Article citation info:

KANG R, WANG J, CHENG J, CHEN J, PANG Y. Intelligent forecasting of automatic train protection system failure rate in China high-speed
railway. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2019; 21 (4): 567-576, http://dx.doi.org/10.17531/ein.2019.4.5.

Renwei KANG
Junfeng WANG
Jianfeng CHENG
Jianqiu CHEN
Yanzhi PANG

INTELLIGENT FORECASTING OF AUTOMATICTRAIN PROTECTION
SYSTEM FAILURE RATE IN CHINA HIGH-SPEED RAILWAY

INTELIGENTNE PROGNOZOWANIE INTENSYWNOSCI USZKODZEN
AUTOMATYCZNEGO SYSTEMU OCHRONY POCIAGOW
KOLEI DUZYCH PREDKOSCIW CHINACH

Intelligent and personalized dynamic maintenance and spare parts configuration of high-speed railway have been the main trend
to guarantee the safety capability of trains. In this paper, a new Automatic Train Protection (ATP) system failure rate calculation
method is proposed, and the delay time and embedded dimension are determined by C-C algorithm. Then the phase space is recon-
structed from one-dimensional time series to high-dimensional space. Based on chaotic characteristics of failure rate, a short-term
intelligent forecasting model of failure rate of ATP system is established. The actual failure statistics from 2010 to 2018 are used as
samples to train and test the validity of the model. From prediction results, it shows that the proposed chaos prediction model has
an accuracy of 99.71%, which is better than the support vector machine model. Through the intelligent prediction of failure rate,
this paper solves the maintenance inflexibility and imbalance of supply and demand of spare parts configuration.

Keywords: intelligent maintenance, high-speed railway, failure rate, automatic train protection system, predic-
tion model, chaos.

Inteligentna i spersonalizowana dynamiczna konserwacja i konfiguracja czesci zamiennych pociggow kolei duzych predkosci
stanowiq ostatnio glowny trend w zakresie zapewniania bezpieczenstwa pociggow. W niniejszym artykule zaproponowano nowg
metode obliczania intensywnosci uszkodzen systemu Automatycznej Ochrony Pociggu (ATP), a czas opoznienia i wymiar zanurze-
nia okreslano za pomocq algorytmu CC. Nastepnie, przestrzen fazowq przeksztalcono z jednowymiarowego szeregu czasowego
do przestrzeni wielowymiarowej. Opierajqc si¢ na chaotycznych charakterystykach intensywnosci uszkodzen, utworzono model
krotkoterminowego inteligentnego prognozowania awaryjnosci systemu ATP. Do uczenia modelu i weryfikacji jego trafnosci wy-
korzystano rzeczywiste dane statystyczne dotyczgce awarii pociggow z lat 2010-2018. Z wynikow prognoz wynika, ze propono-
wany model predykcji, oparty na teorii chaosu, cechuje si¢ doktadnoscig na poziomie 99,71%, czyli wyzszq niz model maszyny
wektorow nosnych. Dajgc mozliwos¢ inteligentnej predykcji intensywnosci uszkodzen, niniejsza praca rozwiqzuje problem braku
elastycznosci w utrzymaniu ruchu pociggow oraz braku rownowagi miedzy podazg a popytem na czesci zamienne.

Stowa kluczowe: inteligentna konserwacja, kolej duzych predkosci, intensywnosé¢ uszkodzen, automatyczny

system ochrony pociggu, model predykcyjny, chaos.

1. Introduction

China high-speed railway has achieved remarkable achievements
all over the world. On August 1 of 2008, the first China high-speed
railway, Beijing-Tianjin intercity railway, with a speed of 350 km/h
was operated. By the end of 2018, the operation mileage of high-
speed railway is 29,000 kilometers, accounted for more than 2/3 of
the total mileage all over the world, and has transported more than 9
billion passengers. China has become the world’s high-speed railway
country with the longest operation mileage, the highest transport den-
sity, and the most complex operating scenarios.

In 2018, there are 2811 high-speed trains all over China. The av-
erage number of operating high-speed trains per day are 2186, the
average operation mileage per day is 3.88 million kilometers, and the
largest number of passengers per day reach 8.10 million, ranking first

in the world. The data shows that high-speed trains have become main
means of transportation for 1.3 billion Chinese people. From 2008
to 2018, the growth trend of the operating mileage, the total number
of trains, the average operating number and the mileage of trains per
day are shown in Fig.1. As it can be seen from the figure, the scale
of China high-speed railway is steadily increased year by year, it will
continue to expand in the future.

China is the country with the longest high-speed railway and the
largest safe transportation of high-speed railway. ATP (Automatic
Train Protection) system is the core system to guarantee the safe op-
eration of high-speed trains. In each train, two sets of ATP system
are located at both ends of the train. Through calculating the train
speed profile, ATP determines the running speed, the position and the
headway towards the preceding train, so as to protect the train from
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The operation mileage of high-speed railway
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Fig.1. Growth trend of China high-speed railway scale

collision, derailment, and over-passing signals at danger. Therefore,
the failure of ATP system will affect the safe operation of trains.

ATP system equipment includes VC (Vital Computer), SDP (Speed
& Distance Processing unit), BTM (Balise Transmission Module),
TCR (Track Circuit Reader), DMI (Driver-Machine Interface), TIU
(Train Interface Unit), antenna, speed sensor, JRU (Juridical Recorder
Unit), etc., where all devices cooperate with each other to guarantee
the safe operation of train. As the scale of high-speed railway con-
struction expands, the number of ATP systems is increasing. What’s
more, some ATP systems have been in operation for over 10 years,
and a large number of ATP systems gradually enter the high-risk pe-
riod over time. Therefore, better scientific maintenance strategies [11,
15] are urgently needed. However, there are still some deficiencies in
application and maintenance of ATP systems.

Firstly, the maintenance strategy of ATP system is fixed and the
maintenance mode is single. At present, China railway stipulates that
ATP system should carry out planned maintenance in accordance with
fixed maintenance intervals and items [5]. ATP system maintenance is
divided into two different levels. The first is to maintain once a day on
average, and the second is once a month on average. This mode will
result in waste of maintenance resources or disrepair.

Secondly, the number of spare parts of ATP system are fixed. In
order to replace and repair faulty equipment, China railway stipulates
that each type of equipment of ATP system reserves spare parts in
a fixed proportion [5], which influences maintenance owing to defi-
ciencies and surplus of equipment. Since this mode can not balance
the supply and demand well, it restricts the ability of emergency re-
sponse.

Next, all kinds of ATP systems are maintained and config-
ured in the same way, regardless of their failure rate. At present,
there are five types of ATP systems in China, namely 300T, 300S,
300H, 200H and 200C. Different types of systems correspond to
different production processes, design platforms, system struc-
tures, and software systems. Since their failure characteristics
are different, so it should correspond to different maintenance
strategies and reserve plans. However, there is only single way at
present, which cannot dynamically adjust the maintenance strat-
egy according to the equipment quality, or dynamically adjust
the quantity of spare parts in a targeted manner. In such case, the

equipment’s safety capability is insufficient, and resources are
not properly optimized.

