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1. Introduction
The failures of technical objects that occur in the process of their 

use have various causes. In particular, failures caused by random fac-
tors and degradation processes of parts of machinery [8] (e.g. wear, 
fatigue, corrosion, erosion, ageing) can be distinguished, cf. [10, 11]. 
These processes start with the beginning of an object’s use, and for a 
long time proceed with no significant impact on the object’s proper 
operation (that is performing the required functions). The object, 
however, stops working properly when the impact of the degradation 
processes exceeds a certain threshold state (see [9]) resulting from 
structural conditions (excessive clearance between the  interacting 
parts, inadequate cross-sectional area or a change of parts’ geomet-
ric dimensions, excessive surface roughness of interacting parts, too 
large proportion of corroded surface in the overall surface, etc.). In 
such cases in order to enable further correct functioning of the object 
it becomes indispensable to regenerate or replace its failed parts [20]. 

In planning the process of an object’s use and maintenance the im-
portant problem that should be analysed is (apart from the nature of the 
events leading to failure) the effects of failures. If the failure involves 
a threat or considerable losses (e.g. to human life and health, environ-

mental contamination, interruption in services provision, a secondary 
failure of other parts or subassemblies of a machine resulting from a 
primary failure of another part), the aim of developing an object’s use 
and maintenance strategy is to prevent failures of this type [23]. 

The negative effects of failures resulting from the degradation proc-
esses of parts of technical objects can be restricted in several ways: 
continuous verifying of the object’s technical state (monitoring and 
corrective maintenance actions if necessary) or preventive replace-
ment of parts (when they are still in the availability state) [13, 18]. 
The determination of the optimum time of preventive replacement can 
be assisted by relevant preventive maintenance models in which reli-
ability characteristics most frequently estimated on the basis of the 
data on objects’ failures history are used. Such models include block 
replacement strategy, age replacement strategy, etc. [28]. When the 
information on the technical condition (the extent of elements’ wear) 
can be obtained while the object is working a condition-based main-
tenance strategy can be employed, which is sometimes more effective 
[17, 27]. 

Technical means subject to intensive wear during their use [2, 3], 
whose replacement is most frequently caused by their reaching a cer-
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tain limit value of a given dimension (which is detected in a sched-
uled inspection) include current collector contact plates used in rail 
vehicles. Their correct operation determines the proper interaction of 
the vehicle with the transport infrastructure and proper electric power 
supply of the vehicle itself, cf. [15]. This translates into operational 
safety and continuity of the provision of transport services, which de-
termines the economic results of carriers [25]. Problems of this kind 
are discussed in many studies [13]. 

In the present paper an original maintenance strategy verification 
method is proposed. It enables the simulation-based estimation of the 
effect of the adopted inspection strategy of parts most significant in 
the rail vehicle use (cf. [19]). It was assumed that in the framework 
of inspection procedures the current technical condition of tested cur-
rent collector contact plates is estimated and (each time) the decision 
is taken as to their replacement or further operation (until the next 
scheduled inspection). It was also assumed that the given contact 
plate, degrading during operation, should be replaced on exceeding 
a limit control value of its wear (cf. [4]). This value is selected with a 
certain allowance so that the contact plate that has exceeded it owing 
to wear continues to operate correctly (for some time). Consequently, 
the assumed wear control limit value is not identical with the wear 
extent at which the contact plate can no longer perform its function 
(fails).

The proposed method is a tool assisting the technical services who 
schedule the inspection periods, helping them select preventive main-
tenance strategies that should deliver better results of the actual use 
of objects. This method is, then, not a typical maintenance scheduling 
model – understood as a mathematical model serving merely to de-
termine the optimal periods of preventive replacement of objects. Its 
application requires a certain predefined inspection schedule, and its 
result is expressed with numerical indicators that provide an evalua-
tion of the usability of the proposed strategy before it is implemented. 
These results can be referred to the evaluation of other (modified) 
strategies in order to select one that yields the most favourable effects 
or better fits in with maintenance project of the given object. 

