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Electro-Thermal Stress Analysis and Lifetime Evaluation of 
DC-Link Capacitor banks in the Railway Traction Drive System 

 
Bo Yao, Student Member, IEEE, Xinglai Ge, Member, IEEE, Dong Xie, Student Member, IEEE,  

Songtao Li, Yichi Zhang, Huimin Wang, Student Member, IEEE, and Haoran Wang, Member, IEEE 
 

Abstract- In the railway traction drive system, the reliability of 
DC-link capacitor banks faces enormous challenges due to the 
multi-operation conditions, the complex physical structures, and 
the safe operation requirements. Considering these issues, this 
paper proposes a reliability evaluation method of the DC-link 
capacitors banks to provide a guideline for preventive 
maintenance in the traction drive system. In the electro-thermal 
stress analysis, different from the conventional methods, the 
dynamic power loss profile is obtained by the sliding-window 
discrete Fourier transform (DFT) and the equivalent series 
resistance is fitted by the neural network. Afterward, a 
bidirectional thermal model is established to estimate the thermal 
stress under the dynamic power losses, considering the impact of 
thermal capacity, thermal coupling, and air-cooling heat 
dissipation. In addition, according to stability analysis and the 
rated temperature limitation, an end-of-lifetime standard that 
meets the safe operation requirement of the train is firstly 
proposed, thereby evaluating the lifetime bottleneck of the DC-
link capacitor banks. The evaluation results can provide a 
reference to use the lower-cost on-condition maintenance instead 
of scheduled maintenance in the railway traction drive system. 
Furthermore, a prototype experiment is performed to verify the 
effectiveness of the electro-thermal stress model.  

Index Terms-- DC-link capacitor, multi-operation conditions, 
railway traction drive system, electro-thermal stress, lifetime 

I. INTRODUCTION 

In the railway traction system, due to strict safety 
requirements, passive components usually require the high 
lifetime of more than decades [1]. In recent years, studies of the 
reliability evaluation mainly focus on the analysis of fault data 
statistics in the railway traction system, including the 
establishment of databases, the modeling of reliability index, 
the fuzzy synthetic evaluation, and the analysis of fault tree [2]-
[5]. However, because the sample size of the fault data is 
uncertain, the existing methods have certain randomness and 
limitation, and rarely involve the reliability evaluation of 
capacitor in the traction system. In the railway traction drive 
system, the DC-link capacitor, as the role of realizing energy 

storage and filtering, is located between the rectifier and the 
inverter [6]. More importantly, it is highly related to the system 
safety and reliability. Therefore, the reliability evaluation of the 
DC-link capacitor banks is essential for the operation and 
maintenance in railway traction system [7]. 

In recent years, some reliability evaluation methods for DC-
link capacitors have been proposed. The lifetime mathematical 
model of the DC-link capacitor is given and the failure criterion 
is analyzed in [8]. Based on the failure criterion, the calculation 
method of the capacitance loss is shown to analyze the capacitor 
aging trend [9]-[10]. Furthermore, the capacitor lifetime 
estimation method considering the influence of the nonlinear 
cumulative damage is accomplished in [11]. Recently, the film 
capacitor has been gradually applied because of the potential 
reliability improvement and cost reduction [12]. According to 
the variation of the capacitor parameters, the lifetime model of 
the film capacitor with the Poisson distribution is presented in 
[13]-[14]. However, the actual end-of-life standards of the DC-
link capacitor in application systems is neglected in most of 
existing methods. Due to the stringent safety requirements in 
the railway traction drive system, the lifetime bottleneck of the 
DC-link capacitor that meets the safe operation needs to be 
studied. 

The mission profiles cannot be ignored in the reliability 
evaluation of the DC-link capacitor [15]. The influence of wind 
speed and ambient temperature on the lifetime of the DC-link 
capacitor in the wind power system are analyzed in [16]-[17]. 
An instantaneous electro-thermal method is discussed to 
analyze the mission profiles in the photovoltaic system in [18]. 
Furthermore, the impact of the photovoltaic array size on the 
capacitor reliability is analyzed in [19]. Meanwhile, the solar 
irradiance at small timescales is handled by the instantaneous 
electro-thermal method [20]. However, according to the multi-
operation conditions in the railway, the complex mission 
profiles need to be dealt with, including the short-term changes 
in speed and slope as well as the long-term changes in ambient 
temperature and humidity [21]-[22]. Therefore, the electro-
thermal stress analysis with the dynamic power losses should 
be resolved well. 

In the reliability analysis, the thermal stress of the capacitor 
is a key factor that wears down and reduces the lifetime [8]. 
Most of existing works mainly use the independent 
mathematical models to address the issue of the thermal stress 
of capacitor [11], [14], and [16]-[20], but the influence of the 
thermal capacity, thermal coupling, and potential air cooling are 
ignored. The material, geometric, and thermal properties of 
capacitor can be simulated in the multi-physics model [23]-[24]. 
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However, the requirement of large capacitance and high voltage 
in the railway traction drive system leads to complex physical 
structure, where the multiple series-parallel capacitor banks 
need to be further discussed. An equivalent thermal model is 
established to analyze the thermal distribution of capacitor 
banks, which takes into account the thermal coupling between 
the capacitors [25]. Furthermore, the equivalent thermal model 
is simplified by the RC circuit network in [26], but the effect of 
electro-thermal coupling stress is not considered. Therefore, it 
is necessary to establish an equivalent thermal model according 
to the actual physical structure and consider the effects of 
dynamic power losses on the electro-thermal analysis. 

