30 m/s and the impact position increases from 0mm to 2500 mm, the
peak stress changes from 240 MPa to 380 MPa. The change of peak
stress has a similar trend with that in Fig.12(c)-(d).
Through the analyses in Fig. 12, we find that both the rockfall
mass and impact velocity have a positive correlation with von Mises
stress, while the relationship between impact position and stress is
relatively complicated. In order to better describe the relationship between these parameters and von Mises stress, artificial neural network
(ANN) model is used in this paper. The rockfall mass, impact velocity
and impact position are taken as input variables and stress as an output variable. The relationship among them is shown in Eq. (41). The
finite element simulation data for selected factors are used to train the
ANN model and the simulation data points are randomly divided into
three sets: (1) 70% for training; (2) 15% for testing; and (3) 15% for
validation. Through running multiple tests with different ANN model
parameters, we find that when the number of input layers is 3, the
number of hidden layers is 10 and the number of output layers is 1, the
prediction accuracy of ANN model is the best. The predicted results
are shown in Fig.13. It can be seen from the Fig.13 that the prediction
accuracy of the ANN model is relatively high (R2 is 0.9765). Subsequently, the von Mises equivalent stress results of the pipeline under
different parameters can be predicted based on this model:
S = f (m, v, d )

Fig. 11. Variation of the pipeline’s von Mises equivalent stress under different parameters: a) Von Mises equivalent stress vs. impact velocity
and impact time, b) Von Mises equivalent stress vs. rockfall mass and
impact time, c) Von Mises equivalent stress vs. impact position and
impact time
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(40)

(41)

5.5. Reliability analysis of buried corroded pipeline
As mentioned previously, when the rockfall contacts the soil for
the first time, the impact energy is the largest, and the impact force on
the underground pipeline is the largest. When the rockfall impacts the
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a)

b)

c)

d)

e)

f)

Fig. 12. Investigations of rockfall impact parameters on stress after the rockfall impact: a) stress vs. rockfall velocity and rockfall mass, b) contour map of Fig.12a),
c) stress vs. rockfall mass and impact position, d) contour map of Fig.12c), e) stress vs. rockfall velocity and impact position, f) contour map of Fig.12e)

pipeline, the rockfall’s first impact has the most significant harm to
the pipeline.
Here, the MCS is applied to evaluate the variation of the buried
corroded pipeline’s failure probability. The distributions for the pipeline’s parameters are shown in Table 4 [10]. Combined with the expected failure LSF of corroded pipeline, we can obtain the buried corroded pipeline’s reliability before the rockfall impact by using MCS.
According to the proposed ANN Model, the von Mises stress can be
predicted for different rockfall parameters. Based on the time-varying
reliability theory, the time-varying failure probability model of corroded pipeline is established by taking the yield strength of pipeline
material as the structural resistance and the equivalent stress caused
by loads as the additional load. After calculating the crossing rate,
the pipeline failure probability after rockfall impact can be obtained
by Eq. (31). Among them, the parameters of crossing rate can be determined by Eqs. (34)-(39). The changes of pipeline reliability after
rockfall impact are shown in Figs. 14-16 respectively.

5.6. Sensitivity analysis

Fig. 13. R value corresponding to ANN model

soil again, the impact force on the ground is significantly reduced, and
the kinetic energy after the rebound is far less than that for the first
time. Thus, during the process of the rockfall impact on the buried

In this section, the sensitivity analysis of the rockfall impact velocity, mass, and impact position on pipeline’s reliability is conducted.
Generally, the greater the impact energy is, and the more prone the
buried pipeline will fail. The selected numerical cases focus mainly on
the extreme cases, and the rockfall’s impact velocity is 30 m/s. The results for different rockfall masses are compared, as shown in Fig. 14.
Fig. 14 shows the impact analysis results of the rockfall mass on the
pipeline’s reliability. The rockfall’s impact velocity is fixed at 30m/s.
The pipeline’s reliability under different rockfall masses are shown in
Fig. 14(a). Obviously, with the increase of rockfall’s mass, the pipeline’s reliability decreases. The reason is that the increase of rockfall’s
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Table 4. Parameters of various pipeline distributions
Parameters

Mean value

Standard deviation

Distribution type

Wall thickness/mm

8.00

0.07

Normal

Diameter/mm

Yield strength/MPa

813.00

448.50

18.00

28.00

Normal

Normal

Tensile strength/MPa

535.00

36.00

Normal

Initial corrosion depth/mm

4.00

0.15

Lognormal

Internal pressure/MPa

Initial corrosion length/mm

2.00

400.00

0.80

Normal

2.00

Lognormal

a)

a)

there exists a sudden change in the 10th year. With the
increase of the rockfall mass, the failure probability of
the pipeline increases significantly.
Fig. 15 shows the results of the impact velocity on the
pipeline’s reliability, where the rockfall mass is 160.7kg.
Fig. 15(a) shows the real-time change of pipeline’s reliability under different impact speeds. When the velocity
of the impact is small, the pipeline’s reliability remains at
a high level. As the impact velocity increases gradually
from 10m/s to 30m/s, the reliability declines significantly. The reason is that with the increase of the impact velocity, the pipeline deformation and the local equivalent
stress will increase, and it is closer to the critical yield
strength. When the impact velocity reaches 30m/s, the
pipeline’s reliability will be far lower than the allowable
reliability. Fig. 15(b) indicates that the impact velocity
can affect the pipeline’s reliability greatly.

a)

b)

b)

b)

Fig. 14. The effect of different rockfall masses on pipeline’s reliability:
a) pipeline’s reliability, b) pipeline’s failure probability

mass will increase the impact’s energy, thus increase the pipe’s deformation and reduce its strength. Furthermore, with the increase of the
rockfall’s mass, the rockfall’s energy impact to the soil is gradually
enhanced, which will significantly reduce the pipeline’s reliability.
Fig. 14(b) shows the impact of rockfall’s mass on the pipeline’s reliability. The rockfall impact happens in the 10th year. And the curve of
m=0 kg indicates that there is no rockfall impact as the reference line.
It can be seen that the rockfall impact has great impact on the buried
pipeline’s reliability. Moreover, compared with no rockfall impact,
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Fig. 15. The effect of different impact velocities on pipeline reliability:
a) pipeline’s reliability, b) pipeline’s failure probability

Fig. 16 shows the results of the impact’s position on pipeline’s reliability. The impact’s position is evaluated as the axial distance from
the center of the corrosion defect. The variation of the pipeline’s reliability with different impact positions is shown in Fig. 16(a). The
results show that as the impact position increases from 0 mm and
when it is smaller than the critical impact position (i.e. 1250 mm), the
reliability will increase. However, when the impact position exceeds
1250 mm, the pipeline’s reliability will decrease. Fig. 16(b) shows
the curves of pipeline’s failure probability when the rockfall impact
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impact time, and it will result in the increase of the subsequent failure
probability. However, compared with the impact mass and velocity,
the impact’s position has relatively small impact on the pipeline’s reliability.
As a summary, the mass and velocity of the rockfall can significantly affect the pipeline’s reliability. Therefore, to evaluate pipeline’s
reliability accurately, it is essential to take into account the effect of
the rockfall’s impact.

a)

6. Conclusions
In this study, a novel approach is proposed to evaluate the effect
of rockfall impact on the buried pipeline’s reliability, where the finite
element simulation and time-varying reliability theory are integrated.
The finite elements model of pipeline-soil-rockfall is established by
ABAQUS, and the pipeline’s stress-strain results under the rockfall
impact are analyzed. Moreover, the results are also verified with the
results from theoretical mechanical modeling. It is found that the
length and width of the corrosion defects have little influence on von
Mises equivalent stress, and the depth of defects has a great influence.
The rockfall’s mass and velocity have relatively large effect on the
pipeline’s dynamic response and failure probability. While the variation of rockfall impact’s axial distance from the corrosion defect has
a relatively small effect on the pipeline’s reliability. The proposed
method can help to make decisions regarding the pipeline’s integrity
planning in engineering practice.
Actually, besides the rockfall impact, the buried pipeline’s reliability is affected by various types of environmental factors. In this
paper, the impacts of rockfall’s velocity, mass and impact position on
the pipeline’s reliability are studied. In the future, other factors can
be considered further, including internal pressure, buried depth, etc.
Moreover, to better evaluate the pipeline’s reliability, we can improve
the accuracy of finite element simulation by establishing a pipe-soil
geometric model more close to the actual working condition and improving the relevant soil parameters.

b)

Fig. 16. The effect of impact’s positions on the pipeline’s reliability: a) pipeline’s reliability, b) pipeline’s failure probability

happens in the 10th year. It is found that under the rockfall impact,
the pipeline’s failure probability will increase instantaneously at the
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Abstract

• Temperature-dependent pump capacity is shown This paper describes investigation on the influence of hydraulic oil temperature on the
performance of a hydraulic pump. The aim of the research is to determine changes in
for a wide range of pressures and speeds.
volumetric efficiency of the pump in the form of maps of operation at different temperatures
• Testing and controlling the temperature of the
of the hydraulic oil, in conditions of variable speed and pressure. The described tests
working medium ensures a stable process.
were carried out on an experimental stand with a hydraulic fixed-displacement gear pump
• Too high hydraulic oil temperature negatively af- controlled by a servo motor. Based on the signals from the sensors processed with the
fects the hydraulic pump performance.
LabVIEW program, maps of the hydraulic pump operation were drown in a wide range of
• The dependence of the flow rate on speed and speeds and temperatures. The paper presents the results of the research and based on this the
conclusions regarding the main aim of the research and others that were observed during
temperature enables diagnose the pump.
the measurements were presented. The most important conclusion from the study shows
that the temperature-dependent characteristics provide users with a significant amount of
information such as operating conditions that will ensure a high level of efficiency.
Keywords
This is an open access article under the CC BY license hydraulic pump, volumetric efficiency, temperature-dependent characteristics, variable
(https://creativecommons.org/licenses/by/4.0/)
speed drive, hydraulic oil.

1. Introduction
Nowadays, industrial machines are more and more advanced. They
use various electronic, pneumatic or hydraulic systems. In processes
where high power and accuracy are required, hydraulic systems are
used. The most important part of such systems is the hydraulic pump,
which ensures the proper flow of the working medium. Tsankov et al.
[16] paid attention to gear pumps manufacturability – such as ease of
manufacture, a wide range of design, hydraulic parameters and relatively low cost. Due to their popularity, gear pumps are used in various industries, such as metal forming, transport machines, positioning
systems, lifting systems or presses. Hydraulic pumps and the drives
used with them should be adapted to work in various conditions and
different places. Regardless of them, the pump should always offer
the greatest possible efficiency, because its parameters affect the performance of the entire machine. For this reason, systems equipped
with a hydraulic gear pump are more and more often the subject of
experimental tests and simulations. Unfortunately, manufacturers of
hydraulic pumps provide only limited operating parameters or characteristics for selected rotational speeds of motors. Sometimes it even

happens that the data from the directories differ by up to 25% from
the reality [19]. This has a significant impact on the real behaviour
of the machine and may cause it to malfunction. Proper knowledge
of the correct operating parameters of the pump can bring measurable benefits in the form of the possibility of its diagnosis and the
expected wear time. This is especially important when estimating the
durability of aviation hydraulic drives, where any failure can cause a
catastrophe [17]. Another important example of proper diagnostics of
hydraulic systems are machines with related redundancy with ensuring the safety of a continuous flow of materials, in which the delivery
of materials is carried out continuously (24 hours a day). It is necessary to ensure the collection and transport of the material at a strictly
defined time and in the required quantity. It is a system in which the
presence of a failure poses a threat to human life and environmental
degradation [6].
Numerical calculations can be used to predict the behaviour of hydraulic systems. Unfortunately, they are burdened with errors resulting from simplifications and assumptions, which is why experimental
research, and its proper interpretation are so important [14]. In order
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to increase the effectiveness of the methods of predicting the life and
wear of hydraulic drives to be more effective, several parameters of
their operation should be taken into account. Apart from variable load
conditions or different speeds of the motors driving the pumps, it is
worth considering the influence of the operating oil temperature. In
all hydraulic systems, oil heats up in the same way – by friction. In
classic hydraulic systems, the flow is often controlled using throttling,
which also significantly affects the temperature of hydraulic oil. In
closed-circuit hydraulic systems, small tanks are installed to leakage
compensation, which results in a smaller amount of liquid in the system and faster heating of it. In open-circuit systems, larger tanks are
used to reduce oil heating. Despite this, long-term operation of the
hydraulic system consequently causes the oil to heat up as a result
of friction, and the only way to maintain a constant temperature is to
use a cooler. Besides, the temperature of the oil can be influenced by
the outside temperature. Machines using hydraulic systems are found
in non-air-conditioned warehouses, workshops or technological halls.
There are also mobile systems used in construction machinery or the
mining industry, where temperatures can be high. As temperature increases, oil viscosity decreases, and the properties change at the same
time. It is important to know these changes because the task of the
working medium is not only to transfer energy, but also to lubricate or
even cool the system moving elements through heat dissipation [9]. It
is very well visible in the study of the influence of temperature on the
force that can be transmitted by hydraulic shock absorbers. Increasing
the speed reduces the available force and the range of motion of the
absorber, which results in less energy dissipation [4]. The change in
the viscosity of the liquid affects the values of the transmitted torques,
pressure drops, flow rate losses, and thus power [5]. For this reason,
the technical specification of a given product should be carefully read
when the hydraulic system is designed. It seems like a truism, but gear
pump manufacturers typically show characteristics only for one (less
often several) selected operating temperatures without displaying the
entire range, so it is advantageous to know the map of the hydraulic pump operation under specific conditions for a given application.
Rydberg [9] and Tkáč [12] described the research on hydraulic oils
and they were found, that the type and manner of using the working medium used has a significant impact on the performance of the
hydraulic pump.
Many of the research conducted do not take into account the
change in temperature of the working fluid. Some papers contain tests
of systems only for specific temperatures of the working medium with
a difference up to a dozen or so Celsius degrees. Tsankov et al. [16]
presented the characteristics of the pump for several selected temperatures of the oil with one operational speed of the pump. Voicu
et al. [18] performed tests on the characteristics assuming a constant
temperature of the working medium but did not present them at other
temperatures. The efficiency research of the fixed-displacement gear
pump operating in bidirectional mode in closed circuit controlled by
a servomotor, are presented in [19, 20] however without temperature
level changes. The use of this drive allows to absorb flow drops caused
by e.g. leaks. This phenomenon is also subject to many studies, even
in the case of hydraulic systems in which water is the working medium
[1]. Stawiński et al. [10] presented the system which compensate the
leakages of the pump basing on experimental determined flow characteristics of the pump for different operational speeds (hence different
oil flows from the pump). Tests were conducted without research of
different temperatures influences. Similar studies were carried out by
Pascal et al. [7], where the influence of the temperature of the working
medium was not investigated either. There are also papers presenting simulations of such phenomena with appropriate mathematical
descriptions. Szwemin et al. [11] presented an example of an oil flow
simulation in a gear pump, which was compared with the results of
the experiment at a constant temperature of hydraulic oil. The authors
concluded that the analysing the flow inside the pump is a difficult
process based only on experiment. Another examples are the pumps
efficiency tests for different output flows generated by variable pump
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displacement [8] operating in closed circuit and change of the gear
pump speed [15]. The pump characteristics under different environmental conditions were investigated. The results of their tests show
research at constant temperatures of the working medium. In turn,
the studies shown by Ketelsen et al. in [2] and Zecchi et al. in [21],
by simulation and experimentation, the influence of the temperature
of the working medium on the pressure and flow values obtained was
examined, but also for a few selected temperature values.
All the papers confirms that tests of hydraulic pumps in a wide
range of parameters are necessary for the correct design of hydraulic
systems with the highest efficiency and also shows a decrease of pump
efficiency with increasing temperature of the working medium. In this
paper the studies of influence of temperature, operating pressure and
rotational pump speed on pump efficiency are presented. These are
studies not available in nowadays literature. It must be underlined that
tests were carried for the wide range of both pressure and speed and
temperature. The paper also confirms that the studies of gear pump
efficiency considering three above operation parameters are important
for proper operation of hydraulic systems with variable speed pumps.
The research carried out and the results discussed in this paper complement the lack of available research papers.
This paper is organized as follows. Chapter 2 contains detailed information on the test stand and the method of conducting the research.
The method of processing measurement data and their conversion is
also shown. Section 3 shows the experimental test results as the maps
of the hydraulic pump operation, presenting the relationship between
pressure, volumetric efficiency and temperature, measured in different pump speeds. The last Chapter 4 contains an analysis of the results
as well as conclusions and observations from the conducted research.

2. Methodology
The measurements were carried out on a laboratory test stand,
which is described in detail below. The technical specification of the
subassemblies is given, and the measurement program is presented.
The research methodology and the scope of the tested parameters are
described, as well as the process of processing measurement data. The
conversion of measurement data into volumetric efficiency was also
mentioned in order to better present the research results.

2.1. Laboratory test stand
The electro-hydraulic laboratory test stand for the testing of pumps
and valves is shown in Fig. 1. This stand was the subject of research
in previous studies carried out by Kosucki et al. [3], where pressure
valves were tested. The modernization of this stand, consisting in the
expansion of the control and measurement program and the installation of the temperature sensor, allowed for further scientific research.
The hydraulic scheme of the test stand is shown in Fig. 2.
The tested element is the PGP505 fixed-displacement gear pump
(1) driven by the AC synchronous motor with the permanent magnet SEW-EURODRIVE CFM90S4 (2) fed by the frequency inverter
SEW-Eurodrive Movidrive MDS60A0055 (3). The use of this type of
drive makes it possible to test a hydraulic pump for a wide range of
speeds. The rotational speed of the pump is measured by a resolver
installed on the motor shaft. The frequency inverter is connected to
the measurement and control device (MCD) via the appropriate outputs and inputs. The gear pump ports are connected to the system and
the hydraulic oil reservoir by flexible hoses to isolate the vibrations.
The rest of the system, connected with rigid steel pipes, is equipped
with control and measuring components. These include the GFM-30
flow meter (4) and HBP P8AP pressure transducer (6). The Pt100
HTFB2 resistance temperature sensor with the TP9237 temperature
transducer (7) was used to measure temperature of the hydraulic oil in
the hydraulic tank, which was placed near suction line of the pump.
The load adjuster in the system is the WZPSE6 proportional valve
with the ZELPRO Controllable current amplifier type 20RE10E (5).
In order to reach the set pressure, the DSL081 valve (10) must be
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Table 2. The maximum ranges of parameters that can be obtained on a
laboratory stand

Temperature
[°C]

23 - 90

Ranges of laboratory stand parameters
Pressure

Speed

0 - 21

0 - 3000

[MPa]

[rpm]

Flow

[lpm]

0 - 15

amined in order to obtain as much key information as possible. The
values of the ranges of temperatures, pressures and flows presented
in Table 2 result from the maximum and minimum values that were
achieved during all measurement series.

2.2. The principle of operation of the LabVIEW program
Fig. 1. Electro-hydraulic laboratory stand

In order to process the signals from the measuring sensors, it was
necessary to properly configure the inputs and outputs in the measurement and control device NI 6259. LabVIEW software has many
features that make this process much easier.
Fig. 3 shows the ‘Diagram block’ of the measurement program developed in LabView software allowing control of the
valve operation and motor speed and measurement of important
values. The program was built to enable the generation and setting of the assumed signal controlling the engine speed in the
range of 0-3000 rpm and the assumed pressure control signal
in the range of 0-21 MPa. The program also included blocks responsible for measuring signals from transducers, respectively
pressure, flow rate, engine speed and temperature of the working liquid. All measured and control signals were, after appropriate conversion to their units, displayed on charts and simultaneously saved in a csv file.

2.3. Measurement method
Fig. 2. Hydraulic scheme of the laboratory stand

switched. If the proportional valve is set to 100% close, the relief
valve RAH081S50 (9) will open. The list of all components with their
operating parameters is presented in Table 1.
Before starting the measurements, certain ranges of temperature,
pressure, flow and rotational speed values were assumed to be exTable 1. Parameters of system components
No.

Component

1

Pump PGP505 A0050CQ2D2NE3EB1

3

Frequency inverter MOVIDRIVE MDS60A0055-5A3-4-00

5

Proportional valve WZPSE6 with ZELPRO-20RE10E

7

Temperature sensor PT100 TiTEC HTFB2/PT100/200/4L
with transducer Ifm electronic TP9237

9

Relief valve RAH081S50

2
4
6
8

10
11

Motor CFM90S/BR/TF/RH1M/SB50
Flow meter GFM-30 3143-03-35.00
Pressure transducer HBM P8AP

Computer with LabVIEW software
Solenoid valve DSL081

NI USB-6259 DAQ Device

In accordance with the assumed goal of determining pump
operation maps, it was necessary to plan an appropriate measurement process so that it would not take much time and be accurate. Due to rapid heating of the hydraulic oil and the lack of a
cooler in the hydraulic system, the series of measurements were
carried out at greater intervals, maintaining the same environmental
conditions. Each of the measurement series started with low hydraulic
oil temperatures – a temperature about 23 degrees Celsius.
The load in the system was generated using the WZPSE6 proportional valve operating during the DSL081
valve was actuated. The amplifier controlling the WZPSE6 valve was controlled by a voltage in the range of 0-10 V,
Parameters
which came from the measurement and
5 cm3/rev, 500 - 4000 rpm
control card. In order to determine the appropriate characteristic, the valve control
400 V AC, max. 3000 rpm
voltage had to be gradually increased. A
5,5 kW
range of 0-9 V in 1 V steps was assumed.
In practice, this made it possible to reach
0,2 – 30 lpm, accuracy ±0,5%
the pressure of up to 18 MPa.
60 lpm, max. 21 MPa
The pump rotational speed was set by
voltage signal in the range of 0-10 V, promax. 50 MPa, accuracy ±0,3%
portional to assumed speed. This signal
from the MCD was the input function
−50 - 400°C, class A
to the servo drive. The pump rotational
speed range recommended by the manuLenovo Ideapad Y530 with
facturer (above 500 rpm) was tested. In
NI LabVIEW 2015 SP1
order to investigate the influence of oil
max. 35,5 MPa, max. 75,8 lpm
temperature on the leakage occurring
in the hydraulic pump, measurements
max. 25 MPa
were also made for lower speeds, from
16-bit, max. 1.25 MS/s
100 rpm to 500 rpm. The speed range
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tion (1), where Q – output flow rate [m3/s],
VG – geometrical volume of hydraulic pump
[m3], and ω – angular speed of hydraulic pump
[rad/s] [11, 13]:

ηv =

2.5.

Fig. 3. ’Diagram block’ – measurement program

between 1000 rpm and 3000 rpm was performed with a step of 200
rpm, while below 1000 rpm, the tests were carried out with a step of
100 rpm. The measurement was also carried out at a speed of 1500
rpm due to the fact that it is one of the most frequently used rotational
speeds in hydraulic pumps.
Measurement of flow, pressure and temperature was continuous
with the sampling frequency dependent on the frequency of the MCD.
The values of these parameters were saved in appropriate files and
then processed. All series of measurements, for each tested hydraulic pump speed, were carried out until the maximum oil temperature
resulting from the system load was reached. The maximum achieved
temperature was over 90 degrees Celsius.

2.4. Hydraulic pump volumetric efficiency
Based on the measurements of the hydraulic pump, the volumetric efficiency of the pump can be determined by the following equa-

Q
⋅ 100 [%]
VG ⋅ ω

Processing of measurement data

The received .csv files containing the measurement data were processed in the Gnuplot
software. The processing of the measurement
data began with the removal of noise from the
signal generated by the movement of the proportional valve. Noise removal was carried out
by detecting points significantly deviating from
most of the measurement points, thus obtaining
a number of measurement points very close to
each other. The measurements carried out with
the method described above meant that for one
value of pressure, flow and temperature, there
were several dozen measuring points with small deviations.
In order to further process the measurement data, a function of the
Gnuplot program called dgrid3d was used. During the measurements,
the steps between the given values of the oil temperature was not constant and amounted to approximately 2-3 degrees Celsius. Function
dgrid3d enables non-grid to grid data mapping. The most important of
the parameters is the norm parameter that controls the weight ratio –
each measurement point is weighted inversely by its distance from the
grid point raised to the norm power. This function is a simple low pass
filter that converts scattered data to a grid data set. The flow values
were computed as weighted averages of the scattered measurement
points. The ‘norm’ parameter was selected on the basis of all measuring points after the noise removal process. In the case of low speeds
of the hydraulic pump, these points were more widely scattered in
space at some points of the measurement in relation to the neighbour-

Fig. 4. Sample map of measurement points from the Gnuplot software: (a) after noise reduction, (b) after dgrid3d function, (c) after
data processing
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ing points, which meant flow fluctuations during the measurement
and was the main criterion for selecting the ‘norm’ parameter. These
fluctuations were not observed at high speeds. The larger the value of
‘norm’, the less effect of more distant data points. Accordingly, for
low speeds (below 600 rpm), a large value of the parameter ‘norm’
was assumed to be 5, except for the speed of 200 rpm, where the
parameter was set to 8. For a speed of 600 rpm and above, the ‘norm’
parameter was 3. Using low values for the parameter smoothed the
volumetric efficiency map, therefore at low speeds a higher value was
used to show flow fluctuations.
Fig. 4a shows the measurement data after the noise has been removed. Then this data should be processed using the dgrid3d function
to get the grid data set. The set of data prepared in this way made it
possible to create a surface presenting a map of the pump’s operation.
The last stage of data processing is to create a surface between the set
of points shown in Fig. 4b. The result of the described activities is the
map of volumetric efficiency shown in Fig. 4c.

3. Results
Based on the previously described methods, a series of measurements were made for 21 different rotational speeds of the hydraulic
pump. This paper presents all results of the experiment to show the
most important differences and conclusions. To make it easier to see
changes in the hydraulic pump efficiency map they are shown in 2D
view. The following symbols have been used in the graphs presented
in Fig. 5: volumetric efficiency ηv [%], hydraulic oil temperature
T [°C] and pressure p [MPa].
The maps of volumetric efficiency presented in Fig. 5 are similar,
therefore a table was created showing the maximum and minimum
values of volumetric efficiency for a pressure of about 17 MPa. This
pressure was chosen as the pressure most commonly used in hydraulic actuators. Additionally, the maximum pressure values obtained for

each speed are presented. The results are shown in Table 3 below and
also in Fig. 6. The obtained data allow to determine the range of efficiency depending on temperature for variable speeds at constant pump
load, what is important both for designing and operation of hydraulic
systems with variable speed pumps. In Fig. 6, the minimum speed
recommended by the pump manufacturer is indicated by the dashed
line. It is worth noting that at low temperatures the pump works with
high efficiency, even below this speed (about 89%). However, performance drops significantly as the temperature rises. An important
aspect is also the fact that as the temperature rises and the viscosity of
the oil decreases, the leakage at the pump increases, which makes it
impossible to obtain higher pressures.
Additionally, one extended series of measurements was made for
the speed of 1500 rpm. In this case, it started from a lower pressure by
opening the DSL081 valve and ended by completely closing the working medium circuit – in effect, the flow was through the RAH081S50
relief valve. The results of these measurements are presented in the
form of line graphs for various temperatures, every 5 degrees Celsius in Fig. 7. These curves give very clear guidelines for users of the
pumps with the most frequently used speed. The efficiency in this
case is still high (over 85%) despite the significant increase in oil
temperature. Such tests should be performed by the pump manufacturers and provided with catalogues. From these maps it is possible
to read with what efficiency the pump will work at a given oil temperature, and thus with what speed the hydraulic actuator will work.
This makes it easier to automate the work cycle and predict machine
working times.

4. Discussion and conclusions
The measurement results shown in Fig. 5. contain a lot of important
information useful for the user of the hydraulic fixed-displacement
pump. Thanks to them, it is possible to predict the behaviour of the
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Fig. 5. Volumetric efficiency maps for different speeds
Table 3. Maximum and minimum volumetric efficiencies for various pump
speeds at a pressure of 17 MPa
Speed [rpm]

Max. p [MPa]

Max. ηv (Temp.)

Min. ηv (Temp.)

300

17,01

92% (24°C)

50% (89°C)

100

200

400

500

600

700

800

900

1000

1200

1400

1500

1600

1800

2000

2200

2400

2600

2800

3000

16,85

16,90

17,03

17,08

17,26

17,35

17,46

17,56

17,60

17,75

17,87

17,94

18,06

18,18

18,27

18,43

18,57

18,71

18,87

19,26

83% (24°C)

89% (24°C)

95% (23°C)

95% (23°C)

96% (24°C)

97% (25°C)

97% (25°C)

97% (24°C)

97% (23°C)

97% (24°C)

97% (24°C)

98% (25°C)

98% (25°C)

98% (25°C)

98% (23°C)

98% (23°C)

98% (25°C)

98% (23°C)

98% (25°C)

98% (25°C)

55% (55°C)

51% (68°C)

63% (90°C)

68% (90°C)

75% (90°C)

78% (89°C)

80% (90°C)

82% (90°C)

85% (90°C)

87% (90°C)

Fig. 6. Volumetric efficiency range for 17 MPa operating pressure

88% (89°C)

86% (90°C)

90% (90°C)

91% (90°C)

91% (90°C)

92% (90°C)

92% (89°C)

93% (90°C)

93% (90°C)

93% (90°C)

pump under various conditions of temperatures, pressures and flows.
On their basis, it is possible to predict the behaviour of actuators and
take it into account during their automation or control systems. The
developed maps can also be used to diagnose pumps and systems.
When analysing the results, pay attention to the changing range of
volumetric efficiency. In accordance with the methodology described
in Section 2, first measurements were made for a speed lower than
recommended by the manufacturer of the PGP505 hydraulic pump,
the results of which are shown in Fig. 5a, b, c, d. For the first two
maps of volumetric efficiency (Fig. 5a, b), it is worth paying attention
to the lack of experimental results from the full, assumed measuring
range. This means that due to increasing leaks in the hydraulic pump

Fig. 7. Volumetric efficiency/flow vs pressure diagram for various temperatures with 1500 rpm

it was not possible to reach high pressure at high temperature of the
hydraulic oil. As the speed increased, this phenomenon subsided. The
volumetric efficiency value for these cases drops even to 40%. This
means the obtained flow range is 0.15 to 0.45 lpm. A significant decrease in efficiency is noticeable even at the temperature of 40°C.
During the measurement series, flow fluctuations at low pressure
were also noticed. For speeds higher that 200 rpm, it was possible
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to test the entire assumed measuring range. It is worth noting that for
the speed of 300 rpm (Fig. 5c) and 400 rpm (Fig. 5d), irregularities
appeared even at lower temperatures of the working medium, which
confirms the observed effect of flow fluctuations. For these cases, the
efficiency drops are as high as 50% for the highest pressure and temperature values.
The results of the hydraulic pump tests from the speed of 500 rpm
and above do not include flow fluctuations, and the decrease in volumetric efficiency is smooth and clearly visible. Increasing the speed
from 400 rpm to 500 rpm resulted in an increase in the lowest efficiency from 50% to 70%. The minimum volumetric efficiency for
the highest values of oil temperature increases with the increase of the
rotational speed. The highest level of volumetric efficiency depending
on the temperature of the hydraulic oil is observed at speeds higher
than 2600 rpm. Up to a temperature of 60°C, a decrease of only 4%
is noticeable.

The performed tests confirm that it is important to take into account
the temperature of the working medium in hydraulic systems. In order
to obtain the highest possible efficiency of the process, care should be
taken to cool the hydraulic oil to avoid loss of flow. A solution may be
the use of hydraulic oil coolers and flow regulation by changing the
speed of the hydraulic pump.
On the other hand, the development of pump efficiency maps facilitates the design of hydraulic systems and the planning of the operation of gear pumps used both in classic drive systems and systems
with variable speed pumps. They allow to determine the boundary
conditions of use of the studied pumps to the benefit of operating
parameters, durability and efficiency of the systems.
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tion, otherwise sm = 0

t
t
xm
			 - Binary variables, xm
= 1 if train m is under PM state, othert
wise xm
=0
T			 - The length of time horizon
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tei

  - The end point of the ith PM

C total

- The total maintenance costs

C

p

  - PM costs of the fleet

C

c

- Minimal repair costs of the fleet

C

f

- Operation penalty costs of the fleet

C

s

- Maintenance resource costs of the fleet

cmp

- PM costs of train m

c
cm

- Minimal repair costs of train m

c fd (t ) - Operation penalty costs of the fleet at t
c sd (t ) - Maintenance resource costs of the fleet at t
cup

- The unit PM cost

c

set

- The setup cost of PM

c

uc

- The unit minimal repair cost

c

uf

- The unit operation penalty cost

cus

- The unit maintenance resource cost

1. Introduction
High-speed railways are growing by leaps and bounds. Especially
in China, the total mileage of high-speed rail is over 38000 km in
2020. Preventive maintenance (PM) actions have been pervasively
implemented in the industrial field [6, 27, 31]. In high-speed railways,
PM can restore trains to a better condition, guarantee the safety of
trains, and prolong residual lives of trains [14]. Currently, PM actions are carried out when the operating time or accumulated mileage
of the train reaches a threshold. However, this approach ignores the
impacts of operation loss and the limitation of maintenance resources.
A certain number of high-speed trains constitute a fleet according to
their operating information. As the passenger flow fluctuates in different time periods in a year [8], the number of trains performing
maintenance simultaneously would be limited, or the fleet will suffer operation loss. Besides, the capacity of the workshop is limited,
which should be taken into consideration when making maintenance
decisions.
The research of integrating production and maintenance schedules has been studied mostly in three different ways [24, 25]. Some
researchers develop PM schedules in the production system [1, 28],
and some others take maintenance as a constraint to the production
system [20, 26]. Few researchers optimize production schedules and
maintenance schedules jointly [7, 11]. Cheung et al. [5] divide the
maintenance into two steps: long-term and short-term scheduling to
reduce the influence on production. Liu et al. [19] propose an optimization model integrating preventive maintenance and medium-term
tactical production planning. The objective is to minimize the sum
of production, maintenance and inventory, and the results prove the
effectiveness of the model. Kuo and Chang [15] investigate the interaction of the optimal production schedule and the optimal PM plan.
Naderi et al. [22] propose two approaches to solve job shop scheduling with sequence-dependent setup times and PM policies compared
with original simulated annealing and genetic algorithms. Numerical
analysis reveals the proposed algorithms perform better. Berrichi et
al. [3] propose a bi-objective approach to solve the joint optimization problem, which optimizes two criteria simultaneously. Based on
the study, they [2] further propose an algorithm based on ant colony
optimization to solve the problem, and the numerical results show
that the proposed algorithm outperforms conventional multi-objective
algorithms. Najid et al. [23] model a linear mixed-integer program
to tackle the integration problem. Hamed et al. [13] formulate a bi-
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objective optimization model integrating maintenance and production
scheduling in a multi-factor production network. Two strategies are
proposed to solve the problem and obtain the Pareto front. Linnéusson
et al. [18] contribute a hybrid simulation-based optimization framework to balance economic requirements and maintenance constraints.
Cheng et al. [4] propose a joint model of preventive maintenance, production and quality for a serial-parallel system. A simulation-based
optimization approach combining genetic algorithm and Monte Carlo
Simulation is presented to solve the problem. Maintenance threshold,
quality threshold and the length of production run are optimized simultaneously in the model. Yang et al. [32] introduce a novel heuristic
reinforcement learning method to solve the integrated problem.
In the transportation field, the problem of integrating the operation and maintenance schedule of trains is studied to improve the
efficiency of railways [30]. Gu et al. [10] propose a model making
decisions of arrival time at workshop considering the desired number
of services and the capacity of workshop. Giacco et al. [9] propose a
mixed-integer linear programming (MILP) formulation for integrating short-term maintenance schedule and railway rostering planning.
Lai et al. [16] formulate a rolling stock assignment scheduling model
considering maintenance and develop a hybrid heuristic approach to
solve the problem. Luan et al. [21] address a problem of optimizing
train routes, passing time at station as well as preventive maintenance
tasks plan simultaneously. A Lagrangian relaxation solution is proposed to decompose the original problem into a sequence of single
sub-problems. A standard label correcting algorithm is employed to
solve each sub-problem, and numerical analysis evaluates the efficiency of the proposed approach. Zhang et al. [33] develop a microscopic optimization model integrating passenger timetabling and
track maintenance scheduling. An iterative algorithm is proposed to
compute near-optimal solutions. The algorithm decomposes the whole
problem into sub-problems related to rolling stock scheduling. Zhong
et al. [34] propose a problem of train scheduling with maintenance
constraints. A two-stage heuristic approach is developed to solve the
problem. In the first stage, it focuses on the candidate rolling stock
schedule ignoring the maintenance restriction. In the second stage,
maintenance requirements are considered, and the feasibility of the
candidate schedule is checked.
Notably, the model of integrating train schedule and maintenance
schedule is addressed in the current papers. However, the researchers
mainly focus on the timetable of the trains and the short-term maintenance schedule. When developing the plan of long-term maintenance schedule, passenger flow is considered due to its influence on
operation. The need for operation limits the number of trains being
performed PM simultaneously. Wang et al. [29] study the maintenance adjustment strategy of the high-speed train under the influence
of uneven passenger distribution and compared it with the maintenance scheme without considering this factor. Lin et al. [17] introduce
a constraint for restricting the number of trains under maintenance
because of the desire for passenger transport service. But their models
are still based on the period maintenance strategy. This paper proposes a more flexible maintenance scheduling model for high-speed
trains, which result in a large solution space. A strategy called Coordinating Conflicts Preventive Maintenance (CCPM) is developed to
tackle the complex problem. The proposed strategy decomposes the
original problem into sub-problems of single high-speed train which
will be solved by interior method. Then the coordination is executed
to integrate the results of a sequence sub-problems to obtain the final
schedule.
The remainder of the paper is organized as follows. In Section 2,
we formulate the high-speed train fleet model. Section 3 is devoted to
CCPM strategy, which is applied to optimize the maintenance schedule. Numerical analysis is given in Section 4, whereas concluding remarks are presented in Section 5.
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2. Model formulation

where the length of time interval i is Ti , that is, Ti = ti +1 − ti . The
passenger flow of each time interval is different.

2.1. Problem description
We consider a high-speed train fleet set Vtrain which consists of
Ntrain high-speed trains. A model is established for making preventive maintenance plans of the fleet. The objective is to minimize the
total costs of operation and maintenance. In time horizon [0,T], PM
can only be performed in discrete time (minimum unit is day). The
assumptions of the model are given as follows:
• The initial reliability of each high-speed train follows two-parameter Weibull distribution independently. Actual reliability is influenced by dynamic passenger flow [29].
• PM will restore the high-speed train to as-good-as-new state.
Each PM action costs d days in which high-speed train cannot
operate.
• Minimal repair is implemented when a failure happens without
changing the failure rate of the high-speed train. The duration of
minimal repair can be ignored.
• The operation rate threshold of the fleet changes as dynamic passenger flow fluctuates [17]. If the number of operating high-speed
trains is lower than the operation requirement, a penalty cost will
be added to the total costs.
• PM must be implemented in the workshop. If the number of trains
entering the workshop simultaneously exceeds the capacity of the
workshop [16], a maintenance resource cost will be added to the
total costs.
To make the maintenance plans for high-speed trains in time period
[0,T], we introduce the decision variable:
1 if train m start to perform PM
t
sm
=
,
otherwise
0

(1)

where t is an integer, and m ∈ Vtrain . To better describe the model, we
introduce another decision variable to represent the state of train:
1 if train m is under PM state
t
xm
=
.
otherwise
0

(2)

Equivalence between two decision variables is derived naturally:
t
xm
=

t

∑

τ = max{0,t − d +1}

t
sm
,

(3)

where d is the duration of PM. A train cannot start to perform PM action when it is under PM state already. Thus, the train cannot start to
perform PM actions twice in any interval which length is less than d,
that is,

t

∑

τ = max{0,t − d +1}

t
sm
≤ 1.

Wang et al. [29] propose that the passenger flow factor ε i reflects
γ
the operating conditions under different passenger flow: ε i = i ,
γ0
where γ i represents the passenger flow of time interval i; γ 0 represents the basic passenger flow. The operation rate threshold of the
fleet ρi is assumed to be proportional to the passenger flow γ i , that
is, ρi ∝ γ i . Thus ρi = ε i ρ0 , where ρ0 represents the basic operation
rate. Assuming ρ0 = 1 , the equation is derived naturally: ρi = ε i .
The passenger flow factor represents the operating condition that
would influence actual failure rate. According to [12], age transformation can express the change of the operating condition. Equivalent age
i
of time interval i is calculated: teq
= ε iTi .
If train m has not been executed PM yet at t, and t is within time
interval n. The failure rate is derived:
  n −1  n −1 i

λ (t ) = ε nλ0  ε n  t − ∑ Ti  + ∑ teq
+ tbegin  ,


  i =1  i =1


where tbegin is the initial age of train m. More factors are taken into
consideration when train m has been executed PM at least once. PM
would restore the train to as-good-as-new state, that is, λ (t ) = 0 . Assuming train m has been implemented PM k times, the end point of the
last PM is tek , which is within interval n′ . The present time is t, which
is within interval n. Then the failure rate is given:


k
n′ = n
ε nλ0 ε n t − te

  n −1 

 n′

λ ( t ) = ε nλ0  ε n  t − ∑ Ti  + ε n′  ∑ Ti − tek  
n′ = n − 1 ,



 i =1

  i =1 

n −1
  n −1 
 n′

i 
k
ε nλ0  ε n  t − ∑ Ti  + ε n′  ∑ Ti − te  + ∑ teq  n′ ≤ n − 2
 i =1
 i = n′+1 
  i =1 


))

( (

(6)
where three situations are considered. The present time and the end
point of last PM are within the same interval; the two are within
adjacent intervals; the two are at least one interval apart.

2.3 Maintenance costs
The total maintenance costs include PM costs, minimal repair costs,
operation penalty costs, and maintenance resource costs.
PM costs consist of setup maintenance costs and variable costs depending on the number of PM. PM costs are given:
Cp =

2.2. Reliability model
Initial reliability of train m follows two-parameter Weibull distribuβ −1
  t β 
βt 
tion R0 (t ) = exp  −    , and initial failure rate λ0 (t ) =  
.
 α  
α α 


The passenger flow fluctuates due to seasonal changes and holidays.
Considering these factors, we separate the whole time horizon into θ
time intervals:

[0, T ] = [t1, t2 ]∪ [t2 , t3 ]∪ ... ∪ [tθ , tθ +1 ],

(5)

T

∑ ∑

t = 0 m∈Vtrain

t up
xm
c +

T

∑ δ (t )c set ,

(7)

t =0

where cup is the unit cost of PM. c set is the setup cost. δ is indicator
function:

t
1, if ∑ xm ≥ 1
δ (t ) = 
.
m∈Vtrain

0, otherwise

(8)

(4)
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Minimal repair costs are calculated by the expected number of failures. If train m performs PM action nm times, minimal repair costs
of train m are given:

 uc  t1s

T
nm = 1
c  ∫0 λ (t )dt + ∫t1e λ (t )dt 

 
c
cm = 
,
n
i +1
1
cuc  ts λ t dt + m ts λ t dt + T λ t dt  n ≥ 2
(
)
(
)
(
)
∑ ∫t i
∫tenm
  ∫0
 m
i =1 e

 



t
− N accept  ,
c sd (t ) = cus max  0, ∑ sm
 m∈V

train



(15)

where cus is the unit maintenance resource cost. The total maintenance resource costs are given:
T

Cs =

∑ c sd (t ).

t =0

(16)

(9)
where cuc is the unit cost of minimal repair, tsi represents the start
point of the ith PM, tei represents the end point of the ith PM. The
total minimal repair costs of the fleet are given:
c

∑

C =

m∈Vtrain

c
cm
.