Finally, the fixed maintenance strategy throughout the life cycle
does not meet the inherent fault properties of the equipment. All ATP
systems are maintained in the same strategy, regardless of service
time, operation mileage, or natural environment. While, ATP equip-
ment belong to electronic equipment, of which failure rate is a func-
tion of time, and the failure characteristics of the entire life cycle have
obvious stages in line with the bathtub curve. The entire life cycle
of ATP equipment can be divided into three phases: infant mortality,
random failures, and wearout where each phase should correspond to
elaborate maintenance strategy.

In order to solve the above problems, this paper proposes a method
for intelligent forecasting failure rate of ATP system, which analyzes
the characteristics of failure data and forecasts its short-term trend
based on chaos from the perspective of history data. It can dynami-
cally adjust the maintenance strategy and spare parts configuration in
advance, and respond quickly to emergency situations, so as to pre-
vent faults in advance and provide a strong guarantee for the safe
operation of high-speed trains.

The rest of this paper is organized as follows. In section 2, the
related work is reviewed. In section 3, the improved failure rate cal-
culation method is proposed. In section 4, chaotic properties of ATP
system failure rate series are determined. In sectionS, an intelligent
prediction model is established. In section 6, the forecasting results
are analyzed and applied. In section 7, the conclusion of our work is
drawn.

2. Related work

The task of prediction is aimed at explicitly modeling variable de-
pendencies and forecasting the next few values of a series [7]. On
one hand, the failure rate of ATP system is affected by many factors
such as service time, running mileage, natural environment, mainte-
nance strategy, etc. So it is difficult to express influence mechanism
with single functional relationship. On the other hand, ATP equipment
belongs to the electronic device which is not separated from the com-
mon characteristics of the failure law, i.e., it contains inherent regular-
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ity. Although the failure rate of ATP system shows great nonlinearity
and seems to be irregular, it has a certain regularity.

Essentially, chaos is a nonlinear behavior existing between the
realms of periodic and random [9]. Chaos theory extracts hidden regu-
larity from the data directly to predict without subjective model [26].
Therefore, it is very suitable for analysis and research of ATP system
failure rate.

The chaos theory itself has been studied. The research tries to
sketch a theoretical view of chaos, i.e., to introduce chaotic and order
properties, to compare them whenever possible, to find out how dif-
ferent a given order property and a given chaotic one are and to deter-
mine how convenient they are in the theory [2]. Besides, the research
combines the Wiener chaos expansion approach to study the dynam-
ics of a stochastic system with the classical problem of the prediction
of a Gaussian process based on a realization of its past, to provide a
general method for the construction [1].

On the other hand, chaos theory is used in the following aspects:
analysis and prediction of short-term traffic flow [12, 29], railway
freight traffic prediction [25, 31], big data analytic [23, 30] in intel-
ligent transportation system and stock prediction [19]. It is used to
analyze and predict certain relationships of transportation systems,
which shows that in certain cases, fairly periodic systems analytically
appear to be chaotic [9], and a soft computing approach and chaos
theory have been successfully applied to solve the problem of early
prediction of disruption in Joint European Torus machine [3]. The
other study combines gradient descent method and chaos optimiza-
tion method to predict leaching cycle period [18] and so on.

To summarize, the above researches provide a scientific and ef-
fective reference of data changes in the future. However, currently
there is no research on failure rate forecasting of ATP system in Chi-
na high-speed railway, and few literatures reported about intelligent
maintenance from the perspective of prediction failure rate.

3. Improved failure rate calculation method

Failure rate in a quarter is used to measure the operation quality
of different types of ATP systems in China railway. This evaluation
index can explain the quality of systems to some extent. However, the
failure of electronic devices has a cumulative effect. In other words,
the device does not immediately fail when it is first put into use, and
frequent failure is existing over time. Therefore, this paper uses the
failure characteristics of electronic equipment, and adds cumulative
effect factor to calculate the failure rate of ATP system based on exist-
ing calculation methods.

ATP system failure rate is one-dimensional time series:

x={x}|i=1,2,...,n} )]

The existing failure rate is calculated as:
2

where x; is the failure rate of a certain type of ATP system in the i-th
quarter, b; is the total number of faults of this type of ATP system in
the i-th quarter all over the country, and 7; is the total operation mile-
age under the same conditions.

The improved failure rate is calculated as:

2.4,

x, =22 3)

where x; is the failure rate of a certain type of ATP system in the i-th
day, g, is the total number of faults of this type of ATP in the j-th day
all over the country, and s; is the total operation mileage on the same
day and its unit is one million.

The existing method simply calculates the failure rate independ-
ently. Compared with it, the improved method proposed in this pa-
per is obviously more scientific. It can be used as a key indicator to
measure the quality of ATP system, but also to reconstruct the quality
evaluation system fundamentally.

Firstly, it can be seen from equations (2) and (3) that with improved
failure rate calculation method, time is refined and corrected from the
original quarterly to daily. The calculation accuracy is higher.

Secondly, cumulative effects is added. The definition emphasizes
the cumulative effect of ATP system over time, which reduces the for-
tuity of failure and better reflects the life cycle of the system.

What’s more, since ATP system is powered on with the operation
of high-speed trains, and powered off at the other time. Therefore,
the accumulated operation time of ATP system is replaced by the ac-
cumulated operation mileage of high-speed trains, which can more
accurately describe the characteristics of ATP system interval work.

4. ATP system failure rate series chaotic properties
determination

Since one dimensional time series of ATP system failure rate
is difficult to extract the potential failure regularity, so it should be
mapped into high-dimensional space through phase space reconstruc-
tion theory, to determine whether it has chaotic properties. The SVM
(Support Vector Machine) method [22] is used to train model in order
to predict trends of ATP system failure in the short term. The whole
idea is shown in Fig.2.

Failure rate Chaotic
: : Phase space | ,
B Lme series . [ properties
z reconstruction e
caleulation determination

f Select the
Predicted Fitting Training Data
regression
results prediction SVM preprocessing
parameters

Chaos prediction

ATP system
failure data

Fig. 2. The prediction flowchart of ATP system failure rate based on chaos

4.1. Original data collection and cleaning

Accurate collection of ATP failure data is the premise of failure
rate prediction [16]. This paper obtains experimental sample data
through the following steps.

1) Data collection and cleaning.

Firstly, collect fault conditions and operation mileage for each
ATP system every day. The former includes time, location, summary,
cause of the fault, and so on, and the latter includes start and end time,
length of running, and so on. Then confirm that it is ATP system fail-
ure rather than the other systems failure through analysis and verifica-
tion by professionals. i.e., the failure noise data is eliminated.