In practice also other strategies of current collectors use, facilitating 
their maintenance, but requiring the contact plates and current collec-
tors of a certain design are employed. In one of these state-of-the-art 
technical solutions are applied which enable automatic taking the cur-
rent collector out of operation on its exceeding the wear control limit 
specified in the design. In such emergency situation the safe solution 
is to drop the current collector to avoid its contact with the overhead 
line, which prevents damage to the interacting elements. This is done 
by a group of solutions called ADD (Automatic Drop Devices) by one 
of the leading manufacturers of current collectors – STEMMANN-
TECHNIK [30]. The most popular ones are based on two technolo-
gies, mechanical and pneumatic. In the former one, when the current 
collector shoe rotation exceeds the allowable values (e.g. due to a 
collision with a broken element of the contact wire) the mechanism 
loosening the tension spring that holds the current collector in the top 
position is activated – the collector is dropped automatically [31]. The 
other solution is based on the pneumatic system in which the pres-
sure that allows the current collector to be raised to the top position 
is maintained. When the pressure is inadequate, the current collector 
cannot be raised. A breach in the pneumatic circuit means pressure 
drop – in the matter of seconds the collector returns to the lower posi-
tion. This can happen in the case of allowable limit wear of the graph-
ite contact plate being reached – when the relevant friction device is 
damaged, the contact wire gets into contact with the compressed-air 
conduit in the current collector shoe, which becomes worn. When the 
pneumatic system is breached, the pressure is reduced and the current 
collector is dropped even before damage. 

Owing to the application of the solutions described above the con-
tact plate can be in operation to the value of the wear allowable limit, 
due to which it can be fully used over the entire durability and the mo-
ment of its failure is recorded accurately. The employment of this fact 
for inspections intervals optimisation will help make the maintenance 

processes management more effective, which will result in both the 
financial result and the reduction of the number of failures as well as 
cases of using current collectors whose contact plates exceed the wear 
control limit values. 

Although there are technical solutions that enable frequent, auto-
mated evaluation of the technical state of current collector contact 
plates [13] or taking out of operation the current collectors whose 
contact plates have been worn completely with no secondary, costly 
damage, it is still useful to predict and estimate the vehicle mileage to 
the moment of the collector contact plate reaching the limit value of 
wear, cf. [6]. Firstly, it enables planning in advance maintenance pro-
cedures connected with contact plates replacement, following which 
requires the provision of an adequate number of staff, service stands, 
tools and spare parts (new contact plates), cf. [14, 16]. Maintenance 
works planning, in turn, provides a basis of estimating the operating 
costs [1]. Secondly, when the presented design solutions of current 
collectors are not used in vehicles, it is indispensable to schedule their 
inspections adequately to the needs resulting from the durability of 
their parts so as to prevent their reaching the wear control limit while 
the vehicle is being used. Thirdly, if the solutions based on taking out 
of operation the current collectors at the moment their contact plates 
have been worn completely were employed and if the only mainte-
nance strategy was their post-failure replacement, the reliability of 
vehicles would be affected negatively as they would be used regularly 
with a (at least one) unavailable current collector. 

In view thereof, the design solutions based on degraded current 
collectors being automatically taken out of operation seem a valuable 
protection against serious consequences of uncontrolled wear limit 
being reached by a contact plate. The technical solutions of automated 
measurements of contact plates may definitely facilitate the schedul-
ing of parts replacement over a short time horizon. However, the op-
eration process course and costs planning over a longer time horizon 
requires the application of the tools of the theory of reliability and the 
renewal theory [24, 26]. 

2. Characteristics of the proposed calculation model 
To enable the evaluation of the expected results of the application 

of the inspections schedule and renewal strategy a simulation calcula-
tion model has been developed. 

Figure 1 presents a division of object’s operation time horizon (TH) 
into intervals. It is based on periodical inspections performed to de-
tect whether the wear control limit has been exceeded, according to a 
defined schedule.

Fig. 1. Object’s operation time horizon division into periodical inspections-
based intervals

After exceeding the wear control limit the object continues to oper-
ate until the next periodical inspection during which it is detected. The 
time to inspection, shown in Figure 2, between exceeding the wear 
control limit and the next inspection, is particularly important because 
of inspection scheduling and determination of the wear control limit. 