1−

∑

where

m∈Vtrain

m∈Vtrain

(10)

T

∑ smt = N fix m ∈ Vtrain

s.t.

t
xm

Ntrain

Using the above equations and notations, we formulate the model
as follows:
min C total = C c + C p + C f + C s

When the operation rate of the fleet is lower than the threshold of
the interval, the fleet will spend great penalty costs. If the plan incurs
no penalty costs, assuming t falls in interval n, the inequality is satisfied:

∑

2.4. Operation and maintenance model

≥ ρn ,

(11)

t
xm

is the maintenance rate. ρ n is the operaNtrain
tion rate threshold of interval n. The formulation is equivalent to
∑ xmt ≤ Ntrain (1 − ρn ) . Penalty costs are calculated by the extra

t
xm
=

t =0
t

∑

t
sm
m ∈ Vtrain t = 0,1,..., T

τ = max{0,t − d +1}

t
t
xm
, sm
∈ {0,1} m ∈ Vtrain t = 0,1,..., T .

(17)
(18)

(19)

(20)

In the model, the objective (17) is to minimize the total costs of
fleet operation and maintenance. Constraint (18) guarantees that the
number of PM for each train is N fix in the time horizon. Constraint
(19) reveals the equivalence of two decision variables. Constraint (20)
ensures that the decision variables are binary.

m∈Vtrain

number of trains that exceed the set constraints. The operation penalty
costs of the fleet at t are given:


t
− Ntrain (1 − ρ n ) ,
c fd (t ) = cuf max  0, ∑ xm
 m∈V

train



(12)

where cuf is the unit penalty cost. The total operation penalty costs
are given:
Cf =

T

∑ c fd (t ).

(13)

t =0

Similarly, if the plan incurs no maintenance resource costs, assuming t falls in interval n, the inequality is satisfied:

∑

m∈Vtrain

t
sm
≤N accept ,

(14)

where N accept is the threshold number of trains entering the workshop simultaneously. Maintenance resource costs are calculated by
extra number exceeding the threshold. Maintenance resource costs of
the fleet at t are given:
Fig. 1. Flow chart of Coordinating Conflicts Preventive Maintenance (CCPM)
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3. Solution strategy
We build a mixed-integer programming model. The solution
space is large due to a great number of decision variables and the complicated non-linear objective function. Conventional operation methods can hardly solve the problem efficiently. Therefore, considering
the characteristics of the maintenance scheduling for high-speed train
fleet, this paper proposes a maintenance strategy called Coordinating
Conflicts Preventive Maintenance (CCPM). It can solve the problem
flexibly and obtain a better solution.
The process of CCPM is shown in Fig. 1. The detailed steps of the
strategy are as follows:
Step 1: Input the parameters of the model and the initial age of the
trains in the fleet.
Step 2: Decompose the main problem into subproblems of single
high-speed train and solve the subproblems.
Step 3: Combine single train maintenance plans and build the initial fleet maintenance plan. Check the initial plan from t = 0 .
Step 4: Check the states of all trains. The state of each train can be
t
t
t
t
= 0 ; xm
one of the three: xm
= 1 stm = 0 ; xm = 1 sm = 1 . If the delay
coordination condition is met, go to step 6; otherwise, go to step 5.
Step 5: If the advance coordination condition is met, go to step 7;
otherwise, go to step 8.
Step 6: Choose the specific trains to delay their PM actions according to the preset rule. Go to step 8.
Step 7: Choose the specific trains to advance their PM actions according to the preset rule. Go to step 8.
Step 8: Update the fleet plan and t = t + 1 . If t > T , go to step 9;
otherwise, go to step 4.
Step 9: Output the final operation and maintenance plan.
Observing that operation penalty costs and maintenance resource
costs link the trains together, we formulate subproblem with objective
functions, including PM costs and minimal repair costs. The number
of PM for train m in the total time horizon is N fix . Assume the start
N
N
points of PM are t1s , ts2 ,..., ts fix , and the end points are t1e , te2 ,..., te fix .
Ignoring the setup costs, PM costs cmp = cup ⋅ N fix . Minimal repair
costs of train m are given:
N fix i +1
 t1

t
T
c
= cuc  ∫ s λ (t )dt + ∑ ∫ is λ (t )dt + ∫ N fix λ (t )dt  .
cm
t
 0

te
i =1 e



(21)

The subproblem of train m is as follows:
c
min cm
+ cmp
N fix

s.t. t1s < t1e < ... < ts

(22)
N fix

< te

(23)

tei − tsi + 1 = d i = 1, 2,..., N fix

(24)

tsi , tei ∈ {0,1,..., T } i = 1, 2,..., N fix .

(25)

Considering that the objective function is non-linear, the interior
point method is applied to solve the subproblem. Combining maintenance decisions of all trains, we step into the loop to condition
judgment from the beginning of the time horizon.
If the operation rate or maintenance resource at t exceeds the thresht
t
> Ntrain (1 − ρ n ) or ∑ sm
> N accept , the
olds, that is, ∑ xm
m∈Vtrain

m∈Vtrain

delay coordination will be executed.
The number of trains to delay their PM is given:





t
t
− N train (1 − ρ n ), ∑ sm
− N accept  . (26)
N de = min  ∑ xm
m∈Vtrain
 m∈Vtrain




Exceeding the thresholds means that several trains start to perform
t
= 1 constitute set Vde . We need
PM at t. Assume the trains which sm
to select N de trains in Vde to delay their PM actions.
Similar to calculating the failure rate, if train m has not been executed PM yet at t, and t is within time interval n. Equivalent age is
given:
n −1  n −1

i
Aeq (t ) = ε n  t − ∑ Ti  + ∑ teq
+ tbegin .
i =1  i =1


(27)

If train m has been implemented PM k times, we assume end point
of last PM is tek , which is within interval n′ . The present time is t,
which is within interval n. The equivalent age is given:

ε t − t k
n′ = n
e
 n

 n′

  n −1 
Aeq ( t ) = ε n  t − ∑ Ti  + ε n′  ∑ Ti − tek 
n′ = n − 1 . (28)
i =1 
 i =1

 

n −1
n −1
n′
i
ε  t − T  + ε  T − t k  +
n′ ≤ n − 2
∑
∑
∑ teq
′
n
i
n
i
e 


 
i =1 
 i =1
 i = n′+1
 

(

)

Sorted by the equivalent age from smallest, the top N de trains in
Vde delay their PM actions to the next day. Then the process steps into
the next loop to the judgment.
If the operation rate and maintenance resource at t do not exceed
the threshold, the maximal number of advance trains is given:


t
t 
N ad = min  Ntrain (1 − ρ n ) − ∑ xm
, N accept − ∑ sm
 . (29)
m∈Vtrain
m∈Vtrain


Defining advance coordination factor tad , we search the trains
which will start to perform PM actions from t to t + tad . If no train
meets the condition, we step into the next loop; otherwise, the trains
constitute a set Vad . The maximal number is N ad , which means the
search will stop when the size of Vad reaches N ad . Finally, the trains
in Vad advance their PM actions to t (present time), and the process
steps into the next loop.
The delay coordination and the advance coordination are further illustrated with simple examples ( Ntrain = 5 ) in Fig. 2a and Fig. 2b. In
the figures, PM processes are depicted with blue bars. The green lines
and the yellow lines represent PM start points and PM end points respectively. The maintenance rate and the operation rate are also shown
to better understand the whole process. We assume N accept = 5 , so
maintenance resource constraint is not considered in the example.
Assume the operation rate threshold is 40% in the interval. Accordingly, the maximal number of trains under PM simultaneously is
Ntrain (1 − ρ n ) , that is, 3.
In Fig. 2a, we focus on delay coordination. When t comes to 5S,
four trains are under PM simultaneously, which means that the operation rate is lower than the threshold. Train 5 starts to perform PM so it
becomes the train to delay PM actions. When t comes to 2S, Train 2
and Train 5 start to perform PM. The operation constraint is violated.
So Train 2 and Train 5 delay PM actions together. When t comes to
1E, N de = 1 according to (26). We choose one from Train 2 and Train
5 to delay PM actions. In this example, the equivalent age of Train 2
is smaller than that of Train 5. So Train 2 delay PM action to 4E. The
operation rate would not violate operation constraint after 4E.
In Fig. 2b, we focus on advance coordination. When t comes to 1S,
number of trains to advance PM actions is 2. We search the interval
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[t , t + tad ] . Train 2 and Train 5 meet the requirement. They would

advance PM actions, and PM start point is 1S. The procedure in actual
practice is much more complicated than the example. Maintenance resource needs to be considered, and the operation rate is dynamic. The
proposed strategy can solve the problem efficiently, and the results are
analysed in the next section.

Table 2. Comparison of O&M costs of different strategies
Train
number

60

C total 404966
Cp

CCPM C c

Cf

Cs

SAPM

Fig. 2a. Example for delay coordination

Cc
Cf
Cs

566977

100

683346

120

839701

140

987634

92000

116400

142800

165600

191600

0

0

0

4000

8000

312966
0

C total 456424
Cp

80

128400
302224
21000
4800

450577
0

540546
0

668901
1200

786834
1200

637327

762757

988841

1176737

437927

527157

713641

868537

168400
25000
6000

201600
28000
6000

234800
32000
8400

265600
33000
9600

Table 3. Comparison of the costs of the simplified problem by different
strategies
Train
number
Fig. 2b. Example for advance coordination

CCPM

4. Numerical analysis
This study considers a high-speed train fleet consisting of Ntrain
trains. For the sake of computing convenience, the time horizon is set
as [0,369]. The time horizon can mainly cover a year, which accords
with the practice situation of maintenance planning. The following
parameters are set based on the study [29]. The initial reliability of
trains follows the Weibull contribution where α = 120 , β = 3 . The
duration of PM d = 5 . The initial age of each train is a random number in [0,200]. We set cup = 400 , c set = 400, cuc = 1000 , cuf = 1000 ,
cus = 1200 , N fix = 3 , N accept = 5 . The operation rate thresholds are
listed in Table 1, referring to the research [17]. In the table, the operation rate thresholds of Spring Festival travel, summer holiday and
spring-summer peak are especially high. This is because the number
of passengers surges in these time periods. More trains are required to
work to ensure normal operation.
Table 1. Online rate thresholds for different periods
Time
period

Interval

ρ

Spring
Festival
travel
[52,92]
96.9%

Springsummer
peak

[93,223]
92.9%

Summer
holiday

Normal
period

93.9%

87.9%

[224,284]

Other

Lin et.al [17] propose a simulated annealing based strategy to solve
the maintenance problem of high-speed trains. The strategy defines a
vector to represent one solution. Starting with an initial solution, the
strategy generates a new one and evaluate the new solution is either
accepted or rejected. The evaluation is based on the specific acceptance rule. After several loops, the strategy explores the solution space
and obtains a feasible suboptimal. This strategy (simulated annealing
based preventive maintenance, hereinafter called SAPM) is applied to
compare with the strategy proposed in this paper (CCPM).
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SAPM

60

C total 252336
Cp
Cc

75600

Cc

335221

417223

120

500558

140

583905

122400

146800

172000

347888

427421

512266

591951

236821

94000

124000

168896

100

98400

176736

C total 262896
Cp

80

223888

294823

156800

270621

353758

182000

330266

411905

209600

382351

The comparison of cost results is shown in Table 2. In the table,
four typ es of costs and the total costs of two strategies are shown.
The size of the fleet changes from 60 to 140, which is close to the
practical situation. As can be seen from the table, the costs of the two
strategies both increase as the number of trains grows. The total costs
of CCPM are much lower than that of SAPM, no matter how the size
of the fleet changes. Besides, the gap between the two strategies increases as the number of trains. When Ntrain = 60 , the absolute gap
of the total costs of two strategies is 51458. But when Ntrain = 140 ,
the gap is 189103.
When the number of trains is limited, CCPM results in no operation penalty costs and no maintenance resource costs. Even when
Ntrain = 140 , the operation penalty costs and the maintenance resource costs of CCPM are 8000 and 1200 respectively. But the two
costs of SAPM are up to 33000 and 9600. Therefore, CCPM considers
the influence of the operation rate and maintenance resources. The
strategy proposed in this paper can save maintenance costs and contribute to economic benefits.
The calculation time of the two methods is shown in Fig. 3. The
calculation time of CCPM is shorter than SAPM, and CCPM becomes stable within 150s as the number of trains increases. SAPM
increases linearly as the number of trains, especially up to 608s when
Ntrain = 140 . CCPM can be applied to large-scale examples compared to SAPM. This is because as the number of trains increases, the
size of the solution vector in SAPM grows quickly. It takes much time
to generate a new solution when the size is considerable.
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Without considering the operation penalty and the maintenance
resource, the problem would degrade to a pure maintenance decision
problem of train fleet, where the objective function C total = C p + C c .
The two strategies are applied to solve the simplified problem, and the
results are shown in Table 3. As can be seen in the table, the costs of the
two methods differ very little. The total costs of CCPM and SAPM are
583905 and 591951 respectively when Ntrain = 140 , where the relative gap is 1.4%. SAPM and CCPM can both be applied to solve the
normal maintenance problem. But in terms of the complicated problem
proposed in this paper, CCPM performs much better than SAPM.
Operation rate is a significant variable in the model. The operation
rate curves of the two methods are shown in Fig. 4. In the figure, the
operation rate of SAPM is below the threshold at some time. Utilizing
the principle of threshold change, CCPM results in a proper operation
rate that exceeds the threshold and decreases the operation loss. The
analysis shows that CCPM can consider the reliability of trains and
the demand of fleet operation. SAPM is too random when making

Fig. 3. Comparison of the running time of the strategies
Table 4. Sensitive study on maintenance costs of different strategies
Parameters
d=5

d=10

cuf = 1000
cus = 1200
cuf
cus
cuf
cus

= 2000
= 2400
= 1000
= 1200

cuf = 2000
cus = 2400

C

total

C

p

CCPM

C

c

C

f

C

s

C

total

C

p

SAPM

Cc

Cf

Cs

683346

142800

540546

0

0

762757

201600

527157

28000

6000

694448

151600

542848

0

0

791712

204000

529312

44000

14400

1415065

146800

1199065

44000

25200

1630644

206400

1246244

142000

36000

1545239

152800

1254039

88000

50400

1832132

212400

1308532

232000

79200

a)

fleet maintenance plans, which leads to high maintenance costs.
The influence of maintenance duration and operation cost factor is
studied, and the results are listed in Table 4 ( Ntrain = 100 ). When the
maintenance duration increases, operation penalty costs and maintenance resource costs will increase sharply. When the operation cost
factor increases, the total costs of the two strategies increase.

5. Conclusions
In this paper, a new operation and maintenance optimization model
for high-speed train fleets is developed. The objective of the model is
to minimize the total costs. Passenger flow and maintenance resources
are considered due to the operation requirements, which would limit
PM plans. A new maintenance strategy CCPM for high-speed train
fleets is proposed to cope with the large solution space efficiently. It
decomposes the original problem into several sub-problems and integrates the results with delay and advanced coordination.
A comprehensive case study is carried out to demonstrate the
proposed strategy. The numerical results indicate that the proposed
strategy outperforms one current strategy (SAPM) in total costs and
computing time as the size of the fleet changes. The new strategy follows the principle of fluctuation of the operation rate, which results
in the reduction of operation costs. Therefore, the proposed strategy
provides efficient decision supports for the high-speed train fleet under different operating requirements.
It is noted that the high-speed train is regarded as a whole system
in developing reliability in this research. Our future study is to extend
the proposed strategy and solve preventive maintenance optimization
for the high-speed train with complex components.

b)

c)

Fig. 4. Comparison of the operation rate of the strategies and threshold:
a) N train = 60 b) N train = 100 c) N train = 140
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Abstract

• A defensive capability based on real-time reliabil- Consecutive-k-out-of-n (Con/k/n) system, a reconfigurable system, can improve the system
performance by adjusting the redundancy and assignment of components. This paper aims
ity is developed for Con/k/n systems.
to determine the optimal defensive strategy of Con/k/n systems under external risks. The de• Defensive importance measure is constructed to
fensive capability of Con/k/n systems is evaluated based on real-time system reliability, and
optimize component redundancy locally.
a defensive importance measure (DIM) is constructed to optimize components’ redundancy
• The effectiveness of DIMGA is verified by com- locally. To solve the proposed optimization model effectively, a DIM-based genetic algoparing it with CGA under 36 scenarios.
rithm (DIGA) is developed by integrating the advantages of DIM’s local search with the glo• Con/k/5 systems’ redundancy distribution rule un- bal search ability of the classical genetic algorithm (CGA). The numerical experiment under
36 scenarios illustrates that DIGA is more effective than CGA verified by average defensive
der spacing/continuous risk is analyzed.
capability, robustness, and convergence generations. Moreover, the redundancy distribution
analysis of Con/k/5 systems in the optimal defensive strategy shows that the redundancy of
F(G) systems is in a spaced (continuous) way under spacing k-1 risk or continuous k risk.
Keywords
This is an open access article under the CC BY license consecutive-k-out-of-n system, external risks, defensive capability, strategy optimization,
(https://creativecommons.org/licenses/by/4.0/)
redundancy distribution.

1. Introduction
Defensive strategies (redundancy and assignment of components)
are essential to prevent severe catastrophic events, decreasing economic losses from many other disasters. Some scholars have studied
the negative effect of risk on the system performance, and the reported
research work verified that effective defensive strategy can resist the
degradation of system performance [8, 9, 33, 37]. So, risk events may
cause enormous losses for the government when the defensive strategy
is not appropriate. For example, the fires in New South Wales burned
for 210 days before being wholly extinguished on July 18, 2019, burning 400 hectares, killing 33 people and more than 1 billion animals,
and destroying 2,500 homes. Consecutive-k-out-of-n (Con/k/n) system is arranged in a line consisting of n ordered components, involving the F system and G system, and the F(G) system fails(works) if
and only if at least consecutive k components fail (work). Con/k/n
system is widely used in quality control systems[21], flow transfer
systems[40], sensor detection systems [16], production monitoring
systems (PMS) [36], communication systems[17], performance-

sharing heating systems [38], and other applications[29]. Moreover,
Con/k/n systems are reconfigurable systems whose performance can
be improved by changing components’ positions, adding redundant
components, or replacing components, which gives Con/k/n systems
a more flexible way to protect against external risks. Therefore, it is
necessary to evaluate the defensive capability of Con/k/n systems
considering defensive strategies.
System resilience is an important indicator to evaluate the system’s
ability to resist degradation or recover to its normal state[35]. The
resilience assessment methods can be divided into three types: timebased resilience, performance-based resilience, and data-based resilience. Time-based resilience indexes consider the habitable time, travel time, or recovery time. The length of time that a building can remain
habitable after a prolonged power outage during extended periods of
extreme weather is regarded as passive survivability to evaluate the
thermal resilience of buildings [28]. By integrating and assessing the
effect of recovery controls, time-based resilience is proposed to identify the impact of the evolution of recovery overtime on the critical
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path [31]. A new time-based resilience measure is defined as the ratio
of the integral of the normalized system performance within its maximum allowable recovery time after the disruption to the integral of the
performance in the normal state [18]. The resilience of rail transit network under incidents is defined as the speed of rail transit network recover from the worst network performance under incidents to its original state by considering the waiting time, in-vehicle travel time, and
transfer time [24]. Performance-based resilience is evaluated by considering the system states or functionality loss. A performance-based
resilience assessment method is proposed for engineered systems
through functionality loss and associated monetary costs [26]. A combined probabilistic framework is established by analyzing limit states
associated with performance levels [3]. A quantitative framework for
assessing system resilience is proposed by focusing on absorption,
recovery, and adaptation to disruptions [34]. Data-based resilience
is evaluated by utilizing the raw data to simulate the uncertainty of
risk events. A data envelopment analysis framework for dynamic networks is developed by combining quality function deployment with a
decision-making trial and evaluation laboratory to assess the system
resilience [30]. A data-based uncertainty set is built to randomly generate the historical or forecast information of extreme weather events
to measure system resilience [22]. Apriori-based disruption generator
is established to simulate the disruption and its propagation based on
real-life data, which can assess the system resilience accurately [13].
With the consideration of Con/k/n systems’ characteristics, the realtime system reliability of Con/k/n systems considering the component
redundancy and component assignment is available for evaluating the
system resilience. So, the defensive capability of Con/k/n systems is a
system ability to resist system performance degradation, which is the
system resilience in preparation and responsive phases.
Increasing or enhancing the system resilience is one of the most
heated topics under destructive disasters. The resilience of the transportation network under a disaster is measured, and the resilience
optimization model under configuration cost and crossing time constraints is constructed [20]. An adaptive robust optimization-based
framework is developed to enhance the resilience of the interdependent critical infrastructure systems, which can evaluate the potential
impacts of natural hazards on an infrastructure [11]. A tri-level protection-interdiction-restoration problem for interdependent networks
is proposed to optimize system resilience [12]. A model is constructed
to analyze and optimize the network resilience by machine learning
to improve customer experiences at lower operational expenses [14].
System resilience can be increased by reinforcing the weakest components to maximize the system resilience under a cost constraint [1].
An integrated method is established to get the resilience enhancement
strategies of interdependent critical infrastructures by combining the
hierarchical model with a predictive control-based dynamic model
[23]. A two-stage stochastic mixed-integer linear programming method is developed to optimize the preparation and resource configuration to enhance the resilience of power distribution systems [43]. The
quantitative measures of the cyber-physical power system resilience
applied in the existing literature are summarized, and the optimization of system resilience focused on the optimal recovery sequence
of components, identification and protection of critical nodes, and
the enhancement of the coupling patterns between physical and cyber
networks [39]. A comprehensive review of transmission networks focuses on the optimization models and methodologies to enhance the
grid resilience by reconfiguration methods [4].
Importance theory is an effective tool to identify the weak links
of system design, maintenance, and resource allocation, which can
help reliability engineers quickly make the best decisions [32]. Importance measure (IM) can improve the solving efficiency of complex optimization problems in maintenance strategy[7, 42], and many
scholars are utilizing IMs to enhance system resilience. Two IMs are
proposed to enhance the system resilience by allocating resources to
reduce their vulnerability or expedite their recovery [2]. The importance ranking of nodes in interdependent infrastructure networks is

used in a heuristic algorithm to rank and prioritize infrastructure links,
which can support decision-making for designing and managing the
system resilience [6]. The resilience-based component importance for
multi-state networks qualifies the impact of a component’s capacity
improvement and recovery time on network resilience. The importance ranking of components determines the minimal recovery path
based on a stochastic ranking method [41]. Resilience-based component importance is introduced to optimize the infrastructure resilience
under budgetary constraints [27]. The residual resilience-based IM
is used to evaluate the importance of ports and routes by the Copeland method, and the restoration priority based on IM is developed to
minimize the residual resilience [10]. The recovery priority of failed
components after a disaster in the power grid system is determined by
the IM, which is the influence of the failed components on the power
grid resilience [5]. A series of component resilience IMs, evaluated by
the Monte Carlo-based method, is used in a transportation network to
reasonably allocate limited resources[19].
As illustrated by the existing literature, many studies have focused on evaluating resilience for networks and enhancing system
resilience. However, the existing system resilience assessment cannot
evaluate the resilience of Con/k/n systems. In recent years, the research on resilience importance measures has been increasingly used
in various strategies of enhancing system resilience. In this paper,
Con/k/n system is a kind of reconfigurable system having many flexible ways to improve the system reliability, so the defensive capability
analysis of Con/k/n systems based on the real-time system reliability
is important to remain the system at a better performance level. The
defensive strategy optimization model facing external risks under limited cost constraints is then presented. The proposed model’s decision
variables (component redundancy and component assignment) are too
tedious or difficult to achieve. The defensive importance measure is
introduced to find the best redundancy adjustment using its advanced
local search ability. The defensive importance measure-based optimization algorithm is developed by integrating the advantages of defensive importance measure (local search ability) and genetic algorithms
(global search ability).
The remainder of this paper is organized as follows. Section 2
introduces the defensive strategy optimization under external risks.
Section 3 describes the detailed process of defensive IM-based genetic algorithm (DIMGA). Section 4 compares the performance of
DIMGA and classical genetic algorithm (CGA). In Section 5, numerical experiments of Con/k/n systems are implemented to analyze the
redundancy distribution of the optimal defensive strategy under the
continuous or spacing risks. Finally, the research results and future
research are summarized in Section 6.

2. Defensive strategy optimization under external
risks
In order to clearly explain the calculation process of the defensive
capability of Con/k/n systems, some assumptions are summarized as
follows.
(1) The system and all components have two states, working or
failure.
(2) Components are independent of each other, and their lifetimes
obey the Weibull distribution.
(3) The external risk mainly affects the shape parameters and scale
parameters of components’ lifetime distributions.
(4) The impact degree on different positions depends on the external risks’ direction, intensity, and occurrence time.
(5) The defensive strategy involves the redundancy and assignment of the component module.

2.1. Defensive capability of Con/k/n systems
The system defensive capability is a function related to the assignment and redundancy of components, the lifetime of components,
and environmental information. The defensive capability in [0, td ] of
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Con/k/n systems is the ratio of the area enclosed by the actual system
reliability and time axis to the area enclosed by the ideal system reliability and time axis. In order to describe the defensive capability
clearly, Figure 1 depicts that the actual real-time system reliability
R1 (t ) decreases over time, and the area between the actual system reliability curve and the ideal system reliability represents the performance loss. Moreover, the ideal system reliability R0 (t ) = 1 . Therefore,
the defensive capability of Con/k/n systems is calculated by Equation
(1):
Therefore, the defensive capability of Con/k/n systems is calculated by Equation (1):
t

f R (t ) =

t

N

N

∫0 R1(t )dt = ∫0 R1(t )dt ≈ ∆t ⋅ ∑ l =01 R1(l ∆t ) ≈ ∑ l =01 R1(l ∆t ) , (0 ≤ t ≤ t )
d
t
t
N 0∆t
N0
∫0 R0 (t )dt

(1)

where f R (t ) is the defensive capability of the Con/k/n system
at time t; N0 is the number of strips with the same width in the interval [0, t], and the time length of each strip is ∆t ≈ t N 0 , so
t
N
∫ R1(t )dt ≈ ∆t ⋅ ∑ l =01 R1(l ∆t ) .
0

R1G (t ) = RlG (t , n, k , xij , ni , ti ) = RlG (t , n − 1, k , xij , ni , ti )
n

+ QlG (t , n − k − 1, k , xij , ni , ti )qns − k (t )(∏ i = n − k +1 pis (t ))

(3)

where q sj (t ) = 1 − p sj (t ) ; RlG (t , n, k , xij , ni ) is the system’s reliability
at time t for Con/k/n: G system; R1G (t )=0 when n < k .

2.2. Detailed description of external risks
The detailed risk information is shown in Figure 2. Three types of
external risks include continuous risks, equal spacing risks, and nonequal spacing risks. The continuous risk means all the affected positions are continuous; equal spacing risk means the distance between
two adjacent affected positions is the same, while the non-equal spacing risk is different. The risk pattern defines the travel direction and
risk effects: Pattern I means risks occur simultaneously with the same
intensity; Pattern II means risks transits from left to right, and the
position at the left side occurs earlier with stronger intensity; Pattern
III is the opposite of Pattern II. So, the external risk mainly affects the
components’ lifetime distribution parameters in different positions.
The impact degree depends on the occurrence time and intensity of
risks, which is related to the risk pattern.

2.3. Defensive strategy optimization under external risks
When the external risk information (occurrence time, risk types,
risk patterns, and risk effects) is known, the defensive strategy optimization model can be constructed by considering the objective function,
decision variables, and constraints. The objective is to maximize the
defensive capability of Con/k/n systems, which can be calculated by
Equation (1). The decision variable is the defensive strategy, including the redundancy and assignment of components. The constraints
mainly come from the position restriction of components, the reliability limitations of components, the defensive cost, etc. Therefore, the
mathematical model of defensive strategy optimization under external
risks is listed as follows.

max : f R ( xij , ni | ti , t , n, k ,α i , βi )

(4)

Fig. 1. Actual and ideal real-time system reliability over time

s.t.

The real-time reliability of the Con/k/n: F system with redundant
components can be calculated by Equation (2) [15]:
R1F (t )

=

RlF (t , n, k , xij , ni , ti )

=

n

(2)

where n is the number of component modules; ni is the number of redundant components in module i; xij represents component module i is

(

ni

)

=∑
1 − (1 − pi (t ))(1 − pi (max(t − ti ,0) ))
placed in position j;
is the reliability of component module i placed in position j at time
t; pi (t ) is the reliability of component i at
time t, and ti is the occurrence time of risk,
which is regarded as the activation time of redundant components in component module i;
RlF (t , n, k , xij , ni ) is the system’s reliability at
time t for Con/k/n: F system when component
redundancy ni and assignment of component
module xij are known. Particularly, R1F (t )=1
when n < k .
p sj (t )

n
x
i =1 ij

Similarly, the real-time reliability of the Con/
k/n: G system with component modules can be
calculated by Equation (3) [15]:
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(5)

n

∑ i =1 xij = 1 ,(i = 1, 2, ⋅ ⋅ ⋅, n)

RlF (t , n − 1, k , xij , ni , ti )

− RlF (t , n − k − 1, k , xij , ni , ti ) pns − k (t )(∏ i = n − k +1 qis (t ))

n

∑ j =1 xij = 1,(i = 1, 2, ⋅ ⋅ ⋅, n)

(

(6)
n

p sj (t )= ∑ i =1 xij 1 − (1 − pi (t ))(1 − pi (max(t − ti ,0) )) i
n


− ( t α i ) βi
 e
pi (t ) = 
bβ
e −((t -ti ) aiαi ) i i


Fig. 2. The types and patterns of external risks
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t ≤ ti
t > ti

)

(7)

(8)

n

∑ i =1ci (ni + 1) ≤ C0

(9)

Equation (4) points out the decision variables (assignment of component module xij and component redundancy ni ) and the evaluation
method of the system defensive capability; Equation (5) states that
component module i can only select one position and Equation (6)
means that position j can only accept one component module, and
these two constraints are used to determine the unique assignment of
components; Equation (7) defines the reliability of component modules at the position j at time t; Equation (8) evaluates the component
reliability at time t in component module i; Equation (9) represents
the constraints of defensive cost for achieving the specific defensive
strategy. Where ci is the unit price of component i and its redundant
components; C0 is the maximum cost of defensive configuration; ni
is the redundant level of component i, so the defensive cost of component module i is equal to ci (ni + 1) .

3. Defensive IM-based genetic algorithm
To better obtain the optimal defensive strategy, a DIMGA is developed by combining the advantages of genetic algorithm and DIM.

3.1. The definition of DIM
DIM is defined as the change in system defensive capability after
adding a redundant component, and the calculation method is shown
as follows:
I RD (i | ni , t ) = f R (ni + 1, t ) − f R (ni , t )

(10)

where I RD (i|ni , t ) is the DIM of component i at time t when its redundancy level is ni ; f R (ni + 1, t ) is the system defensive capability
after adding a redundant component for component i at time t.

3.2. DIM-based genetic algorithm
CGA is a general and famous algorithm with the standard process
to solve various optimization problems. Therefore, the flow chart of
DIMGA is developed based on the CGA, shown in Figure 3, and some
key subprocesses of DIMGA are introduced in detail as follows.
(1) Real-number encoding method
A 2 × n matrix with real-number elements can represent a possible defensive strategy. The first row represents the arrangement of
component modules, and the second row is the redundancy level of
component modules.
(2) Crossover operations
The algorithm uses the single-point crossover to recombine genes
of two individuals. If the recombinant genes are not adjusted, duplicate genes may appear in an individual, which is not allowed in a
component arrangement. The detailed adjustment method to eliminate
the duplicate genes is listed as follows. The missing genes in the component arrangement are identified at first, and then the selected genes
with the larger serial number are randomly assigned to the available
positions.
(3) Mutation operation
Mutation operation is to adjust the gene of an individual according
to the mutation probability pm . If the generated random number in [0,
1] is larger than pm , the individual does not perform the mutation.
Otherwise, select a mutation point from two rows in an individual:
if the mutation point is in the first row, exchanging the component
at the mutation point with other components; if the mutation point is
in the second row, randomly selecting a component and reducing its
redundancy by one.
(4) DIM-based local search method.
The DIM-based local search method is used to adjust the redundancy of components, which is a two-step adjustment method. The

Fig. 3 The flowchart of DIMGA

first step is to find the component module with the least reduction of
system defensive capability when reducing a redundant component
of this module; the second step is to add a redundant component for a
component module with the largest DIM under the condition of cost
constraints.
• For each individual in the population, perform the following operations, which is the detailed process of the DIM-based local
search method.
• Randomly generate a number in the interval [0, 1]. If it is greater
than the specified local search probability pl , go to the next step;
otherwise, output the initial individual.
• Select the component module by
i* = arg max{i | − I RD (i | ni − 1, t ), i = 1, 2, ⋅ ⋅ ⋅, n} , and reduce one redundant component in module i.
• Under
the
cost
constraint,
select
the
component
module
with
the
largest
DIM
by
j*
j* = arg max{ j | − I RD ( j | n j , n * − 1, t ), c j ≤ c * , j = 1, 2, ⋅ ⋅ ⋅, n} , and
i
i
add one redundant component for the component module j * .
(5) Termination conditions. One is the maximum running generations, and the other is the maximum continuous generations in
which the solution is unchanged. The algorithm stops if either
of the two termination conditions is met.

4. Performance comparison of DIMGA and CGA
In order to illustrate the advantages of DIM, the simulation experiments under different risks are implemented by comparing the performance of DIMGA and CGA. The difference between CGA and
DIMGA is that CGA does not perform the DIM-based local search
method, and other steps are the same as DIMGA.

4.1. Experimental design
The simulation experiments use MATLAB to perform related programs and obtain simulation results. The software version and hardware configuration are summarized as follows.
• Software version: MATLAB 2016b.
• Hardware configuration: Intel(R) Core (TM) i7-9750H CPU @
2.60 GHz, 2.59 GHz; 16 GB.
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(1) System parameters
In the simulation experiment, six systems (n = 5, k = 3; n = 10,
k = 3; n = 15, k = 6; n = 20, k = 6; n = 25, k = 8; n = 30, k = 10) with
different scales are selected respectively for Con/k/n: F(G) systems.
Each system is set with two different amounts of tasks and three types
of risk modes. So there are 36 different scenarios (six 6 different system sizes, two risk events, and three risk modes) of F systems or G
systems, whose symbols are shown in Table 1.
The occurrence time of risks in Pattern I is set as 3.5. The moment
of risk occurrence in Pattern II is randomly generated in the interval
[2, 7] in ascending order, but Pattern III is generated in descending
order. The scale parameters α from component 1 to component n are
randomly generated in the interval [1,3] in descending order, and the
shape parameters are randomly generated in the same way. Similarly,
the impact factors a (for scale parameters) and b (for shape parameters) are randomly generated in the interval [0.3,1] by the descending
order and ascending order, respectively. The evaluation time of the
system defensive capability is 10. ci is randomly generated in the
n
interval [3, 10], and C0 is equal to 2∑ i =1 ci ; ∆t = 0.1 .
Note: ‘Sym.’ represents ‘Symbol’.
(2) Algorithm parameters
The algorithm parameters of DIMGA and CGA are listed as follows.
The population size is 100, the maximum generation Gmax = 100 , the
crossover probability pc = 0.9 , the mutation probability pm=0.1, the
local search probability pl = 0.1 , and the convergence limitation is 50.
(3) Indicators of algorithm performance
For F systems and G systems, DIMGA and CGA are executed 50
times for 36 scenarios separately, and three indicators analyze the
simulation results: the average defensive capability, the robustness of

the algorithm based on the coefficient of variation (CV), and the convergence of algorithm measured by the mean of running generations.

4.2. Analysis of experimental results
The optimization results show the performance of these two algorithms (GA and DIMGA) based on the three mentioned indexes, and
each algorithm runs 50 times.
(1) System defensive capability of DIMGA and CGA
The mean system defensive capabilities of 36 typical systems running 50 times for F and G systems are shown in Figures 4 and 5,
respectively.
For F systems, all the mean defensive capability of DIMGA is
larger than that of CGA because we can see the red section in each bar
from Figure 4. The results of mean capability for some small-scale
systems (F2, F3, F4, and F6) obtained by two algorithms are close,
and the results of DIMGA are a bit higher than that of CGA. The
maximum difference of defensive capability is 0.0723 in F30, and
the minimum difference of defensive capability is 0.0051 in F4. The
average improvement of the mean defensive capability obtained by
DIMGA is 0.0372 higher than that of CGA, which is 5.97% higher
than CGA.
For G systems, all the mean defensive capability of DIMGA is
larger than that of CGA because we can see the red section in each
bar from Figure 5. The mean capability of some small-scale systems
(G1, G2, G5, and G6) obtained by two algorithms is close, and the
results of DIMGA are a bit higher than that of CGA. The maximum
difference of defensive capability is 0.0769 in G12, and the minimum
difference of defensive capability is 0.0039 in G2. The average improvement of the mean defensive capability obtained by DIMGA is
0.0329 higher than that of CGA, which is 11.39% higher than CGA.

Table 1 The symbols of Con/k/n: F(G) systems under 36 scenarios
Sym.
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22
F23
F24

310

n
5

5

5

k
3

3

3

Risk
num
2

2

2

5

3

4

5

3

4

5

10

10

10

3

3

3

3

4

3

3

15

15

15
20

20

20

20

20

20

6

6

6

6

6
6

6

6

6

6

6

F28

III

F30

F27

II

F29

I

F31

II

F32
F33

I

G1

6

15

I

F35

3

15

III

II

10

6

F26

6

6

15

F25

I

II

III

3

3

Sym.

3

10

10

Risk
Pattern

5

5

5

I

F34

III

F36

II

III

G2
G3

I

G4

10

III

G6

6

II

10

10
6

6

12

12

12

II

G5
G7

I

G8

III

G10

I

II

III

G9
G11
G12

n
25

25

25

k
8

8

8

Risk
num
8

8

F15

16

2

F17

1

F19

16

25

8

16

30

30

30

10

10

10

10

10

10

30

10

20

30

10

20

30
5

5

5

10
3

3

3

F13
F14

3

8

8

1

2

Sym.

8

25

25

Risk
Pattern

20
2

2

2

1

F16

3

F18

2

3

1

F20
F21
F22

2

F23

1

3

G25

2

G27

3

F24
G26

5

3

4

1

G28

5

3

4

3

G30

5

10

10

10

10

10

10

3

3

3

3

3

3

3

4

3

3

3

6

6

6

2

G29
G31

1

G32

3

G34

2

1

2

3

G33
G35
G36

n
15

15

k
6

6

15

6

15

6

15

15
20

20

20

20

20

20

25

25

25

Risk
num
5

5

5

6

10

6

10

6

6

6

10
6

6

II

III
I

II

II

12

8

I

12

6

8

III

III

12

8

I

II

6

6

6

Risk
Pattern

8

8

8

I

III
I

II

III

25

8

16

25

8

16

III

10

II

25

30

30

30

30

30

30

8

10

10

10

10

10

10
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16

10

10

20

20

20

I

II
I

III
I

II

III

(2) Robustness analysis of DIMGA and CGA
The coefficient of variation is a ratio of standard variance to the
mean value, which is used to evaluate the robustness of the algorithms.
The smaller the CV, the more robust the algorithm is. From Figure 6,
the results obtained by CIMGA in almost all of the F systems are
smaller than that of CGA, except for F5 and F6. The results of 36 typical F systems illustrate that CIMGA has better robustness than CGA.
For G systems, the CVs of CIMGA in almost all cases are smaller than
that of CGA in G1~G28, but the CVs of CIMGA are larger than that
of CGA in the large-scale systems in G29~G36 in Figure 7. In the G
systems, although the CVs of DIMGA are somewhat larger than that
of CGA, the differences between them are not significant, so the robustness of the two algorithms is close. CIMGA also keeps better robustness in F systems and most G systems, so CIMGA is suitable for
solving defensive optimization problems, especially for F systems.

(3) Convergence generations of DIMGA and CGA
The convergence generation represents the speed of the algorithm
reaching the optimal solution. The smaller the convergence generation, the faster the convergence speed of the algorithm. For F systems, about 75% of typical systems have lower average convergence
generations performing the DIMGA, shown in Figure 8. However, in
G systems, with the increase of system scale, the mean convergence
generations of DIMGA are slightly larger than that of CGA, which
accounts for 41.67%, shown in Figure 9.
Therefore, DIMGA performs well in terms of mean system defensive capability in all typical F and G systems, and robustness in most
typical F and G systems. Although the average running generations
of DIMGA are a bit larger than that of CGA in some typical systems, all the mean convergence generations of these two algorithms
are similar. Furthermore, DIMGA can still be used effectively to solve

Fig. 4. Mean defensive capability of DIMGA and CGA for 36 typical F systems

Fig. 5. Mean defensive capability of DIMGA and CGA for 36 typical G systems

Fig. 6. CVs of DIMGA and CGA for 36 typical F systems

Fig. 7. CVs of DIMGA and CGA for 36 typical G systems

Fig. 8. Mean convergence generations of DIMGA and CGA for 36 typical F
systems

Fig. 9. Mean convergence generations of DIMGA and CGA for 36 typical G
systems
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the defensive optimization problem of G and F systems, although the
performance difference between DIMGA and CGA in some systems
is narrow. Therefore, DIMGA is more suitable for solving the defensive capability optimization problem of F systems.

5. Numerical examples
To analyze the relationship between component redundancy and
assignment of a component module, the batch sampling-based quality control systems are taken as numerical examples to consider the
optimal defensive strategy. Generally, continuous k risks have a great
influence on the reliability of Con/k/n: F systems, while equal spacing k-1 risks have a greater influence on the reliability of G systems.
Therefore, two types of risks (continuous k & equal spacing k-1) are
taken as examples to analyze the changes in components’ redundancy
of the optimal assignment under different risks for F systems and G
systems with n = 5.

in Table 2, while there are 21 cases for Con/k/5 systems under equal
spacing k-1 risks in Table 3.
To guarantee the effectiveness of the final defensive strategy, the
optimal defensive strategy is obtained by performing DIMGA 5 times
and selecting the maximum one.