2) Determine the initial value.

In 2008, China high-speed railway started. In 2010, four types
of ATP system, 300T-type, 300S-type, 200H-type, and 200C-type,
were used on a large scale nationwide. Another 300H-type ATP sys-
tem started to be used in large scale in 2013. Therefore, January 1 of
2010 is selected as the starting time point for failure data analysis. The
data in the first three months after the specified starting time point is
excluded since it has large fluctuations and error. Thus, the data from
April 1, 2010 to December 31, 2018 is taken as a sample. The total
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sample size is 3197, the training set sample size is 3047, and the test
set sample size is 150. The sample size described below refers to the
training set sample size, i.e., n=3047.

In units of days, xi is obtained in turn according to formula (3).
The failure rate curve for each type of ATP system is shown in Fig.3.

Failure rate of all kinds of ATP system

25 T
300T-type original data
sseenen 300S-type original data
. = == = 300H-type original data
20 200H-type original data | |
sxansann 200C-type original data
;. == == - All-type original data

Failure rate

S~ P
0
0 500 1000 1500 2000 2500 3000 3500
Days

Fig. 3. Time series of all kinds of ATP system failure rate

In Fig.3, the ordinate represents the ATP system failure rate, and
the green dotted line represents the failure rate for all types of ATP
system. The following information can be obtained from Fig.3.

1) The failure rate shows overall downward trend and local fluc-
tuations in a small range.

2) The system failure rates in 2010 and 2011 are significantly
higher than in other years. The reasons are as follows: at the beginning
0f 2010, a variety of ATP systems have been used on a large scale for
the first time, so the initial stability of system application is poor. In
addition, China high-speed railway network system was still develop-
ing at that time, and its stability was relatively weak. Therefore, the
failure rate is high. According to statistics, the number of ATP system
failures in 2010 and 2011 accounted for 28.23% of the sum from 2010
to 2018, but the operation mileage only accounted for 7.36%, and the
calculated failure rate was naturally slightly higher.

3) The 300H-type and 200H-type ATP systems are most stable
with lowest failure rate.

In addition, it is very difficult to obtain other variation regular-
ity of x. By extending one-dimensional time series [24] to the high-
dimensional space, and guaranteeing the differential homeomorphism
of the high-dimensional space and the original failure rate time series,
the paper extracts the potential hidden regularity from high-dimen-
sional space. Taken’s embedding theorem [9, 31] shows that the geo-
metrical features of ATP system failure rate time series are equal to
the m-dimensional reconstruction space and have the same topology if
there are appropriate delay time 7 and embedded dimension m.

4.2. Phase space reconstruction

The one-dimensional time series x is reconstructed by delay em-
bedded to obtain the trajectory matrix ¥:

M X Xy te Xi X (meix
y= Y2 _ Xix X2t e Xit Xy(m-2yt (4)
Vim-1yt Xirm-r  X2e(m-1xt Xiv(m-r """ Xy

where 7 is delay time, and m is embedded dimension. Each column
represents a phase point, and given M=n-(m-1)z, so ¥ is an mxM di-
mensional matrix.

The paper estimates delay time 7 and embedded dimension m at the
same time through C-C algorithm [20].

The time series x is subdivided into # disjoint time series [9] as
following:

(1), X(t+1), x2+1),...} (5)
(x(2), X(t+2), x(21+2),...} (6)
(x(0), x(t+1), XQ2t+1),...} 7

For each subseries, the statistic S(m,n,7,7) is defined as following:
1 1
S(m,n,rt ):;Z {C1 (mnl/trr)— [C, Ln/t, r,‘t)]m } (8)
I=1

where C; is correlation integral of the / subseries, and its definition
is:

S oo roxl) o

C(m,n,rt ):#
M(M - 1) I<i<j<M

where 7 is neighbor radius, M is the number of phase points and 0(*)
is Heaviside function.

Also, the distance of phase point X; and the nearest phase point X;
is represented by infinite norm:

d =[x, x| = max [x(+kt)-x(j+k0)|  (10)

0<k<m—

When n—o0, it can be written as:
1 t
Smr)==y {c,(m, ro)-[C0r0] } (an
[y}
S(m,r,r)~zreflect self-correlation of time series, and the paper takes
improved C-C algorithm and defines:
AS(m, 1)=std{S(m,r,7)} (12)
where std{*} represents mean square deviation of S(m,r,7).
The values of m and r are estimated properly according to statisti-

cal theory. For m=2,3,4,5, r=ic/2, i=1,2,3. where ¢ is mean square
deviation of time series [28]. Define:

S(?) :%iié‘(m,r,t) (13)
AS(1) :%ZS:AS(m,t) (14)
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S0, (1) = AS(1) +[S(2)| (15)

The optimal delay time t corresponds to the first minimum point
of AS(?) and the optimal embedding window t,, corresponds to the
global minimum point of the S,,,(¢). Because of embedding window
[20] t,,=(m-1)t, we can obtain embedded dimension .

By the end of December 2018, there were 2,811 high-speed trains
and 5,622 ATP systems in China railway, ranking first in the world.
Among which, with the number of 2110, 300T-type is the largest and
most representative ATP system, accounted for 37.53%. Therefore,
the 300T-type ATP system failure rate one-dimensional time series x
is selected as the input, and the delay time and embedded dimension
are calculated as shown in Fig.4.
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Fig. 4. Calculating delay time and embedded dimension by C-C algorithm

From Fig.4, the first minimum point of AS(¢) is 17, so 7=17, and the
global minimum point of the S,,,(¢) is 29, so 1,29, m=3.

Obtained delay time and embedded dimension, a size of 1x3047
one-dimensional time series x is reconstructed to 3%x3013 high-dimen-
sional matrix Y.

4.3. Chaotic properties determination

It should be determined whether the series has chaotic properties
after 300T-type ATP system failure rate time series x is reconstructed.
The paper uses Lyapunov exponent method to judge chaotic proper-
ties. Grebogi [29] shows the system has chaotic properties as long as
the maximum Lyapunov exponent A is greater than 0.

The paper uses small data method to calculate the maximum Ly-
apunov exponent, and specific steps are as follows:

Step 1. Find the nearest neighbor X}. of phase point X ; in phase
space, given:

d,0)=min|X, - x|, |j-]j>P (16)

where j=1,2,...M, and P represents the average cycle of time series. P
is found by Fast Fourier Transformation, and P = 2.1145.

Step 2. Calculate the distance after phase point X; evolution i4¢
time:

d,(i)= ‘Xjﬂ. -X., (17)
where i=1,2, ..., min{M-j,M-j}.
Step 3. Logarithm on both sides [29],
Ind, (i)zlndj (0)+A(iar) (18)

The maximum Lyapunov exponent is the slope of the above straight
line, it can be obtained approximately by the least squares method,
ie.