To estimate the time to inspection the simulation method, whose 
general description can be found in [21], was used. The graph of tran-
sitions for an object’s reliability-operation states is shown in Figure 3, 
where the absorption state denotes the object’s unavailability state. 

An algorithm of a single iteration is shown in Figure 4, where ob-
ject’s operation time horizon in simulation was marked as TH. 

The proposed algorithm for obtaining simulation data has been em-
ployed for the evaluation of several renewal strategies of a selected 
technical object. 
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3. Characteristics of the tested object and data on its 
failures

The study was performed for rail vehicle current collector con-
tact plates, in which case the technical condition inspections are a 
basis for the decision of the object’s replacement or continuation in 
the operation state until the next scheduled inspection. Contact plates 
belong to very important elements that guarantee the continuity of 
current flow between the overhead contact line and the vehicle [5, 
6]. These elements, small in dimension, must meet the requirement 
of good electrical conductivity in a variety of atmospheric conditions 
while preserving low friction coefficient as the current is drawn with 
a vehicle in both standstill and in motion, not infrequently at a very 
high speeds [3, 12, 22]. 

Overhead contact lines are made of copper which has very good 
electrical properties and adequate resistance to both mechanical and 
climate induced failures. When contact plates are also made of copper 
high strength current can be drawn (over 1200 [A]), which is needed 
for the start-up of heavy trains. The possibility of high currents trans-
fer is counterbalanced by the unfavourable properties of the contact 
joint of two elements made of the same materials – the static friction 
coefficient of such a joint is 1,5. It is reduced by the contamination 
of surfaces with oxides, but this phenomenon improves resistance. 
Owing to the above, the contact plates made of copper are subject to 
relatively high abrasive wear despite the fact that their design envis-

ages the application of lubricants between the contact plates mounted 
on the shoe [32].

In Poland contact plates made of graphite are much more common-
ly used. The material contains 85% carbon and the other components 
are copper and other additives. Carbon plates have very good fric-
tion coefficient which does not exceed 0,15 for the connection with 
the copper wire of the overhead contact line. The chemical composi-
tion of a given contact plate is modified according to its application 
– conduction of very high currents [2]. Moreover, carbon plates are a 
cheaper solution (mainly due to the limited percentage of expensive 
copper) [32].

In 2011 the Polish Railways (PKP Polskie Linie Kolejowe S.A.) 
introduced obligatory use of graphite contact plates on the lines under 
their control [25]. 

Regardless of the contact plate used, the nature of the current col-
lector’s operation inherently involves abrasive wear of the contact 
elements [7, 12, 29]. Exceeding the wear control limit of the contact 
plate may result in serious consequences – from degraded quality of 
current conduction, failure of the whole current collector, to breaking 
the overhead contact line. Therefore, very strict monitoring of this 
element is extremely important, because its timely replacement guar-
antees trouble-free operation and no need for costly and long-lasting 
failure.

The current collector can be monitored visually at any time. Then, 
any point damage that may lead to contact plate failure can be easily 
detected. The method of current collector’s failures evaluation in the 
scope of employed devices and inspection intervals depends on the in-
dividual practice of the operator. It takes place regularly (e.g. every  
3 000 [km]) and on its basis decision is taken as to the contact plate’s 
replacement or its continued operation until the next inspection. 

To estimate the probability distribution of the operation time-to-
replacement of all of the selected current collector contact plates the 
data gathered in the operation and maintenance of several dozen elec-
tric locomotives series EU07, in which AKP 4E type current collec-
tors are employed – shown in Figure 5, were used. 

On the basis of these data tests of the goodness of fit of the opera-
tion time to wear-induced replacement (expressed in the mileage in 
kilometers) with theoretical probability distributions (Weibull, nor-
mal, exponential, gamma) were performed. For this purpose Statistica 
13.1 software was used. After Kolmogorov-Smirnov test and χ2 test, 
the best fit was obtained for three-parameter Weibull distribution. The 
tests were performed at the significance level of α = 0,05. The results 
are given in Table 1 and Figure 6.