In this paper, a reliability evaluation method of the DC-link 
capacitor banks is proposed for the railway traction drive 
system. The evaluation scheme is shown in Fig. 1. Firstly, the 
circuit model and the physical model are established by multi-
operation conditions and multiple physical properties. In the 
electro-thermal analysis, the dynamic power loss profile is 
obtained by using the sliding-window discrete Fourier 
transform (DFT) and the equivalent series resistance (ESR) is 
fitted by the neural network. Furthermore, the bidirectional 
equivalent thermal model based on the electro-thermal coupling 
is presented according to the multiple physical properties and 
dynamic power losses. Meanwhile, as the film capacitor 
degrades, the capacitor parameters are affected by the stability 
criterion and the rated temperature limitation. Finally, the end-
of-lifetime standard that meets the safe operation requirement 
is proposed, thereby evaluating the lifetime bottleneck of the 
DC-link capacitor banks in the railway traction drive system. 

This rest of this paper is structured as follows: Section II 
analyzes the electrical model and the multiple physical property 
models of the DC-link capacitor. In Section III, the electro-
thermal stress of the capacitor banks is analyzed by the dynamic 
power loss profile and the bidirectional thermal model. In 
Section Ⅳ, the electrical and thermal stress analysis is verified 
by a prototype experimental platform. Section Ⅴ obtains the 
end-of-life standard and lifetime bottleneck of DC-link 
capacitor banks that meet the safe operation. 

II. ELECTRICAL AND PHYSICAL MODEL 

A. Electrical Model of the Traction Drive System 

A typical railway traction drive system is shown in Fig. 2 
[27]-[28]. The rectifier module adopts the transient current 
control algorithm with the SPWM, where the equivalent 
switching frequency of the rectifiers is doubled by the 
multiplexing method [29]. The field-oriented control with the 
SVPWM are used for the inverter. The DC-link capacitor is 
located in the middle of the two rectifiers and the traction 
inverter. The main parameters of the traction drive system and 
DC-link capacitor are given in Table I. 

In the railway traction drive system, the multi-operation 
conditions mainly include the running speed profile and the 
running slope profile, which are given in Fig. 3. Through the 
drag calculation, the running speed v and slope s are converted 
into speed drag F(datum) and slope drag F(slope), respectively. 
The F(total) represents the total drag [21] 
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Fig. 1. Reliability evaluation scheme of DC-link capacitor banks. 

 
Fig. 2. Typical circuit model of railway traction drive system. 

 
TABLE I 

PARAMETERS OF THE TRACTION MOTOR DRIVES AND CAPACITOR BANKS 

Traction drive system parameters 

Grid side voltage/frequency Us=1550 V/50 Hz 
Grid side equivalent  

resistance /inductance  
Rs =0.2 Ω/ Ls =2.3 mH 

Switching frequency  450 Hz (rectifier) / 1000 Hz (inverter) 
Rate DC-Link voltage Ur=3600 V 

Filter inductor/capacitor Lf =0.83 mH / Cf =3 mF 
Motor rated power / frequency P0 =562 kV•A / 138 Hz 

DC-link Capacitor banks parameters (Four parallel) 
Rated capacitance Cd =3000 μF (750 uF×4) 

Rated voltage U0 =4000 V 
Equivalent series resistance ESR =0.45 mΩ (10 KHz/20°C) 

Thermal resistance  Rth =0.72 K/W 
Rate load lifetime L0 =100000 h (4000 V/70°C) 

Dielectric dissipation factor tanδ0 =2×10-4 
Hot pot temperature range -50~75℃ 
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where mstat and g represent the dynamic mass of trains and the 
acceleration of gravity, respectively. 

The motor speed n is proportional to the running speed v, 
which can be expressed as [22] 

 
60

3.6

a v
n

d



 

 (2) 

Meanwhile, the motor load torque TL is proportional to the 
total drag F(total), which can be expressed as 

 
( )

2
total

L
c

F d
T

N a 

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 (3) 

where d, a, np, N and ηc denote the wheel diameter, the pole 
pairs of the motor, the gear ratio, the total number of motors, 
and the gear transmission efficiency, respectively. 

Considering the torque balance requirement of asynchronous 
motor, the electromagnetic torque Te is given by 

 e L
p

J dn
T T

n dt
   (4) 

where J is the moment of inertia. 
According to MT rotating coordinate system in the vector 

control, Te can be expressed as 

    = = m
e P m sT rM sM rT p sT rM sM rT

r

L
T n L i i i i n i i

L
    (5) 

where Lr, Lm, isT, irT, isM, irM, ΨrT, and ΨrM denote the rotor self-
inductance, the mutual inductance between stator and rotor, the 
stator current in T-axis, the rotor current in T-axis, the stator 
current in M-axis, the rotor current in M-axis, the rotor flux 
linkage in T-axis, and the rotor flux linkage in M-axis, 
respectively. 

Under the condition satisfying the rotor flux orientation, it 
can be obtained [30] 

 0,  0rT rMi    (6) 

Substituting (6) into (5), it can be obtained that isT is 
positively related to Te 

 = e r
sT

P m rM

T L
i

n L 
 (7) 

Subsequently, the motor stator currents iA, iB, and iC can be 
obtained by Park inverse transformation (C2/3) 

    2/3

T T

sT sM A B Ci i C i i i   (8) 

The root mean square (RMS) value of the DC-link capacitor 
current Irms can be expressed by [31] 

   4 3 4cos 2 6 9 cos 2 1
2rms N

M
I I M  


       (9) 

where M, IN, and Φ are the modulation index, the current 
amplitude of three-phase stator current iA, iB, and iC, and the 
phase delay of the iA, iB, and iC with respect to the fundamental 
voltage, respectively.  