5.2. Result discussion

To illustrate the redundancy and assignment of component module
in the optimal defensive strategy clearly, a new representation of defensive strategy is developed based on a box with two numbers, and
an example is shown in Figure 10. The number at the upper left green
box represents the component index in the corresponding position,
and the number in the center is the number of redundant components
in the corresponding position. In this example, the assignment of a
component module from position 1 to position 5 is 3, 2, 4, 1, 5, respectively, and the component redundancy from position 1 to position
5 is 0, 2, 3, 2, 0, respectively. The shade of the background color represents the intensity of the risk. The darker the color, the greater the
5.1. Cases design under continuous and equal spacing risks
risk intensity and the earlier the risk occurs.
Combining three risk patterns with two risk types (continuous k &
The relationship between the redundancy position and risk distriequal spacing k-1), the optimal defensive strategies under three sysbution in Con/k/5: F systems under continuous k risks for 30 cases is
tem scales (n = 5, k = 2; n = 5, k = 3; n = 5, k = 4) are analyzed. So,
shown in Figure 11. When k = 2, the F system mainly considers addthere are 30 cases for Con/k/5 systems under continuous k risks, listed
ing redundant components in positions 2 and 4 because the number
of redundant components in these two positions are non-zero positive
integers from C1 to C15. Moreover, redundant components should be added at least in one risk position.
Table 2 All cases under continuous k risks for Con/k/5 systems
When k = 3, the F system mainly adds redundant
Symbol
k
Risk distribution
Patterns Symbol k
Risk distribution
Patterns
components in positions 1 and 3. When k = 4, C25,
C26, and C27 add redundant s components in posiC1
2
[1 1 0 1 1]
I
C16
3
[1 1 1 0 0]
I
tions 1 and 4, while C28, C29, and C30 add redunC2
2
[1 1 0 1 1]
II
C17
3
[1 1 1 0 0]
II
dant components in positions 4 and 5. For F systems
C3
2
[1 1 0 1 1]
III
C18
3
[1 1 1 0 0]
III
under continuous k risks, the redundant components
should be distributed in the spaced way, and the poC4
2
[1 1 0 0 0]
I
C19
3
[0 1 1 1 0]
I
sition k must add the redundant components.
C5
2
[1 1 0 0 0]
II
C20
3
[0 1 1 1 0]
II
The relationship between the redundancy posiC6
2
[1 1 0 0 0]
III
C21
3
[0 1 1 1 0]
III
tion and risk distribution in Con/k/5: G systems
C7
2
[0 1 1 0 0]
I
C22
3
[0 0 1 1 1]
I
under continuous k risks for 30 cases is shown in
Figure 12. In G systems, when k = 2, C1, C2, and C3
C8
2
[0 1 1 0 0]
II
C23
3
[0 0 1 1 1]
II
have two continuous two risks, and the redundant
C9
2
[0 1 1 0 0]
III
C24
3
[0 0 1 1 1]
III
components are added in positions 4 and 5. From
C10
2
[0 0 1 1 0]
I
C25
4
[1 1 1 1 0]
I
C4 to C15, there are two continuous risks, and all
the redundant components are added in the position
C11
2
[0 0 1 1 0]
II
C26
4
[1 1 1 1 0]
II
where the risk occurs. The ways of adding redunC12
2
[0 0 1 1 0]
III
C27
4
[1 1 1 1 0]
III
dant components for cases when k = 3 and 4 are
C13
2
[0 0 0 1 1]
I
C28
4
[0 1 1 1 1]
I
similar to when k = 2, and all the redundant components are added to the position where risks occur.
C14
2
[0 0 0 1 1]
II
C29
4
[0 1 1 1 1]
II
Therefore, redundant components in G systems unC15
2
[0 0 0 1 1]
III
C30
4
[0 1 1 1 1]
III
der the continuous k risks are added in a continuous
way, and the distribution of redundant components
is consistent with the affected positions.
Table 3 All cases under interval k-1 risks for Con/k/5 systems
The relationship between the redundancy poSymbol
k
Risk distribution
Pattern
Symbol
k
Risk distribution
Pattern
sition and risk distribution in Con/k/5: G systems
under continuous k risks for 30 cases is shown in
S1
2
[1 0 1 0 1]
I
S12
2
[0 0 1 0 1]
III
Figure 12. In G systems, when k = 2, C1, C2, and C3
S2
2
[1 0 1 0 1]
II
S13
2
[1 0 0 1 0]
I
have two continuous two risks, and the redundant
S3
2
[1 0 1 0 1]
III
S14
2
[1 0 0 1 0]
II
components are added in positions 4 and 5. From
C4 to C15, there are two continuous risks, and all
S4
2
[1 0 1 0 0]
I
S15
3
[1 0 0 1 0]
III
the redundant components are added in the position
S5
2
[1 0 1 0 0]
II
S16
3
[0 1 0 0 1]
I
where the risk occurs. The ways of adding redundant
S6
2
[1 0 1 0 0]
III
S17
3
[0 1 0 0 1]
II
components for cases when k = 3 and 4 are similar
to when k = 2, and all the redundant components are
S7
2
[0 1 0 1 0]
I
S18
3
[0 1 0 0 1]
III
added to the position where risks occur. Therefore,
S8
2
[0 1 0 1 0]
II
S19
3
[1 0 0 0 1]
I
redundant components in G systems under the conS9
2
[0 1 0 1 0]
III
S20
3
[1 0 0 0 1]
II
tinuous k risks are added in a continuous way, and
the distribution of redundant components is consistS10
2
[0 0 1 0 1]
I
S21
3
[1 0 0 0 1]
III
ent with the affected positions.
S11
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2

[0 0 1 0 1]

II
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systems in 21 cases show that redundancy is added continuously. Priority is given to adding redundancy to the affected positions and their
adjacent positions, and the number of positions to add redundancy is
equal to k.

5.3. An example of PMS
Fig. 10. An example of the new representation for the defensive strategy

PMS is a typical con/k/n: F system, which consists of n monitors
arranging parallel with the same distance, and the PMS fails once at
least consecutive k monitors fail at the same time because of the ap-

Fig. 11. The redundancy distribution of Con/k/5: F systems under continuous Fig. 12. The redundancy distribution of Con/k/5: G systems under continuous
k risks
k risks

Fig. 13. The redundancy distribution of Con/k/5: F systems under equal spacing k-1 risks

The relationship between the redundancy position and risk distribution in Con/k/5: F systems under equal spacing k-1 risks for 21
cases is shown in Figure 13. When k = 2, the risk interval is 1; if the
risk in the first position occurs, there will be three risk events from S1
to S6; and when there is no risk event in the first position, there will
be two risk events from S7 to S12. When three risk events occur, the
redundant components are added to the affected positions in S1, S2,
and S3; while the redundant components are added in the first four
positions in S4, S5, S6. When two risk events occur, the redundant
components are added to the affected positions in S7, S8, and S9,
while the redundant components are added to the affected positions
and their adjacent positions in S10, S11, and S12 in a spaced way. In
summary, in the cases of spacing k risks, the redundancy in F systems
should be distributed in a spaced way, and redundant components
should be added to the affected positions as a priority.
The relationship between the redundancy position and risk distribution in Con/k/5: G systems under equal spacing k-1 risks for 21 cases
is shown in Figure 14. When k = 2, the risk spaced distance is 1, and
the redundant components are allocated to two consecutive positions,
one is the affected position, and the other is its adjacent unaffected
positions. When k = 3, the spaced distance is 2, and the redundant
components are allocated to three continuous positions, and one of
them is the affected positions. When k = 4, the spaced distance is 3,
adding redundancy to the components in four continuous positions,
and one of the components is in affected positions. In conclusion, G

Fig. 14. The redundancy distribution of Con/k/5: G systems under equal spacing k-1 risks

pearance of the blind area [25]. Considering the monitoring distance
of each monitor is k0 unit distance, all the distance between two adjacent monitors in Con/k/n system is k0/2k unit distance. To better
understand the structure of PMS, an example of PMS (Con/3/10: F
system) is shown in Figure 15. In this example, the monitoring distance of each monitor k0 is 30 meters, so the distance between two
monitors on the same side is k0/2k = 5 meters.
In order to verify the results of numerical experiments, the defensive strategy of Con/3/10: F system under different risk types and risk
patterns is analyzed in this example of PMS. Assuming that the external disturbs can affect the parameters of a and b for the components
under the risks. Considering the monitors are electronic products and
their lifetime is about 20000 ~ 50000 hours, so the lifetime follows
the exponential distribution under the normal work condition with parameters α i = 2 ~ 5 × 104 hours and βi = 1 . But the external disturbs
may affect the impact factors a (for scale parameters) and b (for shape
parameters). To analyze the optimization of defensive strategy, the external risk begins at the moment corresponding to the 10000th hours
and lasts for 1200 hours, and the risks include continuous k risks under Patterns I and II & equal spacing k-1 risks under Patterns I and
II. The parameters of the system, algorithm, and risk information are
listed in Table 4.
By implementing the DIMGA, the optimal defensive strategy and
redundancy distribution are listed in Table 5. Under continuous k
risks, the optimal system resilience of Pattern I and II are both 0.9990,
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and the cost consumption is 6988 yuan and 6972
yuan, respectively. We can find that all the redundant components in PMS under continuous
risks are distributed in a spaced way and position
k has been added the redundant components.
Under the equal spacing k-1 risks, the optimal
system resilience of Pattern I is 0.9986 while the
cost consumption is 6994, and the optimal system resilience of Pattern II is 0.9984 while the
cost is 6947. The redundancy distribution of two
patterns is arranged in a spaced way, and most
of the affected positions have been added the
redundant components. Therefore, the results of

Fig. 15. The structure of PMS example (Con/3/10: F system)
Table 4. Parameters in the example of PMS (Con/3/10: F system)
Parameters
System parameters
Algorithm Parameters

Continuous k risk under
Pattern I

Continuous k risk under
Pattern II
Equal spacing k-1 risk
under Pattern I
Equal spacing k-1 risk
under Pattern II

Values

α = [42400, 39700, 37800, 35600, 32500, 31600, 31500, 28600, 24700, 22700]
hours, β = [1, 1, 1, 1, 1, 1, 1, 1, 1, 1] , n = 10, k = 3, C0 = 7000 yuan,
cc = [500, 473, 453, 431, 399, 390, 389, 360, 320, 300] yuan, k0 = 30 meters.

Population size: 200, Gmax = 400 , pl = 0.1 , pm = 0.1 , pc = 0.9, convergence limitation: 100.

risk start time: t1=t2=t3=10000 hours, t = 11200 hours, a = [0.7, 0.7, 0.7, 1, 1, 1, 1, 1, 1, 1] ,

b = [0.9, 0.9, 0.9, 1, 1, 1, 1, 1, 1, 1]

risk start time: t1=t2=t3=10000 hours, t = 11200 hours, a = [0.5, 0.7, 0.9, 1, 1, 1, 1, 1, 1, 1] ,

b = [0.6, 0.8, 0.95, 1, 1, 1, 1, 1, 1, 1]

risk start time: t1=t4=t7=t10=10000 hours, t = 11200 hours, a = [0.7, 1, 1, 0.7, 1, 1, 0.7, 1, 1, 0.7] ,

b = [0.9, 1, 1, 0.9, 1, 1, 0.9, 1, 1, 0.9]

risk start time: t1=t4=t7=t10=10000 hours, t = 11200 hours, a = [0.6, 1, 1, 0.7, 1, 1, 0.8, 1, 1, 0.9] ,

b = [0.5, 1, 1, 0.6, 1, 1, 0.7, 1, 1, 0.8]

Table 5. Optimal defensive strategy under different risk patterns
Risk information
Continuous k risks under
Pattern I

Continuous k risks under
Pattern II

Equal spacing k-1 risks under
Pattern I

Equal spacing k-1 risks under
Pattern II

314

Index

Results

Cost

6988

System resilience
Redundancy
distribution

0.9990

9

8
0

5
0

1
2

7
0

System resilience
Cost

Redundancy
distribution

Redundancy
distribution

9
0

10
0

3

1
2

Redundancy
distribution

6972

4
0

2

2

2
0

3
1

1

10
0

7
0

5
0

6
3

8
0

0

0

10
1

0.9986
5

1
0

8
0

2
2

6994

7
1

4

1

System resilience
Cost

6
2

0.9990

System resilience
Cost

4

1

9
0

3
2

6
1

0.9984
10
0

5

3
0

8
2

6947

1
1

4

0

6
1

2
1

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

7
1

9
1

0

this PMS example also verified the distribution rules of F systems in
Section 5.2.

6. Conclusions
In this paper, the DIMGA is developed to get the optimal defensive
strategy by integrating the advantages of DIM and GA under different
external risks (three risk types & three risk patterns). The redundancy
distribution rules can be summarized as follows. Under continuous k
risks or spacing k-1 risks, the redundancy distribution of F systems
under continuous risks should be in the spaced way, while G systems

should be in a continuous way. This distribution rule can be applied to
the redundancy allocation for large-scale systems when the associated
complex algorithm is not considered. In the future, we also need to
consider the uncertainty of the external risks to extend the application
fields of the proposed method.
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Highlights

Abstract

• A new non-parametric useful energy model for The paper deals with the subject of the prediction of useful energy during the cycling of a
lithium-ion cell (LIC), using machine learning-based techniques. It was demonstrated that
long-term prediction was developed.
depending on the combination of cycling parameters, the useful energy (RUEc) that can
• Developed model takes into account the lifetime
be transferred during a full cycle is variable, and also three different types of evolution of
degradation of the cell.
changes in RUEc were identified. The paper presents a new non-parametric RUEc prediction
• Identification of three types of RUEc evolution model based on Gaussian process regression. It was proven that the proposed methodology
over exploitation period of the cells.
enables the RUEc prediction for LICs discharged, above the depth of discharge, at a level
• XAI techniques were used to quantify effect of of 70% with an acceptable error, which is confirmed for new load profiles. Furthermore,
techniques associated with explainable artificial intelligence were applied to determine the
model parameters on RUEc.
significance of model input parameters – the variable importance method – and to determine
• The proposed methodology can be applied to the quantitative effect of individual model parameters (their reciprocal interaction) on RUE
c
electrochemical cells of other types.
– the accumulated local effects model of the first and second order.
Keywords
This is an open access article under the CC BY license cycle life modelling, lithium-ion battery, machine learning, predictive models, useful
(https://creativecommons.org/licenses/by/4.0/)
energy prediction.

1. Introduction

1.1. Related papers

In recent years, it is possible to observe a rapid increase in
the demand for equipment designed for electric energy storage.
At present, it is estimated that the highest increase refers to the industry branch related to electromobility, where solutions based on
lithium-ion batteries are currently dominant [40]. It is predicted that
by the end of 2030, the demand for batteries will increase ten times in
this sector alone [13, 41].
The prevailing share of lithium-ion batteries on the market follows
primarily from their ability to transfer energy quickly and effectively,
whereby this ability is successively increased owing to the dynamic
development of electrochemical battery technology [7].
The key issue related to the operation of these storages is their life.
Degradation of lithium-ion cells (LICs) is a consequence of aging
processes which take place during cycling, and also during the storage
period [4, 54]. Out of more than a dozen identified aging phenomena,
lithium plating, formation, evolution and dissolution of the solid electrolyte interface, as well as electrolyte decomposition, particle gassing and corrosion of the current collectors are the pre-dominant contributors to the degradation process [56]. Without interference in the
LIC structure, the effects of the aging processes may be determined
through the loss in charge throughput and the increase in internal resistance (or impedance).
E-mail addresses:

Based on the current state of knowledge, it can be concluded that
in the case of LICs, usually separate degradation models are developed for cycling (cycle life) and storage period (calendar aging). The
calendar aging models usually include two parameters: the ambient
temperature (Ta) at which a cell is stored and the state of charge (SoC)
[2, 3, 23, 64]. On the other hand, degradation models during cycling
are multi-parameter models – their parameters include: values of
discharge/charge current (Id/Ich), depth of discharge (DoD), cell temperature (Tc) or ambient temperature, as well as the charge or energy
throughput (expressed most frequently as the number of full equivalent cycles – FECs). At this point, it must be emphasised that some of
these parameters are correlated with each other and their effect on the
amount of energy throughput of LICs is non-linear [38]. The abovementioned facts make analysing and predicting the LICs’ ability to
transfer energy over the period of their lifetime highly complicated
and require advanced methods [21]. In addition to this, testing electrochemical cells is very time-consuming due to their life. The testing
of a single variant may last even a few years. For this reason, a more
and more frequent practice is to conduct the testing under conditions
which result in their accelerated degradation (e.g. under an increased
load or at extreme temperatures), and then to predict their operational
parameters under the assumed operating conditions [8, 12].
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It is possible to distinguish two main approaches in the modelling of LICs’ degradation: physico-chemical models and empirical
models. The physico-chemical models usually consist of several
partial differential equations, by means of which, the effect of the
respective aging processes on the capacity fade of LICs is modelled. Examples of such models, for the LixCoO2 cell can be found
in papers [37, 45, 50]. The advantage of physico-chemical models is the possibility of mapping changes taking place in each part
of a LIC as a consequence of cycling, however, the identification
of their parameters and implementation are highly complicated.
A frequent approach among researchers is the use of methods based
on regression [16, 36, 48, 53, 58]. In such models, in the majority of
cases, the effect of selected cycling parameters on LIC degradation
is analysed. A paper by [15] studied the effect of certain parameters
of the charging half-cycle, the charge currents (Ich) and final charge
voltages (Uch), on the process of the actual capacity fade of a LiCoO2
cell. The testing was conducted at one charge current level (1C) and
at a temperature of 25°C. Xiong et al. [67] developed a model which
enables prediction of the remaining useful life of a battery (RUL) for
a LiNiCoAlO2 cell. The tests were conducted under conditions of accelerated aging – at discharge currents Id = 1C and Id = 2C and at
temperatures Ta = 25°C and Ta = 40°C. Effect of fluctuating ambient
temperature on the capacity loss process of LiFePO4 cell was investigated and modeled in the paper [33]. In paper [35] Dessaint et al.
implemented two multi-parametric models which allow for the determination of the maximum number of cycles which may be carried out
by LiNiMnCoO2 and LiFePO4 cells, depending on the actual cycling
parameters (Id, Ich, DoD, Ta). On the other hand, in paper [57] Wang
et al. took into account the charge throughput in addition to typical
cycling parameters (Id, Ich, DoD, Tc) to determine the capacity fade of
a LiFePO4 cell.
Among other approaches related to the modelling of degradation
during LIC cycling, it is necessary to mention the destructive method
based on the Palmgren-Miner damage accumulation theory [11,46]
and the non-destructive method based on electrochemical impedance
spectroscopy (EIS). Zhang et al. [69] proposed a forecasting methodology for the RUL of lithium-ion batteries using EIS and Gaussian
process regression (GPR). In turn, Saha et al. in [47] used EIS and the
Bayesian statistical approach to develop a new RUL method.
Moreover, as methods based on machine intelligence are being developed, it is possible to observe their more and more frequent use in
problems related to the prediction of operational parameters of LICs
such as, e.g. remaining useful life (RUL) [17, 32, 51] or capacity [43,
49]. These methods are strictly based on data which are usually acquired from many-months of experimental procedures [5, 10, 22, 28,
55]. In [19], Hannan et al. proposed the use of a deep neural network
to determine the SoC for LiNiMnCoO2 cells. Li et al. [29] developed
a method for estimating the capacity of LiFePO4 cells, based on a
convolutional neural network. Moreover, the use of support vector
machines was proposed in papers by [26, 63] to predict the state of
health (SoH) of batteries. In [24], Li et al. proved that the SoC of a
battery may be predicted with high accuracy by a structure which is a
merger of the neural network and fuzzy logic. In the past, approaches
based on sample entropy [20], fuzzy logic [6] and Rao-Blackwellization particle filter [14] have also been used to determine the RUL.
The GPR technique used in that paper had previously been
used to predict the capacity fade or RUL. In [44], Howey
et al. developed a model to predict the capacity fade of a LiCoO2
cell under variable load and temperature conditions. On the other hand in [52] Hariharan et al. used the deep GPR to estimate the
end of life (EoL) – the chemical composition of the cell was not
specified. GPR was also used to predict battery degradation during calendar aging, and this issue was touched upon in paper
by [31].
Because of the fact that, for some designers of systems powered
from cells, SoH is not always a sufficient assessment indicator, other
methods which enable the determination and prediction of the avail-
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able power and energy in LICs have been developed recently [39, 65].
In [66], an attempt was made to predict the energy available in the battery for two cells - LiNiMnCoO2 and LiFePO4, using particle filtering.
In a paper by [25], the state of the available energy at different Id and
at different Ta, taking into account degradation, was determined for a
Li4Ti5O12 cell using a circuit model. Dong et al. [9] developed a state
of energy estimation method for LiFePO4 cells using neural network
achieving an error of less than 4%. The analyses were conducted at
different ambient temperatures and discharge currents. In the papers
[30,68] methods based on predictive control theory were implemented
to predict the energy of an LiNiMnCoO2 cell and a package of LiNiMnCoO2 cells. Another approach using an adaptive method based on
an extended Kalman filter to estimate the remaining energy of LiFePO4 and LiNiMnCoO2 cells are presented in [60, 61]. Wang et al. [59]
proposed a joint estimator based on particle filter to determine both
the state of energy and SoC of the LiFePO4 cell. It should be noted
here that the cell parameters studies were conducted with variation in
discharge currents and at four ambient temperature levels. Fractionalorder physics models can be also used to determine the state of energy
with less than 5% error, as demonstrated in the paper [27].

1.2. Key contributions
Although many different approaches have been developed
to date in the aspect of modelling the effects of aging phenomena occurring in LICs, in particular the prediction of available energy and power, this issue has not yet been sufficiently explored.
In many applications, not only is knowledge of the predicted useful
energy of the LIC over its lifetime required, but also of the predicted
changes in degradation trends. In many research centres around the
world, complex models are currently being developed that take into
account many parameters of cyclic operation, such as ambient temperature, discharge current and, increasingly SoH. For this reason, the
following contributions have been made in this paper:
1) A major contribution is the development of a machine learning based model that allows long-term prediction of the useful
energy that the LIC is able to transfer during a single duty cycle taking into account its lifetime degradation which is a significant improvement of currently existing methods. The proposed model has a new structure of input parameters – given
the negative effect of higher currents during charging proven
in the literature [15], the model separately considers the effect
of discharging and charging current.
2) The result of this research is a new dataset that can be used to
test current methods and develop new predictive methods for
the useful energy or SoH of LICs.
3) A demonstration of the variability of RUEc depending on the
combination of cycling parameters, and also identification of
three types of evolution of changes in RUEc in the period of
operation of the LIC under consideration.
4) For the first time, the following techniques have been used:
explainable artificial intelligence (XAI) – variable importance
(VI) – to determine the significance of parameters of the GPR
model, and accumulated local effects (ALE) – to determine
their quantitative effect on RUEc.

1.3. Structure of the paper
The remaining part of the paper is organised as follows. Chapter
II outlines the procedure for obtaining experimental data and determining the useful energy RUEc and also describes the results of preliminary analyses and calculations. Chapter III presents the applied
methodology, GPR and XAI techniques. The results obtained and the
discussion of the verification procedure are included in chapter IV.
The final remarks and the conclusion are presented in chapter V.

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

ues Id and Ich were selected from the range between -2.6 A and
-7.8 A (for discharge) and between 1.3 A and 7.8 A (during the CC
charge phase). The average charge current from all half-cycles completed from BoL (SoH = 100%) to EoL (SoH = 80%) was adopted as the
value of charge current during analyses. During the experimental procedures, LICs were kept in the voltage operating window specified by
the manufacturer, i.e. from 2.75 V (Udsch) to 4.2 V (Uch). Several DoD
levels were selected ranging between 16% and 100%, with an assumption that DoD is the charge which can be obtained in the given combination of cycling parameters. For example DoD = 100% corresponds to
a discharge in the full voltage operating window. The interval between
charge and discharge half-cycles was constant and was equal to 15 s.
The cell cycling process was controlled by a Cadex C8000 tester dedicated to electrochemical cells (values of momentary currents, voltages and temperatures of LICs were measured using separate wires).
The current/voltage measurement accuracy amounted to ±0.001 A/V
while the temperature measurement accuracy was ±0.1°C. To sum up,
29 cells in total were tested at four different Ta (10°C, 15°C, 25°C and
40°C), at 3 different values of Id (-2.6 A, -5.2 A and -7.8 A) and at 5
different DoD levels (16%, 27%, 50%, 75% and 100%). The average
value of charge current (Ich_avg) ranged between 1.2 A and 3.46 A.
Table I contains detailed values of the cycling parameters adopted
during the aging tests.
The condition for completion of each aging procedure was the degradation of the cell to SoH = 80%. The actual SoH of the cells was
checked every 48 hours under reference conditions (described in algorithm 1) using the following relationship (1):

Fig. 1. Block diagram of the experimental procedure

SoH =

Qref
QBoL

(1)

⋅ 100%

2. Data preparation
In order to obtain data related to the ability of LICs to transfer energy during cycling, they were subjected to aging tests under various
load and temperature conditions. Commercial Samsung 18650 LICs
(cylindrical), with a nominal capacity of 2600 mAh (Cnom) and nominal voltage of 3.63 V (Unom) were selected for the tests. The cathode
material of the tested cells was composed of LiNi0.33Mn0.33Co0.33O2
compound, while the anode was made of graphite.

2.1. Experimental procedure
The procedure presented in Fig. 1 was adopted for the purpose of
performing aging tests. Before starting the aging procedure of each
cell, their reference charge (Qref) was determined in accordance with
algorithm 1.
Then, each of the cells was subjected to cycling under unique
temperature and load conditions. During the tests, a Panasonic
MIR-254 temperature chamber was used to maintain a constant
ambient temperature. The Ta range in which the cells were cycled
was between 10°C and 40°C. Momentary temperatures of cells
were recorded by means of probes located in central points of the
cells. The discharge half-cycles were completed using the constantcurrent (CC) method, while charge half-cycles were completed using the constant-current constant-voltage (CC-CV) method. Val-

where Qref is the collected charge, QBoL is the charge collected before
the start of the LIC cycling.

2.2. Useful energy determination
In order to determine the useful energy throughput of a LIC during
a single duty cycle over its entire life, the following methodology was
adopted:
1) The assumption that one complete duty cycle consists of a discharge half-cycle and the immediately following charge halfcycle.
2) Calculation of the charge throughput during a single duty cycle (collected during discharge Qdsch and charge Qch) using the
Coulomb Counting method, on the basis of equation (2).
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3) Determination of the relative useful energy RUEc throughput during the duty cycle in accordance with relationship
(3). RUEc=1 means that a cell transferred nominal energy
(18.876 Wh) during a full duty cycle (a discharge followed
by a charge).
4) After each control procedure, determination of the number of
completed full equivalent duty cycles (FECs) for the needs of
the prediction model.
5) Determination of FECtot as the sum of RUEc from all completed LIC duty cycles from BoL to EoL. An assumption was
made that the transfer of nominal energy (18.876 Wh) during
two consecutive charge and discharge half-cycles constitutes a
full equivalent cycle (FEC).
6) Determination of the total energy throughput Eth_tot as a product of total charge throughput of LIC, multiplied by its voltage
on terminals:
t

Qch / dsch = Q0 + ∫ I ch / dsch (t )dt

(2)

0

RUEc =

Fig. 2. Three types of evolution of RUEc trends observed for the tested LIC

Qdsch ⋅ U ave _ dsch + Qch ⋅ U ave _ ch
2 ⋅ Cnom ⋅ U nom

(3)

where Q0 is the initial charge accumulated in a LIC, Uave_dsch is an
average voltage during a discharge half-cycle, Uave_ch is an average
voltage during a charge half-cycle, Cnom is the nominal capacity and
Unom is the nominal voltage.

Additionally, FECtot and Eth_tot completed by each LIC were determined and listed for information purposes in Table I. The statistical
values of measuring data and initial calculations are included in Table
II. Raw results of experimental measurements and FEC calculations
of all LICs are available online (raw data: https://data.mendeley.com/
datasets/fzp5wx28kw/1).

2.3. Initial analysis and calculations
The tests carried out showed that for the LICs discharged to
DoD >70 % the value of the transferred RUEc is variable during their considered life. In the case of variants with DoD <
70%, LICs transferred the fixed energy throughout their life
(RUEc = const). Depending on the combination of the values of the
cycling parameters, three types of evolution of RUEc changes were observed during the analysed period of operation: a) approximately linear, b) a slow decrease in the first phase of life followed by a phase of
accelerated loss of energy transfer, c) a characteristic inflection point
occurred after the phase of releasing the assumed charge, followed by
a phase of rapid loss of energy transfer. The phenomena described in
points b) and c) were present in cells ”A23”, “D14”, “D16”, “A30”,
“H10”, “A20”, “B37”, “H5” and ”C33”. Moreover, it was observed
that the lower the average temperature during full duty cycle (Tc),
the more rapidly the process of RUEc loss proceeded. For LICs with
Tc > 30̊C in most cases (except “B35”, “D16” and
“A23”) this phenomenon proceed approximately linearly.
The selected characteristics of the RUEc of cells, in which the effect
described above occurred, are presented in Fig. 2.
For each completed aging variant, it was checked how the ability
of the cell to transfer RUEc decreased. For this purpose, the ΔRUEc
difference (eq. 4) between RUEc determined at BoL and EoL was calculated.

(

)

∆RUEc = RUEc _ BoL − RUEc _ EoL ⋅ 100%

(4)

Depending on the cycling conditions ΔRUEc reached values exceeding 50% (cells: ”A35”, ”D16”, ”H1” and ”H23”) which means
that in the period preceding EoL the cells were not capable of transferring even half of the initial RUEc. A high value of ΔRUEc was observed for cells discharged with a high current (-7.8 A) regardless of
the temperature conditions (average cyclic temperature of the cell).
The lowest values of ΔRUEc occurred for cycled cells at incomplete
DoD (“A30”, “C33”, “H10” and “H13”).
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3. Proposed methodology
3.1. Data pre-processing
An inseparable part of prediction models based on machine learning is data pre-processing. The techniques used in data pre-processing enable assessment of the quality of the data and their usefulness,
which translates directly into the ability of the created model to learn.
Due to the numerical nature of the data used, it was not necessary to
use methods related to the handling of categorical variables and null
values. Before initiating the machine learning procedure, the data obtained from the experimental measurements were normalised. After
the normalisation, the average value of each of the parameters of the
learning dataset was equal to 0, and the standard deviation was equal
to 1.
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3.2. Proposed model
The amount of RUEc which LICs are capable of transferring during
a full duty cycle over their lifetime depends on the combination of
values of cyclic operating parameters and the number of completed
FECs. As the tests demonstrated, LICs may have a similar ability
to transfer RUEc even if they have completed a significantly different number of FECs. One additional issue is the fact that the cyclic
operating parameters of a LIC are strongly correlated. For instance
higher values of DoD, Id and Ich_avg result in an increase in the average temperature of the LIC, which, in turn, determines the amount of
RUEc. Furthermore, the impossibility of separating the impact of the
above-mentioned parameters during a duty cycle makes it highly difficult to determine the precise effect of individual parameters on the
amount of RUEc. In this paper, in order to develop a prediction model
for the relative useful energy RUEc the framework presented in Fig. 3
was adopted.
Taking the above-mentioned challenges into account, the author
proposes the use of the non-parametric model, whose structure strictly
matches the form of learning data. This model belongs to the group
of machine learning models (with supervision); it is more frequently
referred to as GPR and is a non-parametric regression technique based
on Gauss processes. This approach has many advantages, the most
important being the lack of requirements to know the distributions of
the model parameters and the correlations between them, and also a
high prediction accuracy even when using a small learning dataset.
Additionally, it forces out the use of techniques which enable the interpretation of the manner in which the implemented non-parametric
model operations. These techniques belong to the so called explainable artificial intelligence XAI. In this paper, the author have applied
a method that makes it possible to determine the significance of explanatory variables in the model. For the purpose of quantitative determination of the effect which the respective model variables have
on the predicted value (taking into account the correlation of other
parameters), the concept of accumulated local effects (ALE) has been
used.

3.3. Gaussian process regression
Gaussian process regression (GPR) belongs to the group of kernelbased non-parametric models [42]. In this model, the Gaussian probability distribution is defined for each finite set of input variables xi:
f ( x) ~ GP (µ ( x),cov( x, x ') )

(5)

where μ(x) is mean function, and cov (x, x’) is the covariance function
(kernel function).

Fig. 4. Graphic representation of the GPR model

The matching of the structure of the model to the learning set takes
place by defining, for each sample of the learning dataset xi, a function f(xi) having the Gaussian distribution – hereafter called a hidden
variable – and a set of basis functions h(x), which transfer the input
vector xi from the original feature space Rd to the extended feature
space Rp. The graphic representation of the GPR model is presented
in Fig. 4. The known values (learning dataset) are marked in circles
with continuous lines, while the hidden variables of the GPR model
are mapped using rectangles. The hidden variables are connected by a
thin horizontal line and, taking into account the marginalisation property of the model, each data sample (xi, yi) is independent of the others. Points (x*, y*) in circles with dashed lines mean new data points.
By using the kernel functions, it is possible to determine how model prediction y for vector x is dependent on the response in other points
x’. It determines the similarity between the two points (x, x’) in the
scalar form k(x, x’). More details related to kernel functions can be
found in [18].
For the needs of the RUEc prediction, the following structure of the
model has been adopted:
y ( x) = h( x)T w + f ( x) + ε

(8)

where h(x) is the set of basis functions, w is the vector of basis function coefficients, ε is noise with normal distribution.
Model prediction y takes place on the basis of input vector x’ and
the learning dataset:

(

P ( yi f ( xi ), xi ) ~ N yi h( xi )T w + f ( xi ),σ 2

)

P ( y f , X ) ~ N y Hw + f , Iσ 2

µ ( x) = Ε ( f ( x) )

(6)

cov( x, x ') = E (( f ( x) − µ ( x )( f ( x ') − µ ( x ') ) = k ( x, x ')

(7)

(9)

The above-mentioned model may be expressed in the form of a
vector using the following relationship:

(

The mean and covariance functions are expressed as:

)

(10)

where σ is the standard deviation, In is the identity matrix and:

(

X = x1T x2T  xnT

)

T

(11)

where E is an expected value.
The mean function may be equal to zero and may be a constant or
mean value of the learning dataset. On the other hand, the kernel function may have various specific forms ranging from the standard ones,
such as constant, linear, radial, squared exponential or matern, as well
as being a composite of multiple kernel functions. The kernel functions contain parameters related to the scaling of responses of model
y and input vector x and are referred to as hyperparameters θ. For the
majority of standard kernels, the hyperparameters include: standard
deviation σf and characteristic length σl. For all the parameters of the
input vector of the model, the characteristic length may be identical
or different.

T

f = ( f ( x1 ) f ( x2 )  f ( xn ) )

(

H = h(x1T ) h( x2T )  h( xnT )
T

y = ( y1 y2  yn )

(12)

)

T

(13)
(14)

Joint probability distribution of latent variables f with an assumption of a zero mean function μ(x)=0 is expressed as follows:
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P (f X ) ~ N (f 0, K ( X, X ') )

(15)

where:

(

2
P ( ynew y , X, xnew ) = N ynew h(x new )T w + ρ, σ new
+Σ

(26)

where:
 k ( x1, x1 ') k ( x1, x2 ')

k ( x2 , x1 ') k ( x2 , x2 ')
K ( X, X ') = 



 k ( x , x ') k ( x , x ')
n 1
n 2


 k ( x1, xn ') 

 k ( x2 , xn ') 




 k ( xn , xn ') 

(

w , θ,σ 2 = arg max log P y X, w , θ,σ 2
w ,θ,σ 2

(

(17)

Taking into account that:

(

) (

)

(18)

the logarithmic membership function may be represented as:

(19)
After determining the parameters of the model, the probabilistic
prediction of new values ynew for a new input vector xnew can take
place as follows:
P (ynew , y X, xnew )

(20)

P (y X, xnew )

where:
P (ynew y , X, xnew ) = ∫∫ P (ynew f new , xnew )P (f y , X )P ( f new f , X, x new )dfdf new

)

−1

(27)

K ( X, xTnew )     (28)

Variable importance is the technique which allows for the determination of the significance of each explanatory variable in reference to
its effect on the implemented machine learning model [34,62]. This
concept consists of the determination of the model error by permutations of the values of each variable. The given variable is significant
if changes in its value cause changes in the model error, as the model
relied on this variable for prediction. If the permutations of the variable do not cause changes in the model error, then it is considered
insignificant. In other words, the more the model relies on a variable to make predictions, the more important it is for the model. The
values of significance of the variables are determined on the basis of
algorithm 2.
Accumulated local effects (ALE) is the method which allows for the assessment of the relationship between the explanatory variables of the model and the predicted value [1,34]. This
concept is based on conditional variable distributions. This
means that mean differences in prediction and not their mean values are taken into account (as is the case with the partial dependence (PD) concept [34]). ALE reflects the way in which model
forecasts change within the narrow range of values of variables.
This method is particularly useful in the case of sets whose parameters are correlated with each other. The ALE function is defined as
follows:
x1

x1
 ∂f (x1, x2 )

∂f (z1, x2 )
E
x1 = z1  dz1 + c1 = ∫ ∫ p( x2 z1 )
dx2 dz1 + c1
∂
x
∂z1


1


min( x1 )
min( x1 )

∫

(29)

(21)
The individual components of the above integral can be represented as follows:

(

(y − Hw )

3.4. Variable importance

ALE ( x1 ) =

2
P ( ynew f new , xnew ) = N ynew h(x new )T w + f new ,σ new

−1

3.5. Accumulated local effects

−1
1
n
1
T
log P(y | X, w, ¸ ,σ ) = − ( y − Hw ) K ( X, X ') + Iσ 2  ( y − Hw ) − log 2π − log K ( X, X ') + Iσ 2


2
2
2
2

P (ynew y , X, x ) =

)

Σ = k (x new , x'new ) − K (xTnew , X) K ( X, X ') + Iσ2

)

P y X, w , ¸ ,σ 2 = N y Hw , K( X , X' ¸ ) + Iσ 2

(

ñ = K (xTnew , X) K ( X, X ') + Iσ 2

(16)

The values of the hyperparameters of the kernel function can be
determined by maximisation of the logarithmic membership function
P(y|X) with respect to parameters w,θ and σ2 using the following relationship:

)

(22)

−1
 1  I

 I
 
P (f y , X ) = N  f 2  2 + K ( X, X ') −1  (y − Hw ),  2 + K ( X, X ') −1   (23)


σ
 
 σ σ

(

P ( f new f , X ,xnew ) = N f new K (xTnew , X)K ( X, X ')−1f , ∆

)

(24)

where:
'
∆ = k ( xnew , xnew
) − K (xTnew , X)K ( X, X ') −1 K ( X, xTnew )

(25)

Finally the probability density of prediction ynew at the new point
xnew with known y and X is given by the following equation:
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)

where partial derivative

∂f (x1, x2 )

represents the local effect of x1 on
∂x1
prediction function f at (x1,x2), min(x1) is lower value of considered
variable range, c1 is a constant selected in order to vertically center
the graph.
Averaging the local effect over the conditional distribution p(x2,x1)
makes it possible to separate the effect of other correlated variables
located outside the considered range of values of variable x1.
In order to determine local effects, the whole range of values of the
given explanatory variable must be divided into multiple intervals.
The ”effect” is understood as the difference in prediction calculated
separately for each occurrence of a variable in a given interval. All
differences in the given interval are summed up and divided by the
number of occurrences – this way, the obtained mean difference in
predictions is the “local” effect. Ultimately the value of the accumulated local effect of a given variable is determined by summing up all
the local effects and represents the average change in the prediction
when the value of the variable changes within its range.
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in two dimensions. ALE can also be calculated for the interaction of
three or more variables – the relevant relationship can be found in
paper [1].

4. Results and discussion
The input parameters of the model were the cyclic operating parameters: the average LIC temperature during the full duty cycle (Tc),
the value of current during the discharge half-cycle (Id), depth of discharge (DoD), the value of mean current during the charge half-cycle
(Ich_avg). The total aging processes leading to LIC degradation were
included in the model by the number of full equivalent cycles (FEC).
The predicted value was the relative useful energy (RUEc) throughput
of a cell during a full duty cycle.

4.1. Model training

Numerically, ALE for a single variable can be calculated according
to the following relationship:
ALE ( x1 ) =

k ( x1 )

∑

k =1

1
∑  f ( zk , x1(i ) ) − f ( zk −1, x1(i ) )  − c1 (30)
n(k ) i:x(i ) ∈N ( k ) 
1

where zk represents the boundary of the range of variable x1, N(k)
is the interval [zk −1, zk ) , k(x1) is the index of the interval to which a
given point of variable x1 belongs, n(k), means the number of points
within the interval under consideration, and f is the prediction function.
The ALE method also allows for analysis of changes in
the predicted value in the case of interaction of two (ALE
second-order) or more variables (ALE higher-order). In this case, the
main impact of the variables concerned is ignored – only the effect of
their interaction is calculated. For two explanatory variables, the ALE
function may be represented as:
ALE ( x1, x2 ) =

(

The results of measurements of cycling of LICs, which were cycled
with DoD>70 % (20 LICs in total), were used as the learning dataset.
Cells ”A38”, ”B32”, “B40” and ”H9” were used to verify the model
exclusively. Finally, the learning dataset contained 311 samples, and
the verification set consisted of 99 samples – a fragment of the learning dataset after initial calculations is presented in Table III. The value
of FEC=0 is equivalent to SOH=100% of the cell, while the last value
of FEC=533 indicates SOH=80% and the accomplishment of the EoL
status.
As the kernel function of the GPR model, the matern 3/2 function
was used, which is expressed by the following equation:


3r 
3r 
kmat 3/2 ( x, x ') = σ 2f 1 +
 exp  −

σl 

 σl 

(34)

where r is Euclidean distance between x and x’.