The probability density function and values of the estimated pa-
rameters of three-parameter Weibull distribution were adopted as for-
mula (1): 
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where:
- β = 17,007‧103 [km] – parameter of scale,
- α = 1,361 – parameter of shape,
- θ = 10‧103 [km] – parameter of shift. 

In the data set under consideration, no object was replaced be-
cause of the dominant forms of wear of the contact plates, which re-
sulted in their thickness decreasing before reaching the mileage of  
10000 [km]. 

The inspections schedule and replacements strategy which in their 
basic version (applied for the  sets of contact plates analysed in the 
presented study) lies in a periodic inspection of plates’ technical con-
dition and the decision taken on this basis as to their replacement, 
together with the adopted probability distribution of plates’ time-to-
replacement were used for the presentation of the calculation model 
proposed in the paper. 

Fig. 2.	 Time to next inspection in the interval in which wear control limit has 
been exceeded

Fig. 3. Transitions of an object’s states

Fig. 4. Algorithm of simulation single iteration
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4. An example of an analysis of preventive renewal 
strategy 

In the framework of verification of the developed calculation 
model simulation experiments were performed for the statistically 
determined probability distribution. This distribution reflects the 
operation-to-replacement mileage of a contact plate, which replace-
ment was done based on the plate attaining or exceeding the adopted 
contact plate wear control limit. This means that this distribution was 
obtained only on the basis of the values of mileage which are a mul-
tiple of inspections interval. In the presented analysis, however, it is 
used as a model on the basis of which the potential moments of ex-
ceeding the wear control limit are identified by means of simulation. 
In the simulation experiment, as in real-life practice, the maintenance 
(replacement) as a response to this fact, can be undertaken only during 
the inspection, that is at one of the moments established in advance 
resulting from the inspection scheduling. However, in the experiment 
the potential mileage during which the wear control limit has been 

exceeded is simulated accurately, which allows check-
ing the delay-time between contact plate wear control 
limit being exceeded and the plate replacement. It is ad-
ditionally assumed that in simulation the replacement of 
the contact plate whose thickness is close to the wear 
control limit, which sometimes occurs in the real opera-
tion, is never performed. It should be emphasized that 
in the simulation experiment the replacement can take 
place only after this value has been exceeded, in the 

forthcoming inspection. For this reason, all the contact plates used in 
simulation work longer (if only for a short while) than until the wear 
control limit is exceeded. 

The calculations were performed for five different (3, 6, 12, 18 and 
36 [thousand km]) fixed values of mileage after which the current col-
lector scheduled inspection is done. In each experiment the moment of 
attaining the contact plate wear control limit defined with an accuracy 
of 100 [km], the simulation time horizon is 72 [thousand km], and 
the number of iterations 10 thousand. As assumed before, the contact 
plate is replaced only after its wear control limit has been exceeded, 
during the nearest inspection (so there are no typical preventive re-
placements). Another assumption was that this limit had been selected 
with a certain allowance so that its being exceeded does not involve 
any immediate interference in the object’s proper functioning. The re-
sult of each iteration is the mileage that the given contact plate covers 
from the moment of attaining the limit wear to the nearest scheduled 
inspection (which equals its replacement). 

Figures 7 – 11 illustrate the frequency of events of a contact plate 
covering a certain mileage, from exceeding the wear control limit un-
til the forthcoming inspection (replacement). In each case these events 
are analyzed for subsequent mileage ranges of 1 [thousand km] pre-
ceding the inspection. 

The obtained bar charts illustrate the dependence of the expected 
distribution of mileage (the usage time) after exceeding the wear con-
trol limit on the fixed inspections (interval) schedule. It is far from 
obvious when only the initial probability distribution is analysed. As 
can be seen, subsequent cases of exceeding the wear control limit add 
up to others within individual intervals preceding inspection. 