It can be given from the above mathematical model that Te is 
approximately equal to TL (dn/dt = 0) when the traction drive 
system operates under uniform motion state. Since Te, isT, iABC, 
and IN vary with the running slope and speed, Irms also changes 
dynamically. Irms increases with the higher slope and the faster 
speed. When the traction drive system operates under the 
acceleration and braking states, the absolute value of Te 
increases with the increase of the train acceleration (dn/dt), 
where the values of Irms are larger than that under the uniform 
motion state. 

The total harmonic distortion (THD) is obtained from the 
harmonic spectrum of the capacitor current, as shown in Fig. 4 
and 5. It can be seen that the THD values of the capacitor 
current in the acceleration and braking stages are much higher 

 
Fig. 3. Mission profile waveform of running speed and slope. 

 
Fig. 4. FFT analysis results of different operating states. 
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Fig. 5. FFT analysis results. (a) Different running speed (running slope=0%0). 
(b) Different running slope (running speed=220km/h). 
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than that of the uniform motion state. As the running speed 
increases, the THD value of Irms gradually increases. The THD 
value at 300 km/h is about twice as much as that at 180 km/h. 
Meanwhile, as the running slope increases, the THD value of 
Irms increases rapidly. When the running slope is 30‰, the THD 
value reaches 46.65%. The result shows that the speeds and 
slopes have the significant impacts on the electrical stress of the 
DC-link capacitor. It means the effect of the operating states, 
speed and slope on the electrical stress of the capacitor should 
be considered. 

B. Multiple Physical Properties Modeling 

In order to analyze the thermal stress, according to the 
geometric dimensions, physical parameters and material 
properties of the actual capacitor banks, the multiple physical 
properties model is established by the finite element simulation, 
as shown in Fig. 6 [23] [24].  

The DC-link capacitors used in the railway traction drive 
system are composed of serval polypropylene film units. As 
given in Fig. 6(A), in each polypropylene film unit, two film 
layers are wound around a cylindrical mandrel. After winding, 
each side is sprayed with zinc metal particles. The thin metal 
electrode (the metallized electrodes A and metallized electrodes 
B) evaporated onto the film is of the order of nanometers. The 
thickness of the polypropylene dielectric (the metallized film A 
and metallized film B) is of the order of microns. 

Considering the difficulty of the physical modeling with the 
winding structure, it is necessary to establish an equivalent 
physical structure. Since the metallized electrode is covered by 

the metallized film during the winding process, according to the 
actual overall thickness in the equivalent model, the metallized 
electrodes in a film structure are equivalent to the single layer 
in the cylinder as shown in Fig. 6(B). In addition, the metallized 
electrodes in the middle ring structure is respectively wrapped 
by equivalent metallized film A and metallized film B. 

In Fig. 6(C), the material properties (including thermal 
conductivity, heat capacity, and density) and the thermal 
properties (including heat flux and heat dissipation) are 
considered in the physical modeling. Meanwhile, according to 
the medium refractive index of different materials, the radiative 
heat transfer boundaries are set on the surface of the capacitor. 

The overall distribution of the internal and external structures 
of the capacitor is shown in Fig. 6(D), where each capacitor is 
closely packed by 16 separate film structures and filled with the 
insulating epoxy. Besides, by setting the cooling coefficient and 
the cooling channel, the influence of the air-cooled heat 
dissipation on the capacitor is analyzed. 

The heat sources are set in the metallized electrodes of each 
film core, and the ambient temperature outside the capacitor 
banks is considered. The thermal stress of the capacitor banks 
is obtained by finite element meshing, as shown in Fig. 6(E). 
Furthermore, the temperature distribution of each layer is 
obtained by setting different heat sources. 

III. ELECTRO-THERMAL COUPLING ANALYSIS 

A. Power Loss Calculation of DC-link Capacitor 

 
Fig. 6. Multiple physical properties modeling of DC-link capacitor banks. 
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The heat of the capacitor is mainly generated by the power 
loss, which is closely related to the ESR, the current and 
frequency of the DC-link capacitor [8]. The power loss can be 
expressed as [11] 

    2

1

=
n

loss i rms i
i

P ESR f I f


    (10) 

where ESR(fi) and Irms(fi) represent the ESR and the RMS value 
of the ripple current at frequency fi, respectively. 

To characterize the dynamic change of electrical stress, the 
discrete values of Irms are grouped into {h1,h2,h3,…,hk}. The 
DFT of the discrete signal Irms(hk) in the kth group is 

    , ( )rms k i DFT rms kI h f S I h  (11) 

where Irms(hk,fi) represents the harmonic amplitude of Irms when 
the frequency is fi. in the kth group. Meanwhile, fi is taken from 
20 to 10kHz (take at interval 1) [32].  

The sliding-window method is used in the group 
{h1,h2,h3,…,hk}. The each grouping module is shifted left by w 
units as {(hk,-1), (hk,-2), (hk,-3),…, (hk,-w)} and shifted right by 
w units as {(hk,1), (hk,2), (hk,3),…, (hk,w)}, totaling 2w+1 units 
to calculate the average value Irms

*(hk,fi) 
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 

*
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, =
2 1

w

DFT rms k m
m w

rms k i

S I h

I h f
w


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

 ，

 (12) 

As shown in Fig. 7, the sliding-window grouping fully covers 
the Irms to reflect the dynamic change of the capacitor current, 
thereby reducing the error of artificial grouping. The 
relationship between grouping and sliding-window length 
should satisfy 

 
1

2
y u w   (13) 

where u and y represent the sliding-window moving distance 
and the sliding-window length, respectively. 

