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Abstract—Thermal stress is of crucial importance to capacitor
reliability. However, for a capacitor bank, on spatial scale, the
complex heat transfer modes are not clearly illustrated; and on time
scale, the equivalent series resistance (ESR) aging is neither fully
discussed in current evaluation methods. These could lead to a glar-
ing error in the prediction of temperature distribution and lifetime
estimation. Therefore, this article proposed an analytical thermal
modeling method with high-resolution for the capacitor bank, con-
sidering the thermal coupling effect between individual capacitors,
as well as different cooling conditions and the heat variation caused
by ESR aging. First, the improved thermal state-space modeling
method is proposed to universally describe a multiple heat source
system. Then, based on heat transfer and fluid mechanic theories,
the characterization method of thermal coupling effect in different
cooling modes is discussed. Furthermore, the ESR aging model is
applied in the electrothermal analysis of capacitor bank, aiming to
improve the accuracy of thermal calculation in long time scale. Fi-
nally, to alleviate the uneven temperature distribution in an in-line
designed capacitor bank, a staggered design method is proposed
followed by a case study, where a nine-capacitor bank is presented
to validate the corresponding modeling method and optimization.

Index Terms—Aging, analytical thermal modeling, capacitor
bank, capacitor optimization design, heat transfer, thermal
coupling.

I. INTRODUCTION

CAPACITORS are widely used in power electronics for
smooth filtering, ripple current absorption, bypass, de-

coupling and storage [1]. For some applications where a single
capacitor cannot fulfill the voltage rating or capacitance require-
ments, the capacitor bank is always used as the energy buffer by
connecting several capacitors in parallel for larger capacitance
or in series for higher voltage rating [2]. However, surveys show
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that capacitors are regarded as one of the most vulnerable devices
in power electronics applications [3].

In order to accurately predict the health status of capacitor
bank and to make reasonable maintenance strategies, the failure
mechanisms of capacitors are explored deeply [1], [4], [5], [6],
[7]. The reliability evaluation methods based on physics of
failure model [8], [9], [10] and the data-driven remaining useful
life (RUL) prediction methods [7], [11], [12] are proposed. For
the former one, the influence of electrical stress on failure is
represented by inverse power model, and the influence of thermal
stress on failure is represented by Arrhenius formula. The latter
one uses AI tools to establish the relationship between state
parameters and reliability through data learning.

The key to successful reliability evaluation by these two
methods is accurately obtaining the electrical stress and the
thermal stress of capacitors. For electrical stress, the capacitor
voltage can be calculated by circuit model and ripple current
can be approximately obtained by current reconstruction method
[13]. However, for thermal stress, there is no general method that
can balance the accuracy and rapidity of calculation.

Thermal stress calculation is generally realized by a simpli-
fied one-dimensional (1-D) thermal network model. [14] This
method can simulate the thermal behavior of a single capacitor
in natural heat dissipation. However, in this way, it is not able
to cope with different cooling conditions, neither it is capable
of handling capacitor bank with multiheat source coupling in
practical applications.

To solve this problem, a finite-element method (FEM) based
on numerical calculation is proposed and developed. [15] This
method subdivides the target system into smaller parts by space
discretization, and then turns each finite element into a series
of algebraic equations over the given boundary, finally the
whole system is modeled by assembling all the parts. In this
way, the temperature distribution over the whole region can be
obtained. However, FEM requires a high amount of calculation.
A more accurate result often requires more time consumption.
Therefore, it is difficult to track temperature change by applying
this method in a long-time scale mission profile. Given the above,
for thermal stress analysis, there is an urgent need of finding a
compromise between the calculation accuracy and efficiency.

Wang [2] paid attention to the problem of uneven temperature
distribution in the multicapacitor bank and proposed thermal
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state-space modeling, which considered the thermal coupling
between individuals that is neglected by conventional thermal
network method. Nevertheless, it could not fully model the
coupling between thermal field and fluid field, and did not
involve the influence of aging in the heat production.