The analysis indicates how long the given part of objects continues 
to be used after the wear control limit has been exceeded. It is use-
ful in the evaluation of the analysed inspection schedule and renewal 
strategies because the proportion of objects that will be used over an 
excessive period of time can be identified. And it should be remem-
bered that the wear control limit considered in this study is nominal in 
nature and is not equivalent to the wear extent which prevents prop-
er functioning of an object. A settled wear control limit is therefore 
merely a supporting value, indispensable in taking the decision of an 
object’s replacement. Since the level at which an object no longer op-

Table 1.	 Results of test on data goodness of fit with Weibull shifted distribution 

Distribution
Characteristic 
value in test

K-S

Test K-S
p-value

Characteristic 
value in test

χ2

Test χ2

p-value

three-parameter 
Weibull 0,0825 0,980 0,483 0,785

Fig. 5. AKP 4E: a)  current collector, b) an example of a contact plate

Fig. 6.	 Histogram of data and density function of three-parameter Weibull 
distribution

b)a)
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erates correctly must be prevented, it should be replaced beforehand. 
The replacement should be performed at the mentioned settled wear 
control limit. A natural consequence of such an approach is that the 
selected wear control limit should guarantee the safe use of the object 
until the next inspection during which this value being exceeded will 
be identified. On the basis of the analysis of the presented results it 
can be stated what proportion of objects is used for a period longer 
than allowed by the selected allowance resulting from the adopted 
nominal allowable wear threshold, which is an estimate of a risk of 
the occurrence of a serious failure. An analysis of the presented results 
therefore indicates for how long (over what mileage) what number of 
contact plates is used after the adopted wear control limit has been 
exceeded, which constitutes an evaluation of the threat of the occur-
rence of a severe failure. 

In the case of the use of the contact plates of AKP 4E current col-
lectors in EU07 electrical locomotives, discussed in the present study, 
the probability of attaining the contact plate wear allowable limit can 
be established for each of the proposed inspection schedules. 

According to the operational specifications, contact plate worn 
thickness g – from the nominal value to the wear control limit after 
which it is replaced as scheduled – is 12 [mm]. Between the wear 
control limit value and the wear allowable limit a thickness margin 
gz of 5 [mm] is adopted. In accordance with the adopted probability 
distribution of contact plate wear, for the operational data specifying 
the contact plate wear control limit, the wear by the value of g occurs 
after the mileage of at least 10000 [km]. On this basis the contact plate 
maximum wear zmax per a mileage kilometer can be estimated:

	 z g
max = = = ⋅ 





−

θ
12

10000
1 2 10 3. mm

km
	 (2)

On this basis an approximate estimation can be made (assuming 
the same wear mean rate) of the shortest mileage xmin after which 
the thickness margin gz is used up if the wear control limit is attained 
between inspections:

	 x g
zmin

z

max
= =

⋅
= [ ]−

5
1 2 10

41673.
�km 	 (3)

This value enables the identification of the potential numerical pro-
portion of working contact plates after reaching the wear allowable 
limit, that is, after the margin gz is completely used up before the next 
inspection. This value can be specified for each inspection schedule 
analyzed in the presented simulations. The contact plates estimate 
numerical proportion indicates the probability that the contact plate 
will reach the wear allowable limit before the next inspection, which 
means that the current collector’s proper operation will be disturbed. 
The probabilities in the proposed strategies are given in Table 2. 

As can be noticed, the schedule with inspections every 3000 [km] 
mileage nearly ensures that the contact plate will not reach the wear 

Fig. 7.	 Histogram of mileage from exceeding wear control limit to forthcoming 
inspection (replacement) for inspection intervals of 3 [thousand km] 

Fig. 9.	 Histogram of mileage from exceeding wear control limit to forthcoming 
inspection (replacement) for inspection intervals of 12 [thousand km] 

Fig. 10.	 Histogram of mileage from exceeding wear control limit to forthcoming 
inspection (replacement) for inspection intervals of 18 [thousand km]

Fig. 11.	 Histogram of mileage from exceeding wear control limit to forthcoming 
inspection (replacement) for inspection intervals of 36 [thousand km] 

Fig. 8.	 Histogram of mileage from exceeding wear control limit to forthcoming 
inspection (replacement) for inspection intervals of 6 [thousand km] 
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allowable limit between inspections, even in this pessimistic version 
which allows the fastest possible consumption of the gz. This inspec-
tion schedule is employed by the operator of the contact plates ana-
lyzed in the study. In the other schedules the probability of contact 
plate reaching wear allowable limit is greater. Based on the results 
obtained, however, it can be stated that the zero probability of contact 
plate reaching wear allowable limit between inspections could also 
be attained by lengthening the period between inspections up to 4000 
[km], that is, by about 30% compared with the schedule employed 
at present. 