Thus, the DFT analysis of Irms with sliding-window grouping 
can be expressed as 
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As can be seen from the datasheet [33] [34], the ESR is a 
non-linear curve that changes with frequency and temperature. 
In order to make the ESR(fi) match with the Irms(fi), the ESR(fi) 
needs to be obtained when fi varies from 20 Hz to 10 kHz. The 
ESR(fi) is fitted by the neural network, as shown in Fig. 8. In 
the setting of the neural network, the input layers are the 
temperature and frequency, and the output layer is the ESR 
value. In the fitting results, the changes of the ESR are 
consistent with the datasheet. According to the training results 
of the neural network, after 200 iterations of learning, the error 
is less than 2%, which is highly acceptable. 

Through the calculation, the profiles of Irms and Ploss are 
represented in Fig. 9, where the oscillation degree of Irms and 
Ploss have major changes at different working conditions. The 
extreme point of power loss also confirms the influence of the 
electrical stress profile. 

B. Equivalent Thermal Modeling of the DC-Link Capacitor  

The complex physical structure and dynamic power loss 
cause a large burden on the calculation of the physical modeling. 
To address this concern, a simplified mathematical model is 
used, instead of the physical model. In fact, the temperature 
cannot change suddenly and the temperature change is a gradual 
process. In order to accurately and quickly characterize the 
impact of electro-thermal tress, a thermal network model is 
established to estimate the hot spot temperature of capacitor 
banks.  

According to the thermal model, when the power loss value 
is Ploss(1)

 at t1, the rise of the hot spot temperature ΔT1 can be 
expressed as (the time interval is Δt) [35]: 

 
Fig. 8. Neural network fitting of the ESR. 

Fig. 7. Sliding-window method in DFT. 
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where Rth_m and Cth_m represent the thermal resistance and 
thermal capacity of the m-th layer in the equivalent thermal 
model, respectively. k is the total number of layers in the 
thermal network model. 

Meanwhile, when the power loss value changes to Ploss(2) at 
t2, the rise of the hot spot temperature ΔT2 can be expressed as: 
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The rise of the hot spot temperature ΔTn can be derived as 
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Because of the cylindrical film and the hexagonal package, 
the physical structure of the DC-link capacitor banks has 
significant symmetry. Considering this, a bidirectional heat 
transfer is analyzed, which can be equivalent to the vertical 
direction and the horizontal direction, as shown in Fig. 10 [36].  

The bidirectional equivalent thermal model of the capacitor 
banks is shown in Fig. 11. In the bidirectional thermal model, 
the heat is transferred in the horizontal and vertical directions, 
and the power losses in the horizontal and vertical directions are 
referred as P1oss_x(i) and P1oss_y(i), which satisfy the following 
relationship 
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where Rth_Um and Cth_Um (U=x,y) represent the thermal 
resistance and thermal capacity of the m-th layer in the 
horizontal direction or the vertical direction, respectively.  

The thermal resistance Rth_U1~Rth_U6 and heat capacity 
Cth_U1~Cth_U6 in different layers can be calculated by referring 
to the results of the physical modeling. The thermal impedance 
Zth_Uj of the j-th layer can be expressed as [37] 
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where j and k represent the two adjacent layers. Tth_Uj and Tth_Uk 
represent the temperature values obtained by the physical 
modeling in the j and k layers, respectively. 

According to the temperature changes of adjacent layers j and 
k at different time, the value of Zth_Uj(t) can be obtained. 
Furthermore, Zth_Uj(t) is fitted by the exponential function. 
Through the solution of parameter, the values of Rth_U1~Rth_U6 

and Cth_U1~Cth_U6 in different layers are obtained [35]. 
Since the capacitor banks have multiple heat sources, the 

thermal coupling among the heat sources cannot be ignored. 
Inside the capacitor, there is a thermal coupling relationship 
between the one film core structure and the rest of the film core 
structures (the S. Ⅰ between the layer.2 and the layer.3). In order 
to explore the relationship of thermal coupling, the film core p 
with the highest temperature is selected as the research object, 
and the remaining film core q is selected as the reference object. 
The thermal coupling can be regarded as the joint effect of the 
equivalent heat source and thermal resistance, which can be 
expressed as [26] 

 _ 2( ) _ 2( )
_ 2 _

_ ( )

th x p th x q
th x pq

loss x i

T T
Z

P


  (20) 

where Zx2_pq is the equivalent thermal coupling impedance, 
Tth_x2(p) and Tth_x2(q) represent the temperature of the film cores p 
and q obtained in the multiple physical property modeling, 
respectively. 

Similarly, outside the capacitor, the thermal coupling 
impedance Zy4_pq (the S. Ⅱ between the layer.4 and the layer.5) 
can be obtained. 

It is worth noting that in the air layer inside the chassis, 
according to the influence of the gas convection, Rth_U5 can be 
calculated as 

 _ 5

1
th U
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R
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  (21) 

where hc is the convection coefficient and A is the effective heat 
conduction area. 

The effect of forced air-cooling heat dissipation depends on 
the shape of the object and the Nusselt number Nu. Based on 

 
Fig. 9. Calculation results of the Irms and Ploss of the DC-link capacitor. 