1 9
[)=—— (i 19
y(i) thjZ:;lndj (@) (19)

where, ¢ is the number of nonzero dj(i).

According to =17, m=3, the result of calculating the maximum
Lyapunov exponent is shown in Fig.5.

312 Calculating the maximum Lyapunov exponent

-314
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Fig. 5. Calculating the maximum Lyapunov exponent of 300T-type time series

In Fig.5, the solid line represents the value of y(7), the dotted line
indicates the line in step 3, whose slope is 0.018, namely the maxi-
mum Lyapunov exponent A= 0.018 >0. Therefore, 300T-type failure
rate time series has chaotic properties. It shows that the failure rate
change of this ATP system follows certain rules, rather than irregular.
The chaotic characteristics indicate that short-term predictions of fail-
ure rate can be made.

According to reference [25], the reciprocal of the maximum Ly-
apunov exponent (i.e., 7=1/4) represents the longest forecasting time
of chaotic system. Because of 1=0.018, so 7=1/1=56. It means that
failure rate future 56 days can be predicated through 300T-type his-
torical data. Therefore, it provides ample preparation time for the dy-
namic adjustment of maintenance strategy and spare parts configura-
tion in advance. It also indicates that the intelligent prediction method
proposed in this paper has the feasibility of implementation.
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5. Intelligent prediction

After reconstructing the phase space and identifying the chaotic
characteristics, the paper extracts potential failure regularity in a high-
dimensional space, further to predict the trends and range of ATP sys-
tem failure rate.

5.1. Prediction principle

300T-type failure rate time series x={x;/i=1,2,...,n} is made phase
space reconstruction, and then it is obtained M phases point:

X(DH={x(1),x(1+7),..., x(I+(m-1)1)} (20)
X(2)={x(2),x(2+1),..., x(2+(m-1)1)} 21
X(M)= {X(M),X(MJ;‘.[.),. .., X(M+(m-1)1)} (22)

Further evolution of phase points is:
XM+1D)={x(M+1),x(M+1+7),..., x(M+1+(m-1)7)} (23)
The next sequence predict point x(n+1) is exactly the element
X(M+1+(m-1)7).
There exists some definite and complex function connection be-
tween phase points X(7) and x(i+1+(m-1)t), namely:

x(i+1+(m-1)0)=/X(1)] (24)

Find an optimal function to fit /{X(M;)] with the SVM approxima-
tion ability [10], namely:

SXM)] = x(M;+1+(m-1)7) (25)
If it is determined f{x), there:
x(n+1)=x(M+1+(m-1)7)=f[X(m)] (26)
Similarly, it can forecast x(n+2), x(n+3)...
SVM is an effective machine learning method based on statistical
learning theory, and has excellent learning performance and strong
generalization ability [17, 27]. This paper needs to determine the

function f{x), which is clearly a regression problem. g-support vector
regression(e-SVR) belongs to SVM and its goal of training is:

i) <e (27)

If specify the insensitivity ¢, then get e-SVR, i.e.:

1 f .
mn| Ll -3 6.+4) 5

st oy, — {[W,CD(xi)]—b}S e+E, (29)
v = {m@(x)]-b}> €&’ (30)
£,20820,i=1,2,--,/ (€20

Its solution is:

f(x):Z(ai—ai*)K(x,xi)—b (2)

where c is the penalty coefficient and other parameters are available
from references [13, 21]. So far, the model of intelligent forecasting of
ATP system failure rate by chaos is shown in Fig.6.

Output

Input .
X(1) | x(1+(m-1)1)
X(2)

Chaos xX(2+(m-1)1)
model g

x(M+(m-1)1)

Fig.6. The model of intelligent forecasting of ATP system failure
rate

5.2. Data normalization process

300T-type ATP system failure rate time series is reconstructed to
mx*M dimensional matrix ¥, i.e., the size of training set is 3x3013.

Select (X(1),X(2),....X(M)) as training set, that is X
train=(X(1),X(2),...,X(3013)).

Select (X(1),X(2),...,X(M-1)) as training set feature, that is X
train_ feature =(X(1),X(2),...,X(3012)).

Select (x(2+(m-1)t), x(3+(m-1)1), ..., x(n)) as training set label,
that is X_train_ label =(x(36), x(37), ...,x(3047)).

Early tentatively forecasting shows that the accuracy is low re-
garded matrix ¥ as an input directly without making data processing.
Thus, training set feature and label are made normalization preproc-
essing according to the following map:

x —min(x)

fixo>y= (33)

max(x) —min(x)

In order to improve prediction accuracy, the element of matrix ¥
as chaos model input is structured into the range [0,1].

5.3. Model optimal parameters selection

The advantages and disadvantages of each parameter should be
comprehensively considered to train the prediction model. To comple-
ment and balance the multiple parameters, optimal model is achieved.
The training model parameter evaluation indicators are as follows:

Mean Square Error (MSE):

MSE:%i[ -] (34)

i=1

Squared Correlation Coefficient (+%):

[nif(x,.)yi —if(xi)iyl}
[nif(x;)z —[if(x»j ]{nZy —[i%} J

2__

(35)

where n represents the number of samples.
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It needs to determine the three parameters [4, 8] for solving regres-
sion problems of f{x) using SVR, which are insensitivity ¢, penalty
coefficient ¢ and kernel parameter g.

The paper selects radial basis function:

K(x,y)=exp (—g ||x—y||2) (36)

where g is kernel parameter [6, 14].

First of all, set insensitivity €&=0.01. Then find the best ¢ and g
within the scope of the index of 2 by a cross validation method.

Roughly determine the scope of optimization ¢ and g, and the val-
ues ¢ are 227 ....2° and the values g are 2°,2,...,2°. The rough se-
lection results are shown in Fig.7. Where the best ¢=0.25, g=1, and the
minimum MSE=0.0038507.

Best ¢=0.25 g=1 CVmse=0.0038507

log2g

Fig. 7. Rough selection results of parameters c and g

In Fig.7, x-axis represents the value of 2 of ¢ power, and y-axis rep-
resents the value of 2 of g, while z-axis represents mean square error
under corresponding ¢ and g.

In order to find a better parameter value, the value range of the
penalty coefficient c is reduced to 2°~22 and the range of the ker-

Best ¢=0.125 g=2 CVmse=0.003488

Fig. 8. Fine selection results of parameters ¢ and g

nel parameter g is expanded to 2°~22. Thus, fine selection results of
parameters ¢ and g are shown in Fig.8. Where the best ¢=0.125, g=2,
and the minimum MSE=0.003488. The minimum MSE, reduced by
9.42%, is less than the one by rough selection, indicating that the pa-
rameter results by fine selection are better.

