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1. Introduction

Tests of the performance of automotive drive systems find appli-
cation in the phase of concept development (basic cognitive research), 
in the design phase (as part of prototype testing), in the production 
phase (during quality control), at the admission stage (type approval 
tests) and in the maintenance phase (diagnostic tests). This goal is 
attained through various types of examination at engine test stands, 
which differ with regard to the stipulated working conditions. This 
work undertakes to address the problem of analysing the in-use ve-
hicle speed profile with the view to applying it to driving tests. The 
Vehicle Driving Cycle (VDC) is a time series of data representing 
vehicle speed, which is intended to reflect a vehicle’s movement in 
real road conditions and be used in evaluation of a vehicle or engine 
in terms of its economy and emissions. 

Many years of research have led to several hundred practical driv-
ing cycles in various countries and regions. Most of the current tests 
used to determine emissions of motor vehicles are developed in ac-
cordance with the principle of accurate simulation in the time domain. 
The most popular tests are ones like FTP-75 (Federal Test Procedure), 
NEDC (New European Driving Cycle) or JC08 (Japanese cycle). 
NEDC is used in Europe, the FTP 75 cycle is used in the United States 

and JC08 in Japan. NEDC is a synthetic cycle of the theoretical driv-
ing profile, while the other two come from actual usage data [3, 9].

More reliable results for fuel economy during the simulation of 
vehicle operating conditions at engine test stands are to be provided 
by the WLTC test (Worldwide Harmonised Light duty Test Cycle), 
which is a result of the world-wide harmonised light vehicle testing 
procedure. The cycle is based on actual driving profiles derived from 
statistical research [18]. 

Each methodology for creating driving tests requires an analysis 
of the nature of recorded in-use driving speed signals. Most of the 
actual time signals, including the time series recorded by the on-board 
diagnostic system (OBD) and describing the way the manner of ve-
hicle movement in actual road conditions, show non-stationarity and 
non-linearity as well as statistical multiscalarity. In practice, it means 
that the analysis of recorded time series requires the use of non-linear 
analysis methods [1, 7]. The methods of multifractal formalism using 
local power measures, such as Holder signal regularity exponents or 
probabilistic indicators, are a good way of modelling the dynamics of 
such systems [5, 8]. 

The Holder singularity exponent, determined at each point where 
the function is defined, reflects the level of amplitude fluctuation in 
the vicinity of this point. The scaling factor of the probabilistic meas-
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ure distribution function, based on the values of the signal amplitude, 
allows for segmentation with considerations for the level of entropy. 
The statistical distribution represented by the histogram of singularity 
exponents is a picture of the multifractality of the signal. There are 
two ways to determine the multifractal spectrum of a singularity expo-
nent. The direct method relies on the approximation of the histogram 
for determined Holder exponents. The indirect method in which the 
fractal dimension is usually assumed to be the capacitive dimension 
of the curve being a graph of the signal considered, is based on the 
algorithm of detrended fluctuation analysis of time series [6]. 

The article presents the following issues. Chapter 2 signals the 
idea of the applied multifractal analysis method. The results of this 
analysis for the driving cycle of the harmonised light vehicle test pro-
cedure (WLTC) are presented in Chapter 3. The tests carried out in 
actual urban driving conditions are discussed in Chapter 4. Chapter 5 
constitutes the concluding section. 

2. Multifractal formalism and the regularity measure of 
a time series

Multifractal formalism has found a number of applications in the 
analysis of real signals, in particular in performance diagnostic tests 
of motor vehicles [4,11-17]. The conducted research indicates vari-
ous procedures for identifying the multifractal nature of actual time 
series.