 
Fig. 10. Bidirectional heat transfer of the DC-link capacitor. 
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the summary of the flow patterns in [38] and [39], the Nusselt 
numbers of the capacitors in different positions are different. 
The Nusselt numbers of the No.1~2 capacitors and No.3~4 
capacitors can be expressed as Nu1 and Nu2 

 1 1 2 2,c c
c c

k k
h Nu h Nu

l l
   (22) 

where k and lc represent the thermal conductivity of dry air and 
the equivalent diameter, respectively. 

Therefore, the thermal impedance of the No.1~2 capacitors 
and No.3~4 capacitors in the air layer needs to be considered 
separately, which can be respectively expressed as Zth_U5(No.1~2) 
and Zth_U5(No.3~4) 
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C. Analysis results of electrothermal stress 

The overall flowchart of the thermal stress solution for the 
DC-link capacitor banks is shown in Fig. 12. Firstly, the 
physical model is given by setting the geometry, material, air 
cooling, and thermal element. Meanwhile, according to the 
bidirectional thermal model, the equivalent thermal model is 
established by calculating the parameters of the thermal 
resistance, thermal capacity and thermal coupling. Different 
positions of the physical model correspond to the layering of 
the equivalent thermal model, where the thermal parameters are 
verified by the actual temperature tests. And then, the power 
loss profile is substituted to calculate the hot spot temperature. 

Fig. 13 shows the temperature calculation results for the hot 
spot temperature and the shell temperature layer in the 
equivalent thermal model, which shows the comparison of three 
situations in the equivalent thermal model: 
Ⅰ→ (the No.1~2 capacitors adding air cooling) 
Ⅱ→ (the No.3~4 capacitors adding air cooling) 
Ⅲ→ (no air cooling) 

 
Fig. 11. Equivalent thermal model of the capacitor banks. 
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In the comparison of hot spot temperature, the temperature 
of the case Ⅲ without the air-cooling is the highest. 
Considering the air-cooling heat dissipation, the temperature in 
the case Ⅱ is slightly higher than that in the case Ⅰ, which is in 
line with objective laws. Meanwhile, the change of the hot spot 
temperature in the equivalent thermal model is slower than the 
power loss, indicating that the heat capacity of the capacitor 
cannot be ignored. In the comparison of case temperature, the 
magnitude variation of the temperature in the horizontal 
direction is simultaneously larger than that in the vertical 
direction. According to the structure of the equivalent thermal 
model, the heat is emitted to the air through the metallized 
electrodes layer, the film core layer, the epoxide resin layer, and 
the aluminum shell layer. Since the thermal resistances are 

different in each layer, there is an obvious difference between 
the internal temperature and the external temperature of the 
capacitor. 

The DC-link capacitor banks are located at the bottom of the 
train. Considering the safe operation of the system, it is difficult 
to directly install the temperature sensor for monitoring the 
temperature of the DC-link capacitor. To verify the accuracy of 
the equivalent thermal model, the highest case temperature of 
the DC-link capacitor is recorded through the temperature test 
papers. Considering the directions and positions of the capacitor 
banks, the temperature test papers are pasted in Fig. 14. After 
the train operation during one day, the temperature of the test 
papers are recorded, where the vertical temperature of the No. 
1 and No. 3 capacitors do not exceed 40 °C, the horizontal 
temperature of the No. 3 capacitor is about 42 °C, and the 
horizontal temperature of the No. 1 capacitor is about 43 °C. 
According to the calculation of the equivalent thermal model 
(the highest ambient temperature in the test day is about 
35.2 °C), the horizontal temperature of the No. 3 capacitor is 
about 41.1 °C, and the horizontal temperature of the No. 1 
capacitor is about 42.4 °C. The test results are slightly higher 
than that of the equivalent thermal model. Considering the 
influence of other heat sources in the train body structure, the 
ambient temperature around the capacitor banks may be higher 
than that of external devices, so the result is reasonable. 

 

Fig. 12. Overall flowchart of thermal stress solution of the DC-link capacitor banks. 

 
(a)                                                                                                         (b) 

Fig. 13. Temperature curve of thermal model simulation. (a) hot pot temperature. (b) case tempaerature. 

 
Fig. 14. Actual temperature test of DC-link capacitor in the railway traction 
drive system. 
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Ⅳ. PROTOTYPE EXPERIMENT OF ELECTRICAL STRESS AND 

THERMAL STRESS 

In order to verify the analysis rationality of the electrical and 
thermal stress analysis in the DC-link capacitor, the 
experimental prototype test is performed. The experimental 
prototype platform for the reliability test of the DC-link 
capacitor is shown in Fig. 15. Two TMS320F28335 digital 
signal processors are used as controllers for the rectifier and 
inverter, respectively. Meanwhile, the flywheel is used to 
increase the rotary inertia of the motor for simulating the 
railway operation. In addition, the parameters of the 
experimental prototype platform and the tested DC-link 
capacitors are given in the Appendix. 

A. Electrical Stress Analysis 

To investigate the impacts of multi-operation conditions on 
the electrical stress of the DC-link capacitor, the test cases 
under different running speed are performed. Fig. 16 shows the 
DC-link voltage Udc, DC-link capacitor current Icap, and running 
speed nd under different motor speeds. The Ⅰ, Ⅱ, Ⅲ, and Ⅳ 
represent the four operating stages of acceleration, uniform 
motion, braking, and stopping, respectively. Meanwhile, 
resistances are set to the range of 50 Ω to 150 Ω as load 

variations, simulating the influences of different slopes on the 
electrical stress of the DC-link capacitor. Fig. 17 shows the DC-
link voltage Udc, capacitor current Icap and running speed nd with 
different motor loads. 