5.4. Forecasting results

To train SVR according to the best parameters ¢ and g in Fig.8, a
regression model to fit f{x) can be obtained based on the input-output
relationship of Fig.6. Then the trend of future failure rate of 300T-type
ATP system is predicted. At last, to set the predicted step length as
100, the model accuracy is verified. Fig.9 is a comparison between
chaos forecasting data and the original data.

f The comparison between forecasting data and original data
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Fig. 9. The comparison between chaos forecasting data and the original
data
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Fig. 10. Relative error of chaos prediction

In Fig.9, the data of chaos prediction and the original data are
consistent, Mean Square Error MSE=0.0003416, Squared Correla-
tion Coefficient 77=0.997092, that is, the prediction accuracy reaches
99.71%. The relative error of chaos prediction is shown in Fig.10. The
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error is relatively concentrated in the interval [-0.001, 0.001], which
indicates that the chaos method is suitable for the failure rate trend
prediction of ATP system in China high-speed railway.

6. Forecasting results analysis

This section analyzes the effectiveness of the proposed intelligent
prediction method of failure rate from two aspects: model prediction
accuracy and prediction results application.

6.1. Model prediction accuracy analysis

To illustrate the effectiveness of chaos intelligent forecasting on
ATP system failure rate, this paper compares chaos forecasting re-
sults with the results of SVR method. The main differences between
two methods are: chaos prediction makes the matrix ¥ as an input
after phase space reconstruction, while SVR prediction makes one-
dimensional time series x as an input directly; in addition, the former
processing objects are phase points of high- dimensional matrix, while
the latter are elements of one-dimensional time series. The main dif-
ferences between the two methods are shown in Table 1.

The SVR prediction model still takes the 300T-type ATP system
failure rate time series x as a sample, taking €=0.01, and the 100 data
as the test sets. Select the best parameter ¢=0.0442, g=5.6569, cor-
respondingly, the minimum MSE=0.0041.

The mean squared error and squared correlation coefficient of
chaos and SVR model are respectively shown in Table 2.

It can be seen from Table 2 that for the same 300T-type failure rate
time series, chaos prediction mean square error is smaller than SVR
prediction, while the former squared correlation coefficient is bigger

Table 1. Difference between chaos model and SVR model

than the latter, showing that chaos prediction accuracy is higher than
the SVR.

In addition, the equipment failure rate is closely related to the
quality of product, and the original quality determines the level of
failure rate to a large extent, which coincides with the essential char-
acteristics of the chaotic system’s sensitivity to the initial value. It
shows that the experimental results are consistent with the actual situ-
ation.

In summary, compared with SVR prediction, the prediction of the
failure rate of ATP system based on chaos theory is more suitable and
more accurate.

6.2. Analysis of the forecasting results application

Maintenance strategies and configure spare parts can be dynami-
cally adjusted based on the volatility of forecasting results.

If the predicted failure rate is in upward trend, the frequency
of maintenance should be increased, the maintenance items should
be extended, and the equipment with higher failure rate should be
overhauled to prevent the failure. At the same time, the spare parts of
system should be adequately configured in advance to improve the
emergency response capacity.

If the predicted failure rate is in a downward trend, the frequency
of maintenance can be appropriately decreased, and the maintenance
items can be simplified, which can reduce the workload of mainte-
nance and alleviate the contradiction between insufficient and exces-
sive reserves.

Therefore, the intelligence of the failure rate prediction method
proposed in this paper is reflected in the following aspects:

1) For different types of ATP systems, to
dynamically adjust different targeted main-
tenance strategies and spare parts reserve

Difference point Chaos model

SVR model plans. .
2) For a specific type of ATP system, to

Processing objects High- dimensional matrix ¥

One-dimensional time series x

dynamically adjust maintenance intervals
and items.

Training set feature X(1),X(2),...X(M-1)

x(1),x(2),...x(n)

3) For a specific type of ATP system,

Training set label x(2+(m-1)1), x(3+(m-1)1), ...x(n)

Day number sequence,1: n

to dynamically configure the quantity of
spare parts.

4) For a set of ATP system, maintenance

One-step prediction X(M+1) x(n+1) plans throughout the life cycle are dynami-
cally adjusted based on factors such as ser-
vice time, operation mileage, and natural

Table 2. Forecasting results comparison of chaos and SVR environment and so on..
In summary, the differences between
Difference point Chaos model SVR model b?f‘?re and after using the. lnte.lllgent pre-
diction method presented in this paper are
MSE 0.0003416 0.0984576 shown in Table 3.
r 0.997092 0.877012

Table 3. Using intelligent prediction methods before and after comparison

Difference point

Before the novel method

After the novel method

Maintenance strategy

Fixed maintenance cycle and content.

Dynamic maintenance cycle and content.

Spare parts reserve

The quantity is fixed.

The quantity is dynamic.

Maintenance strategy for different types of ATP systems

The same way. The different way.

Spare parts reserve method for different types of ATP systems

The same way. The different way.
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7. Conclusion

On the basis of existing quality evaluation methods, this paper
added the cumulative effect of electronic equipment over time, and
improved the quality evaluation system of ATP system in China high-
speed railway. By calculating the maximum Lyapunov exponent, it
was revealed that failure rate change of ATP system had chaotic char-
acteristics, in which it proved that ATP system failure rate time series
was extremely sensitive to the initial conditions. Then a short-term
intelligent prediction model of failure rate based on chaos was es-
tablished, and the real failure data from 2010 to 2018 was selected
as a sample for simulation experiments. The results showed that the
accuracy of the intelligent prediction model was 99.71%, much higher
than SVR prediction model.

According to the results, the dynamic adjustment to maintenance
strategy and dynamic reserve spare parts were realized, and the per-
sonalized maintenance strategy of each ATP system through full life
cycle was established. What’s more, it improved the existing single
and fixed maintenance mode of China railway, and solved the pain
points such as rough maintenance mode, unbalanced supply and de-
mand of spare parts, and insufficient emergency response capability.
Finally, it realized the intelligent maintenance of ATP system in China

As future work, the authors propose to explore the following re-
search lines: (1) To further analyze the complex relationship among
the failure rate, the natural environment, maintenance strategy and
operation mileage and so on. (2) If there are more detailed classifica-
tion of spare parts data, the method can make particular forecasting, to
provide a reasonable reserves and maintenance strategy for a special
Spare parts.
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ANALYSIS OF HEAT EXCHANGE IN THE POWERTRAIN
OF A ROAD VEHICLEWITH A RETARDER

ANALIZAWYMIANY CIEPLA W UKLADZIE NAPEDOWYM
POJAZDU DROGOWEGO Z RETARDEREM

The paper presents a heat exchange model for the cooling system of any complex, physical system. Verification of the correctness of
the theoretical model was carried out on the example of a vehicle with a combustion engine and additionally equipped with a hy-
draulic retarder. The results of laboratory tests, which were carried out on an engine test bench, were also performed for the above
mentioned powertrain, so as to compare the results of modelling with the results of the tests. Determining the operating parameters
of the components of the cooling system aimed at protecting the entire powertrain against overheating is a key task. Theoretical
analysis of heat exchange in the powertrain of a road vehicle was carried out, with particular emphasis on the hydraulic retarder
(a device braking the vehicle during a descent on roads with a high gradient of the road, mandatory according to the ADR con-
vention). The subject of the study was a mathematical model of a complex cooling system developed by the authors, described by
means of balance equations and differential equations. This model was tested with the use of the Matlab-Simulink suite for given
load parameters of the cooling system, which were used in tests on an engine test bench. The values of coefficients describing the
thermal state of the powertrain were obtained. Simulations were performed for different variants of technical parameters of the
expanded cooling system. In this way, individual units and components of the cooling system were optimized so that it fulfilled its
role in the assumed operating conditions and the ecologization of emission of energy sources (fuel) and harmful substances.