This chapter presents an approach based on the exponents of sig-
nal singularities and multifractal spectrum. The point exponent of 

Holder singularity function ( )f x  in point 0x  denotes the number 
 h defined as the supremum of all exponents satisfying, for a certain 

C> 0, the condition: 

 
f x P x x C x xn

h( ) − −( ) ≤ −0 0  (1)

where ( )0nP x x−  is a polynomial of n h<  degree. The relationship 
shows that the exponent  1h >  describes the regularity of a function 
more accurately than its subsequent derivatives. If the signal represen-

tation is a time series , 1, 2, , if i N= … , then:

 ( )~ h i
i i if f i+∆ − ∆   (2)

where ( )h i  is the singularity exponent of time series at point .i

A set of fractal dimensions for each subset of time series elements 
if  with the same Holder exponent h  creates a multifractal spectrum 

of singularity. To determine the spectrum of Holder exponents, vehi-
cle speed signals recorded by the OBD system we used a multifractal 
version of the detrending fluctuation analysis (MF-DFA) based on the 
elimination of the trend from the tested time series. The procedure 
leads to determining the measure in the form of a fluctuation function 
of row q  exhibiting a power character:

 ( ) ( )~ H q
qF s s  (3)

where ( )H q  is a generalised Hurst exponent, and the parameter  q
allows for decomposing the measure with regard to its value. Legen-
dre’s transform of  generalised large-scale exponent τ q qH q( ) = ( ) −1  

allows for obtaining a multifractal spectrum:

 f h qh q( ) = − ( )τ  (4)

where h d
dq

q= ( )τ  is Holder singularity exponent.

The multifractal spectrum constitutes a histogram of exponents 
reflecting the level of signal amplitude fluctuation. Moreover, the par-
allelism of multifractal formalism and statistical thermodynamics in-
dicates that Holder singularity exponent and the multifractal spectrum 
can be interpreted as the energy and entropy of the studied process 
respectively.

The description of the system’s dynamic properties based on the 
multifractal spectrum of the time series is permitted by:

the level Δ • = −h hmax min  of multifractality determined by singu-

larities with the largest and smallest time series fluctuation of 

the observed signal minh  and maxh ,
singularity with the largest dimension, that is the most common • 
time series singularity h f h f h0 0: ( max) = ( ){ } ,

the dimensional range of singularity subsets  • 
Δ f f h f hmax min= ( ) − ( ) .

3. Simulation research of the WLTC test

A number of studies have confirmed that the driving tests used for 
many years are not representative for the actual operating conditions 
of vehicles. As a result, the emission and fuel consumption of vehi-
cles are underestimated. Striving for a more dynamic, harmonised test 
cycle, a new WLTC (Worldwide harmonised Light duty Test Cycle) 
has been developed. The synthesis was made on the basis of data on 
traffic parameters in Europe, India, Japan, Korea and the USA, tak-
ing into account situations related to driving in urban, countryside 
and motorway traffic. Compared to NEDC, the test cycle is longer, 
significantly more dynamic and features a lot more acceleration and 
deceleration cycles, shorter stops and higher average and maximum 
speed values. Due to the introduced changes, the WLTC driving cycle 
will provide much more accurate conditions for calculating fuel con-
sumption and exhaust emissions [10]. Its first application will apply 
to vehicle models introduced to the market for the first time since 
September 2017. The WLTC driving cycle has been divided into four 
parts, corresponding to different driving speeds: low, medium, high 
and extra high. If the maximum speed does not exceed 135 km/h, then 
part of extra high speed should be replaced with part of the low speed. 
The WLTC time series for 3b class cars, with the power to weight 
ratio of PWr> 34, is shown in Fig.1, and its basic parameters in Table 
1. The drive dynamics in the case of these vehicles is determined by 
the driver’s behaviour and the intensity of the road traffic, not by the 
car’s technical parameters.

Singularity spectra for the studied WLTC driving test shown in 
Fig. 2, confirm its multifractal nature. The level of multifractality is: 
Δ 7,92= , while the dimensional range of segments with the highest 
and lowest probability Δ 0,92f = . The most common singularity ex-
ponents refer to those fragments of recorded time series which de-
scribe the greatest variability. In turn, the lowest probability of record-
ing is shown by the drive periods of the highest regularity. Most of 
the points are concentrated around the dimensions corresponding to 
the singularities with the largest and smallest fluctuation of vehicles 
speed time series.
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4. Research and analysis of empirical data

The article presents the results of vehicle traffic tests in actual 
road conditions, represented by urban driving in a large agglomera-
tion, between 9 am and 1 pm for five working days. The conducted 
analysis was based on vehicle’s speed time series with a sampling 
period equal to 1s.