Based on this, an analytical thermal modeling method of
capacitor bank with high temporal and spatial resolution is
proposed in this article. On the spatial scale, the thermody-
namic state-space modeling is improved. The thermal coupling
between capacitors and the coupling between thermal field and
fluid field are characterized by physical heat transfer model. On
the time scale, the effect of degradation on the electrothermal
behavior inside the capacitor is characterized by the equivalent
series resistance (ESR) aging model. Consequently, this method
can be incorporated into current reliability evaluation process,
with the aging state and mission profile of capacitors being up-
dated iteratively to extract the hot-spot temperature. The results
obtained will be more consistent with reality. In addition, the
proposed method can offer a reference guide to the capacitor
bank design and solve the problem of premature aging caused
by uneven temperature distribution.

The rest of this article is arranged as follows: Section II
presents the current reliability evaluation system and thermal
stress calculation method. In Section III, a high-resolution ana-
lytical thermal modeling method of capacitor bank considering
the thermal coupling between capacitors, the coupling between
thermal and fluid fields as well as capacitor aging is presented.
In Section IV, the effectiveness of the method is verified by
experiments, and the superiority of the method is shown in
comparison with FEM simulation and other analytical methods.
In Section V, a new capacitor arrangement design is proposed
to alleviate the uneven temperature distribution and verified by
experiments. Finally, Section VI concludes this article.

II. RELIABILITY EVALUATION METHOD AND THE THERMAL

MODELING REQUIREMENTS OF CAPACITOR BANK

This section introduces the state-of-the-art capacitor reliabil-
ity evaluation method and summarizes the requirements when
realizing electrothermal stress analysis of capacitor bank by
clarifying the pros and cons of the conventional methods.

A. Capacitor Reliability Evaluation Method

A lot of research has been carried out on lifetime predic-
tion and reliability evaluation of capacitors and many effective
theories are thus pushed forward [16], [17], [18], [19]. Among
them, the reliability evaluation method considering variable
stress condition and ESR aging shows the most consistency with
the failure characteristics of capacitors under practical operating
conditions [20].

According to the aging failure mechanisms of capacitors,
thermal stress is the key factor affecting the lifetime. Under
constant stress, the lifetime model [1] can be expressed as

L = LN

(
U

UN

)−n

2
TN−Ths

α (1)

Fig. 1. 1-D simplified thermal model of capacitors.

where L and LN are the lifetime under the practical operating
condition and rated condition, respectively. U and UN are the
voltage at the practical operating condition and rated condition,
respectively. Ths and TN are the temperatures at the hot spot and
rated condition, respectively. n and α are the voltage coefficient
and temperature coefficient which can be measured by the
accelerated aging test.

However, in practical industrial applications, the external and
internal stresses of capacitor bank are constantly changing. The
change of external stress includes environmental temperature,
humidity, load, etc., while the internal change mainly includes
the increase of actual electrothermal stress caused by ESR
aging. According to the aging characteristics, the aging model
of capacitor can be expressed as [21], [22]

ESR(t) = ESR(0) · exp
[
(D(0) ·

∫ t

0

2
Ths(t)

α dt

]
(2)

where ESR (0) is the initial value of ESR without aging, D (0) is
the initial value of aging coefficient independent of temperature
and α is the temperature coefficient. These coefficients can also
be measured by the accelerated aging test.

Subsequently, the reliability evaluation method in [20] quan-
tifies the influence of ESR aging and varying stress mission
profile on reliability through iterative calculation, and finally
determines component failure through accumulative damage. It
should be noted that the evaluation result depends on the calcu-
lation accuracy of thermal stress, in the meantime, calculating
accumulative damage in different periods of life cycle requires
high speed.

B. Conventional Thermal Stress Calculation Method

Conventional thermal stress calculation methods can be di-
vided into two categories: 1-D thermal network model and finite
element simulation. [14], [15]

The 1-D thermal network model simulates the heat transfer
process of capacitor through the thermal resistance provided
by the datasheet [23], [28], as shown in Fig. 1, which can be
expressed as

Ths = Ta + Ploss(Rth−hc +Rth−ca)

Ploss =
N∑
i

[ESR(fi)× I2rms(fi)]

ESR(fi) = Rs +
tan δ0
2πfi · C (3)
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where Ths is the hot-spot temperature, Ta is the ambient temper-
ature, Rth-hc is the thermal resistance from hotspot to case, and
Rth-ca is the thermal resistance from case to ambient. Irms(fi)
is the root-mean-square (rms) capacitor current at specified fre-
quency fi. N represents the Nth harmonic current, Rs represents
the sum of all ohmic resistances inside the capacitor, tanδ0
represents the dielectric dissipation factor [23].