From the experimental results, it can be seen that the ripple 
of the DC-link capacitor current in the acceleration stage and 
the braking stage is larger than that in the uniform motion stage, 
while the ripples in the stop stage is the smallest. Moreover, 
under higher running speed and smaller motor load, the ripples 
of the capacitor current changes greatly.  

In order to further quantify the effect of electrical stress, the 
THD value of the DC-link capacitor current are given in the Fig. 
18, where the amplified waveform of the DC-link capacitor 
current is 20ms / div (select the output current IN as the 
fundamental wave). It can be seen that the THD value of the 
DC link capacitor in the acceleration phase and the braking 

  
        (a)                                                       (b) 

  
       (c)                                                      (d) 

Fig. 16: Experimental results of the DC-link voltage Udc, capacitor current Icap

and running speed nd (Motor load = 150 Ω). (a) Speed = 600 r/min. (b) Speed 
= 800 r/min. (c) Speed = 1000 r/min. (d) Speed = 1200 r/min. 

  
        (a)                                                       (b) 

  
       (c)                                                      (d) 

Fig. 17. Experimental results of the DC-link voltage Udc, capacitor current Icap

and running speed nd. (a) Speed = 800 r/min, Motor load = 100 Ω. (b) Speed = 
800 r/min, Motor load = 50 Ω. (c) Speed = 1200 r/min, Motor load = 100 Ω. 
(d) Speed = 1200 r/min, Motor load = 50 Ω. 

  
(a) 

 

 
(b) 

Fig. 15. Experimental test setup. (a) system structure. (b) test platform. 
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phase is about 1.5 to 2 times as much as the THD value in the 
uniform motion phase. With the increase of speed and motor 
load, the THD value gradually increases. The changing trend 
are consistent with that in the simulation model. The THD of 
Icap in the experiment is slightly lower than the simulated THD, 
which may be due to the higher power level of the motor in the 
simulation model. 

B. Thermal Stress Analysis 

In order to verify the rationality of the thermal stress analysis, 
the test box is designed to place the DC-link capacitor banks. 

The thermocouples are buried in the epoxy layer inside the 
tested capacitors, and a fan is set to achieve forced air cooling, 
simulating the physical structure in the traction drive system, as 
shown in Fig. 15(b). The thermocouple 1 monitors the case 
temperature of the capacitor and the thermocouple 2 monitors 
the internal epoxy layer temperature of the capacitor. The 
thermocouples No.1 and No.3 are buried in the horizontal 
epoxy resin layer, whereas the thermocouples No.2 and No.4 
are buried in the vertical epoxy resin layer. The temperature 
inside   and outside the capacitor is monitored and recorded by 
a temperature logger. Fig. 19 shows the temperature rise 

 

Fig. 18. Experimental amplified waveforms of DC-link capacitor current Icap and the THD value. 

 
(a) 

 
(b) 

Fig. 19. Test temperature under different motor loads. (motor speed = 1200r/min). (a) horizontal direction. (b) vertical direction. 
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process of a capacitor with a load of 50 Ω and 150 Ω, 
respectively. 

From the experimental results of thermal stress, it can be 
obtained that the change trend of the temperature rise is 
consistent with the harmonic analysis of the current in the 
electrical stress. That is shows the impact of different operation 
conditions on the electro-thermal stress of the capacitor cannot 
be ignored. Meanwhile, the rising temperature of the horizontal 
direction is higher than that of the vertical direction. Due to the 
forced air cooling, the rising temperature of No.1 ~ No.2 is 
slightly higher than that of No.3 ~ No.4. Furthermore, the data 
collected by the prototype experimental platform are 
substituted into the electro-thermal stress model, obtaining the 
rising temperature of the test capacitor under different operation 
conditions. The calculated results in the electro-thermal stress 
model are basically consistent with the change trend of the 
experimental data. The temperature rise error is less than 5%, 
which indicates the effectiveness of the electro-thermal analysis. 

V. LIFETIME ESTIMATION OF DC-LINK CAPACITOR BANKS 

A. DC-link Capacitor Lifetime Estimation 

Due to the long mileage of the actual running process of the 
train, it usually needs to passes through different latitude areas.  
The impact of the ambient temperature and the humidity cannot 
be ignored in the reliability analysis of capacitors. The ambient 
temperature and relative humidity of the four areas 
(A→B→C→D) that are mainly passed during the actual 
operation of the train are shown in Fig. 20(a) and Fig. 21(a). On 
the basis of the running time and distance of the four regions, 
the ambient temperature and relative humidity change within a 
single day are further obtained in Fig. 20(b) and Fig. 21(b). 
During the actual operation of the train, the mission profile from 
short-term operational timescales (one-day) to long-term 

operational timescales (one-year) is established under multi-
regional operations. 

According to the datasheet, the Failures in Time of capacitor 
is 100 (FIT=100), indicating that the damage rate reaching the 
rated lifetime (100000 h) of the sample is 1% [33]. 

For film capacitor, the lifetime model is given as [8] [40] 
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where L and L0 denote the actual lifetime and rated lifetime, Udc 
and U0 denote the actual capacitor voltage and rated capacitor 
voltage, RH and RH0 represent actual relative humidity and 
rated relative humidity, T0 and Th denote the rated temperature 
and the hot spot temperature, and p and q represent two 
empirical coefficients, respectively. 