If, however, the expected value E(T) of contact plate were after an 
adopted distribution was used as a basis, the analysis would be:

	 E T( ) = +





 ⋅ + = [ ]Γ 1 1 25573
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β θ km 	 (4)
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For such a case, the probabilities of contact plate reaching wear 
allowable limit before the next inspection in the discussed strategies 
are shown in Table 3. 

On the basis of the expected value of mileage xśr after which 
the contact plate thickness margin gz is used up, the schedule with 
inspections every 6000 [km], as the schedule with inspections every 
3000 [km], gives a zero value of probability of contact plate reach-
ing wear allowable limit between inspections. The results, however, 
should be interpreted remembering the fact that the margin gz may 
be used up at a mileage smaller than would result from the expected 
value. Such an approach introduces a broader range of uncertainty 
in decision taking and increases the risk that might not be acceptable 
to the operator. 

5. Conclusions
The proposed algorithm 

enables an evaluation of the 
expected effects of inspections 
schedule and renewal strategy 
of given objects, and the ana-
lytic method defines a procedure 
applicable for the comparison of 
the effects of various strategies 
in order to select the most fa-
vourable one to apply in practice 
(without direct consideration of 
the cost of inspections and the 

effects of failures). 
In the studied case, the analysis of the results leads to a conclusion 

that lengthening the intervals between inspections by 1000 [km] (in-
spection every 4000 [km]) is safe. Such lengthening the intervals be-
tween inspections is justified economically and, moreover, offers the 
probability of contact plate reaching wear allowable limit acceptable 
to the operator. It should, however, be remembered that the intensity 
of contact plates’ wear differs with the  seasons of the year, which 
may be the subject of further, more detailed analyzes. The proposed 
method makes it possible to change the model used and conduct ana-
lyzes for various conditions and wear processes. 

The potential of the proposed model can be further developed to 
include a  differentiation of object’s age-based inspection intervals, 
depending on the contact plate’s mileage. Higher inspection rate prior 
to the expected wear control limit being reached enables restricting 
the working time after this value has been exceeded thus providing a 
basis for the reduction of the reserve (surplus) of the material of the 
degraded parts. It is conducive to more effective use of contact plates 
in the aspect of their actual operational durability.

To ensure the operational safety of the discussed types of current 
collectors, the solution proposed in the present study can be used suc-
cessfully. And when the design allows, automation-based modern 
solutions of taking out of operation the collector with worn contact 
plate can be introduced additionally. The statistics-based forecasting 
models facilitate inspections scheduling and spare parts management, 
and the state-of-the-art diagnostic and design solutions help better use 
degrading parts thus protecting against failures resulting from, inter 
alia, the imperfections of forecasts. 

The proposed method is an important tool for testing and plan-
ning of inspection schedules for systems and elements which are 
subjected to expected operational wear, and parts are replaced in a 
cyclic formula. 

Table 2.	 Probability of contact plate reaching wear allowable limit in various inspection schedules determined with 
the use of the lowest mileage value till the margin gz is completely used up 

Mileage between inspections in schedule [km] 3000 6000 12000 18000 36000

Probability of contact plate reaching wear allowable limit 0 0,305 0,674 0,721 0,923

Table 3.	 Probability of contact plate reaching wear allowable limit in various inspection schedules determined with 
the use of the expected value of the mileage till the margin gz is completely used up 

Mileage between inspections in schedule [km] 3000 6000 12000 18000 36000

Probability of contact plate reaching wear allowable limit 0 0 0,120 0,378 0,743

References
1.  Ao Y, Zhang H, Wang C. Research of an integrated decision model for production scheduling and maintenance planning with economic 

objective. Computers & Industrial Engineering 2019; 137: 106092, https://doi.org/10.1016/j.cie.2019.106092.
2.  Babyak M, Horobets V, Sychenko V, Horobets Y. Comparative tests of contact elements at current collectors in order to comprehensively 

assess their operational performance. Eastern-European Journal of Enterprise Technologies 2018; 6: 13–21, https://doi.org/10.15587/1729-
4061.2018.151751.