Experimental results show that this method is suitable for a
single capacitor when the cooling condition is strictly limited
to natural heat dissipation. However, in industrial applications,
capacitors are always connected in series and parallel in a
capacitor bank. Hence, when there is heat exchange between
each capacitor, this simple method is no longer applicable, let
alone in the other occasions where forced air cooling is adopted.

Correspondingly, as is known, FEM is very suitable for solv-
ing the coupling problem of multiphysical fields through massive
numerical calculation. By applying FEM simulation, the accu-
rate temperature distribution of the capacitor bank under given
working condition and its aging state can be obtained. How-
ever, this method costs heavily the calculation time to ensure
accuracy. In some circumstances, it can take hours to complete
a simulation, which seems not realistic to fulfill a long-time
scale simulation of hot-spot temperature under varying stress
condition and aging stages. Judging from above, it is hard to
meet the need of an entire reliability evaluation process through
FEM, considering mission profile and ESR aging.

C. Thermal Modeling Requirements of Capacitor Bank

To sum up, it is required a set of universal methods for
capacitor bank thermal modeling, which can be used to obtain
the hot-spot temperature distribution no matter what kind of
arrangement, what cooling mode or what aging state. At the same
time, it is necessary to improve the calculation efficiency on the
premise of ensuring its accuracy, which means an acceptable
fault tolerance.

III. UNIVERSAL ANALYTICAL THERMAL MODELING METHOD

In this section, an improved thermal stress calculation method,
with high temporal and spatial resolution, is proposed for capac-
itor bank based on thermodynamic state-space modeling. It is
committed to satisfying the modeling requirements mentioned
in Section II, guaranteeing a good compromise between the
accuracy and efficiency of the thermal stress analysis.

A. Improved Thermodynamic State-Space Modeling

According to the basic law of heat transfer, supposing that
the temperature at two points a and b in space is Ta and Tb

respectively, and the heat flow between the two is Ploss. The
thermal resistance between a and b can be defined as Rth,ab

Rth,ab =
Ta − Tb

Ploss
. (4)

A state-space modeling method has been proposed consid-
ering multi-heat source and time-varying non-linear coupling
thermal resistance in a multicapacitor bank [2]. For capacitor
i, the energy balance equation can be established at the case

temperature node

Cth,i
dTc,i

dt
=

n∑
j=1,j �=i

1

Rth,ij
(Tc,j−Tc,i)+Ploss,i (i = 1, . . . , n)

(5)
where Ploss,i represents the power loss injection related to the
node. Tc,i represents the case temperature. Rth,ij represents the
thermal resistance between cases. Cth,i represents the equivalent
thermal capacitance of the node.

When case temperature variation is equal to zero, the energy
balance is reached. Then the hot-spot temperature can be calcu-
lated using the thermal resistance from the case to the hot spot
provided in the datasheet.

To some extent, this method overcomes the difficulty in
calculating the hot-spot temperature when there exists mul-
tiheat source coupling, which is not covered in 1-D thermal
network model. However, the test results show that there is
still a significant gap between the simulated temperature and
the actual temperature. That is because the characterization of
coupling thermal resistance is too simplified, resulting in a low
spatial resolution. Further, such coupling analysis still has some
restrictions, making it less sufficient to be applied in thermal
analysis with more complex cooling conditions.