Keywords: heavy-duty vehicle operation, vehicle retarder, brake support, heat exchange.

Praca zawiera model wymiany ciepla uktadu chlodzenia dla ztozonego, dowolnego ukladu fizycznego. Weryfikacje poprawnosci
modelu teoretycznego przeprowadzono na przykiadzie pojazdu z silnikiem spalinowym oraz dodatkowo wyposazonym w retarder
hydrauliczny. Wyniki badan laboratoryjnych, ktore przeprowadzono na hamowni rowniez wykonano dla w/w zespotu napedowe-
go, tak aby porownac wyniki modelowania z wynikami badan. Ustalenie parametrow eksploatacji elementow ukladu chodzenia,
ktorego celem jest zabezpieczenie calego ukladu napedowego przed przegrzaniem to kluczowe zadanie. Przeprowadzono teore-
tyczng analize wymiany ciepta w ukladzie napedowym pojazdu drogowego ze szczegolnym uwzglednieniem zwalniacza hydrau-
licznego (urzqdzenia hamujgcego pojazd podczas zjazdu na drogach o duzym pochyleniu jezdni, obowigzkowe wg konwencji
ADR). Przedmiotem badan byl opracowany przez autorow model matematyczny rozbudowanego uktadu chlodzenia opisany za
pomocg rownan bilansowych i rownan rozniczkowych. Model ten testowano z wykorzystaniem pakietu Matlab-Simulink dla zada-
nych parametrow obcigzenia uktadu chlodzenia, ktore wykorzystywano w badaniach w stanowiskowych na hamowni silnikowej.
Uzyskano wartosci wspotczynnikow opisujgcych stan cieplny jednostki napedowej. Symulacje wykonano dla réznych wariantow
parametrow technicznych rozbudowanego uktadu chlodzenia. W ten sposob optymalizowano poszczegdlne zespoly i podzespoly
ukladu chlodzenia, tak aby speinial on swojg role w zakltadanych warunkach eksploatacji i ekologizacje emisji zrodel energii
(paliwa) i szkodliwych substancji.

Stowa kluczowe: uzytkowanie pojazdow cigzkich, zwalniacz pojazdu, wspomaganie hamowania, wymiana
ciepla.

1. Introduction

Modern trucks for the transport of cargo/humans, apart from the
conventional braking system, are equipped with additional braking
systems which can take the form of an electrodynamic brake, engine
brake or hydraulic brake [5, 9, 10, 12]. When driving on long and
steep road sections, the vehicle often uses the service brake, which
can lead to increased heat load and serious wear to the brake system.
This is a dangerous phenomenon affecting the decrease in the effi-
ciency of the mechanical brake due to the thermal recession of the

system [3, 4, 28]. Hydraulic retarders, commonly used in commercial
vehicles, are auxiliary devices that can reduce vehicle speed by con-
verting the vehicle’s mechanical energy into heat energy absorbed by
the retarder’s working medium that is oil.

Compared to other auxiliary equipment, hydraulic retarders have
many advantages such as low weight, high braking torque, long op-
erating hours, good thermal diffusivity and zero environmental pol-
lution. The design and principle of operation of hydraulic retarders/
intarders in the literature is quite well described [14, 23, 24]. Never-
theless, the development of new technologies affects the efficiency
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of these devices and their characteristics are being investigated by
many researchers [18, 26, 35]. It is noted that they are mandatory
in Europe for vehicles with a gross vehicle weight (GVW) of over
16 tones. Currently, they are also installed in vehicles with smaller
GVW parameters [8]. These units are characteristic heat exchangers,
the maintenance of which at the required level of efficiency also de-
pends on the powertrain cooling system’s capacity [17, 25, 29, 38].
Operation of the hydraulic retarder is periodic and its cooling system
is connected to the cooling system of the traction engine.

The capacity of the cooling system must be selected in such a
way as to meet the assumed operating conditions of the truck. When
considering the thermal capacity of the mass of the powertrain and
the efficiency of the cooling system, the thermal capacity received
from the retarder over a period of 12 minutes of its operation shall
be estimated. This time has been estimated on the basis of average
downward slopes existing on the European roads [24]. This requires
designers to develop efficient equipment.

Great emphasis was placed on modelling traction perform-
ance characteristics versus technical parameters and geometry

2. Characteristics of the operating conditions of the
vehicle under analysis

For the analytical tests, a propulsion system of a road vehicle pow-
ered by a diesel engine type 6C107, with a capacity of 6.53 dm® and
power of 92.5 kW/2600 rpm, produced in Poland, was adopted [33]. It
was assumed that the vehicle is equipped with a Voith R120-4 hydrau-
lic retarder. The data of this retarder were used to estimate the coef-
ficients characterizing the heat exchange in this device [27, 31]. The
structure of the cooling system to be tested is illustrated in Fig. 1.

The engine cooling system was protected by a bellows thermostat
with the characteristics shown in Fig. 2 [34].

During the simulation tests it was assumed that the vehicle was
driving on a horizontal road, emitting energy into the cooling system
in the amount of g, = 29.5 kW. After 50 minutes, the vehicle starts
to descend on a gradient of i = 7%. The descent lasts 12 minutes.
The vehicle then continues to run on flat ground. The initial time of

of rotating elements of the retarder [6, 13, 30], as well as test- f\ _L

ing the medium flow field structure [23, 27]. Numerous studies
have been devoted to mathematical modelling in the analyses of
the effect of rotor speed and fill ratio on retarder output torque
[15, 31, 32, 33, 34]. Mathematical models are based on com-
plex differential equations of flows, which are often solved us-
ing numerical methods [12, 21, 36]. With the use of numerical
models in computer simulations it is possible to make certain
verifications of the flow rate or the average speed of the work-

ing fluid, as well as the braking torque - which was the subject T

6 |
]

s

of papers [1, 2, 20, 22]. In the analyzed literature [11, 19, 35,
37], the majority of problems concern the evaluation of retard-
ers efficiency and their optimization, while the influence of the
design heat output of the radiator on the braking efficiency of
hydraulic retarder was rather simplified. Taking into account the
design thermal capacity of the radiator in the coupled system
of hydraulic retarder cooling system, main engine cooling sys-
tem and engine oil cooling system, a detailed assessment of the
thermal capacity of these units is required. Each of the men- «D
tioned devices is filled with a cooling medium with different !
thermo-physical properties. The entire system works correctly
if none of the cooling media exceeds the permissible operating
temperatures [24, 29].