)

 ∂f x , x , x

1 2 {1,2}


E
x
=
z
,
x
=
z
dz dz
1
1
2
2
∫
∫

 1 2
∂x1∂x2
min( x1 ) min( x2 ) 

x1

x2

(31)
and in the numerical form, the above relationship may be presented
as follows:
ALE ( x1, x2 ) =

k ( x1 ) k ( x2 )

∑ ∑

k =1 m =1

1
(i )
)    (32)
∑ ∆f1,2 ( K , k , m, x1,2
n{1,2} (k , m) i:x(i ) ∈N ( k , m)
1,2

where:

(

) (

)

(i ) 
∆f1,2 ( K , k , m, x1(,i2) ) =  f zk ,1, zm,2 , x{(1i,)2} − f zk −11
, , zm,2 , x{1,2} 

(33)
−  f zk ,1, zm−1,2 , x{(1i,)2} − f zk −11
, zm−1,2 , x{(1i,)2} 
,



(

) (

)

The rules for the determination of ALE for two variables are identical to those for one variable, whereby, the intervals are replaced by
rectangular areas due to the necessity of accumulation of local effects

The values of characteristic parameters σf and σl were determined using the method of optimisation without constraints
(quasi-Newton) and were 0.1687 and 0.7659 respectively, while the
value of the logarithmic membership function was L=713.7. The linear function type was adopted for the function set h(x). The coefficient
of determination R2, mean average percentage error MAPE and root
mean square error RMSE were used to assess the model quality. The
above indicators are determined according to the following relationships:
n

R2 =

MAPE =

∑ (fi − yi )

i =1
n

2

∑(

i =1
1 n

∑

n i =1

yi − yi

)

2

yi − fi
⋅ 100%
yi
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(35)

(36)
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RMSE =

1 n
2
∑ ( yi − fi )
n i =1

(37)

where n is the number of samples, f is the predicted value, y is the
measured value.
The results of the learning process were compared with three supervised machine learning models: a regression tree, a support vector
machine (SVM), and an ensemble of regression trees and are summarized in Table IV. The same input parameter structure was used for
each model, and the predictor parameter was RUEc. For the regression tree, the lowest RMSE was achieved for a leaf size of 4. It was
observed that increasing the leaf size beyond this value resulted in an
increase in RMSE. For the SVM–based model, the lowest RMSE was
obtained for a Gaussian–type kernel with a characteristic length of
0.56. The model with second lowest RMSE was the ensemble of the
regression trees consisting of a combination of 100 trees with a leaf
size of 5 each and a learning rate of 0.25.
The example characteristics of the three observed types of RUEc
evolution for two models with lowest RMSE (GPR model and Ensemble of trees model) are presented in Fig. 5 (a-c). The learning results of
other LICs for all comparative models are included in Appendix A.
As opposed to the model based on Ensemble of regression trees, the
response of the GPR model for each LIC included in the learning dataset was within the assumed confidence interval (95%). The MAPE
of the GPR model developed for all samples of the learning dataset
was 0.05%. This proves that the GPR model almost perfectly matches
the learning dataset.

4.2. Prediction
The developed original model was verified using new load profiles
which were not used to train the model. LICs with different mean

cycling temperatures (Tc) at mean load current of Id = -5.2 A were
selected for verification. For instance, for Tc > 40°C, the learning dataset included LICs loaded with Id = -2.6 A and Id = -7.8 A (cells ”D6”
and ”H12”), therefore, the “A38” cell was selected for verification at
higher temperatures. The verification process consisted of the RUEc
prediction by a model of 4 cells in the period between BoL and EoL,
and of comparison of their values obtained during the experiment.
The verification results are presented in Table V, and the characteristics for the 4 tested cases are presented in Fig. 6. From the results
obtained it can be observed that in two cases (“H9” and “B40”) APE
exceeded 5%. The reason for obtaining higher APE for the indicated
LICs is primarily due to the low number of samples in the learning
dataset containing conditions similar to those under which they were
cycled. For the “H9” LIC the problem is in the near EoL phase. During the charging half-cycle, the average charging current for this LIC
was 2.85 A. The learning dataset contains 29 samples (9.3% of all
samples) with similar values of cycling parameters (especially with
high average charging currents) to “H9” cell. Cell “B40” performed a
high number of FECs (over 1000) while in the learning dataset only
7% of all samples are with similar values (mainly coming from “C26”
LIC, which performed 909 FEC). This compares to 14.1% of samples
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Fig 5. Learning results obtained for three observed types of RUEc evolution
of GPR model and Ensemble of regression trees: a) after about 300
FECs, the cell lost the ability to transfer the fixed energy – the phase
of significant decrease in RUEc takes place, b) under these conditions, throughout the lifetime of the LIC, the decrease in RUEc was
approximately linear, c) the phase of slow degradation occurs until
approximately 400 FECs are completed, then it is possible to observe
the phase of accelerated ability to transfer RUEc

with similar values in the learning dataset for cell “A38” and 14.5%
for “B32”.
In the author’s opinion, the obtained results of the verification process confirm the effectiveness of the selected GPR method
for the purpose of RUEc prediction which a LIC can transfer during a full duty cycle throughout its life. Only in one test case did
the MAPE slightly exceed 5% (the ”B40” cell). Also in favor of
the method used, is the fact that despite an almost ideal matching of the model to the learning data, the prediction of RUEc under
new operating conditions for the LIC is possible with little error.
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The GPR model also allows for prediction within ranges exceeding
the ranges of variables of the learning dataset, which is not possible
for some techniques based on artificial intelligence – for instance,
neural networks or fuzzy logic.

4.3. Model explanation
In order to determine the significance of the explanatory variables
of the model, the variable importance (VI) technique was used. RMSE
was selected as the loss function of L model (eq. 37). The calculations were repeated 8 times in order to negate the effect of uncertainty caused by permutations of values. The obtained results of VI
are characterized by a low standard deviation; they were averaged
and listed in Table VI. Based on the results, the respective model input
parameters were ordered in terms of their significance - the effect of
FEC on the predicted value of RUEc is the highest in the used dataset
(the highest VI), then the effect of Id and Tc is on a comparable level.
From among the adopted model parameters, DoD and Ich_avg have the
lowest effect on RUEc (in both cases the calculated significance is at
a similar level).
Given the fact that interpretation of the structure of the developed
GPR non-parametric model is very difficult, in order to determine the
effect which the respective model parameters have on the value of

Fig. 7. First-order ALE plots for individual model input parameters: a) average
temperature of LIC during the full cycle b) discharge
current c) depth of discharge d) average charge current e) full equivalent cycle.

Fig. 6. Results of the model verification procedure

the RUEc prediction, the author has applied the ALE concept. Fig.
7 (a–e) presents the plots of the first-order accumulated local effects
which determine the impact of individual input parameters of the GPR
model on RUEc. The value of ALE at the given point determines the
difference in prediction in relation to the mean prediction of RUEc.
ALE=0 represents the mean prediction of RUEc. For instance, for Tc
≈25°C, the RUEc prediction will be lower by 0.05 in relation to the
mean prediction which is an exclusive consequence of temperature
(the effect of other cyclic operating parameters is separated). Based

on the results obtained, it is possible to determine, unambiguously, the effect of Tc on RUEc –
the lowest values of RUEc are obtained at average cycling temperatures below 30°C and they
increase gradually up to the range of values between 30°C and 44°C, where RUEc reaches its
peak value and then falls for Tc higher than 44°C
(Fig. 7 – a). In the case of values of currents
Id and Ich_avg, the effect on RUEc is linear. The
lower the values of Id and Ich_avg are, the higher
the RUEc. is. Furthermore, cycling of the LICs
at Id values lower than -5.2 A and higher than
2.25 A for Ich_avg will result in lower RUEc values over their lifetime
– the visible breaking point of characteristics (Fig. 7 – b, d). The plot
of ALE for DoD showed the linear dependence of this factor on RUEc
(Fig. 7 – c). The amount of transferred RUEc drops sharply when the
cells complete more than 500 full equivalent duty cycles (Fig. 7 – e).
Additionally, the results obtained using the ALE method confirm the results obtained using the VI technique – the highest dispersion of ALE values (from -0.286 to 0.225) is characteristic of
FEC, which is compliant with the highest value of VI for this parameter. For Id and Tc the differences in relation to the mean prediction vary from -0.114 to 0.08 for Id and from -0.108 to 0.027
for Tc respectively, which also correlates with the VI results.
The lowest dispersion of values was observed for Ich_avg – from
-0.063 to 0.031, which means the lowest effect on RUEc in the used
dataset.
In order to determine the effect of interaction of the model
parameters on RUEc,, the values of the second-order accumu-
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lated local effects were determined in the paper for all the possible combinations of pairs of the GPR model input parameters.
The results obtained in the form of value maps are presented in
Fig. 8 (a–j). Analysis of the interaction effect of model parameter pairs showed that the highest influence on RUEc is exerted
by combinations of the following pairs Tc– FEC, Id– FEC and
Ich_avg– FEC. For instance, for LICs, which completed a large number
of FECs (over 1500) at Tc below 25°C, the differences in relation to
the mean RUEc prediction even amount to -0.4, and at Tc above 50°C
+0.2 respectively (Fig. 8 a). A high level of influence was also shown
by the Ich_avg– FEC pair at around FEC=1350 and Ich_avg= 3A – the
ALE value in this area reaches up to +0.3 (Fig. 8 d).The level of influence of the DoD – FEC pair over the entire value range does not
exceed the range between -0.04 and +0.06 (Fig. 8 d). To sum up – the
pairs containing FEC are characterised by the highest influence due
to the highest effect of FEC on RUEc which is shown in Fig. 7 – e.
The interaction effect of parameter pairs, i.e. Tc – DoD and Tc – Id is
locally at the level of hundredths (+0.02 and -0.015) – Fig. 8 – h,j. On
the other hand, the effect of other pairs is at a negligible level (ALE at
a level of thousandths or lower) – Fig. 8 – e-g,i.

5. Conclusion
The paper presents the author’s prediction model for the useful energy that can be transferred during a single duty cycle under various temperature and load conditions, taking into account
the energy throughput to date by LiNi0.33Mn0.33Co0.33O2 cells.

The methodology presented in the paper allows for the obtaining of a RUEc prediction over the entire LIC life with high accuracy, even when learning datasets with a small number of samples are used. The developed model is resistant to the overfitting
phenomenon – despite an almost ideal matching of the model to
the learning dataset used, the prediction of trends in the evolution of RUEc is possible under new load and temperature conditions, which has been confirmed by the author with 4 test cases.
The appropriate selection of types for the kernel function k(x, x’) and
basis functions h(x) was critical to achieving the high accuracy of
model prediction.
In comparison to classic modelling techniques, the advantage is
that the model structure does not need to be specified. In fact, this is
the disadvantage of methods based on machine learning - the structures of such models and their parameters have no physical meaning.
The author proposes a solution for the above-mentioned problem by
using the XAI techniques, which enable determination of both the
significance of model input parameters, and the quantitative determination of their effect on the predicted value of RUEc.
The information obtained in this way may be used, among other
things, to improve the algorithms used specifically in battery or battery pack management systems, helping to optimise their operation
and extend their life. What is more, the methodology proposed by the
author can be applied to electrochemical cells with different chemical
compositions.

APPENDIX
A. Results of the learning procedure – MAPE of comparative models for individual LICs.

Fig. 8. Plots of accumulated local effects of the second order for the respective combinations of pairs of model input parameters
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Abstract

• Degradation measurement of LEDs in the frame Nowadays, systems are more complex and require high reliability for their components,
especially critical system components. Therefore, to avoid serious damage, system are often
of accelerated tests.
replaced before the actual failure. The replaced parts are considered to have “soft failure”,
• Method for determination of the degradation
and the limit in which the parts are replaced is known as the critical level of the degradation
threshold based on the failure data.
process. Determining the appropriate value of the critical level for a product is an important
• Determination of degradation threshold using problem in their exploitation, as well as for predicting the Mean Time to Failure (MTTF)
classical approach.
or Remaining Useful Lifetime (RUL) of this product based on the degradation data by the
• Determination of degradation threshold using mathematical models. In this article, an approach in determining the critical levels based on
failure data from an accelerated test is introduced. This approach is applied with the degraWiener Process-based model.
dation process of Light-Emitting Diodes (LED) in an accelerated test and a type of Wiener
process-based model is used to predict the MTTF or RUL of LED based on their degradation
data and the found critical level.
Keywords
This is an open access article under the CC BY license critical level, threshold of degradation process, accelerated test, LED, Wiener process.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Hard failure is a type of failure in which the product completely
loses its ability to perform the required functions of the product. The
hard failures for a family of products happen at different times, following a certain random distribution, because there are many random
factors that affect product performance [5]. Analyzing the failure data
of a product family using the classic method, according to standard
IEC 60605-4:2001 [8], gives the mean time to failure (MTTF) of the
product family. MTTF is an important quantity, plays a decisive role
in determining the time to replace products of any product family in
the preventive maintenance policy, in which the product must be replaced before the time of actual failure. In general, it means that at the
time t < MTTF. A major disadvantage of the preventive maintenance
policy is that it is difficult to determine exactly the time t before the
MTTF. Especially for critical systems, product replacement is often
performed at the time t << MTTF, even if the products are still in
good technical condition. It increases costs during product utilization.
In addition, for highly reliable products, there is a lag of failure data

since it takes a long time and high cost to test until failure occurrence.
This disadvantage can be overcome by using the Condition-Based
Maintenance Policy, where the technical condition of the product is
determined by periodically observing and measuring the parameter,
which represents the degradation level of the product. Based on the
degradation data, which is composed of measured values of the degradation parameter, a product is considered as “failed” (soft failure or
boundary-crossing failures [1, 20]) when the value of the degradation
quantity is greater than a predefined critical value (threshold). In this
way, the product is only replaced when necessary, thereby utilizing
best the product using value.
Due to the randomness of the degradation processes, statistical
mathematical modelling methods are used to describe the degradation
process and predict the MTTF or Remaining Useful Lifetime (RUL)
of a product based on the degradation data [6, 9, 18]. Some statistical
mathematical models, such as the Wiener Process-Based Model, the
Gamma Process-Based Model, or the Statistical Regression Model
etc. are commonly used to describe and study the degradation process.
Some published works using these types of models (Wiener Process-
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E-mail addresses:

330

AD. Hoang (ORCID: 0000-0001-8846-8537): anhdung.hoang@unob.cz, Z. Vintr (ORCID: 0000-0003-3128-0802): zdenek.vintr@unob.cz,
D. Valis (ORCID: 0000-0002-3911-2689): david.valis@unob.cz, D. Mazurkiewicz (ORCID: 0000-0002-9887-8203, d.mazurkiewicz@pollub.pl)

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

based Model – [10, 12, 17, 21]; Gamma Process-based Model – [2,
15], Statistical Regression Model – [14]) are just a few examples
of the several published works related to this problem. In the above
works, the MTTF or RUL of the product is predicted based on the
obtained degradation data and based on the degradation threshold of
soft failure.
First-passage probability distribution of product is also the research
object of several published articles, such as works [11, 19], in which
determining the analytic expressions of First-passage probability distribution of product and the calculating the MTTF or RUL of a product
depend significantly on the predetermining of the degradation threshold of product.
In the above-mentioned works, the critical level of the degradation
process has just been given for calculation, without explaining how
to select these values. Deng et al. [1] shows that the determination of
the critical level of a product can be done in two ways: based on expert knowledge or based on data analysis. For complex systems, there
exist major limitations of the expert’s knowledge about the system.
Therefore, data analysis should be used to assist in determining the
value of critical level. Deng et al. [1] also provides a method to correct
the value of the critical level, where an initial critical level is chosen,
and the real value of the critical level is redefined based on the inverse
first passage problem and the real degradation data of the product.
However, the problem of choosing the right value of the initial critical
level for a system is still a problem that must be studied more.
With degradation processes, on basis of corrosion, wear, etc., the
value of the critical level can be defined based on the analyst’s knowledge about the strength limit of material or structure. With LED, when
the light output is used by manufacturers as degradation quantity, the
L50 or L70 criteria are used as the critical level to define soft failure
(the output light of LED degrades and is equal to 50 % or 70 % of the
initial value of new LED) [3, 7]. However, in military vehicles, directly measuring the output light to determine the degradation level of
LED is difficult to occur due to the other light sources in the vehicle.
Then the voltage measured between two ends of the LED can be used
as a degradation parameter to exhibit the degradation of the LED. But
how to define the suitable critical level while we do not know the relationship of the voltage with the real failure of LEDs? In such cases,
choosing the value of the critical level is really a big challenge.
The article gives an approach to determine the critical levels in degradation modelling based on product failure data. With this approach,
the challenge as with LED can be solved. The lack of product failure
data, especially with a high-reliability product, can be overcome by
using Accelerated Test (AT) with appropriate testing conditions.
In this article, an AT with LEDs is introduced. The failure data of
LEDs in this test is used to apply the proposed approach in defining
the critical level of LED. Wiener Process-Based Model (WPBM) with
measurement errors and unit-to-unit covariates is used to process the
degradation data from the experiment, predict the MTTF and RUL of
LED in this test. Based on the defined critical level of degradation
(threshold), the data are also processed using the classical method (by
standard IEC 60605-4:2001 [8]) to compare with the result by the
mathematical statistical model to give the conclusion.

The above analysis suggests that it is impossible to determine the
critical level so that no hard failure will occur at all, but it is possible to determine the value of the critical level so that there is only a
certain probability that a hard failure will occur. This is the statistical
significance level α, which means that when the degradation level of
the product reaches the degradation critical level, there is α probability that the products show a hard failure.
To determine the threshold of the degradation process with the significance level α, the probability distribution of the failure degradation data of the product must be determined. The first determining
method is parametric methods, which means that one of the underlying probability distributions, followed by the failure data, needs to be
determined, such as Normal, Exponential, Weibull distributions – the
probability distributions commonly used with the failure data. Here
the hypothesis test must be done, including testing the normality of
data, or testing for other probability distributions. There are many normality test methods: QQ plot, Anderson–Darling test, Kolmogorov–
Smirnov test, Lilliefors test, Shapiro–Wilk test etc., in which QQ plot
is a graphical visual preliminary test, and the remaining testing methods work on the test statistic. Each of these test methods is based on
certain assumptions and when applying them it is always necessary to
assess to what extent these assumptions are met in a given case [16].
According to several studies, such as [16], the Shapiro-Wilk test is
the best power test for normality, followed by Anderson–Darling, Lilliefors, and Kolmogorov–Smirnov tests, respectively. In addition, the
Kolmogorov–Smirnov or Anderson–Darling tests can also be used to
test the null hypothesis that the data follow the exponential or Weibull
distributions. After determining the probability distribution that the
data follow, the parameters of probability density function (PDF) can
be determined, thereby finding the critical level of degradation process at significance level α = 0.05 or α = 0.01 of this probability distribution with these data.
In this case, nonparametric methods are also a powerful method,
helping determine the cumulative distribution function (CDF) and
PDF with a limited number of assumptions about the underlying distribution of the data. Smoothing methods using a kernel density estimator are motivated by empirical CDF, but it is estimated that it is
more efficient and complete than the empirical distribution function
of the data [4]. From the found CDF it is possible to determine the
p-value (at level 0.05 or 0.01 significance) of this probability distribution of these data.
In the final step, from the found CDFs, the critical level of the degradation process at significance level α = 0.05 or α = 0.01 depending
on the importance of the product in the system can be defined.

2. Determining the critical level of degradation process
The critical level of the degradation process is determined such that
the product is replaced when the degradation quantity exceeds this
value, and no real hard failure of the product occurs. For important
systems, this value is often determined to be smaller to ensure high
system safety. In practice, there exists a small probability, that the
hard failure can occur even with a product that has only been working
for a short time when the degradation quantity is very small. This is
the early “infant mortality” failure of the ‘infant mortality’ product.
Therefore, determining the fair value of the critical value, to ensure
that no hard failure occurs is relatively difficult.

Fig. 1. The main steps of the mean time to soft failure determination process
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3. An accelerated test with LEDs
In order to determine the critical degradation level, information on
the changes of the parameter that characterises the degradation level
as a function of the operating time of items under test and the operating time to failure of the items is necessary. The object of investigation in the presented case were 10W 700LM/90° white LEDs and an
accelerated reliability test of these LEDs was used to obtain the necessary information. Increased temperature was used as an accelerating
factor in the test and the LEDs were tested in a climate chamber at
90 °C. In the first case the LEDs were periodically switched on and
off (ON/OFF mode) and in the second case they were permanently
switched on (ON mode). The main objective of the experiment was to
obtain information about the degradation process in the case when the
LEDs are operated in ON/OFF mode and to compare the intensity of
degradation in this mode with the intensity of degradation when the
LEDs are permanently switched on. In both cases, the LEDs were
supplied with a nominal (maximum allowable) current If = 1.05 A.
Fig. 2 shows the time profile of switching the LEDs operating in ON/
OFF mode. The LEDs were always on for 30 seconds and then off for
30 seconds, and this cycle was repeated periodically.

For the purpose of the test, the LEDs were installed on aluminium
plates, each with 10 LEDs. The individual LEDs are connected to the
measurement system in such a way that the voltage at the terminals
of each LED can be periodically measured. The method of connecting the individual LEDs to the power supply and to the measurement
system is shown in Fig. 5. Voltage measurement on individual LEDs
is provided using the Keysight 34980A Multifunction Switch Measurement Unit. Measurements are taken periodically, every 10 minutes
when all LEDs are switched on. Fig. 6 shows the placement of the
individual LED boards in the Votch VC3 7034 climate chamber and
the wiring of the individual LEDs.

Fig. 2. Time profile of switching the LEDs operating in ON/OFF mode

Since the magnitude of the supply current affects the load level of
the LEDs, this aspect was also investigated in the experiment. Thus,
in ON/OFF mode, two more groups of LEDs were tested at two different power supply current levels lower than the nominal current.
Table 1 summarizes the number of LEDs tested and the conditions
under which they were tested. The chosen test conditions were determined with respect to their expected real operating conditions. A
discussion of the whole procedure for determining the test conditions
and an explanation of the technical and economic constraints that had
to be respected in the test design is beyond the scope of this article and
can be found in the work [13].

Fig. 3. Overall arrangement of the experiment

Table 1. Quantity, loading current, and testing modes of the LED groups
Quantity
(LEDs)

Loading
current If (A)

LED operating
mode

Climate
chamber

20

1.05

ON/OFF

Votsch VC3 7034

ON/OFF

Votsch VC3 7034

5

0.95

ON/OFF

10

1.05

ON

5

0.85

Votsch VC3 7034
Votsch VT 4004

The overall arrangement of the experiment can be seen in Fig. 3
and the arrangement of the test and measurement equipment in the
laboratories in Fig. 4. Two climatic chambers were used for the implementation of the accelerated test. The Votch VC3 7034 chamber
was used to test LEDs operating in ON/OFF mode and the Votch VT
4004 chamber was used to test LEDs operating in ON mode. Constant temperature is maintained in both chambers using the built-in
automatic control and monitored by the PT-100 temperature sensors.
All LEDs are powered by High-Precision Digital DC Power Units
Keysight E3634A. Each power unit always supplies 5 LEDs with a
constant current of the magnitude shown in Table 1. For LEDs operating in ON/OFF mode, the power units also provide cyclic power
switching in accordance with the timing profile shown in Fig. 2.
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Fig. 4. Arrangement of test and measurement equipment in the laboratory

Fig. 5. Scheme of the power supply and voltage measurement on individual
LEDs
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Fig. 6. Placement of the individual LED boards in the Votch VC3 7034 climate chamber

Currently, only the first part of the presented experiment has been
completed, which consisted in testing the LEDs in the ON/OFF mode
when supplied with maximum current. All 20 LEDs tested have already experienced a hard failure and a complete data set is available.
Therefore, this paper focuses on the evaluation of this data.
Testing of the remaining LEDs is currently still in progress. In the
group of LEDs operating in the ON/OFF mode when powered at lower than nominal current, several failures have already been recorded,
but most of the tested LEDs are still functional. In the group of LEDs
operating in ON mode, all tested LEDs are still functional. The end of
the experiment and its comprehensive evaluation is expected after all
tested LEDs operating in ON/OFF mode have failed.

4. The results of the experiment
The degradation process of 20 LEDs mentioned in Section 3 is
shown by the voltages measured in the test. The changes of measured voltages of 20 LEDs from the accelerated test are shown by the
graphs in Fig. 7, where the numbers 1, 2, 3, .... 19 and 20 indicate the
individual diodes tested. The graph of LED nr. 8 is shown separately
in Fig. 8 and Fig. 9 to clearly show the change of measured voltage in
the LED degradation process.

Fig. 7. The graphs of the measured voltages of the LEDs from the accelerated
test

From the graphs showing the voltage of the LEDs in Fig. 7 and
Fig. 8, the degradation process of all 20 LEDs follows the same rule.
Firstly, the initial measured voltage current of 20 LEDs is about 8.6 V.
According to the degradation level of the LEDs, this voltage gradually
decreases. These decreases are quite small so they cannot be seen in
Fig. 7 and Fig 8. Fig. 10 show the voltage changes of LED 1008 in the
first stage (from the beginning of the test to the first voltage jump),
where small decreases in voltage can be seen. After a long testing

Fig. 8. Diagrams of the measured voltages of LED nr. 8

Fig. 9. Diagrams of the voltages measured from LED nr. 8 from the beginning
of the test to the first voltage jump

time, the voltage jump of the LEDs takes place and the LED voltage
value gets to a voltage level greater than 9V (the specified voltage is
dependent on the LEDs. At a voltage level greater than 9V, the light
output of the LEDs decreases clearly. The voltage value (greater than
9V) continues to decrease as the LEDs degradation trend. After a short
time, for some LEDs, a second voltage jump happens and reaches a
value greater than 20V or 50V, then the LEDs are completely damaged and do not light up. With some LEDs, the LED voltage jumps
to an intermediate voltage value greater than 11V and then jumps to
a voltage greater than 20V or 50V, the LEDs completely fail. Three
voltage jumps of LED nr. 8 can be observed in Fig. 8. Thus, the LEDs
degradation process might be considered as multistage. This is understandable, given the complex structure of LEDs and the diverse
failure mechanisms of LEDs, as detailed in [2].
The operating time of LEDs at voltage levels greater than 9V or
11V is relatively short compared to the entire operating time in the
ON operating mode of the accelerated test. So, when one observes
that the voltage of the LEDs reaches a value greater than 9V, it can be
concluded that the hard failure of the LED is about to occur.
The degradation parameters in this test can be directly the measured
voltage of LEDs U, which decreases in any certain degradation stage
of LED, or the voltage difference, ΔU, which is calculated by subtracting the measured LED voltage at any moment from the measured
voltage at the initial moment. The voltage difference, ΔU, is increasing and positive quantity and is often used as a degradation parameter
in mathematical models of the degradation process.
In this test, the voltage value of an actual hard failure of LEDs can
be measured after the second or the third jump has taken place. At this
moment, the voltage difference calculated by the above way obtains
a negative value, because two voltage values are measured in different stages. This measured voltage has no sense in determining the
threshold of voltage difference for the one-stage degradation model,
but can be used with the multistage degradation model. This issue is
not addressed within the scope of this article.
In this case, the only voltage value right before the first jump is
proposed as the degradation value of the hard failure of the LEDs.
Table 2 presents the voltage difference ΔU measured at the time of the
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Table 2. Data on hard failures of LEDs in ON/OFF modes with loading currents If =1.05A
LED nr.
Degradation level ΔU (V)
Time to failure (day)
LED nr.

Degradation level ΔU (V)
Time to failure (day)

1

2

3

4

5

6

7

8

9

10

0.0089

0.0108

0.0086

0.0099

0.0074

0.0089

0.0104

0.0098

0.0084

0.0082

11

12

13

14

15

16

17

18

19

20

0.0102

0.0109

0.0095

0.0082

0.0104

0.0097

0.0105

0.0098

0.0097

0.0097

68

72

76

72

76

68

78

hard fault (defined in this way) for diodes tested in ON/OFF operating
mode with loading currents If =1.05 A.

5. Determining the critical level of LEDs degradation
process in accelerated test
First, the parametric method of probability distribution determination is used. In Fig. 10, the Q-Q plot of the hard failure data of the
LEDs is shown. By this figure, we can see that the data relatively
follow a normal distribution.

Fig. 10. The Q-Q plot of the data of hard failure of LEDs
In the following step, the hypothesis tests for normality were carried out using MATLAB software. The results of different hypothesis
tests are given in Table 3.
Because the sample size (20 LEDs) is not big enough, and the Anderson–Darling and Lilliefors test was concluded to be more effective
than the Kolmogorov–Smirnov test, it can be concluded that the hard
failure data of LEDs follow the normal distribution and the parameters of the normal distribution of these data can be calculated. In this
case, the mean and variance of the normal distribution are 0.0094 and
9.2·10-7, respectively.
In the next step, nonparametric methods including the empirical
CDF and nonparametric CDF by smoothing methods using a kernel
density estimator – are applied. The result can be shown in Fig. 11.
The last step is to find the critical level of the degradation process
ΔUcrit at the selected significance levels α = 0.05 and α = 0.01 of the
above found CDF. The results are given in Table 4.

68

68

68

76

72

64

73

68

51

76

68

71

68

Table 3. The results of different hypothesis tests using the MATLAB software
Hypothesis test

Results

Anderson–Darling

Fails to reject the null hypothesis

Kolmogorov–Smirnov

Rejects the null hypothesis

Lilliefors

Fails to reject the null hypothesis

Fig. 11. The graph of CDF of the data using nonparametric methods
Table 4. The critical level of the degradation process determined by different determining methods

Determining method
Normal distribution

Empirical CDF

Nonparametric CDF with
smoothing

The critical level of
degradation ΔUcrit
at the significance
level α = 0.05
(V)

The critical level of
degradation ΔUcrit
at the significance
level α = 0.01
(V)

0.0078

0.0074

0.0081
0.0076

0.0074

0.0069

6. Evaluating experiment data by the classical method
- IEC 60605-4:2001
In this section, with the critical level ΔUcrit = 0.0074 V, based on
the degradation data from the accelerated test with LEDs, the soft failure data of LEDs are calculated and given in Table 5. These data are
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used to calculate the MTTF of LED using the classical method - IEC
60605-4:2001 [8].
To use the standard IEC 60605-4:2001, we assumed that the soft
failure time of LEDs follows an exponential distribution with constant
failure intensity. The experiment ends when all of the LEDs have soft
failures.

Using these relationships, the MTTF (soft failure) and its confidence intervals were calculated for the individual degradation levels
given in Table 4. Confidence level 90 % was considered in the calculation. The results of the calculations are presented in Table 6.

Table 5. Data on soft failure of LEDs in the ON/OFF operating modes with loading currents If =1,05 A
LED nr.

1

2

3

4

5

6

7

8

9

10

Time to soft failure (day)

62

43

47

47

68

47

39

43

64

49

LED nr.

11

12

13

14

15

16

17

18

19

20

Time to soft failure (day)

36

35

43

44

43

43

37

36

43

36

The cumulative test time T * is calculated by:
n

T * = ∑ ti

(1)

i =1

7. Evaluating experiment data
by mathematical model - Wiener
Process-Based Model with measurement errors and unit-to-unit
covariates
In this Section, the degradation data measured before the moment, when the first hard
failure happens, are evaluated by the mathematical model - Wiener Process-Based Model with measurement errors and unit-to-unit
covariates. With this model, the degradation
data and the critical level determined above
are utilized to predict the MTTF for the soft

failure of the LEDs.
Wiener Process-Based Model (WPBM) with measurement errors
and unit-to-unit covariates is used in works [1, 12, 17, 21]. The degradation data set with n objects and m observations for each object can
be described by WPBM, as in the following equation (5):

where ti – the time to soft failure of i-th LED in the experiment and
T * = 905 days.

yij = x(t ij ) + ε ij = µi Λ (t ij ) + σ B (τ (t ij )) + ε ij

Because all of the LEDs in this experiment have soft failures, the
number of failures in the experiment is r = 20.
According to IEC 60605-4:2001, the MTTF for the soft failure of
LEDs in this mode of the experiment is:

where yij and x(tij) – the measured degradation value and the true degradation value of the i-th object at the time tij, respectively. The true
degradation increments xi1, xi2 - xi1, xi3 - xi2, …. xim - xi(m-1) are assumed
independent of each other and follow a normal distribution with mean
μi [Λ(tj) - Λ(tj-1)] and variance σ2 [τ(tj) - τ(tj-1)]; B [Λ(tij)] – a Brownian
motion; εij – measurement errors, that follow a normal distribution εij
∼ N(0, σε2) and are independent of each other and of the true degradation value x(tij); μi – drift parameter; σ2 – variance parameter; Λ(tij),
τ(tij) – the time-scale transformation functions, that can follow the different laws, including linear law Λ(t) = at, the Power-law Λ(t) = eat or
exponential law Λ(t) = ta, a – an unknown fixed coefficient.

MTTF =

T*
r

= 45.25 days

(2)

The lower and upper limit of the two-sided confidence interval of
the MTTF – MTTFL 2 and MTTFU 2 – for the soft failure of LEDs is
calculated by equations (3) and (4):

*
2T

MTTFL 2 =

(3)

χ12−α / 2 ( 2r )

(5)

To remove subscript i from the time notation, assume that the degradation values are measured at the same times for all units. The equation (5) can be rewritten in the matrix form:
(6)

y i = µi Λ + σ B ( τ ) + ε

2T *

(4)

where the vector and matrix are denoted by a bold symbol and:
yi = (yi1, yi2, …. yim)’ – vector of the degradation values of i-th object
at the time t = (t1, t2, …. tm)’ where t1 < t2 < … < tm – vector of ob2
servation
time;
where χ1−α / 2 ( 2r ) is the chi-squared distribution with the number of
ε – vector of measurement errors; Λ [Λ(t1), Λ(t2), …. Λ(tm)]’ and τ =
degrees of freedom 2r at the confidence level (1−α).
[τ(t1), τ(t2), …. τ(tm)]’ are the vectors of the time-scale transformation
functions.
yi = (yi1, yi2, …. yim)’ follows a multivariate normal disTable 6. The values of MTTF and its confidence intervals at the confidence
tribution with mean μΛ [μΛ(t1), μΛ(t2), …. μΛ(tm)]’ and
level 90 %
covariance matrix Σ with its ij-th elements defined in
equation (7):
The critical level
MTTFU 2 =

of degradation ΔUcrit (V)
0.0081

χα2 / 2 ( 2r )

MTTF (day)

MTTFL2 (day)

MTTFU2 (day)

51.6

37.02

77.86

45.9

32.93

69.26

0.0078

49.55

0.0074

45.25

0.0076

0.0069

41.6

35.55

32.46

29.84

74.76

68.28

62.77

 σ 2τ ( t j ) + σ ε2

Σij = cov(Yij , Yik ) = 
2
σ min τ ( t j ) ,τ ( tk )

(

j=k

)

j≠k

(7)

μ is assumed to be different between different units, and is
normally distributed, μ ∼ N(μ0, σ02), which shows the unitto-unit variate in the mathematical model. Then yi = (yi1,
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yi2, …. yim)’ follows a multivariate normal distribution with mean
μ0Λ’ and covariance matrix Σ = Ω + σ02ΛΛ’, where:

τ ( t1 ) τ ( t1 )
τ ( t ) τ ( t )
1
2
Ω = σ 2Q + σ ε2I m ; and Q = 
 


τ ( t1 ) τ ( t2 )



τ ( t1 ) 




 

 τ ( tm )
 τ ( t2 )

(8)

where Im is an identity matrix.
According to [17], the MTTF can be calculated by equation:

 ∆U crit 

 µ0 

MTTF = Λ −1 

(9)

where ΔUcrit – the predefined critical level of degradation.
The parameters of this model are estimated by the Maximum Likelihood Method (MLE), including getting the first partial derivatives of
the total Log-likelihood function, setting them equal to zero to make
the equations system, and solving this system to find the unknown
model parameters. To reduce computational burden, a three-step computing method has been introduced and used effectively for WPBM in
the works [1, 17, 21].
In this article, the exponential law of time-scale transformation
functions Λ(t) = τ(t) = ta is selected. In this case, the experimental
time of the degradation data was determined one day earlier than the
time when the first hard failure in the 20 LEDs is observed. Based
on WPBM with measurement errors and unit-to-unit covariates, the
WPBM model parameters of WPBM, defined by the three-step computing method, and the MTTF (soft failure) of the LEDs, calculated
by Equation (9) with different determined thresholds (see Table 4),
are given in Table 7.

8. Discussion
The presented method allows prediction of the mean time to soft
failure for LEDs with pre-selected confidentiality level. However,
knowledge of the degradation process model is necessary for the application of the procedure. To create it, the authors use the results
of accelerated tests of LEDs, which allow obtaining the information
needed to create a degradation model in a relatively short time. The
degradation model itself then allows the prediction of the mean useful
technical lifetime of the LED in terms of mean time to soft failure.
Knowing the dependence of the degradation level on the operating
time also allows continuous assessment of the technical condition of
the LED (its degradation level) and prediction of the remaining useful lifetime by relatively simple measurement of the voltage changes
at the diode terminals. The proposed method thus creates conditions
for ensuring high operational reliability of the system using LEDs,
because it allows to determine quite efficiently the time at which it is
necessary to carry out preventive LED replacement and thus prevent
the occurrence of a hard failure.
The key step of the method is to determine the critical level of degradation that corresponds to the occurrence of a soft failure. For this
purpose, the results of a corrugated test of 20 LEDs are used in this
paper. The relatively low number of LEDs tested was due to technical
(size of the climate chamber, capacity of the measuring apparatus,
available power junctions etc.) and economic constraints. A higher
number of LEDs tested would undoubtedly increase the credibility of
the results obtained.
The obtained data were evaluated using normal distribution of empirical CDF and non-parametric CDF with smoothing. The levels of
critical degradation determined by each method do not differ much
from each other. The differences in the determined values are in the
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Table 7. MTTF (soft failure) of LEDs calculated using WPBM with different
determined thresholds

ΔUcrit (V)

MTTF (day)

0.0081

51.14

0.0078

48.77

0.0076

47.21

0.0074

45.66

0.0069

41.82

range of 6-7 % depending on the chosen level of confidence. All the
methods used allow the determination of the critical degradation level
with the chosen level of significance. The application of non-parametric CDF with smoothing seems to be the most appropriate evaluation
method, as it does not require the determination of any specific type
of distribution (parametric) and testing its validity, while providing a
continuous CDF.
To determine the mean time to soft failure (at a given level of critical
degradation), the authors propose two methods. The so-called classical method based on statistical processing of the experimental results
according to the recommendations of the international standard IEC
60605-4:2001 and the method based on the application of WPBM
with measurement errors and unit-to-unit covariates. Both methods
allow the estimation of the MTTF for a selected level of critical degradation. The results of the calculation by both methods are practically
identical (within 1 % of each other). The inherent advantage of the
classical method is that it allows not only to perform a point estimate
of the MTTF, but also to determine the MTTF confidence intervals
with the selected confidence level, whereas the WPBM application
does not provide this option. Taking this into account, it is therefore
preferable to use the classical method, which is also considerably simpler in terms of application.

9. Conclusions
The paper presents the proposal of a method for modelling the LED
degradation process allowing to predict the occurrence of failures and
to determine the remaining useful life of the LED based on the detected degradation level. The method uses the results of accelerated tests
of LEDs as input information. However, analogically, the results of
monitoring the degradation process of LEDs in normal operation can
also be used to build the model. The proposed method, among other
things, allows the determination of a critical level (threshold) of the
degradation process (soft failure) beyond which we can expect the occurrence of a hard failure (complete loss of function). The knowledge
of such a degradation threshold value enables an effective application
of Condition-Based Maintenance Policy and a practical estimation of
the remaining useful life of the LED (remaining time to soft failure)
in real operation.
However, the presented method is not only designed for the needs
of degradation assessment in LEDs. In designing the method, generally valid principles and procedures have been applied, which are
fully applicable wherever the level of degradation can be measured
accurately using appropriate parameters. Therefore, the authors anticipate that the proposed method can be used to determine the critical
degradation level, predict the occurrence of failures and estimate the
remaining useful life not only for LEDs but also for other types of
objects. Verification of the above assumption is the main objective
of future research work. The intention is to verify the applicability
of the proposed procedures for determining the critical degradation
level both for other types of electronic components and for selected
electromechanical and mechanical components.
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A further aim is to verify the practical applicability of the proposed
method for degradation assessment and estimation of the remaining
useful life of LEDs in normal operation, where problems can be expected especially with the implementation of voltage measurements
at the LED terminals, since a constant value of the supply current and
corresponding measurement accuracy must be ensured. The solution
of these problems is the main limiting factor for the use of the proposed method in monitoring and evaluation of LEDs degradation in
normal operation.

Acknowledgement
This article has been prepared with the support of the Ministry of
Defence of the Czech Republic – Project for the Development of
the Organization „DZRO Military autonomous and robotic systems“ and Specific Research Project “SV22-202 Development and
research of technologies for evaluating the properties of military
ground vehicles”.
Research co-financed by the Scientific Discipline of Mechanical
Engineering (Lublin University of Technology, grant
nr FD-20/IM-5/072).

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Deng Y, Barros A, Grall A. Calculation of failure level based on inverse first passage problem. Annual Reliability and Maintainability Symposium (RAMS) 2014; 1-6, https://doi.org/10.1109/RAMS.2014.6798459.
Dong QL, Cui, LR. A study on stochastic degradation process models under different types of failure Thresholds. Reliability Engineering &
System Safety 2019; 181: 202-212, https://doi.org/10.1016/j.ress.2018.10.002.
Fan L, Wang K, Fan D. A combined universal generating function and physics of failure Reliability Prediction Method for an LED driver.
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2021; 23 (1): 74–83, http://dx.doi.org/10.17531/ein.2021.1.8.
Gamiz ML, et al. Applied nonparametric statistics in reliability. London: Springer-Verlag 2011, https://doi.org/10.1007/978-0-85729-118-9.
Gao, Z, et al. A Wiener process-based remaining life prediction method for light-emitting diode driving power in rail vehicle carriage. Advances in Mechanical Engineering 2019; 11(3): 1-8, https://doi.org/10.1177/1687814019832215.
Ibrahim MS, et al. System level reliability assessment for high power light-emitting diode lamp based on a Bayesian network method. Measurement 2021; 176: 109191, https://doi.org/10.1016/j.measurement.2021.109191
Illuminating Engineering Society. IES LM-80-08 Approved method: Measuring lumen maintenance of LED light sources. New York: IES
2008, ISBN 978-0-87995-227-3.
International Electrotechnical Commission. IEC 60605-4 Equipment reliability testing - Part 4: Statistical procedures for exponential distribution – Point estimates, confidence intervals, prediction intervals and tolerance intervals. Geneva: IEC 2001.
Kang J, et al. Remaining useful life prediction of cylinder liner based on nonlinear degradation model. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2022; 24 (1): 62–69, http://doi.org/10.17531/ein.2022.1.8.
Li J, Wang Z, Liu C, Qiu M. Accelerated degradation analysis based on a random-effect Wiener process with one-order autoregressive errors.
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (2): 246–255, http://dx.doi.org/10.17531/ein.2019.2.8.
Palayangoda LK, et al. Evaluation of mean-time-to-failure based on nonlinear degradation data with applications. IISE Transactions 2022;
54(3): 286-302, https://doi.org/10.1080/24725854.2021.1874080.
Pourhassan MR, Raissi S, Hafezalkotob A. A simulation approach on reliability assessment of complex system subject to stochastic degradation and random shock. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2020; 22 (2): 370–379, http://dx.doi.org/10.17531/
ein.2020.2.20.
Vintr Z, Hoang, AD. Accelerated Reliability Testing of Combat Vehicles Electronic Parts Based on Multifactor Stress. Proceedings of the
31st European Safety and Reliability Conference 2021; 2804-2809. https://doi.org/10.3850/978-981-18-2016-8_590-cd.
Wang C, Hu Q, Yu D. Reliability Evaluation under Accelerated Degradation Testing with Recovery Capability Considered. Annual Reliability and Maintainability Symposium (RAMS) 2019; 1-5. https://doi.org/10.1109/RAMS.2019.8769256.
Wang ZF, Huang Z, Liao WC. Degradation analysis on trend gamma process. Quality and Reliability Engineering International 2022; 38(2):
941-956, https://doi.org/10.1002/qre.3026.
Yap BW, Sim CH. Comparisons of various types of normality tests. Journal of Statistical Computation and Simulation 2011; 81(12): 21412155, https://doi.org/10.1080/00949655.2010.520163.
Ye ZS, et al. Degradation data analysis using Wiener processes with measurement errors. IEEE Transactions on Reliability 2013; 62(4):
772-780, https://doi.org/10.1109/TR.2013.2284733.
Zhang C, et al. Opportunistic maintenance strategy of a Heave Compensation System for expected performance degradation. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2021; 23 (3): 512–521, http://doi.org/10.17531/ein.2021.3.12.
Zhang Z, Zhou M, Fang M. First-passage probability analysis of Wiener process using different methods and its applications in the evaluation of structural durability degradation. European Journal of Environmental and Civil Engineering 2021; 25(10): 1763-1781, https://doi.or
g/10.1080/19648189.2019.1601134.
Zhong W, Walther T. Failure Analysis of Some Commercial Spotlights Based on Light Emitting Diodes. Electronics 2022, 11(1): 48, https://
doi.org/10.3390/electronics11010048
Zhou SR, Tang YC, Xu AC. A generalized Wiener process with dependent degradation rate and volatility and time-varying mean-to-variance
ratio. Reliability Engineering & System Safety 2021; 216: 107895, http://doi.org/10.1016/j.ress.2021.107895

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

337

Eksploatacja i Niezawodnosc – Maintenance and Reliability
Volume 24 (2022), Issue 2

journal homepage: http://www.ein.org.pl

Article citation info:
Wos S, Koszela W, Dzierwa A, Reizer R, Pawlus P. Effects of oil pocket shape and density on friction in reciprocating sliding. Eksploatacja
i Niezawodnosc – Maintenance and Reliability 2022; 24 (2): 338–345, http://doi.org/10.17531/ein.2022.2.15.