Therefore, in this article, the state-space modeling process is
firstly updated, adding a supplement as the heat transfer from
the case to the ambience far from the surface in the original
equation. The improved model is shown as

Cth,i
dTc,i

dt
=

n∑
j=1,j �=i

1

Rth,ij
(Tc,j − Tc,i)

+
1

Rth,ia
(Ta − Tc,i) + Ploss,i(t)

(i = 1, . . . , n) (6)

where Ta is ambient temperature and Rth,ia is thermal resistance
from case to ambience far from the surface. For the capacitor
bank with n order differential equations, the thermal dynamics
of the case temperature can be expressed with a matrix repre-
sentation

Cth
dT c

dt
= AT +BP (t) (7)

where T represents the temperature matrix consist of case tem-
perature matrix Tc and ambient temperature Ta, P(t) represents
varying power loss injection considering aging effect which can
be obtained by iterating the ESR aging according to (2) and
(3), A represent the thermal resistance matrix, B represent the
system matrix and Cth represents the equivalent thermal capac-
itance matrix, which is ignored for the steady state temperature
estimation.

In thermal resistance matrix A, Rth,ij is the coupling thermal
resistance between capacitors, Rth,ia is the self-heating thermal
resistance from the case i to ambience far from the surface. The
hot-spot temperature distribution of the capacitor bank can be
derived as

Ths,i = Tc,i +Rth,hc,iPloss,i(t) (9)
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Fig. 2. Analytical thermal model of capacitor bank with thermal coupling. (a)
Capacitor bank. (b) Adjacent two capacitors.

where Rth,hc,i is the thermal resistance from the hot-spot to case
i and Ths,i is the hot-spot temperature of the capacitor i. The
major challenge is to identify the thermal matrix A in (8) shown
at the bottom of this page, for different capacitor bank layouts
and heat dissipation conditions, of which the characterization is
clarified in the following parts, to raise the spatial resolution.

In addition, this model takes into account the thermal energy
variation caused by the increase of capacitor ESR in long-term
operation, which allows not only to calculate the steady-state
hot-spot temperature in short-time scale, but also to track the dy-
namic change of hot-spot temperature in long time scale, where
a significant improvement is seen in the temporal resolution.

This model is shown in Fig. 2, where the black blocks indicate
the thermal resistance from hot spot to case, the white blocks
indicate the thermal resistance from case to ambient far from the
surface and the grey blocks indicate coupling thermal resistance
between adjacent two capacitors.

Fig. 3. Description of coupling view factor between capacitors.

B. Characterization of Coupling Thermal Resistance

According to the basic principles of heat transfer [24], the
coupling thermal resistance between capacitors consists of con-
duction and radiation thermal resistance as shown in Fig. 2.

Conduction thermal resistance can be expressed as

Rcoup,cond,ij =
Le

kAFij
(10)

where Le is the equivalent heat conduction distance. k is the
thermal conductivity of air. A is the heat transfer surface area
of individual capacitor. Fij is the coupling view factor between
capacitors, which can be written as [25]. For capacitors, the
shape is generally cylindrical and Fij can be expressed as (11),
which is shown in Fig. 3

Fij=
1

2π

(
π+

(
C2 − (R+ 1)2

)1/2

−
(
C2 − (R− 1)2

)1/2
)

+(R− 1) arccos

(
R

C
− 1

C

)
−(R+ 1) arccos

(
R

C
+

1

C

)
(11)

where R = ri/rj, S = Le/ri, C = 1 + R + S.
The radiation thermal resistance between any two gray, dif-

fuse, opaque surfaces that form an enclosure is given by

Rcoup,rad,ij =

1−εi
Aiεi

+ 1
AiFij

+
1−εj
Ajεj

σ(T 2
i + T 2

j )(Ti + Tj)
(12)

where ε is the emissivity of the surface material. σ =
5.670 × 10−8 W/m2·K4 is the Stephan–Boltzman constant.

A =

⎡
⎢⎢⎢⎣

−∑n
j=2

1
Rth,ij

− 1
Rth,1a

1
Rth,12

. . . 1
Rth,1n

1
Rth,1a

1
Rth,21

−∑n
j=1,j �=2

1
Rth,ij

− 1
Rth,ia

. . . 1
Rth,2n

1
Rth,2a

. . . . . . . . . . . . . . .
1

Rth,n1

1
Rth,n2

. . . −∑n−1
j=1

1
Rth,ij

− 1
Rth,na

1
Rth,na

⎤
⎥⎥⎥⎦

T =

⎡
⎢⎢⎢⎢⎣

Tc,1

Tc,2

. . .
Tc,n

Ta

⎤
⎥⎥⎥⎥⎦ P (t) =

⎡
⎢⎢⎣

Ploss,1(t)
Ploss,2(t)

. . .
Ploss,n(t)

⎤
⎥⎥⎦ B =

⎡
⎢⎢⎣

1 0 . . . 0
0 1 . . . 0
. . . . . . . . . . . .
0 0 0 1

⎤
⎥⎥⎦ (8)
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C. Characterization of Thermal Resistance From Case to
Ambience Far From the Surface

According to the basic principles of heat transfer [24], the
thermal resistance from case to ambience far from the surface
consists of convection and radiation thermal resistance as shown
in Fig. 2.