The authors of this paper focused their attention on estimat-
ing the capacity of the main powertrain radiator, assuming that

Fig. 1.

Structure of the cooling system of a road vehicle powertrain equipped
with a retarder: 1 — liquid-air cooler, 2 — engine, 3 — circula-
tion pump of cooling liquid, 4 — fan of the cooler with electric drive,
5 — thermostat, 6 — engine oil cooler, 7 — retarder, 8 — retarder cooler, 9 — ducts

T-T,
x= _?f for T,<T<T,

& »
where: Oisfor T<7, and lisfor T>T,

its efficiency can be reduced to about 15% due to local obstruc- 0

tions and contamination of the system. The aim of this paper
is to select a main radiator working with multiple sub-systems
and a hydraulic retarder. Achievement of the goal required the
authors to develop a mathematical model, which was subject to
simulation verification for two refrigerating media. The effects
of ambient temperature, the volume of liquid in the retarder sys-
tem, the size of the engine main radiator and the pump capacity
in the cooling system on the temperature level of cooling media
were analyzed. On the basis of the conducted tests and the ob-
tained results, the direction of optimization of the adopted cool-
ing system was indicated so that it complies with the require-
ments [7] under the assumed operating conditions. The obtained
heat exchange coefficients were verified on a test stand, using
the example of the 6C107' engine.

The presented calculations are only an example of how
this model can be used for practical purposes, the versatility of
which lies in the possibility of extending the powertrain cooling
system with specific components.

1 The 6C107 engine is a design developed based on 400 Leyland

Heat [KW]
11717 R —— N FEYRRPRYY RERyE——

BUfmmmm e

N fm—————————

T, T

Fig. 2. Characteristics of the bellows thermostat for engine protection 6C107, where
T, — temperature at the beginning of thermostat opening, T, — temperature of full
thermostat opening

0 3000 3600
== the amount of heat generated by the engine

=== the amount of heat created by the retarder

Fig. 3. Trend of thermal loads in the powertrain of the vehicle under analysis
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50 minutes of constant speed driving causes the temperatures in the
engine cooling system to be close to asymptotic levels under the as-
sumed operating conditions [36, 39]. The trend of thermal loads in the
cooling system of the powertrain was assumed as shown in Fig. 3.

3. Powertrain heat exchange model

A diagram of the powertrain model is shown in Figure 4.

f—
q11 - s
.q._... qii54
Q13.10]
= A
lq:-.i: Q1500 i his
s ‘
e 1) qli.Ll
Hrm,ts
(B[ g -2
5 +
P T W, qi._o
1211 ) 1
'tll:s h:;

Fig. 4. Block diagram of engine with water-air cooler, engine oil cool-
er, retarder and thermostat; where: 0 — ambient environment,
1 — hot engine components, 2 — oil in the engine block, 3 — oil
in the oil sump, 4 — oil sump, 5 — oil in the oil cooler, 6 — body of
the oil cooler, 7 — engine body, 8 — water in the engine block,
9—water in the oil cooler, 10—water in the main cooler, 11 —body of the
main cooler, 12 —water in the retarder cooler, 13 —water in the retarder
cooler, 14 — body of the retarder cooler, 15 — retarder oil in the cooler,
16 — retarder oil in the retarder, 17 — retarder body

The thermal balance of the model is described by the following
equations:

@ =YDdost —h2 — 91,7 — 4918 (1
D=qQ2+9%2 493 )
4G3=92+953 =932 =435~ 934 (3)
94 = 93,4 =440 C))

45 =935—-953~ 456 (5)

96 = 45,6 — 96,0 ~ 96,9 (6)
97=9Q7+4937 97,0 @

g8 =q18+ 99,8+ 4138 — 48,7 ~ 48,13 (3)
99 =969+ 410,90 — 99,8 ©)

910 = 913,10 — 910,11 ~ 910,9 (10)

g1 =011 ~ 91112 (11)

12 =4q1112 T 90,12 — 12,0 (12)

13 = Q14,13 T 98,13 — 913,10 ~ 9138 (13)
G14 = Q1514 — 14,13 ~ 9140 (14)

915 =9q16,15 ~ 915,16 — 415,14 (15)

916 = 9dost2 + 915,16 — 916,15 ~ 916,17 (16)
%17 = 916,17 ~917.,0 (17)

Equations (1) to (17) in the differential notation take the follow-
ing form:

aly = gosn =1 (T = D) =i (T =T —ci3(h=Ty)  (18)

eyTy =15 (T = Ty) + ¢35 (T3) — ¢y 5(Ty) (19)

3Ty =y 3(Th) + 5 3(T5) — ¢35 (1) — 3 5(T3) — 3 4 (T3 = Ty)  (20)
caTy =3 4(T3 = Ty) —ca o(Ty — Tp) 2n

esTs = 3 5(T3) = ¢5 3(T3) = 5 6(T5 = Ty) (22)

coTs = c5,6(Ts = Tg) = c6,0(Ts = Ty) = ¢6,90(Ts = Ty) (23)

oy =es (T =Ty)+ a7 (=T =cr0(T=Ty)  (24)

csTy = o1 5(T = Ty) + X §(To) + (1= X )ey35(Ti3) — ¢ 7 (T = Ty) = ¢ 13(Ty) (25)
coTy = c6.9(Ts —To) + %¢10.9(Ti0) — XCo 8(To) (26)

aolio = xe13.10(h3) — xci09(Tio) —cio11(Tio —T1)  (27)
enTii=con@o-Ti)—ana(h—Ty) (28)

ciaTia =112y = Tip) + co12(To) — 12,0 (Tia) (29)

ei3Tis = cia13(Tig = Tiz) + cg 13(T) = xep3.00(Ti3) — (1= ez (Th3) (30)
ciulia =cisia(Tis —Tia) = ca3(ha —T3) —ca oy —Tp) (1)
aishs = cie1s(Tig) = cis16(Tis) = cis 1a(Tis — Tia) (32)

16716 = Caosiz + ais16(Tis) — cie15(Tig) —1617(Tis — Ti7)  (33)

a7Tis = c1617(Ti6 = Ti7) = c17.0(Ti7 = Tp) (34

The values of ¢; and ¢;; factors were estimated on the basis of tech-
nical documentation of individual elements of the powertrain. The ¢;
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values describe the unit thermal capacities of the distinguished ele-
ments and equal the product of the mass of the element [kg] and its
specific heat [kJ/kg-K]. The ¢;; values describe the heat transfer con-
ditions on the surface of the mentioned element and are equal to the
product of the heat transfer surface of the element [m*] and the heat
transfer coefficient on the surface [kJ/m*K] (see Table 1).