3.  Bucca G, Collina A. A procedure for the wear prediction of collector strip and contact wire in pantograph–catenary system. Wear 2009; 266: 
46–59, https://doi.org/10.1016/j.wear.2008.05.006.

4.  Cavalcante C A V, Lopes R S, Scarf P A. Inspection and replacement policy with a fixed periodic schedule. Reliability Engineering & System 
Safety 2021; 208: 107402, https://doi.org/10.1016/j.ress.2020.107402.

5.  Chen G. Effect of the Staggering of a Contact Wire on Wear Behaviour of the Contact Strip with Electric Current. Journal of Robotics and 
Mechanical Engineering Research 2017; 2: 1–6, https://doi.org/10.24218/jrmer.2017.21.

6.  Derosa S, Nåvik P, Collina A et al. A heuristic wear model for the contact strip and contact wire in pantograph – Catenary interaction for 
railway operations under 15 kV 16.67 Hz AC systems. Wear 2020; 456–457: 203401, https://doi.org/10.1016/j.wear.2020.203401.

7.  Ding T, Chen G, Bu J, Zhang W. Effect of temperature and arc discharge on friction and wear behaviours of carbon strip/copper contact wire 



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 23, No. 4, 2021684

in pantograph–catenary systems. Wear 2011; 271: 1629–1636, https://doi.org/10.1016/j.wear.2010.12.031.
8.  Han X, Wang Z, Xie M et al. Remaining useful life prediction and predictive maintenance strategies for multi-state manufacturing 

systems considering functional dependence. Reliability Engineering & System Safety 2021; 210: 107560, https://doi.org/10.1016/j.
ress.2021.107560.

9.  Hu J, Chen P. Predictive maintenance of systems subject to hard failure based on proportional hazards model. Reliability Engineering & 
System Safety 2020; 196: 106707, https://doi.org/10.1016/j.ress.2019.106707.

10.  Huang Q, Wu G, Li Z S. Design for Reliability Through Text Mining and Optimal Product Verification and Validation Planning. IEEE 
Transactions on Reliability 2021; 70(1): 231–247, https://doi.org/10.1109/TR.2019.2938151.

11.  Kang K, Subramaniam V. Integrated control policy of production and preventive maintenance for a deteriorating manufacturing system. 
Computers & Industrial Engineering 2018; 118: 266–277, https://doi.org/10.1016/j.cie.2018.02.026.

12.  Klapas D, Benson F A, Hackam R. Simulation of wear in overhead current collection systems. Review of Scientific Instruments 1985; 56(9): 
1820–1828, https://doi.org/10.1063/1.1138101.

13.  Kordestani M, Saif M, Orchard M E et al. Failure Prognosis and Applications—A Survey of Recent Literature. IEEE Transactions on 
Reliability 2021; 70(2): 728–748, https://doi.org/10.1109/TR.2019.2930195.

14.  Lin B, Zhao Y. Synchronized Optimization of EMU Train Assignment and Second-level Preventive Maintenance Scheduling. Reliability 
Engineering & System Safety 2021: 107893, https://doi.org/10.1016/j.ress.2021.107893.

15.  Lin S, Feng D, Sun X. Traction Power-Supply System Risk Assessment for High-Speed Railways Considering Train Timetable Effects. IEEE 
Transactions on Reliability 2019; 68(3): 810–818, https://doi.org/10.1109/TR.2019.2896127.

16.  Liu G, Chen S, Jin H, Liu S. Optimum opportunistic maintenance schedule incorporating delay time theory with imperfect maintenance. 
Reliability Engineering & System Safety 2021; 213: 107668, https://doi.org/10.1016/j.ress.2021.107668.