The convection thermal resistance between case i and ambi-
ence far from the surface can be expressed as

Rconv,ia =
1

hA
(13)

where h is the convection heat transfer coefficient, which can be
written as

h = Nu
k

Lc
(14)

where Nu is the Nusselt number and Lc is the characteristic
length of the geometry. Flows across cylinders, in general,
involve flow separation, which is difficult to handle analytically.
Therefore, such flows must be studied experimentally or numer-
ically. This article has compared different empirical correlations
and adopted the highest accuracy one.

For natural cooling, Nu can be expressed as [24]

Nu =

⎧⎪⎨
⎪⎩0.825 +

0.387Ra1/6D[
1 +

(
0.492

Pr

)9/16]8/27
⎫⎪⎬
⎪⎭

2

(15)

where RaD is the Rayleigh number and Pr is the Prandtl number

RaD =
gβ(Ts − T∞)L3

c

ν2
Pr (16)

where β is the coefficient of volume expansion (β = 1/T for
ideal gases), ν = μ/ρ is the kinematic viscosity of the fluid (ρ
is the density of the fluid and μ is the dynamic viscosity of the
fluid), Ts is the temperature of the surface, T� is the temperature
of the fluid sufficiently far from the surface.

For forced air cooling, Nu can be expressed as [24]

Nu = 0.3 +
0.62Re

1/2
L Pr1/3[

1 +
(
0.4
Pr

)2/3]1/4
[
1 +

(
ReL

282000

)5/8
]4/5

(17)
where ReL is the Reynolds number. The critical Reynolds num-
ber for flow across a circular cylinder is about Recr = 2 × 105.
That is, the boundary layer remains laminar for about ReL <
2 × 105 and becomes turbulent for ReL > 2 × 105

ReL =
V Lc

ν
(18)

where V is the maximum velocity that occurs within the tube
bank.

The radiation thermal resistance between case i and ambience
far from the surface is given by

Rrad,ia =
1

σεA(T 2
i + T 2

a )(Ti + Ta)
. (19)

The parameters of Prandtl number (Pr), kinematic viscosity
(ν), thermal conductivity (k), density (ρ), and dynamic viscosity

Fig. 4. Capacitor accelerated lifetime test results. (a) ESR aging curve.
(b) Hot-spot temperature curve of 12#.

(μ) are the properties of air at 1 atm pressure, which can be
obtained from [24].

D. Effect of Aging on Thermal Field

According to the aging failure mechanism of capacitor, the
self-healing breakdown and electrochemical corrosion inside the
capacitor accumulate continuously. This results in an exponen-
tial increment in ESR, as is tested in an accelerated lifetime
experiment, shown in Fig. 4(a) [26]. The aging model can be
expressed as (2). The influence of ESR aging on capacitor
temperature is shown in Fig. 4(b).

According to the power loss model, the ESR increase cause
by aging can affect the hot spot temperature under specific
operating condition by increasing the heat production. This
influence mechanism is incorporated with the updated thermal
modeling process by iterative operation, which can effectively
improve the accuracy of hot-spot temperature prediction in a
long-time scale.

E. Universal Analytical Thermal Modeling Process

To derive the steady-state temperature distribution of capac-
itor bank, a flowchart based on the state-space thermal model
is provided as shown in Fig. 5. For given operating condition,
power loss can be obtained through heat production modeling
which contains aging model and power loss model. Then, the
layout of the capacitor bank, the physical characteristics of an
individual capacitor, and the fluid properties are initialized. Next,
the thermal resistance matrix A can be established in specific
layout and heat dissipation mode through heat transfer modeling,
which consists of thermal coupling analysis and heat dissipation
analysis.