Fig. 22 shows the detailed results of the expected lifetime 
distribution for the DC-link capacitors at different operating 
periods. In the one-day operation cycle, the lifetime expectancy 
distribution varies greatly with the change of the operation 
conditions, and the result is related to the dynamics variations 
of the electrical stress and the hot spot temperature. In terms of 
different dates, the lifetime expectancy distribution is directly 
related to the mission profiles of the ambient temperature and 
humidity. Furthermore, by using the Miner linear cumulative 
damage theory, the lifetime expectancy of the whole operation 
cycle can be obtained [41]. Finally, the expected lifetime L(whole) 
of the DC-link capacitor is about 50.64 years (the damage rate 
is 1%). 

B. Accelerated Aging Experiments  

In order to verify the effectiveness of the lifetime expectancy, 
an accelerated aging experiment test is implemented. A higher 
ambient temperature Ta (increase 30°C) is set in high and low 

 
(a)                                                                                                             (b) 

Fig. 20. Mission profile waveform of ambient temperature. (a) in one year. (b) in one day. 

 
(a)                                                                                                               (b) 

Fig. 21. Mission profile waveform of relative humidity. (a) in one year. (b) in one day. 
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temperature test container, and the DC-link voltage Udc is 
increased to 1.2 times. For the increase of the ambient 
temperature and voltage, the acceleration factor H(acc) can be 
expressed as [42] [43] by using the Generalized Eyring 
Relationship. 
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In this experiment, the acceleration factor H(acc) of the DC-
link capacitor is set to 37.0. A typical end-of-life standard for 
film capacitor is that the Ccap reduces 5% and the dissipation 
factor (DF) increases to 3 times [8]. The DC-link capacitor is 
tested for about 2400 hours, and the value of Ccap and DF in the 
experiment are fitted as shown in Fig. 23. According to the 
failure criteria of the film capacitor, the experimental lifetime 
of the DC-link capacitor banks is about 6500 hours. After 
multiplied by the acceleration factor H(acc), the conversion 
lifetime of the DC-link capacitor is about 240500 hours (I.e., 
43.93 years). Comparing the experimental results with the 
above lifetime expectancy, it is demonstrated that the results 
from the proposed models are available. Notice that the 
experimental results are slightly less than the expected lifetime 
expectancy. It might be resulted from the phenomenon that the 
influence of high temperature and high voltage on the capacitor 
is greater than the calculation result of the lifetime model. 

C. Electro-thermal Stress Effect of Capacitor Aging 

a) Capacitor Parameter Threshold According to Electrical 
Stress 

The equivalent electrical model of the traction drive system 
is shown in Fig. 24 [44]. The is, if, idc represent the grid side 
current, the LC filter current and the DC-link current, 
respectively. The converter and the motor load are equivalent 
to a controlled current source iinv. The input power of the motor 
load is PL. According to the stability criteria, the capacitance 
value Ccap should satisfy (27), as (More details see the 
Appendix A) 
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According to the stability criterion, the range of Ccap 
depends on other electrical parameters and operating 
conditions in the traction drive system. When other electrical 
parameters maintain the constant values, the range of Ccap 
change in real time with the dynamic value of the DC-link 
voltage Udc and the motor power PL. Thus, the ranges of Ccap 
at different operation conditions are obtained in Fig. 25, which 
can be used for analyzing changes trend of Ccap. During the 
operating period, the maximum extreme point value of Ccap is 
approximately 719.5 μF in the single capacitor. When the Ccap 
is less than the extreme point, the system is electrically 
unstable, resulting in unsafe operation. 

b) Capacitor Parameter Threshold According to Thermal 
Stress 

With the capacitor aging, the long-term operation results in 
the increase of the DF, that is, the increase of the ESR. 
Furthermore, the increase in the ESR leads to the increase of 
the power loss. In the traction drive system, the maximum 
rated temperature of the film capacitor is 75°C. Accordingly, 

 

Fig. 24. Equivalent electrical model of the traction drive system 

 
Fig. 25. Range of Ccap during the operation time based on the stability criteria. 

 
Fig. 22. Calculation results for the lifetime expectancy distribution. 

 
Fig. 23. Experimental and fitting results of the capacitance loss and DF increase.
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the hot spot temperature must be kept as low as possible during 
the operation condition. The relationship of the DF and ESR 
can be expressed as [33] 

   tan
i rESR f R

C



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

 (28) 

where Rr denotes the series resistance. 
According to (28), with the capacitor aging, the ESR 

approximately increases from 0.492 mΩ to 0.577 mΩ. It can 
be seen that the hot spot temperature of the capacitor gradually 
increases with the aging of the capacitor, as shown in Fig. 26. 
When the temperature of the capacitor is higher than the rated 
temperature, the value of empirical coefficient p in the lifetime 
evaluation model continues to increase [33], causing the 
capacitor lifetime decays at a faster rate. When the capacitor 
operation at the extreme point (75% aging, ESR=0.552 mΩ), 
the hot spot temperature has exceeded the rated temperature 
for a large amount of time (there are 5 periods in a single 
operation cycle). When the ESR is higher than the extreme 
point, the system is thermally unstable, which is undesirable. 

D. Reliability Evaluation of the DC-link Capacitors Banks 

According to the safe operating requirement, the reduction of 
Ccap by 4.06% and the increase of the DF by 1.81 times are 
selected as the end-of-life standard adapting with the railway 
traction drive system. Comprehensively, the lifetime of 
unstable region prevails when the capacitance loss exceeds 

75 %, as shown in Fig. 27. Finally, it can be concluded that the 
lifetime of the DC-link capacitor is approximately 39.75 years 
(the damage rate is 1%). 