Effects of oil pocket shape and density on friction in reciprocating sliding

Indexed by:

Slawomir Wos a, Waldemar Koszela a, Andrzej Dzierwa a,*, Rafal Reizer b, Pawel Pawlus a
a
b

Rzeszow University of Technology, Department of Manufacturing Technology and Production Engineering, Powstancow Warszawy 8, 35-959 Rzeszow, Poland
University of Rzeszow, Institute of Materials Engineering, College of Natural Sciences, Pigonia 1, 35-310 Rzeszow, Poland

Highlights

Abstract

• Laser texturing in most cases led to reductions in The purpose of this work is to study the effect of oil pocket shape and density on friction
in reciprocating sliding. The experiments were conducted in reciprocating motion under
friction force values and variations.
starved lubrication conditions. Tribological tests were performed using an Optimol SRV5
• The best tribological behavior was achieved for
tribotester. The frictional pair consisted of two discs of 42CrMo4 steel. One disc was laser
the pit-area ratio of 9%.
textured. The oil pockets had circular and sandglass shapes. Disc samples of various texture
• High friction was obtained for circular dimples shapes were characterized by the same pit-area ratios. The operating parameters were the
of 22% and for sandglass shape dimples of 5% same for all friction pairs. In most cases, surface texturing led to reductions in friction force
density.
value and scatter. For both dimple shapes, the best tribological properties were achieved for
• Surface texturing caused the shift of the maximum oil pocket density of 9%. When discs with circular dimples were tested, the highest resistance to motion was received for the highest pit-area ratio of 9%. On the contrary, the worst
friction from the transversal point.
tribological performance of discs with sandglass-shaped oil pockets of sandglass shape were
obtained for the largest oil pocket density of 22%.
Keywords
This is an open access article under the CC BY license laser texturing, reciprocating motion, friction.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
Frictional forces may be beneficial, but they also oppose to motion. In some cases friction should be high [14, 25]. On the other hand,
friction between machine elements reduces the efficiency of the machine. For example, in passenger cars, one-third of the fuel energy
is applied to overcome friction [10]. Therefore the efforts of minimizing friction are of substantial importance. Modification of surface
topography of sliding element is one of methods of friction reduction. Surface texturing is an option for an improvement in functional
performance of machine elements by creating dimples (oil pockets
or cavities) or valleys on sliding surfaces. It leads to a reduction in
friction, usually in mixed and boundary lubrications. Surface texturing also caused an increase in seizure resistance. Dimples can also be
traps to wear debris, improving resistance to abrasion. Many works
have been devoted to surface texturing, including reviews [2, 4, 5,
20, 23]. Gachot et al. [5] presented positive and negative tribological
effects of surface texturing. Rosenkranz et al. [23] analysed the applications of surface texturing with a special attention to piston rings,
seals, gears and roller bearings. Etsion [4] reviewed efforts in the field
of laser surface texturing. Nilsson et al. [20] took into consideration
mechanisms of friction reduction due to surface texturing. Atulkar

et al. [2] analysed the advantages of piston rings and cylinder liners
texturing. Typically, the experiments in this topic were conducted in
unidirectional sliding. The results of tests in reciprocating motions are
more difficult to interpret because in various places of sliding parts
different conditions occur.
The plateau honing of the cylinder liners is one of the first examples of surface texturing. The surface after plateau honing of the crosshatched pattern has traces of two honing operations: finish honing and
plateau honing. This surface resembles that obtained after running-in.
It is characterized by a higher oil capacity than the cylinder liner after the one-process honing, resulting in higher oil consumption and a
smaller tendency to scuffing. The wear of the two-process cylinder
surface is smaller than that of the one-process surface characterized
by a similar roughness height after engine test [21] and laboratory
simulation [8]. Two-process cylinder surfaces led also to the improvement of engine performance such as an increase in power and a decrease in fuel consumption [24] and a reduction in friction torque
[32], as well as a decrease in friction reduction in mixed lubrication
[9] compared to the behavior of one-process cylinder.
Honing process was also combined with additional texturing.
Grabon et al. [7] achieved friction reduction in reciprocating test by
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creating dimples by burnishing technique. Koszela et al. [13] used this
from the beneficial effect of triangular oil pockets in unidirectional
technique and obtained an increase in the power of a high performsliding.
ance internal combustion engine. Hua et al. [11] and Kang et al. [12]
studied the effects of discriminating partition on Diesel cylinder bore
2. Experimental details
on engine operating parameters. They achieved reductions in fuel and
The experiments were carried out in a starved lubricated reciprooil consumptions compared to the behavior of the engine with placating
conformal contact of two steel discs using an Optimol SRV5
teau-honed cylinder liners. Yin et al. found that the array of dimples
tribotester. Both discs were made from 42CrMo4 steel of 44 ± 2 HRC
affected the engine torque [31]. In works [11, 12, 31], dimples were
hardness. Before each test, 1 drop of L-AN-46 oil (approximately
created by laser texturing.
0.04 ml) was supplied to the inlet side of the contact zone. The luThe oil pockets used in the works [7, 11, 12, 13, 31] had a circular
bricant was not added during each test. The test parameters were the
shape. This shape is commonly applied because of the belief that the
same for all friction pairs: the normal load was 50 N, the oscillation
effect of shape on the tribological performance of sliding elements is
frequency was 20 Hz, and the stroke was 3 mm. The nominal contact
negligible and the machining of circular oil pockets is the cheapest.
pressure was 0.6 MPa. The duration of each test was set to 12500
However, it was found that the shape of the oil pocket shape affected
cycles. The tests were carried out at a temperature of 30°± 0.2°C.
the tribological performance of sliding elements and some techniques
Dimples were created on larger discs. Discs were prepared by laser
allow us to create oil pockets of different shapes at reasonable cost.
texturing using grinding and lapping. Such treatment was necessary
The selection of the dimple shape depends on the operating condito prevent shape errors of dimples occurring during laser texturing.
tions. In unidirectional sliding, the orientation of dimples to sliding
Test parameters were selected to correspond to working parameters of
direction is important. Zhang et al. [35] after simulation and Wang
piston ring – cylinder bore assembly during combustion engine start
et al. [29] after experiment found that one side border of triangular
up. Where frequency of oscillations is small, low temperature occurs
dimples should first enter the contact zone. Galda et al. [6] obtained
and all parts are not fully lubricated. Such conditions do not help to
the same finding with regard to drop-shaped oil pockets. The orientaobtain full film lubrication, in this case surface texturing can help to
tion of the chevrons to the sliding direction is also substantial. Wos et
create hydrodynamic film.
al. [30] achieved the best frictional performance for chevrons inclined
Texturing parameters for laser engraver SpeedMarker 300, proto the outer sides of the rotating discs. Shen and Khonsari [26] found
duced
by Trotec® and equipped with a 20 W power ytterbium pulsed
after simulation that optimum textures for unidirectional sliding have
fiber
laser,
were set to obtain dimples of 10-40 µm depth. The paramchevrons with flat fronts.
eters of laser texturing are listed in Table 1.
Zhang et al. [36] achieved better tribological behavior of square oil
pockets compared to triangular, rectangular,
Table 1. Parameters of laser texturing
and circular in the reciprocating regime. In [1],
reductions in friction and running-in duration
20 W ytterbium pulsed
Laser power and type:
Pulse energy:
near 1 mJ
were found due to coating and surface texture
fiber laser
in reciprocation sliding - the dimples had a
Pulse duration:
1.5 ns
Repetition rate:
1000 kHz
trapezoidal shape. This shape was found to be
the best for bidirectional sliding under theoretical consideration [26]. Costa and Hutchings
Focal diameter:
~45 µm
Beam driven pattern: crosshatch pattern
[3] found that chevrons produced the highest
film thickness compared to grooves and circuSpacing between
0.01 mm
Marking speed:
200 mm/s
lar dimples in hydrodynamic lubrication under
beam passes:
reciprocating motion in line contact regime.
Morris et al. [18] obtained a reduction in friction in lubricated reciprocating sliding for low
The contact surfaces of the samples and counter-samples were
velocity by creating chevrons on sliding surfaces. The highest reduclapped to achieve a roughness parameter Ra of 0.14±0.02 µm before
tion compared to untextured cylinder liner was achieved for shallow
laser texturing. Different dimples were created, with circular and
chevrons [19]. Lu et al. [16] achieved a reduction in friction in line
sandglass shapes, and pit-area ratios of 5, 9, 14, 17, and 22% for both
contact during reciprocating lubricating sliding due to the presence
shapes. Circular dimples are the most popular. The sandglass shape
of square dimples on the flat surface. However, the maximum reducwas the original idea of the authors of this paper. Figure 1 presents
tion was not high (15% in boundary lubrication). They analyzed the
photos of all textured discs and the counter sample.
tribological effects of triangular [15] and square [17] dimples and
The sliding pair with the untextured disc sample was also tested.
found that converging dimples led to beneficial behavior. Vladescu
The number of test repetitions for the same sliding pair was seven.
et al. [27, 28] and Yuan et al. [34] achieved the superiority of grooves
The friction configuration scheme is presented in Figure 2. The suroriented perpendicularly to the sliding direction in lubricated recipface textures of the discs were measured before and after the triborocating motion over their different positions. When film thickness
logical tests using a stylus profilometer Hommel Etamic T8000 with a
was small, large reductions in friction under the boundary lubrication
tip radius of 2 µm. Measured surfaces were only leveled, and digital
regime were achieved, the texture with grooves perpendicular to the
filtration was not used.
sliding direction behaved the best [28]. Load support by transverse oil
Worn surfaces were also analyzed using Phenom ProX desktop
pockets was caused by the occurrence of inlet suction [27]. Grooves
SEM microscopy.
perpendicular to the sliding direction led to higher friction reduction under a relatively low contact pressure compared to grooves of
3. Results and discussion
parallel orientation [34]. Yu et al. [33] found that elliptical dimples
Figure 3 and Figure 4 present the contour plots and extracted propositioned orthogonally to the sliding direction had a higher friction
files of the selected textured disc surfaces.
reduction than square and triangular oil pockets.
The densities of the oil pockets resulted from their sizes. The depths
In this work, the effect of oil pocket shape and density on fricof dimples of the circular shape were typically between 12 and 15 µm,
tion in reciprocating sliding will be experimentally studied. The oil
except for the smallest density of 5% - in this case, the depths of the
pockets have circular and sandglass shapes. The effect of sandglassdimples were near 35 µm and the density of 9% for which the depths
shaped dimples on the tribological performance of sliding elements in
were about 20 µm. The bottoms of the circular dimples were symbidirectional sliding was not previously studied. This shape resulted
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Fig. 1. Photos of textured disc surfaces and of counter sample before the tests

Fig. 2. Schematic of friction configuration; N – normal load, f - frequency, A - amplitude; 1 - ball which transfers load and movement to the counter sample, 2- self-aligning counter sample, 3
- supplied oil, 4- stationary disc textured or untextured sample

metrical. For three largest oil pockets (densities of 14, 17 and
22%), the bottoms had shapes similar to W letter.
The depths of the oil pockets of sandglass shape were typically between 30 and 40 µm, only the depths of the largest dimples (a density of 22%) were smaller, near 20 µm. The bottoms
of most oil pockets had shapes similar to W letter, only the oil
pockets of the middle pit-area ratio (14%) were the exceptions.
The largest dimples with densities of 17 and 22% had a nonsymmetrical shape in contrast to other oil pockets.
Figures 5, 6 present the courses of the coefficient of friction
of sliding pairs with textured oil pockets.
One can see from the analysis of Figure 5 and Figure 6 that
the resistance to motion of the textured assemblies after the
initial fluctuations decreased as the tests progressed. When the
disc with spherical dimples of the smallest pit-area ratio was
tested, the coefficient of friction decreased from the range:
0.05-0.1 to the range: 0.03-0.06. The increase in dimple density to 9% caused smaller scatters of the coefficient of friction,
which decreased from: 0.04-0.07 to 0.03-0.04. A further increase in the pit-area ratio to 14% caused an increase in the coefficient of friction; it decreased from 0.09-0.11 to 0.04-0.06.
When the dimple density was 17%, the scatter of the coefficient of friction was large: the friction coefficient decreased
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Fig. 3. Contour plots (a, c, e, g, i) and extracted profiles of circular-shaped textured disc
samples of circular shape with pit-area ratio of 5 (a, b), 9 (c, d), 14 (e, f) 17 (g,
h) and 22% (i, j)
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Fig. 4. Contour plots (a, c, e, g, i) and extracted profiles of textured disc samples
of sandglass shape with pit-area ratio of 5 (a, b), 9 (c, d), 14 (e, f) 17 (g,h)
and 22% (i, j)

from the range: 0.080.13 to the range: 0.03-0.08. The highest pit-area
ratio of 22% caused increases in resistance to motion and in scatter of
the final friction coefficient; the coefficient of friction decreased from
0.25-0.27 to 0.06-0.14.
The smallest scatters and coefficients of friction were achieved for
the textured disc sample of sandglass shape with the pit-area ratio of
9%. The coefficient of friction decreased from the range: 0.055-0.7 to
0.03-0.035. A further increase in oil pocket density led to increases in
the coefficient of friction and its scatter. When the pit-area ratio was
14%, the coefficient of friction decreased from 0.06-0.15 to 0.03-0.08.
Those scatters were a little smaller for dimple density of 17% and
amounted to 0.07-0.09 in the initial parts of the tests and 0.04-0.055
finally. When the pit-area ratio of the disc sample was the highest of
22%, the coefficient of friction decreased from 0.1-0.16 to 0.04-0.05.
However, among sliding pairs with textured discs of sandglass shape,
the highest average values and scatters of the coefficient of friction
were obtained for the smallest oil pocket density of 5%; during tests,
the coefficient of friction decreased from 0.12-0.26 to 0.04-0.15.
Figure 7 presents the runs of the coefficient of friction for the untextured sliding assembly. In most cases, the courses of the coefficient
of friction were different from those obtained for textured assemblies. After the initial fluctuation, the coefficient of friction slowly
increased. It reached maximum value after about 500 seconds and
then gradually decreased. The coefficient of friction after 500 seconds
was in the range: 0.045-0.275, but in the final part of tests in the range:
0.035-0.27. In this case, both average value and scatter of the friction
coefficient were high.
It is evident from the analysis of Table 2 that the final coefficient of
friction was smaller than the initial coefficient of friction. This behavior

Fig. 5. Maximum coefficient of friction versus time for sliding pairs with textured discs containing circular dimples of density: 5 (a), 9 (b), 14 (c), 17
(d) and 22% (e)

was especially visible for textured sliding pairs. The scatter of friction
force in the final test part was the lowest. The untextured assembly is
characterized by high resistance to motion and the highest scatter of
the coefficient of friction among all tested sliding pairs. The highest
pit-area ratio of circular dimples also led to a high coefficient of friction (especially initial) with comparatively high scatters. The friction
force was also high for the assembly containing oil pockets of sandglass shape with the lowest dimple density. The other sliding pairs were
characterized by small average values and scatters of the coefficient of
friction. Surface texturing caused a substantial reduction in the friction
coefficient compared to the untextured assembly for circular dimples
with densities of 5 and 9% and for oil pockets of sandglass shape with
densities of 9, 17 and 22%. Among circular dimples, pit-area ratios of
5 and 9% led to similar coefficients of friction. However, the smallest scatter of friction coefficient was achieved for a dimples density
of 9%. Further increase in the pit-area ratio caused an increase in the
coefficient of friction, especially for the highest dimple density of 22%.
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Fig. 6. Maximum coefficient of friction versus time for sliding pairs with textured discs containing oil pockets of sandglass shape with density:
5 (a), 9 (b), 14 (c), 17 (d) and 22% (e)

Fig. 7. Maximum coefficient of friction versus time for an untextured sliding
pair
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Fig. 8. The coefficient of friction and displacement within one stroke for untextured assembly (a) and for sliding pairs containing circular dimples
with pit-area ratio of 9% (b), circular dimples with pit-area ratio of
22% (c), oil pockets of sandglass shape with pit-area ratio of 5% (d)
and oil pockets of sandglass shape with pit-area ratio of 17% (e)

Among the oil pockets of the sandglass shape, the pit-area ratio of 9%
led to the smallest average values and scatters of the coefficient of friction. Therefore, independently of oil pocket shape, the best tribological
performance was achieved for the pit-area ratio of 9%.
Figure 8 presents the coefficient of friction and displacement versus time within one stroke (during 0.05 seconds) for selected sliding
pairs after 20 minutes (high resolution analysis).
When the untextured assembly was tested (Figure 8a), the highest coefficients of friction were obtained in the reversal points. Similar graphs were obtained for sliding pairs containing textured discs
characterized by comparatively high resistance to motion: containing
circular dimples with a density of 22% (Figure 8c), oil pockets of
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Table 2 The average values and standard deviations of the coefficient of friction obtained in the initial ( 200-400 s), final (1100-1300 s) parts of the tests
and in the entire tests (200-1300 s)
Initial: 200-400 s

Average
Standard
deviation

Average
Standard
deviation

Average
Standard
deviation

circle 5%

circle 9%

circle
14%

circle
17%

circle
22%

sandglass 5%

sandglass 9%

sandglass 14%

sandglass 17%

sandglass 22%

reference

0.048

0.040

0.079

0.076

0.209

0.128

0.056

0.071

0.066

0.075

0.153

0.015

0.003

circle 5%

circle 9%

0.009

0.003

0.031

0.033

0.008
circle
14%

0.052

0.005

0.023
circle
17%

0.042

0.023

0.04

Final: 1100-1300 s

0.005

0.021

0.009

0.013

0.072

circle
22%

sandglass
5%

sandglass
9%

sandglass
14%

sandglass
17%

sandglass
22%

reference

0.025

0.037

0.002

0.020

0.005

0.004

0.076

0.095

0.070

0.016

Mean: 200-1300 s

0.032

0.049

0.045

0.038

0.131

circle 5%

circle 9%

circle
14%

circle
17%

circle
22%

sandglass 5%

sandglass 9%

sandglass 14%

sandglass 17%

sandglass 22%

reference

0.037

0.035

0.063

0.054

0.145

0.099

0.042

0.057

0.053

0.052

0.143

0.013

0.003

0.011

0.022

0.048

0.044

0.008

0.021

0.01

0.014

0.077

ductions were smaller in the final parts of the tests compared to the
sandglass shape with a density of 5% (Figure 8d) and 14%. When
initial test portions. This tendency can be explained by the shapes of
the friction coefficient was comparatively low, the maximum friction
the friction force versus time. For textured assemblies, after initial
coefficient occurred after the reversal point, this behavior happened
fluctuations, the coefficient of friction decreased with time. Friction
for assemblies with circular dimples of 5%, 9% (Figure 8b), and with
reduction occurred in the initial test parts, up to 70 seconds. This reoil pockets of sandglass shape with densities of 9%, 17% (Figure 8d)
duction is the result of better matching of co-acting pairs as the test
and 22%. When other assemblies were tested, for some repetitions,
the maximum friction force was obtained at the
reversal points (circular dimples of densities 14
and 17%), for other repetitions shifts of maximum friction coefficient appeared.
Figure 9 presents photos of the selected disc
samples after tribological tests. The disc wear
had an abrasive character. The wear levels were
small. The wear tracks were visible mainly on
the untextured sample, on the sample containing circular dimples of the highest pit-area ratio
of 22%, and on the sample containing oil pockets of sandglass shape of the lowest density, of
5% – Figure 10.
In most cases, the surface texturing of the Fig. 10. SEM views of (a) untextured disc and of the textured disc with spherical dimple of the pit-area ratio
of 22% (b), and of the textured disc with oil pocket of sandglass shape of pit-area ratio of 5% (c) after
disc caused decreases in the average values
tribological tests
and scatters of the coefficient of friction. Re-

Fig. 9. Photos of textured disc surfaces after the tests
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progressed. The presence of dimples also helped create hydrodynamic
lift, decreasing the friction coefficient. The highest reduction in the
average coefficient of friction was about 4.5 times.
Untextured sliding pairs showed different behaviors. In five cases,
the coefficient of friction obtained the highest value after about 500
seconds and then decreased; the final coefficients of friction were
higher than those obtained for most of the textured sliding pairs. In
two cases, the maximum value of the friction coefficient was obtained
after about 100 seconds, and then the friction coefficient decreased
with time; in these cases, the final coefficients of friction were similar
to those obtained for textured assemblies. Due to the lack of dimples,
in most cases it was difficult to match sliding surfaces, therefore the
coefficient of friction increased slowly. When the surfaces were correctly matched, the coefficient of friction decreased. In other cases,
the surface matching appeared faster. Different shapes of the friction
coefficient curves and high scatters of the coefficient of friction were
caused by non-uniformity of the untextured (lapped) disc.
The analysis of the friction coefficient within one stroke is interesting (Figure 8). For untextured sliding assemblies due to small oil film
thickness the highest friction force occurred at the reversal points.
Disc surface texturing led to not only a decrease in the coefficient of
friction but also to a shift of the maximum friction coefficient. The
last behavior has not been observed in other experiments [15, 17, 27,
28, 34], under reciprocating motion, but it was found only in [1]. This
shift was observed for assemblies characterized by the smallest values
of the friction coefficient. This performance resulted probably from
oil pockets presence, which caused an increase of oil film thickness
at the reversal points. Inertia of oil caused the shift of the maximum
values of the friction force. Lu et al. [17] observed directional friction
effect for sloped bottoms of dimples in line contact. However, this effect was not detected in the present study.
Although surface texturing in most cases led to reductions in values and scatter of the friction forces, the worst situation occurred for
circular dimples of the highest pit-area ratio and for oil pockets of
sandglass shape with the smallest density.
The high friction value and variation of assembly with dimples of
sandglass shape with pit-area ratio of 5% were probably caused by
the smallest width of oil pockets perpendicular to the sliding direction. This width of oil pockets of sandglass shape was about 0.6 of the
diameter of spherical dimples. For the smallest pit-area ratio of 5%,
there was probably too low length of contact between the oil pockets
and the counter-sample perpendicular to the sliding direction, which
caused behavior similar to the untextured sliding assembly. On the
other hand, the spherical dimples of 5% density, because of their higher widths orthogonally to the sliding direction, caused high reductions
in values and scatters in the coefficient of friction. For the highest pitarea ratio of 22%, the lengths of spherical dimples on sliding direction

were probably too high, for comparatively low sliding speed, resulting in large values and scatters of the coefficient of friction. Yu et al.
[33] obtained also high friction for circular dimples of large density
for comparatively small normal load.
The spherical dimples had a similar depth, except for those with
the smallest pit-area ratio of 5% (of the highest depth). Similarly, textured discs with oil pockets of sandglass shape were characterized by
similar depth, except for those of the highest density (of the smallest
depth). From the results of research, it seems that dimple depth did
not affect tribological performance of sliding pairs. In most cases, the
bottoms of the oil pockets were not flat. However, the effect of rough
bottom on tribological performance appears to be small. This finding was in accordance with that obtained by Qiu and Raeymaekers
[22]. They found that the effect of random Gaussian roughness inside
dimples on the load carrying capacity of the parallel sliding bearing
was negligible.

4. Conclusions
1.

2.

3.

4.

5.

Laser texturing of the disc surfaces in most cases led to reductions in friction force values and fluctuations in reciprocating
motion. The decrease in the friction coefficients was up to 4.5
times. The beneficial effects of laser texturing were achieved for
both oil pockets of spherical and sandglass shapes.
Laser texturing caused a substantial reduction in the friction coefficient compared to the untextured assembly for circular oil
pockets with pit-area ratios of 5 and 9% and for oil pockets of
sandglass shape with pit-area ratios of 9, 17, and 22%. Independently of the shape of the oil pocket shapes, the best tribological behavior was achieved for the pit-area ratio of 9%.
For textured sliding assemblies, the highest coefficient of friction was obtained for circular dimples of the highest density
of 22% and for oil pockets of sandglass shape of the smallest
density of 5%.
Disc surface texturing caused the shift of the maximum friction
coefficient from the transversal points within one stroke. This
shift was observed for assemblies characterized by low values
of the friction coefficient.
Were levels of discs were small. Tracks of wear were visible
mainly on untextured discs and on disc samples corresponding
to the high coefficients of friction.
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Highlights

Abstract

• Analyzing possible use of protective residual cur- Residual current devices (RCDs) are most popular devices used in low-voltage installations
for protection against electric shock and fire. In cases of high risk of electric shock the applirent devices in modern power systems.
cation of RCDs is mandatory. Currently, the spread of local direct current (DC) microgrids
• Determining the protective ability of RCDs for
is widely considered. This creates new challenges for protective systems, in particular those
protection in DC microgrids.
based on RCDs. The main purpose of the research is to test the operation of B-type RCDs
• Indicating weak points of these protections ap- by simulating the conditions that may occur in DC microgrids as well as assessment of the
plied in DC power systems.
effectiveness of electrical safety with the use of such RCDs. The research has revealed that
• Electrical safety enhancement by redundant theoretically identical RCDs in terms of technical data can have different tripping properties,
including no reaction to residual direct current, which poses a risk of electric shock. This
RCDs.
signalizes the necessity of extension of the normative tests performed by manufacturers.
The scope of these additional RCDs tests is indicated, from the point of view of the persons’
safety in DC microgrids.
Keywords
This is an open access article under the CC BY license DC microgrids, low-voltage systems, protection against electric shock, reliability, residual
(https://creativecommons.org/licenses/by/4.0/)
current devices.

1. Introduction
In the classical approach, electrical installations and devices in domestic or public utility buildings are supplied from 50 Hz sinusoidal
alternating current (AC) power distribution networks. For this reason, electrical installations inside buildings, both in distribution and
final circuits, are AC installations (usually 230/400 V). However, in
recent years, there is a growing trend to apply a direct current (DC)
microgrid as a local distribution network inside buildings [27, 31],
especially commercial buildings [30, 41]. It may also be a network
interconnecting buildings as presented in [4]. The DC microgrid enables easy integration of renewable power sources such as photovoltaic
(PV) systems, wind power plants [7], fuel cells [32], as well as their
connection to battery storage units [26]. Such a grid may conveniently
cooperate with electric vehicles (EV) to be an intelligent charging system [18], also for wireless charging [47], ensure bidirectional power
flow [37] or even be utilized for cooperation with special vehicles
[34]. Electric vehicles connected to the grid may operate as energy
storage units for balancing the load curve in the power system in
Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) technologies [45].

Fig. 1 presents a general structure of the system utilizing a DC bus for
energy distribution in the building.
Experiences from the utilization of an in-building DC microgrid
supplied by local renewable energy sources indicate [44] that these
microgrids are flexible in operation and economically attractive. The
system utilizes a DC 380 V bus to distribute energy and to supply
selected loads. The economic advantages of DC installation are also
named in papers [29, 42]. The installation presented in [29] utilizes
the following DC voltages: 12, 48, 65, 120, 190, and 380 V.
One of the most important issues which has to be considered when
both designing and using DC microgrids is the safety of persons and
equipment. There are many papers related to the control, reliability
and safety of equipment. In the studied literature, various strategies
of control of DC microgrids are discussed, including finite control
set model [1], grid interface current directly controlled by a battery
DC-DC converter [2], the control of the energy sources in the DC
microgrid by the application of result adaptive proportional integral
control [12], or application of mixed-integer nonlinear programming
[14]. Other way of the control [15] uses effective autonomous decen-
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Fig. 1. General structure of the system utilizing a DC bus for energy distribution inside the building

tralized stabilizing control of DC microgrids, whereas in the paper
[24], a strategy for controlling the charge and discharge of a battery
bank in parallel with a DC microgrid fed by alternative energy sources
is presented. On the other hand, reliability of supply in DC microgrids
in considered in the paper [40]. With regard to protection systems in
such grids, only equipment functional aspects, as presented mainly in
[25, 46], are considered. Thus, a wide literature study shows that the
problem how to maintain persons’ safety, especially protection against
electric shock, has not been deeply considered yet. The purpose of the
authors of this article is to analyze the persons’ safety aspect, which
will fill the current gap in the field of DC microgrids.
From the persons’ safety point of view, every electrical installation,
regardless of whether AC or DC, has to fulfill the requirements of the
standard [21]. This standard specifies the fundamental rule according
to which the hazardous-live-parts are not allowed to be accessible,
and the conductive parts are not allowed to be hazardous live:
• either in normal conditions, i.e., when there is no fault in the electrical safety system, or
• in single-fault conditions (usually related with insulation damage).
To achieve a sufficient level of safety in single-fault conditions, the
following measures of protection can be used [16]:
• automatic disconnection of supply (following the insulation
fault),
• double or reinforced insulation,
• electrical separation,
• non-conducting location,
• Safety-Extra Low-Voltage (SELV) or Protective-Extra Low-Voltage (PELV).
Out of the aforementioned measures, the automatic disconnection
of supply is most commonly used. According to the standard [16], to
prevent fatal electric shock when an insulation-to-earth fault occurs
(Fig. 2), the protective device should disconnect the supply within
the specified time. In final circuits of typical TN low-voltage AC
230/400 V installations, the maximum permissible time is equal to
0.4 s, while in installations with a similar voltage but of DC type, this
time is 1 s.
An overcurrent protection device or a residual current device (RCD)
may be used as a device responsible for disconnection of supply [9,
16]. The RCD is very often used for this purpose, and what is more, in
some types of installations, e.g., electric vehicle charging installations
[19], its use is obligatory. Selecting a given RCD, as well as assessing
the reliability of its operation should be conducted very carefully. To
make sure that the selected RCD is an effective protection device, its
selection must be closely coordinated with the waveform shape of

Fig. 2. The structure of low-voltage AC 230/400 V installation, and the flow
of earth fault current iE in the case of insulation-to-earth fault in AC
load. MCB – overcurrent protection device (miniature circuit breaker),
RCD – residual current device

the earth fault current which may occur in the protected circuit. With
reference to high-frequency residual current it is considered in [8, 11],
whereas effects of harmonics are extensively studied and proved in
papers [10, 39] but supraharmonics in the paper [13]. International
standards [20, 22] recognize the following types of RCDs in terms of
their ability to detect the waveform shape:
• AC – for residual sinusoidal alternating currents of network frequency (usually 50/60 Hz) only;
• A – as for AC-type, and for: residual pulsating direct current of
specified current delay angles; residual pulsating direct current
superimposed by a smooth direct component of 6 mA;
• F – as for A-type, and for: composite residual currents in circuits
supplied between phase and neutral or phase and earthed middle conductor; residual pulsating direct currents superimposed on
smooth direct current (smooth DC up to 10 mA);
• B – for residual sinusoidal alternating currents up to 1 kHz; for
residual alternating currents superimposed by a smooth direct current of 0.4 times the rated residual current; for residual pulsating
direct currents superimposed by a smooth direct current of 0.4
times the rated residual current or 10 mA, whichever has a higher
value; for residual direct currents obtained from rectifying circuits
as: two-pulse bridge connection line-to-line for 2-, 3- and 4-pole
RCDs, three-pulse star connection or six-pulse bridge connection
for 3- and 4-pole RCDs; for residual smooth direct currents.
Fig. 3 presents the structures of selected RCDs. The detection of
the earth fault (residual) current iΔ is based on the use of an iron core
current transformer (CT). This current transformer is responsible for
the transformation of current iΔ to the secondary side of the CT, as
well as for the production of the induced secondary voltage es and the
current is. The secondary current is interacts with the relay (RE) and
initiates its tripping if the value of current iΔ exceeds the predetermined level dangerous for a human.
As can be seen, the detection of the earth fault current is performed
with the use of an iron core current transformer, therefore it is very
important to match the RCD to the expected waveform shape of the
current. The most difficult for detection is a direct current with negligible pulsation (such as that from bridge diode rectifier or electrochemical DC power source, e.g., battery energy storage unit), because
the magnetic induction in the iron core does not vary as sufficiently as
in the case of sinusoidal current. In that case, it is not possible to induce appropriate voltage es at secondary side of the current transformer. In DC microgrids, the earth fault current with negligible pulsation
has to be taken into account, and this current can only be detected by
a B-type RCD. A special system requiring an auxiliary voltage is used

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

347

b)

a)

Fig. 3. The structures of selected residual current devices (RCDs): a) A-type, b) B-type; CT – current transformer for detection of AC residual currents and pulsating DC residual currents, CT-DC – current transformer for smooth DC current detection, MU – matching electronic unit for detection of pulsating DC residual currents or introducing the delay in tripping, RE – relay, RE-DC – special relay for smooth DC current detection, Aux-V – auxiliary voltage delivered
to the relay RE-DC for smooth DC current detection, iΔ (iE) – residual (earth fault) current, is – secondary current flowing through the relay RE, es, es-DC
– voltages induced at secondary side of the respective current transformers

in B-type RCDs to detect smooth direct current. In RCDs of many
manufacturers, this system is composed of an additional current transformer (CT-DC) and a DC relay (RE-DC) – Fig. 3b. The analysis of
the RCD data sheets presented by manufacturers ETI [3], ABB [35],
and Doepke [36] shows that the auxiliary AC voltage of not less than
50 V is required to ensure proper operation of the RE-DC relay. This
voltage should be connected to at least two poles.
Due to the fact that B-type RCDs, according to the manufacturers’
data, require an auxiliary voltage to detect direct current, the following tests of their operational properties have been carried out in terms
of their use in DC microgrids:
1) auxiliary voltage AC 230 V is used – it reflects the power supply to the DC network through a rectifier, and the RCD is installed at AC side of the rectifier; such a condition is assumed
as a reference (normative),
2) auxiliary voltage DC 230 V is used – it reflects the potential
use of RCDs in microgrid circuits in which only DC voltage
is available,
3) auxiliary voltage is not used – it reflects a disturbance in the
auxiliary voltage system.
For each of the three abovementioned variants and each RCD tested, the following aspects were checked:
–– the tripping threshold of the RCDs with slowly rising residual
current,
–– the response of the RCDs to the suddenly applied direct current
of a predetermined value.
Extensive studies of the literature and international standards provisions show that the problem of RCDs tripping in DC microgrids has
not been analyzed so far. RCDs have not been tested in such aspects,
hence the results of the research provide a new insight into the use of
RCDs in more and more popular DC microgrids. Recognition of the
properties of RCDs in such grids is very important from the point of
view of persons’ safety. The main purpose of the research is to test
the operation of B-type RCDs by simulating the conditions that may
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occur in DC microgrids, and assessment of the effectiveness of persons’ safety when such RCDs are applied. This test allows to identify
weak points of these devices in terms of the effectiveness of protection against electric shock and fire. The results presented in this article
can be the basis for extending the requirements of product standards
relating to RCDs testing, before they are introduced to the market.
This may improve the safety level in low-voltage systems.
The paper is organized as follows. Section 2 presents the results of
detailed RCD testing for both slowly raising and suddenly applied DC
residual current. These results are commented with reference to the
suitability of RCDs for DC microgrids. Section 3 includes overall assessment of the tested B-type RCDs if used in such microgrids, along
with the proposed modification of provisions of standards related
to RCDs. This section also discusses increasing the level of safety
through RCDs redundancy. Section 4 provides general conclusions
and final assessment of B-type RCDs.

2. Laboratory testing of RCDs
2.1. Description of the laboratory setup and the scope of
the test
The verification of the real ability of B-type RCDs for detecting
smooth DC currents has been performed using the laboratory setup
presented in Fig. 4. This setup is composed of:
• generator Gen-DC for producing smooth DC current IDC,
• rheostat R to adjust the value of the test current IDC,
• an ammeter for checking the value of the current which causes the
tripping of the tested RCD,
• system Aux-V for an auxiliary voltage (AC 230 V or DC 230 V)
delivered to selected poles of the RCD,
• the RCD under test.
Four B-type, 4-pole RCDs of a rated residual operating current
IΔn = 30 mA have been tested. For testing purposes, these RCDs were
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Fig. 4. Variants of RCD connection to the test circuit: a) auxiliary voltage delivered to L-N terminals, b) auxiliary voltage delivered to L-L terminals (L1-L2 or
L1-L3 or L2-L3), c) no auxiliary voltage; Gen-DC – DC voltage generator, R – rheostat, A – ammeter, IDC – smooth DC test current generated by Gen-DC,
Aux-V – auxiliary voltage (AC 230 V or DC 230 V), T – TEST button for periodic rough operational verification of RCD

marked as RCD-B1, RCD-B2, RCD-B3 and RCD-B4. Each RCD was
from a different manufacturer.
The test current IDC was forced through one RCD pole, which reflected the flow of the earth fault (residual) current in a real circuit. As
the auxiliary voltage should be applied to at least two poles of the Btype RCD, in the case presented in Fig. 4a this voltage was connected
to poles L-N (in a real circuit the phase conductor L and the neutral
conductor N are connected to these poles) whereas in the case presented in Fig. 4b – to two phase poles L-L (in a real circuit two phase
conductors are connected to these poles). In the third case (Fig. 4c),
no auxiliary voltage was delivered to the RCD.
According to the information presented in the previous section, diverse variants of RCD tripping have been verified. To show the scope
of RCD testing in a clear and readable manner, individual tests are
listed and commented in Table 1.

2.2. RCDs testing under slowly rising residual current
Before a detailed verification of RCDs, each RCD was tested by
pressing the TEST button. This initial test was intended to verify that
the RCD is mechanically sound and will provide correct results in
further more detailed tests. After connecting the voltage to the two
poles of the TEST button circuit (first AC 230 V, and then DC 230 V),
each RCD operated correctly after pressing the TEST button. These
positive results allowed for further research.

The testing under slowly rising residual current aimed to verify
the tripping threshold of the RCD. The residual current was gradually increased (from almost zero) to achieve the tripping of the tested
RCD. The value of the current at the tripping point was read from the
ammeter. According to the standard [22], the proper tripping range
for a smooth DC current is (0.5–2.0)IΔn, i.e., for the tested RCDs it is
within 15–60 mA. Fig. 5 presents the results of this test. The RCDB1 (Fig. 5a) reacted properly each time, provided that the auxiliary
voltage was connected. The tripping values were around 30 mA, that
is, close to IΔn. For this RCD, it was irrelevant whether the auxiliary
voltage was AC or DC and whether it was connected to the L-N or L-L
poles. In the case of no auxiliary voltage, the RCD-B1 did not react
even to the highest value of the forced current, i.e., 20IΔn = 600 mA
(this case is marked “No tripping” in Fig. 5a).
The RCD-B2 showed similar properties (Fig. 5b). Its tripping current was about 25 mA for each variant of connecting the auxiliary
voltage, and the lack of operation was noted in the absence of this
voltage. The RCD-B3 showed worse properties (Fig. 5c). It operated
well with the auxiliary AC voltage, however, when connecting the
auxiliary DC to the L-L poles, there was no reaction to the residual
current. The same effect was obtained in the absence of auxiliary voltage. The worst results were recorded with RCD-B4 (Fig. 5d). It did
not respond to the residual current with auxiliary DC voltage connected, as well as without any auxiliary voltage. Such an RCD will

Table 1. Individual tests carried out during 30 mA B-type RCD testing

Test current IDC
slowly rising

suddenly applied
with values:
0.5IΔn = 15 mA
0.67IΔn = 20 mA
IΔn = 30 mA
2IΔn = 60 mA
3IΔn = 90 mA
5IΔn = 150 mA
10IΔn = 300 mA
TEST buton pressing
*

AC 230 V

poles
L-N

tested

tested

poles
L-L

tested

tested

tested with
AC 230 V voltage
delivered to the TEST
circuit

Auxiliary voltage

DC 230 V

poles
L-N

tested

tested

poles
L-L

tested

tested

tested with
DC 230 V voltage
delivered to the TEST
circuit

If there is no voltage, the RCD does not respond to pressing the TEST button (as a rule).

No

Comments

tested

Determination of the tripping threshold.
The slowly rising current reflects gradual deterioration
of the insulation-to-earth in the circuit.

tested

Checking the RCD’s response to a suddenly applied
earth fault current. This sudden increase of the current
reflects an earth fault in the circuit, or a human contact
with the enclosure/conductor under voltage.
This is a check of the RCD tripping at the most likely
fault in electrical installation.

not tested *

Verification of the correction of connections and general
RCD’s ability for operation.
The RCD should trip.
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a)

b)

c)

d)

Fig. 5. Tripping current of 30 mA B-type RCDs during slowly rising smooth DC residual current. The RCDs are from: a) manufacturer 1 (marked RCD-B1),
b) manufacturer 2 (marked RCD-B2), c) manufacturer 3 (marked RCD-B3), d) manufacturer 4 (marked RCD-B4); AC Aux-V – auxiliary voltage AC 230 V,
DC Aux-V – auxiliary voltage DC 230 V, No Aux-V – no auxiliary voltage, L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary
voltage connected to two phase poles

not operate well in a typical DC microgrid when only DC voltage is
available at input terminals of the RCD.