The model of heating the engine itself without a retarder has been
verified experimentally on the engine dynamometer in the Laboratory
of Combustion Engines of the Wroclaw University of Technology and
Science (Fig. 5). The results obtained from the measurement of the
selected parameters describing the operation of the cooling system were
used for determining the threshold conditions in the simulation model.
Matlab-Simulink package was used for simulation tests (Fig. 6).

(c)

Fig. 5. Pictures of the test stand: (a) view of the 6C107 engine on the engine
dynamometer of the Wroclaw University of Technology and Science, (b)
computerized test bench on a dynamometer, with a temperature measure-
ment module, (c) view of the engine block coolant flow meter
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Fig. 6. Matlab-Simulink model

4. Results of simulation tests

Simulation tests were preceded by the development of a test plan.

All components of the powertrain, i.e. temperatures from 7 to T,
distinguished in the temperature model, according to the legend to
Fig. 6. A series of tests was carried out taking into account different
ambient temperatures, heat exchange surfaces of the radiator, increas-
ing the thermal capacity of the system. The tests used a cooling liquid
based on:

a) water-filled engine cooling system,

b) glycol fluid-filled cooling system.

The continuous line indicates temperature fluctuations for the
analysed subsystems — 73, Tg and Tj¢. The dotted line indicates
threshold values in the analysed subsystems.

4.1. Simulation tests of a cooling system at different ambi-
ent temperatures

The cooling system tests were carried out at ambient temperatures
(T, in the range of 253K to 313K every 10K steps. Examples of
results are shown in Fig. 7 and Fig. 8. According to them, the sys-
tem can operate safely in the ambient temperature range up to 7, =
306K (33°C) (the highest ambient temperatures in Poland reach 313K
(40°C). The improvement of the situation can be achieved by enlarg-
ing e.g. the cooler of the engine block coolant.

4.2. Simulation tests of the cooling system for the case of an
increase in the heat exchange area of the main cooler

The tests were carried out for three variants of cooler sizes: in-
creased by 10%, by 30% and by 50%, at ambient temperature 7,, =
313K (40°C). The results are presented in Fig. 9.

As can be seen from the presented results, in a glycol-filled sys-
tem, the use of a cooler with capacity increased by 50% effectively
protects all media against exceeding the permissible temperatures,
especially the temperature of oil in the retarder. The use of a 50%
larger main cooler led to a reduction in oil temperature of about 12K.
However, this is not an optimal solution. It is worth investigating the
impact that increasing the capacity of the pump in the main cooling
system can have on overall capacity.

4.3. Simulation tests of the vehicle cooling system for the
case of the cooler increased by 50% and increased cool-
ant flow

The studies were carried out, as in previous cases, for water and
glycol at increased flows by 50% and by 100% at ambient tempera-
ture 7, = 313K (40°C). The results are shown in Fig. 10.
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Fig. 7. Trend of cooling liquid temperature changes in engine block at different

ambient temperatures (experiment)
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Table 1. List of coefficients describing the engine thermal state
No. A B C D
1 ¢ [J/K] c;; [W/K] cio /K] other parameters
2 ¢, = 87990 c12=16 cyo=12 Ty = 293.15 [K]
3 ¢, =11750 c17=200 Ce0=10 Qaostr = 29500 [W]
4 c3=1796 c1g=998 C70=60 Quosez = 91263 [W]
5 4= 5560 y3=20 €120 = 13000 T, = 348 [K]
6 ¢s = 6080 C34= 097 Cla0 =125 T, = 358 [K]
7 o= 1800 c35=190 C170=50 -
8 ¢, = 448148 Cc56=72 -
9 g =20000 Ceo =100 -
10 €9 = 20950 cg7 =236 -
11 €10=41900 Co 5= 5866 -
12 €11 = 19250 Co10 = 5866 -
13 €12=91 Co11 = 955.6 -
14 €13 = 20960 Ci112 = 1240 -
15 €14 = 4500 C1318 = 5866 -
16 €15 = 6840 C1310 = 5866 -
17 C16= 3040 C1413 = 583 -
18 €17 = 24750 Cis14 = 456 -
19 - C1615 = 5866 -
20 - Cig17 = 847 -
a)
150
A b)
150
140 3 y
15} 40 b
O 1
=130
% P —— T8 D130t -
2 5 / o 45
2 e . /,/ ) —— T8
g 110 7 | —&— T16 E 110 7
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£ 100 4 — o perm. coolant & 100
'E temperature ® -e- fenn coolant
- erm. engine oil g y A emperature
g 90 A - f &t g 90 / / - & - perm. engine oil
g' |/ % reta;fler oil g / kmpRsare
= / —& P E 80 - - @ - perm. retarder oil
80 temperature . / temperature
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70 60
0 10 20 30 40 <20 -10 0 10 20 30 40

Ambient temperature [°C]

Ambient temperature [°C]

Fig. 8. Temperature of cooling media T, Ts, T, versus ambient temperature T,, (experiment): (a) for water, (b) for glycol

Research results show that an effective solution to the problem
of temperature reduction in the retarder cooling system can be to in-
crease the pump capacity by 50% or even only by 25% [15, 16].

4.4. Simulation tests of the vehicle’s cooling system when an
additional coolant tank is used to increase the thermal

capacity of the system

The tests were carried out for tanks with a capacity of 20 and 40
dm?® at an ambient temperature of 7,,, = 313K (40°C). The tank was lo-

cated in the so-called large cooling circuit between the retarder cooler
and the main engine cooler. It was assumed that the cooling system is
filled with water. The results are shown in Fig. 11.

Equipping the cooling system with an additional coolant tank with
a capacity of up to 40 dm? causes a slight decrease in system tempera-
ture. This solution is ineffective.
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5. Conclusion

The aim of the study was to analyze the dynamics
of heat exchange in a vehicle equipped with a hydrau-
lic retarder. This device emits large energy flows into the
cooling system of the braked vehicle. Therefore, the cool-
ing system should take into account the retarder opera-
tion. The requirements in this respect are defined by the
relevant EC regulations. On the basis of the analysis of
the cooling system structure, a structural and computa-
tional model was built. The model of the cooling system
is based on a set of 17 balance equations which, accord-
ing to Newton’s principle, were transformed into a set of
17 differential equations describing temperature changes
of the distinguished elements versus time. The Matlab-
Simulink package was used to solve the equation system.
In the study, analyses of the influence of working condi-
tions and constructional conditions on the behaviour of
the system in the assumed scenario of its operation were
carried out. The results of the work allowed to indicate the
direction in which the design of the cooling system of the
drive unit should be upgraded so that it could perform its
function even in the most difficult working conditions.
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