17.  Liu X, Li J, Al-Khalifa K N et al. Condition-based maintenance for continuously monitored degrading systems with multiple failure modes. 
IIE Transactions 2013; 45(4): 422–435, https://doi.org/10.1080/0740817X.2012.690930.

18.  Mehmeti X, Mehmeti B, Sejdiu R. The equipment maintenance management in manufacturing enterprises. IFAC-PapersOnLine 2018; 
51(30): 800–802, https://doi.org/10.1016/j.ifacol.2018.11.192.

19.  Mira L, Andrade A R, Gomes M C. Maintenance scheduling within rolling stock planning in railway operations under uncertain maintenance 
durations. Journal of Rail Transport Planning & Management 2020; 14: 100177, https://doi.org/10.1016/j.jrtpm.2020.100177.

20.  Młynarski S, Pilch R, Smolnik M et al. A Simulation Model for Regenerated Objects with Multiparameter Evaluation of Technical Condition 
Reliability Estimation. Journal of KONBiN 2019; 49: 7–30, https://doi.org/10.2478/jok-2019-0023.

21.  Młynarski S, Pilch R, Smolnik M et al. Simulation-Based Forecasting of the Reliability of Systems Consisting of Elements Described by a 
Number of Failure Probability Distributions. Journal of KONBiN 2020; 50: 63–82, https://doi.org/10.2478/jok-2020-0028.

22.  Nåvik P, Derosa S, Rønnquist A. On the use of experimental modal analysis for system identification of a railway pantograph. International 
Journal of Rail Transportation 2021; 9(2): 132–143, https://doi.org/10.1080/23248378.2020.1786743.

23.  Pricopie A, Frangu L, Miron M, Caraman S. An improved degradation model for preventive maintenance. 2020 24th International Conference 
on System Theory, Control and Computing (ICSTCC), 2020: 483–488, https://doi.org/10.1109/ICSTCC50638.2020.9259687.

24.  Selech J, Andrzejczak K. Identification of Reliability Models for Non-repairable Railway Component: Selected Papers from the 18th 
International Conference on Reliability and Statistics in Transportation and Communication, RelStat’18, 17-20 October 2018, Riga, Latvia. 
Lecture Notes in Networks and Systems, 2019: 507–518, https://doi.org/10.1007/978-3-030-12450-2_49.

25.  Sitarz M, Hełka A, Mańka A, Adamiec A. Testing of Railway Pantograph. Archives of Transport 2013; 25–26(1–2): 85–95.
26.  Świderski A, Borucka A, Grzelak M, Gil L. Evaluation of Machinery Readiness Using Semi-Markov Processes. Applied Sciences 2020. 

doi:10.3390/app10041541, https://doi.org/10.3390/app10041541.
27.  Vališ D, Žák L, Pokora O, Lánský P. Perspective analysis outcomes of selected tribodiagnostic data used as input for condition based 

maintenance. Reliability Engineering & System Safety 2016; 145: 231–242, https://doi.org/10.1016/j.ress.2015.07.026.
28.  Werbińska-Wojciechowska S. Preventive Maintenance Models for Technical Systems. Technical System Maintenance: Delay-Time-Based 

Modelling, Cham, Springer International Publishing: 2019: 21–100, https://doi.org/10.1007/978-3-030-10788-8_2.
29.  Yang H, Hu B, Liu Y et al. Influence of reciprocating distance on the delamination wear of the carbon strip in pantograph–catenary 

system at high sliding-speed with strong electrical current. Engineering Failure Analysis 2019; 104: 887–897, https://doi.org/10.1016/j.
engfailanal.2019.06.060.

30.  [https://www.wabtec.com/uploads/outlinedrawings/Stemmann-Technik-brochure-Railway-Technology-Systems-English-Survey.pdf] 
(accessed 03.2020).

31.   [http://www.karma.se/uploads/1/8/4/1/18413739/add-pdf.pdf] (accessed 03.2020).
32.   [http://www.mitel.uz.zgora.pl/CD/2010/s347.pdf] (accessed 03.2020).