2.3. RCDs testing under suddenly applied residual current
Testing of RCDs under suddenly applied residual current reflects
their real behaviour when an earth fault current starts to flow, or a
person touches an enclosure with persisting dangerous voltage. At the
moment of touching this enclosure, the body current suddenly starts
to flow. During this test, a residual current with one of the predetermined values: 15, 20, 30, 60, 90, 150 and 300 mA was forced, and the
“Tripping” or “No tripping” state of the RCD was recorded (Fig. 6
– Fig. 9).
Fig. 6 depicts the results of this test related to RCD-B1. Its behaviour is similar to that observed for slowly raised residual current.
When the auxiliary voltage was delivered (AC or DC, regardless of
poles), the tripping of the RCD-B1 occurred for the current of 30 mA
or higher. These are positive results. The “No tripping” was noted for
the cases without auxiliary voltage.
Slightly worse results were recorded for RCD-B2 (Fig. 7) and RCDB3 (Fig. 8) when they were tested with the auxiliary voltage applied.
For the auxiliary AC voltage, the RCD-B2 reacted to residual currents
of 30 mA or higher (regardless of poles L-N or L-L). However, in the
case of DC voltage, the tripping occurred at 30 mA and higher for L-N
pole connection, while for L-L pole connection, it only occurred for
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residual currents of 90 mA and higher. For RCD-B3, its response was
similar in the presence of the auxiliary AC voltage but slightly different for DC voltage. In this latter case, RCD-B3 tripped even at 15 mA
and also at higher residual currents for L-N pole connection, while
for L-L pole connection, RCD-B3 tripped only at 90 mA and higher.
A very interesting behaviour of RCD-B2 and RCD-B3 was observed
when no auxiliary voltage was delivered. Both of these RCDs reacted:
RCD-B2 for currents 90, 150 and 300 mA, whereas RCD-B3 for currents 150 and 300 mA. It should be noted that with a slowly rising
residual current, the aforementioned RCDs did not react to even as
much as 600 mA.
The observed response of these RCDs to a suddenly applied residual current iΔ in the absence of an auxiliary voltage is due to the
fact that such a current/waveform has a high rise rate, higher than the
sinusoidal current (Fig. 10), and this high rise rate may induce sufficient voltage es (being the function of the current rise rate diΔ/dt) in
the secondary winding of CT (Fig. 3b):
es = f(diΔ/dt)

(1)

Thus, the operation of the B-type RCD may be based on CT response (as auxiliary voltage is not necessary for its operation) and not
on CT-DC response (Fig. 3b). A similar behaviour was observed for
the last tested RCD, i.e., RCD-B4 (Fig. 9). Despite the worst char-
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a)

b)

c)

Fig. 6. Response of the 30 mA RCD-B1 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage
connected to two phase poles

a)

b)

c)

Fig. 7. Response of the 30 mA RCD-B2 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage is used,
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage
connected to two phase poles

acteristics for a slowly rising residual current (Fig. 5d) and suddenly
applied current with the presence of auxiliary voltage (Fig. 9ab), this
RCD reacted to suddenly applied current of 150 mA and 300 mA
without auxiliary voltage. So as one can see, the most probable fault,
i.e., high-value-current earth fault or touching an enclosure, produces
a sufficiently rapid increase of the residual current, and hence, gives
relatively favourable conditions for tripping of RCDs.

2.4. Oscillograms of current waveforms during RCD tripping
The oscillograms of the suddenly applied waveforms enable to observe the real disconnection time of the RCD, as well as to investigate
properties of the two detection systems (associated with CT or CT-DC
in Fig. 3b). The oscillograms have been recorded for various values of
the suddenly applied residual current, but this paper presents only the
selected case (for DC 300 mA) as an example.

Fig. 11 presents the results obtained for RCD-B1. As can be seen,
the disconnection time (22 ms) does not depend on the type of the
auxiliary voltage (Fig. 11a vs. Fig. 11b). This RCD was the only one
which did not trip at 300 mA with no auxiliary voltage.
In the case of RCD-B2 (Fig. 12), the disconnection time for both
types of auxiliary voltage both AC and DC was the same (20 ms).
However, this RCD behaved differently in cases with no auxiliary
voltage. It not only reacted to the residual current, but also the disconnection time was clearly shorter (12 ms) than when the auxiliary voltage was connected. Since there was no auxiliary voltage, only the first
detection system (associated with CT in Fig. 3b) might operate, and it
occurred. This was possible because, as aforementioned, the suddenly
applied residual current of 300 mA has a high rise rate and is able to
produce sufficient secondary voltage es.
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a)

b)

c)

Fig. 8. Response of the 30 mA RCD-B3 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage
connected to two phase poles

a)

b)

c)

Fig. 9. Response of the 30 mA RCD-B4 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage
connected to two phase poles

In the case of RCD-B3 (Fig. 13), the disconnection time for a residual current of 300 mA was always the same (for AC and DC auxiliary voltages, or when no auxiliary voltage was applied). It was equal
to 24 ms.
Another behaviour was observed for RCD-B4 (Fig. 14). Here, the
longest disconnection time at 300 mA occurred for the AC auxiliary
voltage (30 ms – Fig. 14a), while in other two cases (Fig. 14b and
Fig. 14c), only 10 ms was recorded. This is quite an unexpected positive feature of this RCD. With a high probability, the CT system, and
not CT-DC, responded in these two cases.

Fig. 10. Comparing the rise rates of the sinusoidal 50 Hz AC (300 mA rms)
and DC (300 mA) waveforms
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a)

b)

Fig. 11. Residual current oscillograms during the operation of 30 mA RCD-B1 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N); no tripping when no auxiliary voltage used

b)

a)

c)

Fig. 12. Residual current oscillograms during the operation of 30 mA RCD-B2 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used

b)

a)

c)

Fig. 13. Residual current oscillograms during the operation of 30 mA RCD-B3 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used
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b)

a)

c)

Fig. 14. Residual current oscillograms during the operation of 30 mA RCD-B4 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used

trip for any auxiliary DC voltage variant. As one can see, these are
theoretically identical protection devices from the point of view of the
nominal data but they behave differently. The lack of RCDs operation
in some auxiliary DC voltage variants results from the provisions of
the standards according to which RCDs are manufactured [20, 22].
These standards do not yet take into account all operating conditions
possible in DC systems. In order to be sure that the B-type RCD will
operate properly in DC systems, the provisions of the standards is
recommended to be extended. These provisions should include the
requirement that the B-type RCD operates properly also with the auxiliary DC voltage connected between any poles. Alternatively, it is
suggested to introduce a different RCD type (e.g., “B-type extended”)
to the standards, which will be suitable for both AC and DC auxiliary
voltage. Thus, manufacturers of RCDs will be obliged to make modifications to the devices design to meet the extended requirements of
the standards.
Modification of the provisions of the standards is a long-term process (several years). Therefore, in some cases, the redundancy of RCDs
is considered, based on the currently manufactured protections. In the
next section, the impact of RCD redundancy on the effectiveness of
protection in low-voltage systems is analyzed.

3. Assessment of electrical safety in DC microgrids
with RCDs
3.1. Assessment of the safety based on tested B-type RCDs
The above-presented results of the tests have shown that protection
against electric shock and fire in DC microgrids with B-type RCDs
may not be achieved. The main safety problem is that in some conditions of supply occurring in DC systems, RCDs may not operate
despite the current flowing to the earth and existing risk of electric
shock or fire. Table 2 shows the results of the overall assessment of
the tested B-type RCDs. In the case of the suddenly applied residual
current, results for the value of this current equal to 2.0IΔn = 60 mA are
presented only. This is the upper tripping limit for which B-type RCDs
have to react under a DC residual current. If the RCD does not react at
this value, the device can be classified as faulty. Results from Table 2
enable for easy comparison of the behaviour of the RCDs as well.
The analysis of the results contained in Table 2 allows for the
conclusion that only one of the tested devices (RCD-B1) tripped in
each auxiliary voltage variant (AC, DC, L-N, L-L). For RCD-B2 and
RCD-B3, no tripping for auxiliary DC voltage (between L-L poles)
was noted. The RCD-B4 is the worst protection device – it did not
Table 2. General comparison of the behaviour of the tested B-type RCDs
Auxiliary voltage

AC 230 V

No. of
the RCD
RCD-B1

RCD-B2
RCD-B3
RCD-B4

DC 230 V

AC 230 V

poles
L-N

poles
L-L

poles
L-N

poles
L-L

No

poles
L-N

(+)

(+)

(+)

(+)

(-)*

(+)

(-)

*

(+)

slowly rising test current IDC
(tripping/no tripping within the normative range
15–60 mA)
(+)

(+)

(+)
(+)

(+)

(+) tripping; positive assessment

(+)

(-) no tripping; negative assessment

(+)
(+)
(-)

(+)
(-)

(-)*
(-)

(-)*

Auxiliary voltage

(+)
(+)

DC 230 V

poles
L-L

poles
L-N

poles
L-L

No

(+)

(+)

(+)

(-)*

(+)

(+)

(-)

suddenly applied test current IDC
(tripping/no tripping at 60 mA)
(+)
(+)

(+)
(-)

(-)* no tripping but no auxiliary voltage (power supply) is an abnormal state and, on this basis, the RCD is not assessed negatively
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(-)

(-)*

(-)

(-)*

(-)*

where:

3.2. Assessment of the safety enhancement in systems
with redundant RCDs
According to the guide [23], the use of each product or system is
associated with various hazards (they are a potential source of harm)
and it is impossible to achieve full safety in all circumstances. However, an increased level of effectiveness of protection against electric
shock and fire in low-voltage systems can be achieved by using more
reliable protection elements (e.g., high-quality fuses, overcurrent protection devices or RCDs) or by redundancy of these elements. Unfortunately, the use of more reliable safety measures increases costs.
Therefore, when using a given solution, the degree of increase in the
level of safety should be analyzed.
There are various methods of analyzing of technical systems from
the point of view of the reliability of their operation. In paper [5], the
reliability function of aging multistate system with dependent components is determined, in case its components have piecewise Weibull
functions. Reliability of components in smart grids, to which may
also belong DC microgrids, is presented in [6]. With reference to noncoherent multi-state systems, the reliability analysis is discussed in
publication [38]. In the case of installations with RCDs, considered
in this paper, the reliability analysis methods for systems with possible cascading failures can be used [33]. However, the most suitable
approach is the redundant approach [43] and it is used in further investigation.
In many low-voltage electrical installations, RCDs installed in
final circuits are connected in series with the upstream main RCD
(Fig. 15). Such a main RCD may be required as protection against
fire – for example, according to [17], the whole installation in agricultural and horticultural premises has to be protected by an RCD having a rated residual operating current not exceeding 300 mA. In that
situation, redundant connections are created [43] which may increase
the level of protection against electric shock and fire in final circuits,
because two RCDs connected in series (e.g., Main RCD and RCD-1
in Fig. 15a) constitute a parallel reliability structure (Fig. 15b). This
protection is effective as long as at least one RCD is able to detect
residual current and operate.

Tex – the expected up time of the protection system,
Tup – the real up time, being the time interval for which the
system is in an up state,
T1, T2, Tn, – up times of individual system components: 1-st,
2-nd, n-th.

In the protection system composed of RCDs, its failure function is
the product of the failure functions of individual system components
(RCDs):
Qup(t) = Q1RCD(t) ⋅ Q2RCD(t) ⋅ … ⋅ QnRCD(t)

(3)

in which consecutive components can be written as:
Q1RCD(t) = 1 – P1RCD(t)

(4)

Q2RCD(t) = 1 – P2RCD(t)

(5)

QnRCD(t) = 1 – PnRCD(t)

(6)

where: P1RCD(t), P2RCD(t), PnRCD(t) are the reliability functions of the
consecutive components (RCDs).
The up time of the entire system with effective protection against
electric shock and fire is equal to the up time of the best element:
Tup = max(T1RCD, T2RCD, …, TnRCD)

(7)

For RCDs, the exponential reliability function P(t) can be assumed
[28]:
P ( t ) = e − λt

(8)

The probability density function of failures can be expressed as:

( )

'

f ( t ) = − P ' ( t ) = − e − λt = λ e − λt

a)

(9)

and the failure rate is equal to:

λ (t ) =

− P ' ( t ) λ e − λt
= − λt = λ
P (t )
e

(10)

This failure rate takes a constant value, which means that it does
not depend on the operating time of the system.
The up time of one RCD is:
b)

∞

∞

0

0

T1RCD = ∫ P ( t ) dt = ∫ e −λt dt =

1 − λt
e
−λ

∞
0

=0+

1 1
=
λ λ

(11)

Thus, the up time of the safety system consisting of two residual
current devices connected in series is:
Fig. 15. The structure of electrical installation with RCDs connected in series
(a), and the reliability model of “Main RCD – RCD-1” connection (b)

In such a parallel structure, the probability that the system consisting of many elements is not able to operate can be expressed by the
relationship:
F(Tup ≤ Tex) = F(T1 ≤ Tex, T2 ≤ Tex, …, Tn ≤ Tex)

(2)
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∞

∞

0

0

∞

Tup = ∫ Pup ( t ) dt = ∫ 1 − Qup ( t ) dt = ∫ 1 − ( QRCD ( t ) ⋅ QRCD ( t ) ) dt =
=

∞

∫

0
∞

2
1 − QRCD


0

∞

2
( t )dt = ∫ 1 − (1 − QRCD ( t ) ) dt =
0

(

)

∞

2
2
= ∫ 1 − 1 − 2 PRCD ( t ) + PRCD
( t ) dt = ∫  2 PRCD ( t ) − PRCD
( t )dt =

0

=

∞

∫(

0

=

0

∞

)

1 −2λt 
 2 − λt
2e −λt − e −2λt dt = 
e
+
e
 =
2λ
 −λ
0

1
2 1
4 −1 3 1
= ⋅ = 1.5 ⋅
−
=
2λ
2 λ
λ
λ 2λ

(12)

The above calculation shows that doubling the number of RCDs
gives only a 50% increase in the level of safety of the protective system. Due to the fact that B-type RCDs are relatively expensive (about
10 times more expensive than commonly used A-type RCDs), such
a low increase in the protection level (less than 2 times) can be considered not entirely satisfactory. Therefore, it is extremely important
that in the near future RCDs are adapted to the expected waveform
shape of the earth fault (residual) current and especially to the auxiliary voltage available in DC systems, so that only one RCD is enough
to achieve safety. As already mentioned, this requires modification of
the relevant standards.

4. Conclusions
The above presented results indicate that theoretically identical
RCDs in terms of rated data may clearly differ in the response to
DC residual currents. When considering the usefulness of the tested
RCDs in DC microgrids, RCD-B1 (Fig. 5a and Fig. 6ab) and RCD-B2
(Fig. 5b and Fig. 7ab) operate correctly regardless of whether the auxiliary voltage is AC or DC and whether it is connected to poles L-N
or L-L. The use of RCD-B3 is limited in systems where only the DC
auxiliary voltage is accessible. The problem with its operation in the
presence of DC auxiliary voltage is especially noticeable in the case
of a slowly rising residual current (Fig. 5c). When the DC voltage is

connected to poles L-N, the tripping occurs, but when it is connected
to poles L-L, it unfortunately does not. The worst device is RCD-B4
(for L-L connection), both for the case of slowly increasing residual
current (no operation for DC auxiliary voltage – Fig. 5d), and for the
suddenly applied current (Fig. 9ab). Regarding the ability to detect
a DC residual current in the event of auxiliary voltage failure (this
response is only possible for a suddenly applied current – Fig. 6c,
Fig. 7c, Fig. 8c, Fig. 9c), the best behaviour was recorded for RCDB2 (Fig. 7c).
The analysis and tests results described in the article are the first
in this field and provide a new insight into the real properties of such
RCDs. It is commonly assumed that expensive B-type RCDs are capable of detecting all types of residual current. However, as the abovediscussed research shows, for this to be the case, strict conditions with
regard to the auxiliary supply of these RCDs must be met. Therefore,
to be sure that the currently manufactured RCDs will operate properly
in a circuit with only DC auxiliary voltage available, additional verification of their operation should be performed, because the scope of
normative tests applied by manufacturers are not sufficient to predict
the RCD operation in these new conditions, e.g., in DC microgrids.
Taking into account the results of the tests contained in this article,
it is strongly recommended to modify the provisions of the relevant
standards in the scope of the correct operation of B-type RCDs. These
provisions should include the requirement that the B-type RCD operates correctly also with the auxiliary DC voltage. As an alternative,
it is proposed to introduce a new variant of the B-type RCD to the
standards, which will be suitable for both AC and DC auxiliary voltage. This is of key importance for effective protection against electric shock and fire, because, as can be seen from the above-presented
analyses, even possible duplication of RCDs does not provide twice
the level of protection.
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Abstract

• A unique calculation model of the BWE slewing Identification of the basic parameters of static stability (BPSS) of the slewing superstructure
superstructure with KBS was developed.
is the key step in solving the problem of its static stability, as well as static stability of the
entire bucket wheel excavator (BWE). Specificity of the slewing superstructure examined in
• Two-step validation of the calculation model
this paper lies in the kinematic breakdown system (KBS) which prevents the loss of static
based on experimental results.
stability on the counterweight side. Development of a unique method for the formation
• The developed model enables accurate static sta- and two-step validation of the calculation models for this particular design concept was the
bility calculation and BPSS monitoring.
main objective of the presented research. A two-step validation of the analytical models is
• The existing double-walled bucket wheel repre- conducted based on the experimental results. As the outcome, the final calculation model
formed in such manner represents an accurate basis both for the proof of static stability and
sents a 'weak point' of the considered BWE.
for the monitoring of the BPSS during exploitation. By comparing the results of the control
weighing and the referent values of the final calculation model it was concluded that the
existing double-walled bucket wheel represents a 'weak point' of the considered BWE.
Keywords
This is an open access article under the CC BY license bucket wheel excavator, slewing superstructure, kinematic breakdown system, static stabil(https://creativecommons.org/licenses/by/4.0/)
ity parameters.

1. Introduction
A slewing superstructure is the main determinant of visual identity
and the fundamental functional subsystem of bucket wheel excavators
(BWEs) (Fig. 1). Furthermore, it is also a subsystem with a dominant
impact on the output of the machine [6], its dynamic response [13],
fatigue lifetime [7] and the loading and service life of the radiaxial
slew bearing supporting the slewing superstructure [16]. Failures of
vital elements of the supporting structures [14] jeopardize the safety
of the surface mining machines and induce very high financial losses,
even in cases when they do not result in catastrophic consequences
[4]. In the event of heavy accidents, regardless of the cause, the outcome is, inevitably, a total collapse of the machine due to the loss of
static stability [10].
A well-balanced slewing superstructure is one of the fundamental
prerequisites for the efficient, reliable and safe operation of a BWE.
Determining the mass (weight) of the slewing superstructure and the
position of its centre (centre of gravity - CoG), i.e. the basic parameters of static stability (BPSS), is a complex task and the key step in
solving the problem of static stability of the slewing superstructure. In

Fig. 1. BWE SRs 2000×32/5+VR92 on the surface mine ‘Tamnava West Field’
(Serbia): theoretical capacity 6600 m3/h, total mass 2905 t

general, a relatively small number of researchers publishes papers on
the topic of static stability of BWEs. It has been observed that the relevant papers that have been published over the last 15 years are characterized by two approaches to the problem of determining the BPSS
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of the slewing superstructure: analytical and experimental. In essence,
both approaches are based on the well known Varignon’s theorem.
With the analytical approach, the dataset needed for the application
of the theorem (masses of the substructure and the electromechanical
equipment, as well as positions of their respective CoGs) is formed
from the project documentation. The basic assumptions for the accurate analytical determination of the BPSS are: (a) accurately identified
elements of the dataset formed from the project documentation and
(b) compatibility between the actual (realized) state of the BWE with
the project documentation. However, in engineering practice these assumptions are almost never fully achieved and, for this reason, the referent literature [6] and technical regulations [1] point to the necessity
of experimental determination of the slewing superstructure BPSS
(by the means of the so-called ‘weighing’), which is conducted right
after the assembly of the machine. With the experimental approach
to the problem of determining the BPSS of the slewing superstructure, the dataset needed for the application of the Varignon’s theorem
consists of the loads in the measuring system’s hydrocylinders used
to raise the slewing superstructure [11], and their positions. The basic preconditions for the accurate experimental determination of the
slewing superstructure BPSS are: (a) use of the calibrated measuring
equipment; (b) the machine is positioned on a well-prepared planum
(the highest permissible inclination being 1/300); (c) the slewing superstructure is completely isolated from the impact of the slew drive,
and (d) weather conditions free of precipitation with wind velocity
below 5 m/s. In addition to the theoretical foundations, the paper [11],
presents analogue-digital measurement-acquisition systems for the
experimental determination of BPSS as well as the description of the
systems’ main components. According to [9], two approaches to the
experimental determination of the BPSS are used in contemporary
engineering practice: (a) direct, based on measuring the pressure in
the hydrocylinders, and (b) indirect, based on the processing of the
signal obtained by the load cells (strain gauge dynamometers). On
the basis of the comparative analysis of the results acquired through
the simultaneous measurements on a representative object, the thesis
that the results obtained via indirect measurements are more accurate
than the results obtained by direct measuring has been refuted. Paper
[12] presents the analytical method of identifying the position of the
slewing superstructure total loading principal vector for various working conditions. With all this in mind, it has been concluded that the
synthesis of the results of analytical and experimental determination
of the slewing superstructure BPSS is absent from the existing literature. The results of the pioneering research presented in papers [2,3]
overcome this deficiency. Paper [2] presents an original concept of the
corrective mass, based on the synthesis of the results obtained with
analytical and experimental methods of determining the slewing superstructure BPSS. Application of this concept allows for the formation of a model which can be successfully applied for the analysis of
static stability, loading of the vital parts of the load-bearing structure
of the slewing superstructure as well as the analysis of its dynamic
response. Paper [3] emphasizes the extreme importance of harmonization of the technical documentation “...with all the changes made
during the development of the project and the realization of the first
erection procedure...”. Fulfilment of this requirement makes it possible to form the ‘a priori’ [3] calculation model of the slewing superstructure, which has a degree of accuracy sufficient for a comparative
analysis with the results of the initial weighing (the so-called ‘zero
weighing’) of the BWE after it has been fully assembled [6]. Then, by
applying the concept of the corrective mass [2], the ‘a posteriori’ [3]
calculation model of the slewing superstructure is formed, representing a foundation for the accurate proof of static stability.
The BWE SRs 2000 (Fig.1), which is one of the most successful
and widespread models made by the renowned manufacturer Takraf
(a total of 55 units of this type are deployed on the European and
Asian surface mines), has been in operation on the surface mine ‘Tamnava West Field’ (Serbia) since 1995. The specificity of its slewing
superstructure lies in the kinematic breakdown system (KBS), which
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prevents a potential loss of static stability on the counterweight side.
The intensity of the reaction force caused by the partial leaning of the
bucket wheel (the so-called ‘contact force’) leading to the activation,
i.e. the opening of the KBS, is one of the key parameters of static
stability of the slewing superstructure. For this reason, in addition to
the zero weighing, measuring the contact force at the moment of the
KBS activation is mandatory before a BWE with a KBS can be put
in operation. The experimentally determined intensity of this force
makes it possible to perform validation of the BPSS of the portion
of the ‘a posteriori’ calculation model of the slewing superstructure
(above the slewing platform) which has the strongest impact on the
BPSS of the entire slewing superstructure. This was the main reason
behind the development of the procedure for validation of the slewing
superstructure calculation models, presented in this paper, consisting
of two steps:
• the first step: validation of the ‘a priori’ calculation model using
the results of the zero weighing;
• the second step: validation of the ‘a posteriori’ calculation model
using the results of the contact force measurements at the moment
of the KBS opening.
A key contribution of the research presented herein lies in the
unique method for two-step experimental validation of the analytically obtained calculation models of the slewing superstructure, based
on the synthesis of the results of the analytical and experimental determination of the BPSS. The authors are unaware of any published
work presenting the ‘a posteriori’ calculation model of the slewing
superstructure with a KBS which summarizes the results of the analytical-experimental investigations. BPSS of the presented model
fully match those of the slewing superstructure BPSS at the time of
putting the BWE in operation. A calculation model of the slewing superstructure formed in such a manner enables not only an accurate
calculation analysis of the static stability, but its BPSS act as referent
values for monitoring and control of the BPSS during exploitation.
Analysing the results obtained by control weighing during the BWE’s
exploitation, it is possible to determine the potential ‘weak points’ on
the slewing superstructure, as shown in the paper. The ‘a posteriori’
calculation model of the slewing superstructure represents an accurate
basis for the computational verification of strength and static stability
during the almost-inevitable revitalizations [8] and modernizations of
BWEs [15] aimed at extending their operational life.

2. Analytical determination of the slewing superstructure BPSS
During the static stability analysis, the slewing superstructure of
the BWE SRs 2000 (Fig. 2) is divided into three substructures:
• Substructure 1 (the bucket wheel boom substructure): bucket
wheel boom+mast+stay of the bucket wheel boom;
• Substructure 2 (the counterweight boom substructure): counterweight boom+KBS+the counterweight in the containers+the
weight for tensioning of the ropes of the bucket wheel boom hoisting mechanism+the dismantling crane;
• Substructure 3 (the slewing platform substructure).
A pair of joints connects the bucket wheel boom to the front side of
the KBS, which rests freely on the slewing platform. Another pair of
joints connects the back side of the KBS to the slewing platform, which
is leaning on the undercarriage via a radiaxial slew bearing (diameter of
DRSB=10 m). Changing of the inclination angle of the bucket wheel
boom is achieved by the rope hoisting mechanism.
As already stated in the introductory section, in engineering
practice, inconsistencies between the realized and designed states
of BWEs are very common, “... usually as a consequence of subsequent buyer requests, or the inability to purchase components predefined by the project” [2]. The inexistence of updated technical
documentation that matches the state of the considered BWE after the assembly had forced the formation of the ‘a priori’ calcula-
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tion models of the slewing superstructure (Table 1) to be based on
four different technical documents provided by the manufacturer.
It can be observed (Table 1) that, from the aspect of static stability, there are significant differences in the total masses and CoG
abscissas of the ‘a priori’ calculation models of the slewing superstructure: (a) the difference between the biggest (model M1:
mSS,DES,M1=1052.928 t) and the smallest (model M4:
mSS,DES,M4=1002.974 t) total mass of the analyzed ‘a priori’ calculation models equals to 49.954 t; (b) the difference between
the largest (model M2: x3,SS,H,DES,M2=1.416 m) and the smallest (model M4: x3,SS,H,DES,M4=1.006 m) value of the CoG abscissa of the ‘a priori’ calculation models is 0.41 m. In the subsequent research, on the basis of the comparative analysis of
the slewing superstructure total mass obtained analytically (the
‘a priori’ calculation models - Table 1) and experimentally (by weighing) the ‘a priori’ calculation models which do not meet the criterion
provided in [1, 6] were eliminated.

3. Experimental determination of the slewing superstructure BPSS
3.1. Weighing
Weighing of the slewing superstructures of surface mining machines, as well as similar machines such as reclaimers, is performed by
repeatedly raising and lowering the slewing platform and, therefore,
the entire slewing superstructure, using hydraulic cylinders equipped
with load cells and manometers (Figs. 3 and 4). By doing so, it is
possible to determine the loads in the measuring points (reactions in
the slewing superstructure supports during the weighing) and, consequently, the BPSS, based on the results acquired by two independent
systems: mechanical (load cells) and hydraulic (manometers). A comparative analysis of the results obtained from two independent measuring systems increases the level of confidence in the experimentally
determined values of the BPSS.
The zero weighing (W0) of the slewing superstructure was performed following the first
erection (Table 2). The measurements were
conducted for two characteristic positions of the
bucket wheel boom:
• horizontal and
• low, at αBWB=–12.63°,
with the counterweight (in the containers) mass
of mCWC,W0=131.933 t, and the weight (for tensioning of the ropes of the bucket wheel boom
hoisting mechanism) mass of mWTR=20.2 t.
Therefore, the total mass of the counterweight
during the zero weighing was:
mCW,W0 = mCWC,W0 + mWTR = 131.933 + 20.2 = 152.133 t.

Fig. 2. Structural scheme of the BWE SRs 2000 slewing superstructure: 1-bucket wheel boom; 2-mast;
3-stay of the bucket wheel boom; 4-counterweight boom; 5-KBS; 6-counterweight in the containers; 7- weight for tensioning of the ropes of the bucket wheel boom hoisting mechanism; 8-slewing platform; 9-radiaxial slew bearing; 10-ropes of the bucket wheel boom hoisting mechanism;
11-dismantling crane; OBW-centre of the bucket wheel; O1-joint of the bucket wheel boom; O2-KBS
joint; O3-center of the radiaxial slew bearing; αBWB-inclination angle of the bucket wheel boom

(1)
After the zero weighing, correction of
the counterweight was performed by adding
ΔmCWC=19.867 t into the counterweight con-

Table 1. BPSS of the slewing superstructure ‘a priori’ models: bucket wheel boom in horizontal position (αBWB=0)
Part

Quantity

mSuS1,DES,Mi (t)
a

x3,SuS1,H,DES,Mi (m)

Substructure 1

–26.875

422.650

–27.292

i=4 (M4)

421.326

–26.493

–0.301

–0.504

–0.430

mSuS2,DES,Mi (t)

506.735c

484.561d

492.149e

468.248d

x3,SuS2,DES,Mi (m)

z3,SuS2,DES,Mi (m)
mSuS3,DES,Mi (t)

8.645

25.898
0.050

16.840

118.131

8.857

25.577
0.086

16.863

115.810

8.747

26.025
0.208

16.888

115.826

8.578

25.882
0.136

17.090

113.400

x3,SuS3,DES,Mi (m)

0.451

0.404

0.404

0.461

z3,SuS3,DES,Mi (m)

1.503

1.367

1.367

1.531

y3,SuS3,DES,Mi (m)

Slewing superstructure

–27.378

409.668

i=3 (M3)

–0.516

y3,SuS2,DES,Mi (m)

Substructure 3

428.062

Model Mi, i=1,2,3,4

i=2 (M2)

y3,SuS1,H,DES,Mib (m)

z3,SuS1,H,DES,Mib (m)

Substructure 2

a

b

i=1 (M1)

mSS,DES,Mi (t)

x3,SS,H,DES,Mi (m)

y3,SS,H,DES,Mi (m)

z3,SS,H,DES,Mi (m)

0.009

1052.928
1.384

–0.185

11.787

0.031

1010.039
1.416

–0.077

11.839

0.031

1030.625
1.281

–0.104

11.805

0.041

1002.974
1.006

–0.113

11.755

mass; bcoordinates of the CoG relative to the coordinate system O3x3y3z3 (Fig. 2); c total mass of the counterweight in the containers and the weight for tensioning of the ropes of the bucket wheel boom hoisting mechanism mCW,DES=178 t, x3,CW,DES=35.114 m, y3,CW,DES=–0.011 m, z3,CW,DES=17.448 m; d mCW,DES=160 t,
x3,CW,DES=35.114 m, y3,CW,DES=0, z3,CW,DES=17.556 m; e mCW,DES=175 t, x3,CW,DES=35.114 m, y3,CW,DES=0, z3,CW,DES=17.556 m
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Fig. 3. Layout of the slewing superstructure measuring points on the BWE SRs 2000 (bottom
view)

b)

a)

Fig. 5. Scheme of the bucket wheel leaning during the measuring of the contact force at the KBS activation:
1-tool for the bucket wheel leaning; 2-hydraulic jack; GSuS1, GSuS2-weights of the substructure 1
and substructure 2; OBW-centre of the bucket wheel; O1-joint of the bucket wheel boom; O2-KBS
joint; O3-center of the radiaxial slew bearing; αBWB=–14.31°-inclination angle of the bucket wheel
boom at the moment of the KBS activation; x1,O2=8.7 m-abscissa of the point О2 relative to the coordinate system О1x1y1z1; x1,O3=3.0 m, z1,O3=–4.208 m-abscissa and
applicate of the point О3 relative to the coordinate system О1x1y1z1;
x3,O2=5.7 m-abscissa of the point О2 relative to the coordinate system О3x3y3z3; ξOBW=41.011 m, ζOBW=2.9 m-abscissa and applicate
of the bucket wheel centre relative to the coordinate system О1ξηζ;
lAO-distance between AO,E and axis O2y2; lSuS1, lSuS2-distance between GSuS1, GSuS2 and the axis O2y2

tainers. As a result, the total counterweight mass at the time
of the BWE deployment was:
mCW = mCW,W0 + ∆mCWC = 152.133 + 19.867 = 172 t. (2)

3.2. Measurement of the contact force at the KBS
activation
c)

Experimental determination of the contact force intensity
at the moment of the KBS activation (AO,E, Fig. 5) represents a very important stage of the BPSS validation. Before
the measurement, three buckets (total mass of ΔmBUC=3.3 t)
were detached (Fig. 6) and the tool for the bucket wheel
leaning (mass of mTBWL=1.3 t) was rested on the hydraulic
jack with the piston diameter of dHJ=274 mm. The measured
pressure in the hydraulic jack at the moment of the KBS activation was pHJ=147 bar, which yields the contact force of:

d)

AO,E = pHJ

π d HJ
π × 0.2742
= 147 × 105 ×
= 866.78 × 103 N=866.78 kN.
4
4

(3)

Fig. 4. Slewing superstructure measuring points on the BWE SRs 2000 (1-hydro cylinder;
2-manometer; 3-load cell): а) measuring point A1; b) measuring point A2; c) measuring point B;d) measuring point C

Taking into account the state of the slewing superstructure at the time of conducting the experiment (removed
buckets, tool for the bucket wheel leaning), the obtained
results were corrected. By eliminating the influence of the

Table 2. BPSS of the slewing superstructure: the zero weighing (W0)
Measuring position of the
bucket wheel boom

Low: αBWB=–12.63°

Horizontal
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Slewing superstructure mass
mSS,W0 (t)

1055.840

CoG position

x3,SS,W0,L(or H) (m)

0.380

0.599

y3,SS,W0,L(or H) (m)

–0.080
–0.087

Total counterweight
mass
mCW,W0 (t)

152.133
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Table 3, where mSS,DES,Mi, i=1,2,3,4, is the designed mass of the slewing superstructure (Table 1). Corrective masses (mcor,Mi, i=1,2,3,4)
were determined (Table 4) using the data given in Tables 2 and 3:
mcor,Mi = mSS,W0 − mSS,W0,Mi , i=1,2,3,4.

(7)

According to [1,6], the ‘a priori’ model is acceptable if its mass
(Table 3), i.e. the designed mass of the slewing superstructure, satisfies the criterion of compliance with the slewing superstructure mass
determined by zero weighing (Table 2):
Fig. 6. Bucket wheel after the dismantling of the three buckets

mSS,W0 − mSS,W0,Mi = mcor,Mi ≤ 0.05mSS,W0,Mi , i=1,2,3,4.

bucket wheel leaning tool and introducing the influence of the detached buckets, a corrected intensity of the contact force at the moment of the KBS activation is obtained:

Based on the data presented in Table 4, it is conclusive that the
‘a priori’ models М2 and М4 do not satisfy the criterion of acceptability defined by the expression (8). For this reason, they are excluded
from the subsequent analysis.
A change of the counterweight mass, in addition to the change of
the mass of the substructure 2, also causes a change of the position of
its centre:

AO,E,cor = AO,E + g (∆mBUC − mTBWL ) =
= 866.78 × 103 + 9.81(3.3 − 1.3)× 103 = 886.40 × 103 N= 886.40 kN.
(4)
It is important to note that the presented measurement was performed
after the correction of the counterweight mass, i.e. at mCW=172 t.

χ3,SuS2,W0,Mi =

4. Analytical determination of the slewing superstructure BPSS by applying the concept of corrective
mass

mSUS2,DES,Mi χSUS2,DES,Mi − (mCW,DES,Mi − mCW,W0 )χCW,DES,Mi
mSUS2,W0,Mi

, χ =x, y, z, i=1,3,

(9)

Table 5, where χSUS2,DES,Mi and χCW,DES,Mi, χ=x,y,z, i=1,3, are coordinates of the centres of the designed substructure 2 and the counterweight mass (Table 1). Further, the change of the inclination angle of
the bucket wheel boom leads to the change of the abscissa, as well as
the applicate, of the centre of mass of the substructure 2 relative to the
coordinate system O3x3y3z3 (Figs. 2 and 3):

In order to develop the slewing superstructure ‘a posteriori’ model
[3] using the concept of corrective mass [2], first it was necessary
to remove the total designed counterweight mass (mCW,DES) from the
‘a priori’ models (Table 1) and introduce the total counterweight mass
(mCW,W0) at the zero weighing, expression (1). Having in mind that
the counterweight belongs to the substructure 2 (Fig. 2), its mass at
the zero weighing, for each ‘a priori’ model (Table 3), was calculated
by the expression:

x3,SuS1,DES,Mi (α BWB ) = ( x3,SuS1,H,DES,Mi + x1,O3 ) cos α BWB +
+ ( z3,SuS1,H,DES,Mi + z1,O3 ) sin α BWB − x1,O3 , i=1,3; (10)

mSUS2,W0,Mi = mSUS2,DES,Mi − mCW,DES,Mi + mCW,W0 , i=1,2,3,4, (5)

z3,SuS1,DES,Mi (α BWB ) = − ( x3,SuS1,H,DES,Mi + x1,O3 ) sin α BWB +
+ ( z3,SuS1,H,DES,Mi + z1,O3 ) cos α BWB − z1,O3 , i=1,3. (11)

where mSuS2,DES,Mi, i=1,2,3,4, is the designed mass of the substructure
2 (Table 1). Naturally, a change in mass of the substructure 2, leads to
a change of the entire mass of the slewing superstructure:

Coordinates of the centre of mass of the slewing superstructure for
the ‘a priori’ models М2 and М4 at the zero weighing (Table 6) are
determined by the expressions:

mSS,W0,Mi = mSS,DES,Mi − mSuS2,DES,Mi + mSuS2,W0,Mi , i=1,2,3,4,   (6)

Table 3. Masses of the substructure 2 and slewing superstructure at the zero weighing (mCW,W0=152.133 t)

Substructure 2

Part

Quantity

Model Mi, i=1,2,3,4

i=1 (M1)

mSuS2,W0 (t)

i=2 (M2)

480.868

mSS,W0 (t)

Slewing superstructure

i=3 (M3)

476.694

1027.061

i=4 (M4)

469.282

1002.172

460.381

1007.758

995.107

Table 4. Corrective masses and the limits of acceptability of the 'a priori' models of the slewing superstructure

mcor,Mi (t)

0.05mSS,W0,Mi

Quantity

|mcor,Mi|≤0.05mSS,W0,Mi

i=1 (M1)

28.779

51.353
yes

(8)

Model Mi, i=1,2,3,4

i=2 (M2)

53.668

50.109
no

i=3 (M3)

48.082

50.388
yes

i=4 (M4)

60.733

49.755
no
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‘a posteriori’ models M1W0,cor and M3W0,cor, whose BPSS (Table 8)
were calculated using the following expressions:

Table 5. BPSS of the substructure 2 at the zero weighing
(mCW,W0=152.133 t)
Model Mi, i=1,3

Quantity

i=1 (M1)

mSuS2,W0,Mi (t)

480.868

x3,SuS2,W0,Mi (m)

469.282

25.401

y3,SuS2,W0,Mi (m)

χ3,SS,W0,Mi,cor (α BWB ) =

25.581

0.054

z3,SuS2,W0,Mi (m)

mSS,W0,Mi,cor = mSS,W0,Mi + mcor,Mi , i=1,3;

i=3 (M3)

0.218

16.807

Low: αBWB=–12.63°

Quantity

y3,SS,W0,Mi,cor =

mSS,W0,Mi (t)

χ3,SS,W0,Mi (α BWB ) =

i=3 (M3)

1027.061

1007.758

x3,SS,W0,L,Mi (m)

0.375

0.343

z3,SS,W0,L,Mi (m)

9.378

9.401

y3,SS,W0,L,Mi (m)

–0.189

–0.106

x3,SS,W0,H,Mi (m)

0.534

0.512

z3,SS,W0,H,Mi (m)

11.645

11.675

y3,SS,W0,H,Mi (m)

Horizontal

Model Mi, i=1,3

i=1 (M1)

–0.189

–0.106

1

 mSuS1,DES,Mi χ3,SuS1,DES,Mi (α BWB ) + mSuS2,W0,Mi χ3,SuS2,W0,Mi +
mSS,W0,Mi 

mSS,W0,Mi

, i=1,3.

(13)
Position of the corrective mass centre (Table 7) was determined as
follows:

y3,m,cor,Mi =

mSS,W0 x3,SS,W0,H − mSS,W0,Mi x3,SS,W0,H,Mi
mcor,Mi

, i=1,3; (14)

0.5mSS,W0 (y3,SS,W0,H +y3,SS,W0,L )− mSS,W0,Mi y3,SS,W0,Mi
mcor,Mi

, i=1,3;

z3,m,cor,Mi =0.5 ( z3,SS,W0,H,Mi + z3,SS,W0,H,Mi ) , i=1,3.

x3,m,cor,Mi (m)

y3,m,cor,Mi (m)

z3,m,cor,Mi (m)

2.937

3.676

i=1 (M1)

10.512

(15)
(16)

2.415

i=3 (M3)

0.394

10.538

Abscissas of the centres of the corrective masses (Table 7) indicate
that the mentioned masses do not belong to the substructure 1, i.e.
that their positions are invariant to the inclination angle of the bucket
wheel boom. By introducing the corrective masses, the slewing superstructure ‘a priori’ models M1 and M3 were transformed into the
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Measuring position of the bucket wheel boom

mSS,W0,Mi,cor

Model MiW0,cor, i=1,3

Quantity

M1W0,cor

mSS,W0,Mi,cor (t)

x3,SS,W0,L,Mi,cor (m)

, i=1,3.   (19)

M3W0,cor

1055.840

1055.840

–0.084

–0.084

0.445

0.437

z3,SS,W0,L,Mi,cor (m)

9.409

9.453

y3,SS,W0,H,Mi,cor
(m)

–0.084

–0.084

x3,SS,W0,H,Mi,cor
(m)

Horizontal

z3,SS,W0,H,Mi,cor
(m)

0.599

11.632

0.599

11.623

Correction of the counterweight mass after the zero weighing (equation (2)) has led to the changes of the BPSS of the substructure 2:
mSUS2,Mi,cor = mSUS2,W0,Mi − mCW,W0 + mCW , i=1,3;
χ3,SuS2,Mi,cor =

mSUS2,W0,Mi χSUS2,W0,Mi − ( mCW,W0,Mi − mCW ) χ CW,DES,Mi
mSUS2,Mi,cor

(20)

, χ =x, y, z , i=1,3,

(21)
Table 9, as well as the BPSS of the entire slewing superstructure:

χ3,SS,Mi,cor (α BWB ) =

1
 mSS,W0,Mi,cor χ3,SS,W0,Mi,cor (α BWB ) − mSuS2,W0,Mi χ3,SuS2,W0,Mi +
mSS,Mi,cor 

+ mSuS2,Mi,cor χ3,SuS2,Mi,cor  , χ =x, z , i=1,3;
y3,SS,Mi,cor =

Model Mi, i=1,3

mSS,W0,Mi y3,SS,W0,Mi + mcor,Mi y3,m,cor,Mi

mSS,Mi,cor = mSS,W0,Mi,cor − mSuS2,W0,Mi + mSuS2,Mi,cor , i=1,3; (22)

Table 7. Coordinates of the corrective mass centre
Quantity

, χ = x, z , i=1,3;

Table 8. BPSS of the slewing superstructure ‘a posteriori’ models M1W0,cor
and M3W0,cor at the zero weighing (mCW,W0=152.133 t)

(12)

mSuS1,DES,Mi y3,SuS1,DES,Mi + mSuS2,W0,Mi y3,SuS3,W0,Mi + mSuS3,DES,Mi y3,SuS3,DES,Mi

x3,m,cor,Mi =

mSS,W0,Mi,cor

Low: αBWB=–12.63° y3,SS,W0,L,Mi,cor (m)

+ mSuS3,DES,Mi χ3,SuS3,DES,Mi  , χ =x, z , i=1,3;

y3,SS,W0,Mi =

mSS,W0,Mi χ3,SS,W0,Mi (α BWB ) + mcor,Mi χ3,m,cor,Mi

(18)

16.855

Table 6. BPSS of the slewing superstructure 'a priori' models M1 and M3
at the zero weighing (mCW,W0=152.133 t)
Measuring position of
the bucket wheel boom

(17)

mSS,W0,Mi,cor y3,SS,W0,Mi,cor − mSuS2,W0,Mi y3,SuS2,W0,Mi + mSuS2,Mi,cor y3,SuS2,Mi,cor
mSS,Mi,cor

(23)
, i=1,3,

(24)
Table 10. In such a way, two final ‘a posteriori’ models (M1cor and
M3cor) of the slewing superstructure corresponding to the state of the
BWE at the time of deployment were formed. Their BPSS (Table 10)
present the base for further research and analyses.