The applied measuring device, shown in 
Fig. 3 is capable of sampling the speed once 
every second. The range of speeds available 
for recording is 0 -255 km/h, with a resolu-
tion of 1 km/h while the maximum record-
able research distance is 16,000 km. The 
device has the ability to record a number of 
other operating parameters, such as engine 
speed, vehicle acceleration, pressure in the 
inlet manifold, and throttle position and al-
lows communication with the engine gov-
erning unit using the following communi-
cation protocols: J1850-41,6, J1850-10,4, 
ISO9141, KWP2000 (ISO 14230), CAN 
(Control Area Network ISO 11898). 

The measuring route consisted of a 12-
kilometre-long road section and ran between Plac Wilsona and the 
Galeria Mokotów in Warsaw. The map presenting the measurement 
route, developed with the use of Google maps, is shown in Fig. 4.

Fig. 4. Map showing the measurement route

Examples of speed change pattern recorded during one day for 
two-way trips are shown in Fig. 5. The conducted analysis was based 
on the vehicle’s speed time series with a sampling period equal to 1s.

Table 1. Basic parameters of the WLTC cycle for Class 3b vehicles

Phase
Duration Stop dura-

tion Distance p_stop v_max a_min a_max

s s m /km h 2/m s 2/m s

Low 589 156 3095 26.5 % 56.5 -1.47 1.47

Medium 433 48 4756 11.1% 76.6 -1.49 1.57

High 455 31 7162 6.6% 97.4 -1.49 1.58

Extra-High 323 7 8254 2.2% 131.3 -1.21 1.03

Total 1800 242 23 266

Fig. 1. WLTC driving cycle 

Fig. 2. The singularity spectrum for the WLTC driving test

Fig. 3. CarChip Pro Recorder in a vehicle’s OBD slot
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Fig. 5. Examples of vehicle speed change patterns

Multifractal spectra shown in Fig.6 - Fig.7 reflect the decomposi-
tion of the actual vehicle speed time series with reference to the abun-
dance of fragments with a specific dynamics of variation.

Fig. 6. Multifractal spectra of vehicle speed signals when driving from point 
A to B

All spectra have similar properties with regard to driving along 
the same route over consecutive five working days. They exhibit 
similar values of multifractality levels, singularities with the largest 
dimension and dimensional range of singularity subsets. 

The segments of recorded speed signals exhibiting the largest 
fluctuations reach dimensions ( ) 0.8f h > . The lowest occurrence 
probability is shown by the regularity periods described by the singu-
larity exponent 7h > . The multifractality level, Δ depending on the 
day of the week, reaches values   in the range from 7 to 9.

5. Conclusions

The conducted analysis confirmed the multifractal nature of vehi-
cle speed fluctuations both within WLTC driving cycle of the universal 
harmonised test procedure for light vehicles as well as real road con-
ditions of urban driving along the measurement route, being subject 
of experimental research in Warsaw. Multifractal spectra are charac-
terised by a similar shape and similar values   of the level of multifrac-
tality. The asymmetric course of the spectra indicates the analogous 
properties for multifractals obtained as a result of the implementation 
of the generalised process of the binomial multiplicative cascade [2]. 
The obtained results indicate the possibility of using the multiplica-
tive cascade process for the synthesis of real operating conditions and 
short-term forecasting of traffic conditions, which is a critical aspect 
in the development of intelligent transport systems. This step requires 
further research including driving in conditions outside urban centres 
and on motorways. 

Fig. 7. Multifractal spectra of vehicle speed signals when driving from point 
B to A

References

1. Batko W, Dąbrowski Z, Kiciński J. Nonlinear Effects In Technical Diagnostics. Radom, Poland: Institute for Sustainable Technologies, 
2008.

2. Cheng Q. Generalized binomial multiplicative cascade processes and asymmetrical multifractal distributions. Nonlinear Processes in 
Geophysics 2014; 21: 477-487, https://doi.org/10.5194/npg-21-477-2014.

3. Chłopek Z. Synteza testów jezdnych zgodnie z kryteriami podobieństwa charakterystyk częstotliwościowych. Eksploatacja i Niezawodnosc 
– Maintenance and Reliability 2016; 18(4): 572-577, https://doi.org/10.17531/ein.2016.4.12.