After several iterations, the case temperature and hot-spot
temperature will stabilize, and then the initial steady-state
temperature distribution can be obtained. For long-time scale
thermal modeling, the ESR increment caused by aging is also
included in this iterative modeling process, through which the
steady-state temperature distribution at any aging state can be
estimated.

IV. CASE STUDY

In order to experimentally verify the validity of the proposed
high-resolution analytical thermal modeling method, a capacitor
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Fig. 5. Flowchart of updated thermal modeling process.

TABLE I
SPECIFICATIONS OF SINGLE CAPACITOR [27]

bank composed of nine single ones in which the thermocouples
are buried in advance, used for temperature extraction. The
specifications of single capacitor SRH-2000-6.8-B are given in
Table I [27], where D is the diameter of capacitors, H is the height
of the capacitors, ST is the transverse distance between two
adjacent capacitors and SL is the longitudinal distance between
two adjacent capacitors.

A. Experimental Platform

Nine capacitors are arranged as shown in Fig. 6. A
1600 Hz/20 A current is injected into the capacitor bank by
a programable ac source (model AYF1307026 from ACTION)
during the experiment. The ambient temperature is 23 °C. The
fan provides adjustable wind speed and the maximum air veloc-
ity that occurs within the capacitor bank is 1 m/s. Fig. 7(a) and
(b) shows the thermal images of capacitor bank under different
cooling conditions by infrared camera.

Fig. 6. Experimental platform of in-line design capacitor bank.

Fig. 7. Experimental results and FEM simulation results of in-line design.
(a) Thermal images under natural cooling. (b) Thermal images under forced
air cooling. (c) FEM simulation results of temperature distribution under natural
cooling. (d) FEM simulation results of temperature distribution under forced air
cooling.

B. Finite-Element Simulation

In order to prove the superiority of the proposed model, finite
element simulation result is provided as a reference. In the soft-
ware, the 3-D geometry of capacitors, and spatial arrangement
of the bank are well defined referring to the actual dimension in
Table I. The size of the rectangular wind channel is set to 0.25,
0.18, and 0.45 m in accordance with the width, height and depth;
the inlet air velocity is set to 0.5 m/s and at the outlet and the
normal stress is equal the outlet pressure; at all solid surfaces,
the velocity is set to zero in all three spatial directions. In the
steady thermal-fluid finite element model, the capacitor bank is
set to heat transfer in solids, and the fluid channel is set to heat
transfer in fluids, laminar flow.

The temperature distribution under natural cooling and forced
air cooling obtained by FEM is shown in Fig. 7(c) and (d).
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TABLE II
MEASURED PROPERTY OF AIR AT 1 ATM PRESSURE, 25 °C [24]

TABLE III
THE COMPARISON OF THE THERMAL SIMULATION METHODS

TABLE IV
RESULTS COMPARISON UNDER NATURAL COOLING, IN-LINE DESIGN (°C)

TABLE V
RESULTS COMPARISON UNDER FORCED AIR COOLING, IN-LINE DESIGN (°C)

C. Model Verification

Assuming the capacitor bank is at standard atmospheric pres-
sure, the property of air is given in Table II.

For natural cooling, the hot-spot temperature of each individ-
ual capacitor at different positions, is collected by experiment as
shown in Appendix, Table IV. Parallelly, the hot-spot tempera-
ture simulation results obtained by FEM, 1-D simplified thermal
network, thermal modeling method in [2] and proposed method
are provided for comparison, as shown in Fig. 8.

For forced air cooling, the proposed thermal modeling method
can also be applyed to obtain the hot-spot temperature, while
neither of the conventional two methods can.Tests were carried
out at different wind speeds, and the test results of 0.5 m/s
are presented in Appendix, Table V and Fig. 9 as an example,
compared with the experimental results and the FEM simulation
results.

Fig. 8. Comparison of hot-spot temperature estimation results of in-line
design among FEM, 1-D thermal network, thermal modeling method in [2]
and proposed method under natural cooling. (a) Bar chart of result comparison.
(b) Error analysis.