5. Analytical determination of the contact force at the
KBS activation
The distances needed for the analytical determination of the contact force at the KBS activation (Fig. 5) are calculated according to
the following expressions:
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Table 9. BPSS of the substructure 2 after the correction of the counterweight mass (mCW=172 t)
Model Micor, i=1,3

Quantity

i=1 (M1cor)

mSuS2,Mi,cor (t)

x3,SuS2,Mi,cor (m)

(32)

489.149

25.787

25.967

0.051

z3,SuS2,Mi,cor (m)

g
(mSuS1,DES,MilSuS1,Mi,cor + mcor,Mi lcor,Mi,cor − mSuS2,Mi,cor lSuS2,Mi,cor ), i=1,3.
lAO

i=3 (M3cor)

500.735

y3,SuS2,Mi,cor (m)

AO,Mi,cor =

0.209

16.833

16.884

Table 10. BPSS of the slewing superstructure 'a posteriori' models M1cor
and M3cor (mCW=172 t): bucket wheel boom in horizontal position
Model Micor, i=1,3

Quantity

i=1 (M1cor)

mSS,Mi,cor (t)

i=3 (M3cor)

1075.707

x3,SS,H,Mi,cor (m)

1075.707

1.237

y3,SS,H,Mi,cor (m)

1.237

–0.082

z3,SS,H,Mi,cor (m)

–0.082

11.722

11.732

ξSuS1,Mi,cor = − x3,SuS1,H,DES,Mi − x1,O3 , i=1,3;

(25)

ς SuS1,Mi,cor = z3,SuS1,H,DES,Mi + z1,O3 , i=1,3;

(26)

lAO = ξOBW cos α BWB − ς OBW sin α BWB + x1,O2 ;

(27)

lSuS1,Mi,cor = ξSuS1,Mi,cor cos α BWB − ς SuS1,Mi,cor sin α BWB + x1,O2 , i=1,3;

(28)
(29)

lSuS2,Mi,cor = x3,SuS2,Mi,cor − x3,O2 , i=1,3;

while the distance between the centre of the corrective mass from the
O2y2 axis can be determined by the expression:
lm,cor,Mi,cor = x3,O2 − x3,m,cor,Mi , i=1,3,

(30)

Table 11. The intensity of the contact force at the KBS opening
(AO,Mi,cor, i=1,3) is determined from the moment equation for the axis
of the KBS rotation relative to the slewing platform (O2y2, Fig. 5):
AO,Mi,corlAO − g (mSuS1,DES,MilSuS1,Mi,cor + mcor,Milm,cor,Mi,cor − mSuS2,Mi,corlSuS2,Mi,cor ) = 0, i=1,3.
(31)

Therefore:

Table 11. Geometry of the system and the intensities of the contact forces at
the KBS opening

ξSuS1,Mi,cor (m)

Model Micor, i=1,3

Quantity

i=1 (M1cor)

24.378

ζSuS1,Mi,cor (m)

lAO (m)

lSuS1,Mi,cor (m)
lSuS2,Mi,cor (m)

lm,cor,Mi,cor (m)
AO,Mi,cor (kN)

4.437

at αBWB=–14.31°
at αBWB=–14.31°

i=3 (M3cor)

24.292

4.370

49.155

49.155

20.087

20.269

863.45

866.77

33.419

2.763

33.460

3.285

Fig. 7. Intensities of the contact forces at the KBS activation: the slewing superstructure ‘a posteriori’ models М1cor and М3cor vs the experiment

6. Control weighing during the BWE exploitation
The results of the control weighing (W1) are provided in Table
12, whereas the comparative overview of the analytically and experimentally determined abscissas of the slewing superstructure CoG is
presented in Fig. 8.

7. Discussion
Based on the analysis of the presented results, the following is
concluded:
• masses of the slewing superstructure ‘a posteriori’ models M1W0,cor
and M3W0,cor, formed using the concept of corrective mass, are
equal to the mass of the slewing superstructure determined at the
zero weighing (Tables 2 and 8);
• at the horizontal position of the bucket wheel boom, the CoG abscissas of the slewing superstructure ‘a posteriori’ models M1W0,cor
and M3W0,cor match the CoG abscissa of the slewing superstructure determined at the zero weighing (Tables 2 and 8, Fig. 9);
• at the low measuring position of the bucket wheel boom, the
CoG abscissas of the slewing superstructure ‘a posteriori’ models
M1W0,cor and M3W0,cor are greater than the CoG abscissas of the
slewing superstructure determined at the zero weighing by 65 mm
and 57 mm, respectively (Table 13, Fig. 9);
• differences between the calculated and experimentally determined
CoG abscissas relative to the radius of the calculating contour of
the slewing superstructure leaning in the plane of the radiaxial
slew bearing are 1.4% for model M1W0,cor and 1.2% for model
M3W0,cor (Table 13), which is quite acceptable from an engineering point of view;
• it is observable (Table 14) that the CoG ordinates of the considered models are identical and invariant to the inclination angle of
the bucket wheel boom; on the other hand, the CoG ordinates determined by the zero weighing are not identical, which is predominantly a consequence of the structural geometry imperfections, as
well as the errors that inevitably occur during measurement; the
difference between the experimentally determined CoG ordinates
for the low and horizontal measuring position of the bucket wheel
boom (7 mm, Table 14) is negligibly small relative to the radius
of the calculating contour of the slewing superstructure leaning in
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Table 12. BPSS of the slewing superstructure: the control weighing (W1)
Measuring position of
the bucket wheel boom

Low: αBWB=–13,6°
Horizontal

Slewing superstructure mass
mSS,W1 (t)

1101.692

CoG position

x3,SS,W1,L(H) (m)

0.535

0.698

b)

y3,SS,W1,L(H) (m)

–0.152

–0.162

Total counterweight mass
mCW (t)

172.0

the plane of the radiaxial slew bearing
(1.5‰ of the mentioned radius);
• the CoG ordinates of the ‘a posteriori’
models M1W0,cor and M3W0,cor, as well
as the CoG ordinates determined by zero
weighing, have negative values (Table
14); furthermore, their absolute values
are very small relative to the radius of
the calculating contour of the slewing

c)

a)

Fig. 9. Abscissa of the slewing superstructure CoG: the
‘a posteriori’ models M1W0,cor and M3W0,cor vs the
zero weighing (W0)

Fig. 8. Abscissa of the slewing superstructure CoG: (a) the ‘a posteriori’ models M1cor and M3cor vs
the control weighing (W1) over the entire domain of the inclination angle of the bucket wheel
boom (αBWB=–21.49°...18.37°); (b) model M1cor vs model M3cor in the vicinity of the low
measuring position of the bucket wheel boom (αBWB=–13.6°); (c) model M1cor vs model M3cor
in the vicinity of the horizontal position of the bucket wheel boom
Table 13. CoG abscissas of the slewing superstructure at the low measuring
position of the bucket wheel boom: ‘a posteriori’ models M1W0,cor
and M3W0,cor (x3,SS,W0,L,Mi,W0,cor, i=1,3) vs the zero weighing
(x3,SS,W0,L=380 mm)
Quantity

a

Model MiW0,cor, i=1,3

i=1 (M1W0,cor)

445

437

100Δx3,SS,W0,D,Mi,W0,cor/rSb (%)

1.4

1.2

Δx3,SS,W0,L,Mi,W0,cora (mm)

65

Δx3,SS,W0,L,Mi,W0,cor= x3,SS,W0,L,Mi,W0,cor–x3,SS,W0,L

b

i=3 (M3W0,cor)

x3,SS,W0,L,Mi,W0,cor (mm)

57

rS=0.95DRSB/2=0.95×5000/2=4750 mm – radius of the ‘contour of static stability’ [3],
i.e. radius of the calculating contour of the slewing superstructure leaning in the
plane of the radiaxial slew bearing [5]

Fig. 10. CoG abscissas of the slewing superstructure ‘a posteriori’ models:
M1cor vs M1W0,cor
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superstructure leaning in the plane of the radiaxial slew bearing:
up to 1.8% of the mentioned radius (Table 14);
• the absolute values of differences between the CoG ordinates of
the ‘a posteriori’ models M1W0,cor and M3W0,cor and the CoG ordinates of the slewing superstructure determined at the zero weighing, for the low and horizontal measuring position of the bucket
wheel boom, are equal to 4 mm and 3 mm, respectively (Table 14);
from the engineering standpoint, these differences are negligibly
small relative to the radius of the calculating contour of the slewing
superstructure leaning in the plane of the radiaxial slew bearing: up
to 0.8‰ of the mentioned radius (Table 14).
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Table 14. CoG ordinates of the slewing superstructure: ‘a posteriori’ models M1W0,cor and M3W0,cor vs the zero weighing (W0)
Measuring position of
the bucket wheel boom
Low: αBWB=–12.63°

Horizontal
a

Quantity

y3,SS,W0,L (mm)

100|y3,SS,W0,L|/rS (%)
a

Δy3,SS,W0,L,Mi,W0,cor (mm)

100Δy3,SS,W0,L,Mi,W0,cor/rS (‰)

y3,SS,W0,H,Mi,W0,cor (mm)

100y3,SS,W0,H,Mi,W0,cor/rS (%)

Δy3,SS,W0,H,Mi,W0,corb (mm)

100Δy3,SS,W0,H,Mi,W0,cor/rS (‰)

W0

–80
1.7

-

-

–87

1.8

-

-

Δy3,SS,W0,L,Mi,W0,cor=|y3,SS,W0,L,Mi,W0,cor–y3,SS,W0,L|; bΔy3,SS,W0,H,Mi,W0,cor=|y3,SS,W0,H,Mi,W0,cor–y3,SS,W0,H

Model MiW0,cor, i=1,3

–84
1.8

4

0.8

–84

1.8

3

0.6

i=1 (M1W0,cor)

–84

i=3 (M3W0,cor)

1.8

4

0.8

–84

1.8

3

0.6

Fig. 12. Differences in the CoG abscissas of the slewing superstructure ‘a
posteriori’ models M1cor and M3cor

Fig. 11. CoG abscissas of the slewing superstructure ‘a posteriori’ models:
M3cor vs M3W0,cor
Table 15. Differences of the CoG abscissas of the slewing superstructure ‘a
posteriori’ models after the correction of the counterweight mass

i=1: M1cor vs
M1W0,cor

i=3: M3cor vs
M3W0,cor

αBWB,Δx3,SS,Mi,max (°)

–10.31

–10.58

αBWB,Δx3,SS,Mi,min (°)

18.37

18.37

Δx3,SS,Mi,md (mm)

635

635

Δx3,SS,Mi,maxa (mm)
Δx3,SS,Mi,minb (mm)

a

Model Mi, i=1,3

Quantity

Δ(Δx3,SS,Mi)maxc

641

618
23

641

618
23

Δx3,SS,Mi,max=(x3,SS,Mi,cor–x3,SS,Mi,W0,cor)max; bΔx3,SS,Mi,min=(x3,SS,Mi,cor–x3,SS,Mi,W0,cor)min;

c

Δ(Δx3,SS,Mi)max=Δx3,SS,Mi,max–Δx3,SS,Mi,min; dΔx3,SS,Mi,m-mean value of the difference of the
CoG abscissas

Correction of the counterweight mass after the zero weighing leads
to a significant increase of the CoG abscissas of the slewing superstructure ‘a posteriori’ models M1W0,cor and M3W0,cor (Figs. 10 and
11, Table 15) followed by negligible shifting of the CoG ordinates
(2 mm, Tables 8 and 10).
For both considered models (Figs. 10 and 11), the differences of
the slewing superstructure CoG abscissas increase slightly monotoni-

cally to the maximum achieved at αBWB,Δx3,SS,Mi,max, i=1,3 (Table 15)
and then decrease slightly monotonically to the minimum value that
occurs at the maximal inclination angle of the bucket wheel boom
αBWB,max=18.37°. It can be noticed (Figs. 10 and 11) that the maxima
of the considered differences occur for the inclination angle of the
bucket wheel boom at which the abscissas have the minima. The values of the mentioned angle are very close for both models (Table 15):
–10.31° for model M1 and –10.58° for model M3. With an accuracy
of 1 mm, the maxima, as well as the minimal values of the considered differences, are the same for both models: 641 mm and 618 mm,
respectively. Consequently, the differences between the maxima and
the minimal values of the differences of the CoG abscissas have the
same values (23 mm, Table 15), meaning that the inclination angle of
the bucket wheel boom has a relatively low impact on the differences
of the CoG abscissas of the ‘a posteriori’ models M1cor and M1W0,cor,
as well as models M3cor and M3W0,cor. Furthermore, the mean values
of the considered differences are the same (635 mm) for both models. With all this in mind, it is conclusive that the sensitivities of the
considered models to the change of the counterweight mass are of the
same level.
The difference in the CoG abscissas of the slewing superstructure ‘a posteriori’ models M1cor and M3cor (Fig. 12) monotonically
decreases from the highest value (17.5 mm) to the minimum (–1
mm) which occurs at the inclination angle of the bucket wheel boom
αBWB,max=6.55° and then monotonically increases to 2.3 mm at the
maximal inclination angle of the bucket wheel boom. At the horizontal position of the bucket wheel boom, the considered difference
is equal to zero. At the low measuring position of the bucket wheel
boom during the control weighing (αBWB=–13,6°), the CoG abscissa
of the model M1cor is lower by ≈9 mm and considerably closer to the
experimentally determined value (Figs. 8a and 8b).
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For both of the slewing superstructure ‘a posteriori’ models after
the correction of the counterweight mass (M1cor and M3cor), the sum
of the substructure 1 and substructure 2 masses, including the corresponding corrective masses, represents the dominant portion of the
entire mass of the slewing superstructure (Table 16). The total percentage participation of these masses in the entire mass of the slewing
superstructure was determined by the expression:
Mi,cor
pP,SuS1+SuS2+m,cor
= 100

mSuS1 + mSuS2,Mi,cor + mcor,Mi
mSS,Mi,cor

∆mSS,W1 = mSS,W1 − mSS,M3,cor = 1101.692 − 1075.707 = 25.985 t, (34)

which constitutes 100ΔmSS,W1/mSS,M3,cor=100×25.985/1075.707=
2.4% of the M3cor model’s mass. This increase of the slewing superstructure mass is a consequence of the undesired accumulation of soil
material, primarily in the bucket wheel dead space (mASM,BW), as well
as in the slewing platform structure (mASM,SP) i.e.:

, i=1,3, (33)

∆mSS,W1 = mASM,BW + mASM,SP .

(35)

Table 16. Cumulative percentage participations of the substructure 1, substructure 2 and corrective mass in the total mass of the slewing superstructure
Model

M1cor

mSuS1 (t)

428.062
422.650

M3cor

mSuS2 (t)

500.735
489.149

28.779
48.082

and amounts to ≈89% for both models (Table 16). Intensity of the
contact force at the KBS activation, expression (32), depends directly
on the BPSS of the substructure 1, substructure 2, as well as the corrective mass, i.e. on the BPSS of the dominant portion of the entire
slewing superstructure. For this reason, a comparative analysis of the
experimentally and analytically determined intensity of the contact
force provides the ability to assess the compliance of the BPSS of a
dominant portion of the model of the slewing superstructure with its
actual image.
Intensities of the contact force at the moment of the KBS activation, calculated based on the ‘a posteriori’ models M1cor and M3cor,
are lower than the experimentally determined intensity (Fig. 7, Tables
11 and 17). This is, primarily, a consequence of the impact of friction
in the KBS joints, which is not included in the expression (32). Percentage difference between the analytically and experimentally determined intensities of the contact force is within the acceptable limits
for both models: 2.6% for M1cor and 2.2% for M3cor (Table 17).

mcor (t)

mss (t)

1075.707
1075.707

89.0

pP,SuS1+SuS2+m,cor (%)

89.2

Although relatively small, the aforementioned increase of the slewing
superstructure mass significantly affects the position of the slewing
superstructure CoG. Compared to the M3cor model (Fig. 8), the experimentally determined CoG abscissas are lesser for
∆x3,SS,L,W1 = x3,SS,L,M3,cor − x3,SS,L,W1 = 1085 − 535 = 550 mm at α BWB = −13.6°;

(36)
∆x3,SS,H,W1 = x3,SS,H,M3,cor − x3,SS,H,W1 = 1237 − 698 = 539 mm at α BWB = 0.

(37)
At the same time, the absolute values of the slewing superstructure
CoG ordinates (Tables 10 and 12) were increased by:
∆y3,SS,L,W1 = y3,SS,L,W1 − y3,SS,M3,cor = −152 − −82 = 70 mm at α BWB = − 13.6°;

(38)

Table 17. Contact force at the KBS activation: the experiment vs the ‘a
posteriori’ models M1cor and M3cor
Model

M1cor

M3cor

ΔAO=AO,E,cor–AO,Mi,cor (kN), i=1,3

22.95
19.63

100ΔAO/AO,E,cor (%), i=1,3

2.6
2.2

Based on the presented comparative analysis of the BPSS of the
‘a posteriori’ models of the slewing superstructure, the following is
concluded:
• the ‘a posteriori’ models of the slewing superstructure, in the conditions of the zero weighing (M1W0,cor and M3W0,cor), are in good
mutual agreement, as well as in good agreement with the results
of the zero weighing, where the model M3W0,cor gives a somewhat
better approximation;
• the ‘a posteriori’ models of the slewing superstructure after the
correction of the counterweight mass (M1cor and M3cor) are in
good mutual agreement, but the model M3cor gives a somewhat
better approximation relative to the results of the control weighing;
• model M3cor gives a slightly better approximation of the intensity
of the contact force at the KBS opening compared to the experimentally determined intensity of the mentioned force.
Precisely because of these conclusions, the BPSS of the model M3cor
were adopted as a basis for the subsequent analyses.
The mass of the slewing superstructure determined by the control
weighing (Table 12) is greater by:
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∆y3,SS,H,W1 = y3,SS,H,W1 − y3,SS,M3,cor = −162 − −82 = 80 mm at α BWB =0.

(39)
However, the absolute values of the ordinates of the slewing superstructure CoG are still negligibly small (less than 3.5% of the radius
of the calculating contour of the slewing superstructure leaning in the
plane of the radiaxial slew bearing). In addition, it was proven in [3]
that the impact of the lateral eccentricities of all forces acting upon
the slewing superstructure on the safety factors against its overturning
is negligibly small. Therefore, the CoG ordinate is excluded from the
further analysis.
During the control weighing, the expanded measurement uncertainty of the slewing superstructure CoG abscissa amounted to
U(x3,SS,W1)=52 mm, which means that, with a probability greater than
95%, the slewing superstructure CoG abscissas lie in the closed intervals:
I x3,SS,L,W1 :  x3,SS,L,W1,min , x3,SS,L,W1,max  at α BWB = − 13..6°; (40)
I x3,SS,H,W1 :  x3,SS,H,W1,min , x3,SS,H,W1,max  at α BWB =0;

(41)

whose limits are:
x3,SS,L,W1,min = x3,SS,L,W1 − U ( x3,SS,W1 ) = 535 − 52 = 483 mm at α BWB = − 13.6°;
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where the bucket wheel abscissa at the measuring position of the
bucket wheel boom was determined by the expression:

x3,SS,L,W1,max = x3,SS,L,W1 + U ( x3,SS,W1 ) = 535 + 52 = 587 mm at α BWB = − 13.6°;

(43)

(

(48)

(44)

It can be noticed (Fig. 13) that at the mass of the soil material accumulated in the bucket wheel dead space mASM,BW=mASM,BW,L,min
(11.957 t)... mASM,BW,H,max (14.062 t) the CoG abscissas of the slewing superstructure ‘a posteriori’ model M3cor, with an increase of the
slewing superstructure mass determined by the control weighing,
expression (34), lie within the intervals calculated based on the expanded measurement uncertainty, expressions (40 and 41), for both
measuring positions of the bucket wheel boom. Hence, the mass of
the soil material accumulated in the bucket wheel body was within the
above specified limits with a probability of more than 95%.

x3,SS,H,W1,max = x3,SS,H,W1 + U ( x3,SS,W1 ) = 698 + 52 = 750 mm at α BWB =0.

(45)
Assuming that, due to the position and symmetrical shape of the slewing platform, the abscissa of the centre of mass mASM,SP is equal to
zero, based on the intervals’ limits determined by the expressions
(42-45), it is possible to calculate the corresponding masses of soil
material accumulated in the bucket wheel dead space (Table 18),
mASM,BW,L(H),min =

(mSS,M3,cor + ∆mSS,W1 ) x3,SS,L(H),W1,max − mSS,M3,cor x3,SS,L(H),M3,cor

8. Conclusion

;

x3,BW,L(H)

Identification of the basic parameters of static stability of the
slewing superstructure represents a key step in solving the problem of
its static stability and the static stability of the bucket wheel excavator
as a whole. Mishandling of the documentation during the project development and the realization of the first erection procedure, imposed
a need for the formation of the slewing superstructure ‘a priori’ models using four variants of the project documentation.

(46)
mASM,BW,L(H),max =

(mSS,M3,cor + ∆mSS,W1 ) x3,SS,L(H),W1,min − mSS,M3,cor x3,SS,L(H),M3,cor
x3,BW,L(H)

)

x3,BW,L(H) = − ξOBW cos α BWB,L(H) − ζ OBW sin α BWB,L(H) − x1,O3 , α BWB,L = −13.6°, α BWB,H = 0.

x3,SS,H,W1,min = x3,SS,H,W1 − U ( x3,SS,W1 ) = 698 − 52 = 646 mm at α BWB =0;

;

(47)

Table 18. Masses mASM,BW corresponding to the limits of the intervals Ix3,SS,L,W1 and Ix3,SS,H,W1
Measuring position of the bucket
wheel boom

Low: αBWB=–13,6°

Horizontal

x3,SS,M3,cor (mm)

1085

1237

x3,BW (m)

–43.543

–44.011

Fig. 13. CoG abscissas of the slewing superstructure: model M3cor which includes the mass determined by the control weighing (W1) and variation of the mass accumulated in the bucket wheel dead space vs model
M3cor

mASM,BW,min (t)

11.957

11.459

mASM,BW,max (t)

14.589

14.062

Based on the testing on compliance with the results of the zero
weighing, two models were excluded from subsequent analysis. By
applying the concept of corrective mass on the remaining two ‘a priori’ models of the slewing superstructure, the ‘a posteriori’ models
were formed, agreeable both mutually and with the results of the
zero weighing. They served as the basis for the formation of the final
‘a posteriori’ models of the slewing superstructure, taking into account the correction of the counterweight mass before the bucket
wheel excavator was deployed. By testing the models developed in
such a manner on compliance with the experimentally determined intensity of the contact force at the moment of the kinematic breakdown
system activation, the calculation model whose basic parameters of
static stability fully match the corresponding parameters of the slewing superstructure’s actual image was identified.
Thus, this paper presents an original method for the development
and two-step validation of the calculation model of the slewing superstructure of a bucket wheel excavator with a kinematic breakdown
system. Such a model represents an accurate basis both for proving
the static stability and for monitoring of the basic parameters of static
stability during the exploitation of the bucket wheel excavator. Namely, periodic control weighing of the slewing superstructure is fundamental and one of the oldest methods for ‘health monitoring’ of the
bucket wheel excavators and has been in use long before this term was
coined. By analysing the results of the control weighing, it is possible
to identify the slewing superstructure’s potential ‘weak points’. In the
considered case, a significant reduction of the abscissa of the superstructure’s centre of gravity (shifting of the centre of gravity towards
the bucket wheel) was observed during exploitation. Using the final
‘a posteriori’ model of the slewing superstructure, it was determined
that the cause of the shifting of its centre of gravity was undesirable
accumulation of soil material in the bucket wheel dead space. This
phenomenon has a negative impact on the bearing of the bucket wheel
and the slewing superstructure, as well as the slewing superstructure’s
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static stability and dynamic response. Finally, based on the results
of the conducted analyses, it is conclusive that the existing doublewalled bucket wheel represents a ‘weak point’ on the superstructure of
the analysed excavator and, for that reason, it should be replaced with
a bucket wheel of a contemporary design, i.e. a single-walled design.
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Abstract

• A comprehensive analysis of global navigation Global Navigation Satellite System (GNSS) are widely used in many areas of human life
and activity. The proper functioning of GNSS systems depends on several factors, the most
satellite system clocks is presented.
important of which is the correct knowledge of time. The position indirectly is based on
• First research on the effect of aging on ground
the knowledge of the distance, which is determined based on time with the knowledge of
clocks was described and discussed.
the speed of the electromagnetic wave. Thus, proper (accurate) knowledge of time (GNSS
• Changes in clock stability over time are proven.
clock stability) is a key to precise positioning. In this text, the long-term stability of the
• There are no specific changes for the type of os- GNSS station clocks covering the years 1994-2020 was analysed. For this purpose, the
cillator (internal, rubidium, caesium, hydrogen corrections of the clocks at selected permanent stations were used, and their stability was
determined for all years separately. Then the change of clock stability over time and the
maser).
search for correlation were analysed. As the results showed, there are clearly differences
between four of the type of oscillators analysed. In case of the comparison on an annual
basis, no change over time was found.
Keywords
This is an open access article under the CC BY license clock, GNSS, oscillator, positioning, time.
(https://creativecommons.org/licenses/by/4.0/)

1. Introduction
GNSS (Global Navigation Satellite System) clocks are the core of
navigation and positioning, where it is very important to ensure continuous and reliable operation in a wide range of applications, e.g. autonomous vehicles [8], dynamic displacements [26] or real-time positioning [25] and many others [12]. As research shows it has a main
impact on the inaccuracy of results if clock are modelled incorrectly
[5, 7, 13, 17]. Each GNSS satellite is equipped with a precise atomic
oscillator (clock), usually a rubidium (Rb) or hydrogen maser (Hmaser), and it is rarely a caesium (Cs) clock [9]. The ground clock is
usually an internal quartz oscillator or a higher precise external clock
(Cs, Rb, H-maser) [23]. Precise knowledge of time is very important
in various engineering fields [19, 27]. The carrier phase measurement
are used in the most accurate applications, it is described by observation equations and contains receiver and clock biases [21, 28]:

(

)

λlϕmj ( t ) = ρ mj ( t ) + c ⋅ δ tm ( t ) − c ⋅ δ t j t − τ mj + Tmj ( t ) − I mj ( t ) − λl N mj ( t )
+ λlϕmj

( 0)

+ dM mj

( (

− dRmj

)

+ ε mj

(



ρ mj ( t ) = r j t − τ mj + dr j t − τ mj

E-mail addresses:

)) − ( rm (t ) + dr m (t ))



(1)

(2)

where m denotes the receiver, j the satellite, t . the epoch time,
c the speed of light in a vacuum, λl the wavelength of the carrier
j
phase, ϕm the carrier phase observation, δ tm and δ t j the receiver
clock and satellite clock biases, Tmj the tropospheric delay, I mj the
ionospheric delay, N mj the integer ambiguity, ϕmj ( 0 ) the initial fraction of carrier phase, dM the multipath effect on the carrier phase,
dR the relativistic effect error, ε mj the noise of carrier phase measurement, and ρ mj . the geometric distance between satellite position
x s , y s , z s at the signal emission time and GPS receiver position
( x, y, z ) at the signal arrival time.
In GNSS positioning correct and precise time allows for the determination of the objects with the appropriate accuracy and quality, and
also enables the use of GNSS systems in all areas of satellite positioning, e.g., train monitoring, 3D models, or time series analysis. In a
similar regard regarding GNSS clock analysis, ground clock is often
a stable reference [20], and in case of the external clock performance
are better than the space clock [2]. The ground GNSS clock was not
an object of the wide spectrum of the research. Usually, the object of
research is satellite clocks, due to the fact that errors in reference stations are eliminated in the first place when differentiating observations
or constitute one of the unknowns in observations processing [29].
There are only a few positions regarding the issue analysed in this
text [22]. Ground clocks are the core of absolute positioning, while in

(

)
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Since the 1980s until the end of 2020, more than 500 stations have
differential positioning they are eliminated [15, 31] and in a real-time
been included in the IGS. Based on the information about frequency
positioning [3]. In the PPP (Precise Point Positioning) usage of clocks
standards from the logs, there were more than 1,195 records for such
corrections and other precise products allows for determination user’s
a network, which leads to a ~2.5 changes of the oscillator type for
position with cm accuracy [30]. Each clock is characterised by a noise
each permanent station during its lifetime. The types of oscillators are
type, and similar analyses are also used for the coordinate time-series
divided almost in half: 610 external ones, 585 internal ones, and 22
analysis [16]. Research shows a mainly random phase walk and due
of them unknown (log is not properly filled by the moderator, Table
to white frequency noise that affects the stability of space clocks [4].
1). Among external clocks, the majority of them are H-maser (315
However, regarding the analysed period and clock types, other noises
external clocks), caesium (140), and rhodium (130), 22 do not have a
such as flick or random frequency walk are expected [24].
detailed description of the external clock type (No record).
In this paper, the author makes an analysis of the type and time of
the ground GNSS clock operation mounted in the permanent
reference stations. For a stability clock analysis, Allan (and Table 1. Statistics of the standard type number and mean lifespan in the IGS network
related) variations are used [6]. Among four different the less
Standard-type
Number of clocks
Mean lifespan
stable were internal oscillators because of a weakest frequency
Quartz
3
5,1
standard, usually quartz. This is first such complex analysis alCaesium
140
5,4
lows also for determination stability and reliability of the GNSS
clocks, similar analysis were conducted already, but only for
External
H-maser
315
4,6
general characteristics [10], evolution of clock quality [11] or in
Rubidium
130
4,4
real-time precise positioning [14]. The results of the compariThere are no records.
22
5,2
son of the next three clock types are comparable, but – what to
expect – the most accurate were external H-maser. An analysis
Internal
585
9,7
of the changes on an annual basis of the same clock showed no
∑
1 195
7,2
changes with the passage of time.

2. Methods

Based on commonly available IGS (International GNSS Service)
clock corrections, annual correction files of IGS reference station
clocks were created with an interval of 5 minutes, leading to more
than 100,000 records per year. gure 1 shows a current distribution of
the IGS network stations; only part of them have a clock correction
published, due to their status in the IGS. For a determination of the
oscillator types of the stations, its changes and the date of the inclusion station logs were analyzed.

Fig. 1. IGS stations (https://www.igs.org/station-resources)

Among all the stations analysed, Table 2 shows the top 10 with the
longest uninterrupted operations of a single oscillator and the top 10
stations with the longest permanent periods on a single oscillator. The
majority of the are internal, due to the simplest way of the mountain
and low cost. The longest period is more than 30 years (PIN1 station,
Pinyon Flats, USA).
Since beginning of IGS a several hundred stations belonged or
belongs to an IGS till now. Therefore, a criterion related to the selective choice of several stations to present in this paper was
made. Criterion was based on the selection of the 3 oscillators
with the longest uninterrupted operation of each of the 4 types
(Table 1) and the available clock products (Table 3). According to the standard types in the IGS network, 12 representative clocks were selected for detailed analyses, which will be
further analysed.
Figure 2 shows a raw clock product of the sample of each
oscillator type. In these graphs, a different kind of correction
changes is clearly seen. Moreover, each graph has a different yaxis scale, thus in addition to the trends, magnitudes also differ.
The first part of the processing was the removal of outliers
and gaps from a raw observation. For this purpose, an MAD
(median absolute deviation) was calculated and a criterion of 5
MAD was adopted [1]. Figure 3 shows raw (left) and cleaned
(right) data for the IRTK station.

Table 2. Top 10 stations with the longest uninterrupted operating single oscillators
#

Station

2

1

Clock-type

JPLM

External

Rubidium

INEG

Internal

PIN1

Internal

3

VNDP

5

ONSA

External

7

BRMU

Internal

9

MAW1

4
6
8

10

372

Clock

NLIB

ZIMM
BLYT

Internal

External
Internal

Internal

Internal

H-Maser
H-Maser

From

To

Days

Years

10 482

28,7

09.01.1990

24.11.2020

11 277

25.05.1992

24.11.2020

10 410

20.03.1990

19.02.1993

30.11.2018

24.11.2020

10 140

30,9

28,5

27,8

01.07.1991

02.04.2019

10 137

27,8

12.03.1993

24.11.2020

10 119

27,7

05.03.1993
01.05.1993

01.01.1994

13.01.1994

24.11.2020
24.11.2020

24.11.2020

24.11.2020

10 126
10 069
9 824

9 812
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27,7
27,6

26,9

26,9

Table 3. Statistics of the standard type number and mean lifespan in the IGS network
#

Station

2

ONSA

4

BRMU

Town of St. George

6

MAW1

Mawson

8

SUWN

Suwon-shi

South Korea

10

VILL

Villafranca

Spain

JOZE

Jozefoslaw

1

3

5

7

9

11

12

City

Country

Onsala

Sweden

JPLM

Pasadena

NLIB

North Liberty

ZIMM
IRKT

KIRU

TSKB

Zimmerwald
Irkutsk
Kiruna

Tsukuba

Clock

Clock-type

External

H-Maser

USA

External

USA

External

UK

Switzerland
Antarctica
Russia

Sweden
Japan

Poland

Internal

External

10 137

27,8

H-Maser

05.03.1993

24.11.2020

10 126

01.07.1991

12.03.1993

01.05.1993

H-Maser

External

Caesium

External

Years

10 482

Rubidium

External

Days

30.11.2018

External

External

To

20.03.1990

Internal

Internal

From

Rubidium

Caesium

Caesium

Rubidium

01.01.1994

16.09.1995

03.02.1998
08.07.1993

12.11.1994

15.12.1993

10.11.1994

02.04.2019

24.11.2020

24.11.2020
24.11.2020

24.11.2020

24.11.2020
19.02.2013

27.12.2012

14.09.2011

30.06.2005

10 119

10 069
9 824

9 201

8 330
7 166

6 620

6 482

3 885

28,7

27,7
27,7

27,6
26,9

25,2

22,8
19,6

18,1

17.7

10,6

Fig. 2. Raw clock corrections for 2015 of 4 different types of oscillators: ZIMM (internal), JPLM (rubidium), KIRU (caesium), and ONSA (H-maser) for each available period

For the calculation, daily clock files for each clock mentioned in
Table 3 were divided into years, for a simplification, only years with
at least 80% of the cover (at least 292 days/year). For the possible

identification of change in time in HDEV (Hadamard deviation) and
frequency drift (aging) in yearly periods were calculated. Such as-
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Fig. 3. Clock corrections of the IRKT station for the 1994-2005 period: raw (left) and with removed outliers (right)

sumption allows to reject frequency drift, and handles divergent noise,
compared to the standard or other Allan variation (and related) [18].

3. Results
Based on the calculation, Figure 4 shows an HDEV for each year
and each clock shown in Table 3. For the best possible interpretation,
the X- and Y-axis scales are the same for each. The first row shows 3

internal oscillators, the second - rubidium ones, the third - caesium,
and the fourth h-maser ones. When comparing results in a row, there
is a small repeatability of the clocks in a type. For example, for the
BRMU station, there is clearly no dependence between each analysed
year. While for a MAW1 clock, there is high compatibility and repeatability of the results obtained comparing years among each other.
These situations appear in the case of the rubidium and cesium clocks.
For h-maser clocks, these results are more comparable to each other
and compared year-to-year (IRKT & NLIB). The greatest consistency

Fig. 4. Comparison of the year-to-year ground clocks stabilities for period 1994 (light blue) to 2020 (dark navy). Each Y-axis - ADEV [s], each X-axis - averaging
time τ [s]; 1st row – internal oscillators, 2nd – rubidium, 3rd – caesium and 4th – H-Maser
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of the results comparing individual years occurred at stations MAW1
(internal), SUWN (rubidium), and IRKT (h-maser). On the contrary,
a comparative analysis of individual years among themselves for one
station did not show significant changes. Only for 2 stations with an
embedded clock (MAW1 and ZIMM) is a clear increase in stability
over time evident. At the station ZIMM clocks for 1994-2008 years
are at 1e-6 s to 1e-11 s stability. For years 2009-2020 at 1e-11 to 1e-15
s. Similar for a MAW1 station.

4. Conclusions
GNSS clocks are crucial in navigation and positioning. Thus, its
continuous, uninterrupted, and stable operation is the basis for satellite navigation systems. In this paper, the author wanted to provide
a brief analysis of the change in the stability of the GNSS reference
station clocks over time. For this purpose, all reference stations available in the clock files since the beginning of the IGS network were

analyzed. The results obtained were divided into 4 types of clocks
that are available. Then, 3 randomly selected reference clocks were
selected from this set for each of the 4 clock types (embedded, rubidium, cesium, and hydrogen masers) that were selected from this set.
The results showed that there are no clock-type-specific variations in
timing; the variations are stochastic in nature. Furthermore, only an
increase in stability on 2 of the 3 embedded clocks analyzed was correlated with a change in time. The other 3 types of external clocks are
stable over time and show no change.
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Highlights

Abstract

• An optimization of controller parameter to pre- In comparison to the traditional solutions, active bearings offer great operating flexibility,
vent failures.
ensure better operating conditions over a wider range of rotational speeds and are safe to use.
In order to ensure optimum bearing performance a bearing control system is used that adapts
• Prediction the behaviour of an active foil bearing
different geometries during device operation. The selection of optimal controller parameters
controlled by PID controller.
requires the use of modern optimization methods that make it possible to quickly achieve the
• The stochastic and hybrid algorithms were used assumed parameters. This article presents the method that has been employed to select the
for optimization.
parameters of a proportional integral derivative (PID) controller, in which both stochastic
• This work could help prevent failures of active algorithms and hybrid methods have been compared.
The results show that all of the used algorithms were able to reach the global optimum
foil bearing.
but only the hybrid algorithm was repeatable in all runs within a low value of the standard
deviation. The best solution will be proposed in the future to control an active foil bearing.
Analysing of this paper would help to prevent failures of active foil bearing used in the
designed rotating machine.
Keywords
This is an open access article under the CC BY license gas foil bearing, operation stability, PID controller, optimization, rotor dynamics, compara(https://creativecommons.org/licenses/by/4.0/)
ble analysis.

1. Introduction
Compared to conventional bearings, active bearings allow to minimize vibrations (especially in resonant modes), better compensate for
temperature changes and improve operating safety. Despite these advantages the failures of active bearings can also occur and may break
the continuity of production, destroy whole machine and even cause
a major injury. In order to solve many problems concerning the operation and properties of foil bearings, FEM simulations are carried
out by Peng et al. [44], among other activities, by coupling various
fields such as mechanical and thermal [57]. Another way to improve
the performance, efficiency and reliability of equipment with bearings in their systems is the use of an appropriate procedure to improve
the predictive maintenance protocol [12]. The approach allows to increase the number of monthly tests, improving predictability, reliability, maintenance and production at the same cost. Other methods are

also used to determine the remaining service life of systems equipped
with bearings, where stochastic, hybrid algorithms or machine learning elements are used. In the article Maior et al. [35], the remaining
working time was estimated using particle swarm optimized vector
machines, taking into account two pre-processing techniques allowing to improve the quality of the input data, which consequently contributed to the generation of more accurate predictions.
There are many types of bearing designs allowing to control them,
a few of them are considering by Breńkacz et al. [9]. The best known
are magnetic bearings [54]. A comprehensive research on various
types of both liquid and gas lubricated sliding bearings is underway
[7, 42, 43, 58]. The common feature of these bearings is the control
system, which also is implemented in many ways. Such control is
carried out, for example, via controllers using fuzzy logic or neural
controllers. Still, however, the use of PID controllers remains the most
popular solution. Therefore, the work focused on this solution. The
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control quality indexes, including settling time, overshoot and,
in general, the way the bearing works, depends on the selection
of the operating parameters of the PID controller. The references to the selection of PID and PD controller parameters for
magnetic bearings can be found in the paper [47] by Psonis et
al., . They analysed linear controllers and their stability issues
of closed loop system, using the Routh-Hurwitz criterion. The
classic ways of determining the controllers settings include the
Ziegler-Nichols (ZN) method were applied by Ahmad et al. [2]
and Kushwah et al. [36]. The aim of this research work is to
process the optimization of controller parameters in an active
radial bearing.
Generally bearing control is very complicated due to the
need for rapid changes of the system properties. Some scientific
Fig. 2. Key control quality indexes when selecting PID controller parameters
papers describing ways of controlling magnetic [53], hydrodynamic [23] and aerodynamic bearings [41] are available, but
There are two typical engineering methods for determining PID
there is no literature [10] that would describe and comprehensively
controller. parameters [5]:
compare different types of optimization algorithms applied to deter1) the method based on a delayed response of a first-order openmine the parameters of the PID controller operating in the control
loop system to a unit step – the 1st ZN method;
system of the active foil bearing. The issue addressed in the article
2) the method of limit cycle tested in a closed-loop system – the
paper utilizes various types of optimization algorithms, including sto2nd ZN method.
chastic, deterministic and hybrid ones, and shows what parameters
The inventors of this method carried out many studies which reof the PID controller have been determined with their use. It turned
sulted in the development of universal relationships for the choice of
out that the values of the controller parameters vary depending on
the P/PI/PID controller parameters. These relationships are presented
which optimization algorithm is used. These differences influence the
K
dynamic properties of the rotor-bearing system, that are also shown
in Table 1, where the setpoint depends on the controller a = * T .
in this paper.
L
The K, L and T parameters are obtained on the basis of the object’s
In this case, a PID controller was selected for controlling the raresponse to the step function [1, 3].
dial bearing. The controller scheme is presented in Fig. 1. As it can
use feedback, it ensures the rejection of disturbances, eliminates the
Table 1. Parameters based on the first Ziegler-Nichols method [3]
deviation in the steady state by means of integral contributor, and usParameter
P
PI
PID
ing derivative component, it reduces the oscillations of the controlled
value [33]. In addition, 90% of industrial control loops are currently
Kp
1/a
0.9/a
1.2/a
based on the PID control algorithm, which results in further scienTi
3L
2L
tific research on their development [30]. When selecting controller
parameters, it is important to obtain appropriate values for settling
Td
L/2
time, overshoot and steady-state error (Fig. 2). The settling time is the
time interval measured from the moment the disturbance is applied to
the system or of a step change in the setpoint until the control error is
The limit cycle method is based on reaching the stability limit in
within ±5% of the setpoint. The value of settling time percentage may
a closed-loop control system. In order to use it in the closed-loop
vary depending on the application. Another important parameter is
system, one should disable the integral and the derivative terms and
overshoot k, i.e. the percentage ratio of the two subsequent controlled
set the gain so as to achieve constant amplitude oscillations with the
value or error extremes (e2;e1). The overshoot is usually determined
period – Pu. The gain determined in this case is called the ultimate
by a step change of the setpoint based on the following relationship:
sensitivity Ku. In order to determine the parameters of PID controllers,
the authors of this method developed the relationships presented
e
κ = 2 *100%
(1)
in Table 2.
e1
Table 2. Parameters based on the second Ziegler-Nichols method [46]

The last, but not least important parameter is the steady state error
Δr, which is determined by the difference between the setpoint and
the controlled value after the steady state was reached, i.e. after the
stabilization of the control system. Typically, the control systems aim
at a zero steady state error.