4. Dai M, Zhang Ch, Zhang D. Multifractal and singularity analysis of highway volume data. Physica A 2014; 407: 332-340, https://doi.
org/10.1016/j.physa.2014.04.005.

5. Kantelhardt J W. Fractal and Multifractal Time Series. Mathematics of Complexity and Dynamical Systems Robert A Meyers (Ed.). New 
York: Springer 2011.

6. Kantelhardt J W, Zschiegner S A, Koscielny-Bunde E, Havlin S, Bunde A, Stanley HE. Multifractal detrended fluctuation analysis of 
nonstationary time series. Physica A 2002; 316: 87-114, https://doi.org/10.1016/S0378-4371(02)01383-3.

7. Kantz H, Schreiber T. Nonlinear time series analysis. Cambridge: University Press, 2004.
8. Loutridis S J. An algorithm for the characterization of time-series based on local regularity. Physica A 2007; 381: 383–398, https://doi.

org/10.1016/j.physa.2007.03.012.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 20, No. 2, 2018 181

sciENcE aNd tEchNology

9. Merkisz J, Lijewski P, Fuc P, Siedlecki M, Ziółkowski A. Development of the methodology of exhaust emissions measurement under 
RDE (Real Driving Emissions) conditions for non-road mobile machinery (NRMM) vehicles. KONMOT 2016; Materials Science and 
Engineering 148: 1-11.

10. Mock P, Kühlwein J, Tietge U, Franco V, Bandivadekar A, German J. The WLTP: How a new test procedure for cars will affect fuel 
consumption values in the EU. Working paper 2014-9. International Council on Clean Transportation, 2014.

11. Puchalski A, Komorska I. Stable Distributions and Fractal Diagnostic Models of Vibration Signals of Rotating Systems. Advances in 
Condition Monitoring of Machinery in Non-Stationary Operations. Applied Condition Monitoring A.Timofiejczuk et al. (eds.) Springer 
International Publishing AG 2018; 9: 91-101, https://doi.org/10.1007/978-3-319-61927-9_9.

12. Puchalski A. Multiscale analysis of vibration signals in engine valve system. Journal of Vibroegineering 2015; 17(7): 3586-3593.
13. Puchalski A. Techniki budowy nieliniowych modeli diagnostycznych z wykorzystaniem szeregów czasowych drgań mechanicznych. 

Przegląd Mechaniczny 2016; 10: 33-36, https://doi.org/10.15199/148.2016.10.4.
14. Puchalski A, Komorska I. Multifractal Nature of Diesel Engine Rattle Noise in Vehicle. Archives of Acoustics 2017; 42(3): 469-474, https://

doi.org/10.1515/aoa-2017-0049.
15. Shang P, Lu Y, Kamae S. The application of Holder exponent to traffic congestion warning. Physica A 2006; 370: 769–776, https://doi.

org/10.1016/j.physa.2006.02.032.
16. Shang P, Lu Y, Kamae S. Detecting long-range correlation of traffic time series with multifractal detrended fluctuation analysis. Chaos, 

Solitions and Fractals 2008; 36: 82-90, https://doi.org/10.1016/j.chaos.2006.06.019.
17. Shang P, Shen J. Multi-fractal analysis of highway traffic data. Chinese Physics 2007; 16(2): 365-373, https://doi.org/10.1088/1009-

1963/16/2/016.
18. Sileghem L, Bosteels D, May J, Favre C, Verhelst S. Analysis of vehicle emission measurements on the new WLTC, the NEDC and the 

CADC. Transportation Research Part D 2014; 32: 70–85, https://doi.org/10.1016/j.trd.2014.07.008.

andrzej puchalski
iwona koMorska
university of Technology and humanities in radom
ul. chrobrego 45, 26-600 radom, Poland

Marcin ślęzak
piotr wiśniowski
Motor Transport institute
ul. Jagiellońska 80, 03-301 Warszawa, Poland

E-mails: andrzej.puchalski@uthrad.pl, marcin.slezak@its.waw.pl, 
iwona.komorska@uthrad.pl, piotr.wisniowski@its.waw.pl