The error analysis of different methods in the two cooling
modes is shown in Figs. 8(b) and 9(b). Obviously, by FEM
simulation and the proposed thermal modeling method, the error
is close to less than 5% under natural cooling. The accuracy is
higher than the conventional two analytical thermal modeling
methods and this meets better the demand of industrial applica-
tions. In addition, the proposed thermal modeling method fully
considers the coupling mode of thermal field and fluid field
under different heat dissipation conditions, and the application
range of this method is extended. Under forced air cooling, as is
shown in Fig. 9(b), the error is still less than 5%. In summary,
the proposed thermal modeling method greatly improves the
calculation speed in contrast with FEM and still keeps a good
level of accuracy. Compared with the simulation time of more
than 10 min for FEM, the proposed model only needs 3 s. This
will greatly contribute to the reliability evaluation process.

V. DESIGN OPTIMIZATION OF CAPACITOR BANK

Under natural cooling, for the in-line designed capacitor bank,
as mentioned previously in Section IV, the temperature distribu-
tion is heavily uneven. The hot-spot temperature of the central
capacitor is much higher than that of the others. Such distribu-
tion is brought by different coupling effects on each individual
capacitor. For capacitor banks serving in long-term, this uneven
temperature distribution will lead to premature aging failure of
the high-temperature ones, and then affect the reliability of the
whole bank. In order to solve this problem, a new arrangement
for capacitor bank is discussed in this section, in an attempt to
reduce the temperature difference between individuals without
changing the cooling mode or device dimension.
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Fig. 9. Comparison of hot-spot temperature estimation result of in-line design
among FEM, and proposed method under forced air cooling. (a) Bar chart of
result comparison. (b) Error analysis.

Fig. 10. Experimental platform of staggered design capacitor bank.

A. Staggered Arrangement

The new arrangement is staggered arrangement, as shown in
Fig. 10. In this way, the adjacent capacitors of the middle one is
changed from position 4 to 6, thus the heat dissipation condition
is improved.

B. Simulation and Experimental Results

According to (10)–(19), the thermal resistance network of the
new design is updated, then the modeling methods mentioned
before are performed to derive the temperatures. Using the same
experimental platform in Section IV, temperature extraction of
the staggered capacitor bank is completed under the same operat-
ing condition. Fig. 11(a) and (b) shows the thermal images of ca-
pacitor bank under different cooling conditions in the staggered
arrangement by infrared camera. The temperature distribution

Fig. 11. Experimental results and FEM simulation results of staggered design.
(a) Thermal images under natural cooling. (b) Thermal images under forced
air cooling. (c) FEM simulation results of temperature distribution under natural
cooling. (d) FEM simulation results of temperature distribution under forced air
cooling.

TABLE VI
RESULTS COMPARISON UNDER NATURAL COOLING, STAGGERED DESIGN (°C)

under natural cooling and forced air cooling obtained by FEM
is shown in Fig. 11(c) and (d).

For natural cooling, hot-spot temperature data is collected as
shown in Appendix, Table VI, still comparing FEM simulation,
1-D simplified thermal network, proposed thermal modeling
method, and experimental results.

In this case, the average error of proposed method is less than
4%, staying at the same level with that of FEM. Corresponding
bar chart and error analysis are presented in Fig. 12.

Furthermore, a comparison of temperature distribution re-
garding capacitor position is also shown in Fig. 13 between
in-line arrangement and staggered arrangement under natural
cooling. It is worth noting that, the average temperature and
temperature fluctuation in staggered arrangement is relatively
small, which is much lower than that of in-line arrangement
capacitor bank under the same working condition.

The reliability curves of capacitor in middle and corner
position, utilizing the proposed thermal modeling process in
Section III are drawn in Fig. 14 by means of the reliability evalua-
tion method proposed in article [20]. It reveals that the staggered
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Fig. 12. Comparison of hot-spot temperature estimation result of staggered
arrangement among FEM, 1-D thermal network and proposed method under
natural cooling. (a) Bar chart of result comparison. (b) Error analysis.

Fig. 13. Temperature distribution of the two design methods under natural
cooling.