In order to further describe the detailed failure variation for 
the reliability of the capacitor banks, the unreliability of the 
capacitor banks is described by the Weibull distribution. The 
influence of the sample parameter variation and the uncertainty 
of the empirical coefficient on the failure time are considered 

 
( )

( ) 1
mx

F x e 


   (29) 

It is assumed that the Weibull shape parameters are invariant 
in the same failure mode [17]. The variation of the loss rate in 
the aging experiment is fitted to determine the shape parameter 
of the Weibull distribution m= 5.06. With and without 
considering the safe operation, the proportional parameters η 
are 201240 and 234780, respectively. Based on the results of 
the lifetime evaluation, the unreliability distribution of DC-link 
capacitor can be obtained. As shown in Fig. 28, considering the 
relevant standards [45], when the unreliability rate reaches 5% 
(the damage rate is 0.05%), the operation time of the single 
capacitor and capacitor banks without the consideration of safe 
operation are 20.9 years and 15.9 years, respectively. However, 
the operation time of single capacitor and capacitor banks with 
the consideration of safe operation are 18.0 years and 13.7 years 
under the 5% unreliability rate, respectively. 

V. CONCLUSIONS 

In this paper, a reliability evaluation method of the DC-link 
capacitor banks is proposed for the railway traction drive 
system. According to the analysis of electrical stress, thermal 
stress, electro-thermal stress coupling and end-of-life standard, 
the lifetime bottleneck of the capacitor banks can be reasonably 
solved. The analysis results can provide a reference to use the 
lower-cost on-condition maintenance (OCM), instead of the 
scheduled maintenance in the railway system. A case study has 
been conducted, and it can be concluded that: 

1) For the electro-thermal coupling, the dynamic profile of 
the capacitor power loss is obtained by the sliding-window DFT 
and the neural network, which is consistent with the change of 
the RMS current. 

 
Fig. 28. Unreliability curve of single capacitor and capacitor banks. 

 
Fig. 26. Extreme point of the ESR based on the limit of rated temperature. 

 
Fig. 27. Capacitance loss and ESR increase with an end-of-life standard 
adapted to the traction drive system. 
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2) The bidirectional thermal model shows that the influence 

of the heat capacity, the thermal coupling and the air-cooling 
heat dissipation in the capacitor banks cannot be ignored. 
Meanwhile, there are some obvious differences in the 
horizontal and vertical heat transfer of the capacitor. 

3) Through the analysis of stability and the rated temperature 
limitation, an end-of-life standard satisfying the safe operation 
in the railway traction drive system can be obtained. 
Consequently, a more reasonable lifetime evaluation results of 
the DC-link capacitor banks present the Weibull distribution. 

APPENDIX A 
STABILITY ANALYSIS OF THE TRACTION DRIVE SYSTEM 

The DC link equation is constructed and the small signal 
model at a static working point can be described as [44] 
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Using the Taylor expansion of the expression and ignoring 
its quadratic term, the output current iinv can be expressed as 
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Substituting (A.2) into equation (A.1) and performing 
Laplace transform yield (A.1) 
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The closed-loop transfer function of the system can be 
obtained as 
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To ensure that the system is progressively stable, the 
following equations should be satisfied 
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Substituting the parameters of the equivalent circuit and 
other circuit parameters, the equation (26) can be obtained. 

APPENDIX B 
TABLE B.Ⅰ 

EQUIVALENT THERMAL PARAMETERS OF THE CAPACITOR BANKS 

Horizonal direction 
Thermal 

Resistance 
(K/W) 

Rth_1 Rth_x2 Rth_x3 Rth_x4 Rth_x5 Rth_x6 

Value 0.126 0.24 0.39 0.028 0.048 0.0028 
Thermal 

Capacitance 
(J/W) 

Cth_1 Cth_x2 Cth_x3 Cth_x4 Cth_x5 Cth_x6 

Value 3.4 12.5 720 587 152 15.2 
Vertical direction 

Thermal 
Resistance 

(K/W) 
Rth_1 Rth_z2 Rth_z3 Rth_z4 Rth_z5 Rth_z6 

Value 0.426 0.74 0.53 0.071 0.152 0.0072 
Thermal 

Capacitance 
(J/W) 

Cth_1 Cth_z2 Cth_z3 Cth_z4 Cth_z5 Cth_z6 

Value 3.4 50.9 1600 412 287 9.1 

 
TABLE. B.Ⅱ 

EXPERIMENTAL PLATFORM AND TESTED CAPACITOR PARAMETERS  

 Experimental platform 
Grid side voltage/frequency 380V / 50Hz 

Grid side inductance 6.0 mH 
Switching frequency 900Hz (rectifier) / 1000Hz (inverter) 

DC-Link voltage 500V 
Filter inductor/capacitor Lf =3mH / Cf =0.84mF 

Motor rated power/ frequency 3.3 kV•A / 50Hz 
Prototype DC-link capacitor parameters (Four parallel) 
Capacitance Ccap 2mF (0.5mF×4) 

Rated voltage Vcap 600V 
ESR (1KHz/20°C) 3.0mΩ 

Thermal resistance Rth 5.6K/W 
Rate load lifetime  100000h (70°C) 

Dielectric dissipation factor tanδ0 =2×10-4 
The range of hot pot temperature -50~75℃ 
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