Fig. 1. Automatic control system making use of a PID controller
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Parameter

Unit

Ki

min-1

Kp
Td

P

PI

PID

-

0.5 Ku

0.45 Ku

0.6 Ku

min

-

-

Pu/8

-

1.2/Pu

2/Pu

The Ziegler-Nichols methods are quite simple and intuitive,
which can undoubtedly be considered an advantage. The main
disadvantage is, however, a very low damping of the control
system [6]. In subsequent years, papers presenting modifications of the Ziegler-Nichols method were published, including
those made by Pessen [45], Chien together with Hrones and
Reswick, [16]. Pessen modified the Ziegler-Nichols method by
adopting the criterion of the aperiodic system response caused
by the step function. After taking this criterion into account, the
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values of Kp, Ki and Td coefficients should be changed to the values
consistent with (Su=kkr, Pu=Tkr), shown in Table 3.
Table 3. Controller parameters based on the Ziegler-Nichols method
modified by Pessen (kkr -ultimate sensitivity Tkr-critical vibration
period)
Parameter

P

Pi

Kp

0.2 kkr

0.15 kkr

Td

-

-

Ki

0.4 Tkr

-

PID

0.2 kkr

equivalent stiffness and bearing damping coefficients was used for
controller synthesis purposes.
In order to describe the connection between the rotor shaft and the
bearing bush, the second order linear differential equation was applied (2). For this purpose, the equivalent stiffness, bearing damping
coefficients and shaft weight were used. The excitation force was applied as a sine function with a frequency equal to the rotor speed and
amplitude resulting from the residual unbalance:
 ( t ) + ( C + ΩG ) p ( t ) + Kp ( t ) = f ( t )
Mp

0.33Tkr
0.5Tkr

(2)

where:

Over the years, further studies on selection of the PID controller
parameters were carried out. Astrom et al. [4] described the methods of PI controller parameters selection using non-convex methods.
Optimization gain method [24] is obtained for two plots for which
the intersection points are sought, these plots are obtained by using
the frequency response of the process. This process is valid when
one solution is assigned to the intersection of the plots Mendez et al.
[37] presented several algorithms of automatic PID controller tuning
using implicit and explicit identification algorithms. Modern tuning
methods include those utilizing: genetic algorithms [50, 51, 55], fuzzy
models [48, 49] and artificial neural networks [29].
There are papers on tuning the controllers utilized to control bearings by applying the methods mentioned above. In case of magnetic
bearings, a self-tuning fuzzy PID controller is used, among others
[14], where genetic algorithms are applied to determine its best parameters [13].
The Ziegler-Nichols method is usually one of the first methods
used to determine controller parameters. In case of radial gas bearings
analysed by the Authors of this paper, it was not possible to determine
the parameters of the PID controller using this method. Therefore,
different optimization algorithms were used to determine the PID
controller parameters and the results are presented below in the paper.
Stochastic and hybrid algorithms are often used in the issues of reliability and maintenance, but this was not the case before for active foil
bearings [15, 52].

M – mass deposited on the bearing (reduced shaft weight
transferred by the bearing),
C – equivalent bearing damping,
G –
K –
Ω –
p (t )

gyroscopic torque,
equivalent stiffness of the bearing,
rotational speed,
–displacement of the shaft,

f (t ) –excitation force resulting from unbalance of the rotor.

2.1. Bearing model designing in Matlab SIMULINK environment
The model was developed in Matlab SIMULINK rapid prototyping
computer environment [8]. The result is a displacement of the shaft
in directions perpendicular to the bearing axis ( p xx , p yy ) . Since the
values of the main stiffness ( k xx , k yy ) and damping ( cxx , c yy ) coefficients are much higher than the values of the diagonal stiffness (
k xy , k yx ) and damping ( cxy , c yx ) coefficients, the latter were omitted.
In the presented model changing the position of the actuator causes
a change in diameter, which has a direct impact on the value of the
damping coefficients and the stiffness of the gas film. The relationship
between the bearing diameter and the stiffness and damping coefficients in both horizontal and vertical directions calculations were per-

2. Radial bearing model
The analysed active foil bearing consists of a bush and a rotating shaft (Fig. 3). Between them there is a layer of lubricating film and a layer of the foil’s structural support. Both layers can be represented in calculations by stiffness and damping
coefficients. The gas film coefficients are marked with the G
index, while the foil coefficients with the F index as marked
in Fig. 3 a) and b)which introduces an equivalent model of the
bearing by determining the replacement coefficients for the gas
film and the foil layer supporting the bearing. The model with

Fig. 4. a) Relationship between changes in damping (cxx,cyy) and b) stiffness (kxx,kyy)
coefficients as a function of changes in lubrication gap diameter (rxx,ryy)

formed in MESWIR [32]. Fig. 4. presents damping and stiffness
coefficients as function of the lubrication gap for the rotational
speed of 18,000 [rpm].
The sinusoidal dynamic external force acting on the shaft bearing system in the initial was assumed. The force depends on the
speed and residual rotor unbalance, according to the formula:
Funbalance = mun ⋅ run ⋅ Ω 2

(3)

where:
mun — unbalance mass; run — unbalance radius; Ω – speed
Fig. 3. Gas foil bearing: a) general scheme, b) equivalent model of the gas foil bearing
used for control

The shaft displacement over time (sinusoidal signal) is related to the model’s response to the input force and corresponds to
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the vibration amplitude in the same direction. In the developed bearing model, the horizontal displacement (Fig. 5) pxx and the vertical
displacement pyy are considered separate and independent of each
other. Fig. 5 presents a block diagram of the bearing showing movements in one direction.

for changing the lubricating gap should not receive a voltage signal of
more than 10V from the control system. The signal limitation values
are based on the safe working area of the actuator.

3. Methodology of selecting optimal PID controller
parameters
3.1. Optimization algorithms

Fig. 5. Bearing model block diagram showing the displacement of a shaft in the direction
pyy due to an external sinusoidal force (1/s – integrator, x – the product block,
y – block output)

The Authors of paper compared seven optimization algorithms belonging to the groups of stochastic and hybrid algorithms, of which six methods belong to the first group and one
to the second. Stochastic algorithms include methods in which
the selected or all parameters of a given algorithm are random,
or are dependent on random numbers. The most popular stochastic methods include genetic algorithms or algorithms based
on swarm behaviour (e.g.: particle swarm algorithm, bee swarm
algorithm) [22]. Hybrid algorithms, on the other hand, were created by combining various deterministic methods with various
stochastic methods. It is also possible to combine only deterministic methods [34] or only stochastic methods. Hybrid algorithms can be divided due to their structure and principle of
operation: cooperating and integrated [56].

In the subsequent stages of model development, the external
dynamic force acting on the bearing-shaft system was replaced
by a static force. The amplitude value of this force was the same
as the sinusoidal force amplitude value. This procedure was performed so that the influence of the dynamic force on the change
of the rotor position is the same as the influence of the static
force. A correction factor was introduced into the system. This
made it possible to use a constant reference value instead of a
sinusoidal value in the control system (because a constant value
of the excitation force was used). This simplification can only
be used at low speeds (in relation to the resonant speed). The
bearing model shown in Fig. 5 was extended by the control system shown in Fig. 6. The tasks of the described system include
Fig. 7. Bearing block diagram showing the displacement of the shaft in the direction pyy
the control and observation of the rotor vibration amplitude. The
due to an external force, including the control system
previously created model was equipped with a feedback loop
controller. The controller acts on the actuator with a signal of apGenetic algorithm (GA)
propriate voltage U(t) by using the values obtained at a given moment
John Holland is considered to be the precursor of genetic algoin time from control error e(t), vibration amplitude pr(t) and moment
rithms [38]. In 1975, he was the first to present a simple example of a
p(t). The size of the lubrication gap depends on the displacement of
genetic algorithm, which was then developed by other scientists [21].
the actuator r(t) controlled by the voltage. The change in the vibration
The greatest contribution to the further development of this algorithm
of the bearing results from the newly developed value of the coeffiwas made by Goldberg [26]. These algorithms belong to the group of
cients of damping and stiffness of the lubricating film.
evolutionary algorithms [20] and are based on the knowledge resulting from the observation of nature and Darwin’s idea of evolution, or
more precisely, the mechanism of inheritance and natural selection of
individuals, i.e. they follow the Darwin’s idea.
Fig. 6. Operation diagram of the control system

The system uses an actuator that can be used to force displacement
in the range from 0 to 40 μm for current signal with voltage from 0
to 10 V. Piezoelectric material, a stepper motor, etc. can act as such
an actuator. It is assumed that the dependence between the voltage
change of the signal supplied to the actuator and the change of its position is linear. The displacement change in the horizontal and vertical
direction is carried out independently by two autonomous, separately
adjustable actuators. This means that the lubricating gap is always
circular-cylindrical. The model shown in Fig. 7 uses a PID controller,
whose parameters have been optimized, as presented in the next chapter. The system assumes a limitation of the controller’s operation. The
restrictions applied were to protect the control element from damage.
In this case, it was assumed that the piezoelectric element responsible
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Particle Swarm Optimization (PSO)
The algorithm considered by Kennedy and Eberhart [18] was created on the basis of observation and simulation of the behaviour of
bird and fish clusters, carried out by Heppner and Tomer and Tu Ba
[28]. This algorithm realizes directed motion of particles in space of
a certain dimension, in search of an optimal solution for n decision
variables (arguments of target function). The optimization process
is carried out in an iterative way. Each of the particles determines
its subsequent position on the basis of both its previous experience
and that of the whole group [19]. In addition, the ability to memorize
and thus return to previously known areas with convenient properties
makes it possible to adapt particles to the environment. The process
of particle swarm optimization consists in finding ever better particle
positions in the search space and, as a result, finding the optimal position to which the whole group converges.
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The Whale Optimization Algorithm (WOA)
The Whale Optimization Algorithm is a novel nature-inspired metaheuristic optimization method which mimics the social behaviour of
humpback whales [39]. The method based on the bubble-net hunting
strategy. The algorithm consists of encircling prey, spiral bubble-net
feeding maneuver and search for prey.

the center of the whirpool. The applied method is characterized by
centrifugal force which affects on randomly selected dimensions of
the decision variables after evaluating the fitness of the objects. In addition to affecting objects, whirlpools also interact with each other.

Hybrid Grey Wolf and Cuckoo Search Optimization Algorithm
(GWOCS)
The hybrid algorithm is a combination of Grey Wolf Algorithm and
Cuckoo Search Algorithm [27]. The standard GWO algorithm tend
to fall into local minima. In order to avoid this problem, the Cuckoo
Search Algorithm was used .

The parameters of the PID controller undoubtedly influence the
dynamic behaviour of the control system by shaping the control signal. In order to determine the desired dynamics of the response of
the controlled object, there is a need to evaluate it in qualitative and
quantitative terms. Such an evaluation is typically carried out using
control quality indexes, which can take different forms depending on
the objective pursued. Typical quality indexes that can be obtained
directly from the behaviour of the controlled variable are: settling
time, oscillation damping, peak response or rise time. Another group
of control quality indexes belong to the family of so called integral
quality indexes. These indexes are directly related to minimization
the differences between the two selected time functions in the control
system. Typically these functions are defined as a reference value and
a controlled value for the tracking task, and the difference between
them is the control error. The task of the overall quality indicators is to
clearly define the distance (standard) of the functions to be taken into
account from the timeline, especially when this function repeatedly
intersects the timeline [11]. Four integral indexes were considered in
further work:
1. The integral of absolute error (IAE):

Time Varying Acceleration Particle Swarm Optimization Algorithm
(TACPSO)
The presented algorithm is a modification of the popular particle
swarm optimization (PSO) algorithm [40]. The applied modification
proposed a strategy for the adjustment of cognitive and social coefficients, which was defined as follows:

C1 = 0.5 + 2e





 
 − 4* 1
  Maxit






C2 = 2.2 − 2e
where:
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 − 4* 1
  Maxit






(4)
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(5)

3.2. Objective function

IAE =
Maxit – max number of iteration; C1 – cognitive coefficient;
C2 – social coefficients.

The applied modification reduced the cognitive coefficient and increased the social coefficient with the progress of iteration (Fig. 8).
Particles can move through the entire area of research assuming a
large cognitive component and a small social component. On the other hand, the optimization process can also be lengthened with a social
component that is too large and a cognitive component too small.

te

∫ e (t ) dτ .

(6)

t0

2. The integral of square error (ISE):
te

2

ISE = ∫ e (t ) dτ .

(7)

t0

3. The integral of time multiply absolute error (ITAE):
ITAE =

te

∫ e (t ) tdτ .

(8)

t0

4. The integral of time multiply absolute error (ITSE)
te

ITSE = ∫ te 2 (t )dτ ;

(9)

t0

Fig. 8. Cognitive and social coefficients in a function of iteration number

where: t0 is start time and tr is end time of the simulation.

Chimp algorithm (ChOA)
The Chimp algorithm is a novel metaheuristics intelligence algorithm based on the individual and sexual motivation of chimps, which
is quite different from the other social predators during the hunt [31].
The algorithm was presented by Khishe and Mosavi in 2020 [31].
This form of society (a fission-fusion) is characterized by dynamic
property composition and size of the group [17]. This method based
on independently searching by each created group of chimps which
are different in intelligence and ability.

3.3. Scheme of PID controller parameters process

Turbulent Flow of Water-based optimization (TFWO)
The TFWO algorithm was proposed in 2020 for the first time by
Ghasemmi et al. [25]. This optimization method based on whirlpool
phenomenon created in a turbulent flow of water[25]. In the TFWO,
the population is divided into groups and the best member is set in

The scheme of the PID controller parameters selection process is
presented in Fig. 9. Using selected optimization methods, the best parameters of the PID controller were searched for. This process was
based on predefined objective functions (6)-(9). In order to compare
the applied optimization methods accurately and reliably, 10 simulations of the optimization of PID controller parameters for each algorithm were performed. This procedure was aimed at averaging the
results resulting from the stochastic nature of the investigated algorithms. On the basis of the simulations carried out, the mean values
of the objective function and the standard deviation values were determined. Table 4 presents the basic values of the hyperparameters
of the tested optimization algorithms which suggested by authors.
The optimization process was carried out using available functions
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in Matlab/Simulink environment and those written by the authors on
their own. The value of the objective functions was derived from the
response of the control system using a mathematical model of the sliding bearing, which was developed in the Simulink environment and
presented in section Bearing model designing in Matlab SIMULINK
environment.

Fig. 9. Structure of the optimization methods to optimize the controller parameters
Table 4. Hyperparameters of optimization algorithms used
Parameter

Population size
Dimension

Iteration number

Symbol

Value

d (All algorithms)

3

N (All algorithms)

30

Maxit (All algorithms)

20

Inertia weight damping ratio

wd (PSO)

0.99

Global learning coefficient

c2 (PSO)

2

Inertia weight

Personal learning coefficient
Velocity

Inertia maximum weight

Inertia minimum weight

in (PSO)
c1 (PSO)
v (PSO)

wmax (TACPSO)
wmin (TACPSO)

1

1.5

consequently resulted in a higher standard deviation value (penultimate result). Tables 6-8 show the results of optimization for the target
function defined by ISE, ITAE and ITSE. For all algorithms and objective functions used, the satisfactory results were obtained. Among
the swarm algorithms, the best results were obtained for the particle
swarm algorithm, while among the hybrid algorithms, the GWOCS
algorithm turned out to be the best choice, in case of which also the
best results among all the applied algorithms were obtained. Target
function improvement courses (Fig. 10-13) showed much faster target
function improvement by stochastic algorithms, but the repeatability
of these results was much lower than for hybrid algorithm. The hybrid algorithm needs an average of 30% more iterations but achieves
an average standard deviation error concerning the second-best value
less than 7.45E-06.
Table 5. Optimization results for objective function defined by IAE
Algorithm

GA

PSO

WOA

GWOCS

TCAPSO

ChOA

TFWO

Best value

8.151634E-02

8.145061E-02

8.144845E-02

8.145603E-02

8.144773E-02

8.144778E-02

8.144772E-02

Mean value

Standard deviation

8.146491E-02

5.850000E-06

8.668518E-02

8.146373E-02

8.145757E-02

8.145402E-02

8.502151E-02

8.145094E-02

4.957340E-03

1.288000E-05

1.270000E-06

1.109000E-05

5.724320E-03

8.030000E-06

2

0.9

0.4

4. Results
A series of calculations of PID controller parameters optimization
designed to control the radial sliding bearing was carried out to determine the most effective optimization algorithm for this task. The
calculations were made for four different integral objective functions
commonly used in the search of optimal PID controller parameters.
To make an accurate comparison of the effectiveness or efficiency of
optimization algorithms, it is necessary to compare them in a way that
allows a detailed analysis of the work. Therefore, the charts include
function evaluations as function arguments. The adopted methodology allows to eliminate any complexities related to the specificity of a
given algorithm behaviour and reliable evaluation in relation to other
algorithms, which could occur if the iteration function of the algorithm is included as an argument. Table 5 summarizes the results of
optimization for the target function defined by IAE. The best (minimum) value of the target function, mean and standard deviation for
all the optimization attempts are presented. The satisfactory results
were obtained in all the algorithms used, but the average value of
the target function was much higher in the genetic algorithm (GA)
and in chimp algorithm (ChOA). Noteworthy is the GWOCS algorithm, by which the smallest value of standard deviation was obtained.
The relative difference between the best solution and the second best
solution (PSO) was more than 360%. Fig. 10 presents the course of
improving the value of the target function for optimal values given in
Table 5. The number of function calls necessary to achieve the minimum objective function values did not exceed 200. In the case of a
genetic algorithm, a minimum of the objective function was achieved
very quickly (about 50 iterations less than the second results), but this
did not coincide with the rest of the trials for this algorithm, which
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Fig. 10. Course of improvement of objective function value (IAE)
Table 6. Optimization results for objective function defined by ISE
Algorithm

Best value

Mean value

Standard deviation

2.651836E-02

2.809000E-05

GA

2.650354E-02

3.311707E-02

WOA

2.649465E-02

2.784310E-02

PSO

GWOCS

TCAPSO
ChOA

TFWO

2.650084E-02
2.649667E-02
2.649532E-02
2.649737E-02
2.649356E-02

2.650112E-02
2.649853E-02
2.820079E-02
2.649700E-02

1.104383E-02
4.247450E-03
2.850000E-06
2.280000E-06
3.754650E-03
2.260000E-06

In order to confirm the correctness of the optimization process, the
simulation of the radial sliding bearing control system with the obtained PID controlled parameters was repeated. The plots of the control signal values for each algorithm and for each defined objective
function were plotted. The results are presented in Fig. 14. The resulting plots are similar to each other (for each objective function) and,
regardless of the algorithm or target function used, reach the assumed
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Fig. 11. Course of improving objective function (ISE)

Fig. 13. Course of improvement of objective function (ITSE)

Table 7. Optimization results for the objective function defined by ITAE
Algorithm

Best value

Mean value

Standard deviation

7.296960E-03

9.700000E-07

GA

7.299040E-03

1.471883E-02

WOA

7.293010E-03

7.324610E-03

PSO

7.295020E-03

GWOCS

7.292630E-03

TCAPSO

7.292590E-03

ChOA

7.292200E-03

TFWO

7.291090E-03

7.294000E-03

7.294940E-03

7.606770E-03

7.294380E-03

1.398233E-02

3.672000E-05

1.110000E-06

1.570000E-06

9.864100E-04

1.660000E-06

Fig. 14. Value of the radial sliding bearing control signal: a) IAE, b) ISE, c)
ITAE, d) ITSE

Fig. 12. Course of improving objective function (ITAE)
Table 8. Optimization results for objective function defined by ITSE
Algorithm

Best value

Mean value

Standard deviation

1.800210E-03

4.800000E-07

GA

1.799870E-03

2.665530E-03

WOA

1.799180E-03

1.844380E-03

PSO

GWOCS

TCAPSO
ChOA

TFWO

1.799450E-03

1.798830E-03

1.799140E-03

1.799010E-03

1.798670E-03

1.799620E-03

1.844160E-03

2.210660E-03

1.843700E-03

1.944100E-03

1.406300E-04

3.900000E-07

1.407100E-04

3.568600E-04

1.408700E-04

value. In addition, they are characterized by a lack of overshoot and a
gentle build-up. The adjustment time for all runs is almost identical. It
should be mentioned that the system assumes a limitation of the controller’s operation, which lead to similar results of the characteristics
of the control signal.

5. Conclusion
The method of selection of the parameters of PID controller designed to control the radial sliding bearing is considered this paper, as
well as the models of the sliding bearing and the control system were
analysed. Attention must be paid to the values of damping and stiffness coefficients that are derived from experimental research, which
increases the value of the bearing model and enables a more accurate
representation of the actual system. A number of optimization methods were tested, of which one was recommended for further use in
this type of solutions. The GWOCS hybrid algorithm turned out to
be the most effective, since it maintained a constant high performance regardless of the applied target function. The results show that
among swarm algorithms, the particle swarm algorithm (PSO) is the
best. In turn, in all the analyses carried out, the genetic algorithm was
the worst.
An active foil bearing can help prevent damage to the entire rotating system. Random events occur in rotating machines, for example,
a blade breakage, and thus an increase in the unbalance of the system.
Another example would be misalignment or damage, for instance,
support elements. These events are usually associated with an increase
in the amplitude of vibrations. The parameters of the PID controller,
which were selected in the optimization process shown, determine
how quickly the bearing will react, what will be the overload and, as
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a result, how the active foil bearing will help to avoid damage to the
entire rotating system.
The described results will be proposed for implementation and
validation in active foil bearing system constructed by authors.
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Highlights

Abstract

• Development of the numerical model of SynRM The aim of this study was to investigate and analyse the synchronous reluctance machine.
An accurate method for determining the lumped parameters of an equivalent circuit of the
exploiting the finite element method.
studied machine has been proposed. The method is based on the phase currents and voltages
• Confirming reliability of the model on basis of exanalysis at low slip operation. Experimental research of a synchronous reluctance machine
perimental and simulation studies.
is supplemented by simulation studies. The field-circuit model of electromagnetic phenom• Determining parameters of the equivalent circuit ena in the considered motor was developed and used in simulation. The proposed method
of the SynRM basing on the field model.
allows the numerical model to be verified by comparing the calculated and measured torqueangle characteristics of the machine. The test results obtained are presented and discussed.
Achieved satisfactory concordance between simulation and experiment results proves that
the proposed approach can be useful in the synthesis of reliable synchronous reluctance
machines as well as in their control systems.
Keywords
This is an open access article under the CC BY license synchronous reluctance motor, measurement methods, finite element analysis, equivalent
(https://creativecommons.org/licenses/by/4.0/)
circuit.

1. Introduction
In research related to development and analysis of reliable technical solutions the field models, due to their credibility, are being
increasingly used. Among others the finite element method become
widely used in modeling of variety of technical devices [50]. Due
to its versatility FEM has been successfully employed for solving
complex problems, among others for modeling magneto-optics for
the aircraft skins inspections [7] in stress simulations for fatigue life
prediction of a radial cylindrical roller bearing [6] as well as to study
temperature and strain fields in gas-foil bearings [47] and modeling a
deep-hole boring tool [15]. The multi-domain approach for modeling
pantograph-catenary interaction has been discussed in [48] while mechanical behavior of cork-rubber pads for vibration isolation exploiting FEM has been proposed by [19]. Numerical models exploiting
FEM are also applied to study of electromagnetic phenomena in electrical machines. The field and field circuit models exploiting FEM
have been successfully applied in analysis and synthesis of many
different types of electromechanical transducers, as induction [3, 8]
and synchronous machines [4, 25], switched reluctance motors [35],

stepper motors [38], brushless direct current machines [11, 30], levitation systems (linear motors) [31] as well as in wireless power transfer
systems [17], magnetic field excitation systems [23] and other electromagnetic converters.
Due to high reliability and low manufacturing costs [20, 22], as
well as dynamic development in the field of power electronic converters and complex control algorithms [28, 29], in many research teams
around the world more and more attention is paid to synchronous reluctance machine (SynRM) [9]. From the point of view of mechanical
design, with respect to the commonly used squirrel-cage induction
machines, SynRM machines differ in the rotor construction. The rotor
of SynRM machines is made in the form of a steel sheet laminated
magnetic circuit characterized by a large asymmetry of reluctance in
the direct and quadrature axis of the machine. In the classical SynRM
machine, the rotor is without cage winding, which significantly reduces the cost of production and increases the reliability of the machine.
Due to their features, SynRM’s are proposed to be used in harsh operating conditions requiring high reliability and robustness of electric
motors. Hence, these motors are increasingly used in electric vehicle
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drives [1, 46] , aviation [32] pumps [10], traction [26], fans , cranes,
compressors etc.
In terms of the operating principle, SynRM machines are synchronous machines in which the speed does not depend on the load
torque but is determined by the supply frequency and the number of
pole pairs of the stator windings. In practice, this means that SynRM
machines do not develop a starting torque when directly connected
directly to the grid. Consequently, in order to enable starting and operation over a wide speed range, it is necessary to power this type of
machine through appropriately controlled power electronic converter
systems.
In order to increase the reliability of electric drives powered by
power electronic converter systems, intensive research on multiphase
machines is being conducted in many research and development centers around the world [12, 41, 45]. Increasing the number of phases,
and thus the converter branches allows to reduce the phase currents of
the machine it means also currents in the switching transistors of the
inverter. As it was demonstrated in [13, 14], the use of multiphase solutions allows the ensure proper operation of the machine in under the
supply system faults conditions. The research on multiphase SynRM
machines is in its early stages and requires, due to the complexity
of their control algorithms [40, 42, 44], the development of reliable
models of the electromagnetic phenomena occurring. The use of field
[16] and field-circuit models [17] due to the precise representation
of electromagnetic phenomena allows to obtain reliable results [49].
Unfortunately, calculations using field models based on FEM are very
time-consuming and therefore not possible to implement directly in
control systems of SynRM. In practice, lumped parameter models
based on equivalent circuits are used in control algorithms [2, 37].
Their advantage is low computational complexity. Unfortunately, the
reliability of the representation of phenomena by equivalent circuit
models can be questionable when parameters of these model will be
not verified by experiments or more accurate field-circuit models.
The research on the advance control algorithms as well as the optimal design of the motor magnetic circuit are the two main streams
that help to increase the efficiency and reliability of SynRM based
drives [5, 9, 36]. Research conducted on the subject has led to the development of several SynRM rotor designs starting from adapted IM
rotor laminations to the single or multi-flux barriers topologies [27,
34]. In addition to the radial flux rotor designs, an axial fluxSynRM
concept has also been proposed [24, 33]. To design the new SynRM
rotor structures, researchers initially used a simplified mathematical
analysis [18, 43].
Given the promising future of SynRM, it is worthwhile to improve
both the analytical as well as numerical models and conduct simulation and experimental studies of these motors. Of great importance
in the developed numerical models is the reliability of the obtained
results. In order to verify these results correctly, it is important to develop reliable measurement methods to ensure accurate and repeatable measurement results.
For these reasons, the paper attempts to develop a numerical model
of the SynRM machine allowing for the determination of the parameters of the equivalent scheme. The reliability of the developed model
was confirmed by experimental tests. The proposed method to determine the parameters of the equivalent scheme based on the field
model can be effectively implemented in research on the synthesis of
multiphase SynRM machines.

b)

a)

c)

Fig. 1. Rotor of the test motor: (a) rotor with magnetic barriers, (b) front view
of the stator and rotor in the outer casing, (c) outer cylindrical rotor
surface

In further research, a field model of the motor under consideration
was developed. In the analysis of SynRM machines, due to the strong
influence of the core nonlinearity, field models based on the Finite
Element Analysis (FEM) are commonly used [21, 31]. The use of advanced simulation techniques reduces the cost and time of building
and testing motor prototypes. The field model of the tested SynRM
was developed in ANSYS - Maxwell environment (Figure 2). The
parameters of the analysed motor are listed in Table 1.
Parametric models were developed to allow modification of the
main dimensions of the magnetic circuit of the machine (rotor and
stator diameters, stator slot and rotor magnetic barriers geometry. Due
to the symmetry of the magnetic circuit, a model reduced to 1/4 of the
a)
b)

c)

d)

2. Field model of SynRM
A three-phase M3AL 100LB 4 synchronous reluctance motor with
a power of 3 kW was used in this study. The rotor of this motor features a modern four-pole structure with magnetic barriers (Figure 1).
The outer cylindrical surface of this rotor and the small air gap between the rotor and the stator core ensure low dissipation flux and idle
current. Therefore, the efficiency of these motors is similar or even
better than induction motors [29].

Fig. 2. Field model of studied SynRM: (a) reduced geometry, (b) full geometry
model, (c) applied finite element mesh and (d) magnetic flux density
plot at chosen time instant and load angle
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Table 1. Parameters of considered Synchronous Reluctance Motor
Parameter

Value

Parameter

Value

Rated power
Rated speed
Rated current
Rated voltage
Number of phases
Number of slots
Number of poles
Number of rotor flux barriers per pole

3 kW
1500 rpm
7.1 A
380 V
3
36
4
3

Stator outer diameter
Stator inner diameter
Rotor shaft diameter
Rotor outer diameter
Air gap length
Active axial length
Stator steel
Rotor steel

170 mm
104 mm
31 mm
103.4 mm
0.3 mm
110 mm
M270-50A
M270-50A

Main winding resistance

1.6 Ω

Winding wire diameter

2x0.8 mm

Frequency

50 Hz

Number of turns per
coil

machine geometry was developed (Figure 2a). Such a model, with
appropriate discretization of the considered area, ensures obtaining
correct results of simulation calculations for the dynamic states of
the analysed motor in acceptable time. Reliability of this model was
confirmed by comparing the results obtained in the method of low
slip from measurements and calculations. For steady-state analysis, a
field model developed for the full magnetic circuit of the motor under
study can be used (Figure 2b). The mesh discretizing the machine area
is shown in Figure 2c, while exemplary magnetic field distribution
is presented in Figure 2d. The full geometry model was adapted to
determine the torque-angle characteristics T(β) by simplified method
discussed in section 4.3.

3. Experimental verification
3.1. Low-slip method
According to the adopted method, the rotor of the tested motor is
driven at a speed close to synchronous, at which the slip should not be
greater than 0.01. The three-phase armature winding placed in the stator slots is supplied with a reduced voltage (Figure 3) of such a value
that the rotor will not fall into synchronism under the influence of the
reluctance torque. The direction of rotation of the magnetic field created by the current in the armature winding should be consistent with
the rotor rotation direction. The difference in rotor speed and stator
magnetic field causes a change in position of the direct axis d and
the quadrature axis q of the rotor with respect to the stator field axis.
Appropriate forming of magnetic barriers in the rotor ensures small
permeance Λ for the armature reaction flux in the quadrature axis q
and large permeance in the direct axis d. For the above reasons, the
armature reaction reactance (X = 2 π f N 2Λ; where N is the number
of armature winding turns), and hence the synchronous reactance in
the range from Xd to Xq, changes periodically with a doubling of the
slip frequency f. A change in this reactance causes a periodic sweep of
current in the armature winding with a doubling of the slip frequency.
These changes in current cause changes in the voltage drop across the
internal impedance of the power source, resulting in periodic fluctuations in the supply voltage to the motor under test. In order to determine the reactances Xd and Xq, the maximum and minimum values of
the voltage and current supplying the motor must be measured. During measurements of the tested motor, these values were calculated
from the recorded waveforms of the supply voltage and current in the
armature winding as well as using digital meters with the memory of
the maximum and minimum values of voltage or current. Based on
the measurement results, the reactances Xd and Xq are calculated from
the following relation [39]:
Xd =

388

2
U max

2
3I min

− Ra2 X q =

2
U min

2
3I max

− Ra2

(1)

33

where: Imax, Imin are maximum and minimum values of the current and Umax, Umin are maximum
and minimum values of the voltage determined
from acquired voltage and current waveforms
(Figure 4); Ra is armature winding resistance,
which, with a change of temperature, is described
by the relation Ra=Ro[1+α(T-To)] where Ro is armature winding resistance in ambient temperature, To, T are the ambient and armature winding
temperatures, respectively, α is the temperature
coefficient that determines the relative increase in
resistance when the temperature increases by 1 K
(for Cu α=0.004 1/K).

Fig. 3. Schematic diagram of the measuring system for determining synchronous reactances by the low slip method

If the voltage does not reach extreme values at the largest and smallest current values, the voltage values occurring at the same instant as
the current values Imax and Imin should be taken. The reactances Xd and
Xq are calculated for several different slips and then by extrapolation
these reactances are determined at slip equal to zero. Recorded voltage and current waveforms are shown in Figure 4.
b)
a)

Fig.4. Current (a) and voltage (b) waveforms in the SynRM armature winding from the low slip method

3.2. Test rig method
In further studies, the external characteristics were determined, i.e.
the dependence of the electromagnetic torque T as a function of the
internal load angle β (power angle). In order to calculate this torque in
the tested SynRM it is necessary to determine the values of the reactance Xd and Xq according to the described method of low slip. For this
purpose, the test rig shown in Figure 5 was built. The tested motor was
connected to the dynamometer via a torque transducer enabling measurement of load torque T and speed n. The motor was supplied from
an autotransformer, which provided a regulated three phase voltage of
value (80 - 200 V). In a dynamometer with much higher torque than
the tested motor, the rotational speed was set slightly lower than the
synchronous speed. To measure voltages and currents, digital meters
with memory for peak values (maximum and minimum voltages and
currents supplying the tested motor) and power analyser were used.
Voltage and current waveforms were acquired by data acquisition system composed of current and voltage transducers, PCI multichannel
analog to digital converter provided by National Instruments and LabVIEW software.

Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022

a)

b)

Fig. 7. Current and voltage waveforms obtained by: (a) measurements and
(b) simulations in the low slip method at n = 1494 rpm

tested SynRM, its synchronous angular velocity ωs and determined
by measurements and simulations of the direct reactance Xd and quadrature reactance Xq of the slip s = 0 according to the method of low
slip. The maximum difference between the two characteristics occurs
at the maximum torque Tmax, i.e. for the power angle of 45° and 135°
(Figure 8). The maximum percent difference of these characteristics
can be calculated from the expression:

Fig.5. Experimental setup and equipment for SynRM tests

4. Comparison of experimental and simulation results
4.1. Comparison of direct reactance Xd and quadrature reactance Xq determined by measurements and simulations using the low slip method
The quadrature and direct synchronous reactances (Figure 6) determined by measurements (Xdm, Xqm) and simulations (Xdc, Xqc)
were compared in the course of the conducted tests. These reactances
were calculated from relation (1) at different rotor speeds n (slips
s = (ns - n) / ns) near the synchronous speed n. During the measurements, the rotor speed was forced by the set speed in the dynamometer
(Figure 5). Minimum and maximum values of currents and voltages
were read from meters storing extreme values. These values were also
determined on the basis of waveforms obtained by FEM simulations.
Selected waveforms of voltages and currents recorded during measurements and simulations at slip s = 0.004 (speed n = 1494 rpm) are
shown in Figure 7. The waveforms were recorded at phase-to-phase
voltage U = 100 V set before powering SynRM.
a)
b)

Fig. 6. Direct reactances Xd (a) and quadrature reactances Xq (b) determined
as a function of slip s (subscript m for reactances determined by measurements; subscript c for reactances determined by FEM simulations)

Extrapolating determined values of the synchronous reactances for
a slip equal to zero (synchronous speed ns), the external characteristics (torque-angle) of the SynRM were determined by the following
formula:
T=

 1
3
1 
U 2ph 
−
 sin 2 β
 Xq Xd 
2ωs



(2)

The external characteristics are compared in Figure 8, taking into
account in relation (2) the rated phase voltage Uph = 230 V of the

δ max =

Tm max − Tc max
100
Tm max

(3)

For the considered external characteristics δmax = 2.05 %.

Fig. 8. Torque T as a function of power angle β (Tm determined on the basis of
measurements, Tc determined on the basis of FEM simulations)

4.2. Influence of supply voltage
In order to reliably validate the field model of SynRM, the effect
of voltage on the lumped parameters of the considered machine was
investigated. The maximum and minimum currents were determined
at the given mains voltages supplying the tested SynRM. The dependencies of these currents on the voltage supplying the SynRM obtained
for the speed n = 1494 rpm are shown in Figure 9. Noticeable discrepancies between the measurement and simulation results in the maximum values of currents may be related to the insufficient stiffness of
the load machine torque vs. angle characteristic observed during the
measurements. For this reason, tests were not continued at higher voltage values because the reluctance torque increasing with the square of
the voltage caused the rotor to be pulled into synchronism.
In a similar manner as described earlier, the direct and quadrature
reactances were determined for different values of the supply voltages
of the armature windings of the SynRM under test. Assuming that the
reactance of the windings X = 2 π f L is dependent on the frequency
f and the inductance L of these windings, the direct and quadrature
inductances can be calculated for frequency f = 50 Hz. The results
obtained of reactances and inductances as a function of voltage are
shown in Figure 10.
To highlight the discrepancy between measurement and calculations,
the direct axis d and the quadrature axis q inductances and reactances
have been compared in separate plots (see Figure 11 (a) to (d)).
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a)

a)

b)

b)

Fig. 9. Values of (a) maximum and (b) minimum currents as a function of armature winding supply voltage determined by measurements (Imaxm,
Iminm) and obtained by simulations (Imaxc, Iminc) at n = 1494 rpm

c)

a)

d)

b)

Fig. 11. Reactances (a) direct Xd and (b) quadrature Xq and inductances (c)
direct Ld and quadrature (d) Lq determined as a function of voltage U
on the armature windings

Fig. 10. Reactances (a) direct Xd and quadrature Xq and inductances (b) direct Ld and quadrature Lq determined as a function of voltage U on
the armature winding

4.3. Torque-angle characteristics
It has been demonstrated that the proposed low-slip method allows
reliably validate the field model for different voltages. However, at
higher voltages the problem of pulling the rotor into synchronism during measurements arises. The elimination of this problem requires the
use of an appropriately oversized dynamometer in relation to the electromagnetic torque of the tested motor in order to prevent the rotor
from being pull into synchronicity. Besides, it should be emphasized
that simulation calculations for the method of low slip are very timeconsuming. The calculation of one variant for a given voltage and rotor speed takes about 6 h on an HP Z800 Workstation Intel®Xeon(R)
W5580 3.20 GHz 64 GB computer. For this reason, an alternative
method of determining the torque-angle characteristics was examined.

390

In studied method, the torque generated by the SynRM at a given rotor
position and different values of phase currents in the armature windings is determined. The phase currents are forced by the three programmable DC supplies according to its sinusoidal variation during
real motor operation. In other words, the torque-angle characteristic
is measured at zero speed and “locked” rotor position by changing
the stator magnetomotive force vector position. Selected torque-angle
characteristics determined according to discussed method are shown
in Figure 12. It should be noted that at different rotor positions the
maximum and minimum values of torque differs significantly. The
reason of observed offsets of torque-angle characteristics is occurrence, in addition to the main reluctance torque originating from the
rotor magnetic circuit asymmetry, torques caused by the slotting of
the stator, i.e. produced by higher spatial harmonics of the magnetic
reluctance distribution related to the position of the rotor in respect to
the stator slots.
Our study shows that experimental verification allows the use discussed simplified “forced current” method to determine torque vs. angle characteristics. Nevertheless, it should be highlighted that despite
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a)

The FEA have been performed for supply voltage up to 410 V with
step of 50 V. The determined by means of the numerical model dependencies of Imaxc, Iminc shown in Figure 13 allows to calculate, according to proposed method, the direct axis d and the quadrature axis
q inductances and reactances as a function of supply voltage – see
Figure 14.
a)

b)
b)

Fig. 12. Torque-angle characteristics of the tested SynRM under sinusoidal
forced DC current in the armature windings determined by: (a) measurements and (b) calculations for several selected rotor positions

c)

a)

d)

b)

Fig. 14. Reactances (a) direct Xd and (b) quadrature Xq and inductances (c)
direct Ld and quadrature (d) Lq determined as a function of voltage U
on the armature windings
Fig. 13. Currents (a) maximum and (b) minimum as a function of armature
winding supply voltage determined during post-measurements (Imaxm,
Iminm) and obtained by simulations (Imaxc, Iminc) at n = 1494 rpm

lower computational effort (the calculation time for selected amplitude of phase current is about 15 minutes) such approach requires to
find zero “slotting reluctance torque” position of the rotor and thus is
less reliable than proposed low slip method. Despite lower reliability
simplified “forced current” approach can be still useful at initial stage
of the SynRM design process.
Proposed low slip method allow also to determine the impact of
nonlinearity of the magnetic circuit on performance of the SynRM.

4. Conclusions
The presented contribution deals with analysis of performance of
synchronous reluctance machine. An effective method for identifying
the direct and quadrature inductances of SynRM based on measurements and finite element analysis of SynRM operation at low slip
has been proposed and demonstrated on a case study problem. The
proposed method takes into account nonlinearity of the magnetic circuit as well as the influence of the end winding leakage flux inductance. It should also be emphasized that in the proposed method the
inductances are determined at a frequency close to the operational
rated frequency.
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An effective field model of SynRM was developed to determine
the parameters of the equivalent circuit diagram. Such circuit models
of parameters determined by means of the complex field models can
be implemented in control systems to improve the functional performance of drive systems with SynRMs. The proposed field models can
also be useful in the synthesis of reliable multiphase SynRMs.
In addition, a simplified “forced current” method allowing to determine torque-angle characteristics has been examined. The results
obtained show that, despite the much lower computational complex-

ity, this approach, due to the influence of stator slotting, may be useful
only at the initial stage of the SynRM design process.
Studies related to the analysis of SynRM performance focused on
the determination of power losses are ongoing and will be the scope
of the further publications by the authors.
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