Fig. 14. Reliability curves of capacitors at two positions under different
arrangement methods. (a) Middle position. (b) Corner position.

capacitor bank design is more efficient in heat dissipation and
this could effectively improve the reliability of capacitors.

For forced air cooling, tests were carried out at different wind
speeds. And the test results of 0.5m/s are similarly arranged in
Appendix, Table VII and Fig. 15 as an example, relating to FEM
simulation, the proposed method and experimental results.

The comparison between two design methods under this con-
dition is also prepared in Fig. 16. It can be noticed that the tem-
perature distribution of staggered bank design under forced air
cooling do not show much difference with in-line arrangement.

TABLE VII
RESULT COMPARISON UNDER FORCED AIR COOLING, STAGGERED DESIGN

(°C)

Fig. 15. Comparison of hot-spot temperature estimation result of staggered
arrangement among FEM, conventional method and proposed model under
forced air cooling. (a) Bar chart of result comparison. (b) Error analysis.

Fig. 16. Temperature distribution of the two design methods under forced air
cooling.

C. Discussion

According to the experimental results of the different arranged
capacitor banks under different heat dissipation conditions, a
comprehensive performance comparison between the proposed
method, 1-D thermal network, FEM, and other existing methods
is given in Table III. Obviously, the proposed method has good
performance in terms of accuracy, applicability and computa-
tional burden.
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A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.0963 0.0166 0 0.0166 0 0 0 0 0 0.0631
0.0166 −0.0960 0.0166 0 0.0166 0 0 0 0 0.0462

0 0.0166 −0.0963 0 0 0.0166 0 0 0 0.0631
0.0166 0 0 −0.0960 0.0166 0 0.0166 0 0 0.0462

0 0.0166 0 0.0166 −0.0960 0.0166 0 0.0166 0 0.0292
0 0 0.0166 0 0.0166 −0.0960 0 0 0.0166 0.0462
0 0 0 0.0166 0 0 −0.0963 0.0166 0 0.0631
0 0 0 0 0.0166 0 0.01660 −0.0960 0.0166 0.0462
0 0 0 0 0 0.0166 0 0.0166 −0.0963 0.0631

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A3)

VI. CONCLUSION

Due to the surging demand for high-resolution thermal anal-
ysis of capacitor banks in industrial applications, an analytical
thermal modeling method considering complex cooling modes
and device aging is proposed. The main conclusions are as
follows.

1) The proposed improved thermal state-space modeling
method, which offers better spatial and temporal reso-
lution, can be used universally to describe the thermal
behavior of multiheat source system under various heat
dissipation modes.

2) The proposed thermal modeling method greatly improves
the calculation speed on the premise of keeping the accu-
racy at a similar level to FEM simulation.

3) The proposed staggered arrangement prominently allevi-
ates the uneven temperature distribution of conventional
in-line arrangement of capacitor bank, guaranteeing the
device reliability in long-term operation.

APPENDIX

1) Derivation Details of the Coupling Thermal Resistance
Rth,ij

Rth,ij consists of Rcoup,cond,ij and Rcoup,rad,ij. For different
cooling modes, the derivation methods of the Rth,ij are the same.

Rth,ij =
1

1
Rcoup,cond,ij

+ 1
Rcoup,rad,ij

. (A1)

The derivation process of Rcoup,cond,ij and Rcoup,rad,ij are
expressed as (10)–(12).

2) Derivation Details of the Thermal Resistance From Case
to Ambience Rth, ia

Rth,ia consists of Rconv,ia and Rrad,ia. For different cooling
modes, the derivation methods of the Rrad, ia are the same. But
the derivation methods of the Rconv, ia, are different.

Rth,ia =
1

1
Rconv,ia

+ 1
Rrad,ia

. (A2)

The derivation process of Rconv, ia and Rrad, ia are expressed
as (13)–(19).

3) Derivation Details of the Thermal Resistance Matrix A
After obtaining all the thermal parameters, the thermal re-

sistance matrix A can be expressed as (8). Taking the in-line
arrangement capacitor bank under natural cooling condition as
an example, the A can be solved as (A-3) shown at the top of
this page.

Then, the steady-state case temperature distribution can be
solved by energy balance (7), letting dTc/dt = 0.
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