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Analytical Thermal Modeling and Arrangement
Optimization Design Method for Hybrid Capacitor
Banks Considering Thermal Transient and PCB
Mounting Modes

Weiwei Wang

Abstract—Accurate and rapid thermal distribution acquisition is
essential for the reliability assessment and enhancement of hybrid
capacitor banks (HCBs). Current thermal models lack transient
temperature estimation capability and do not account for effects of
capacitor types and printed circuit board (PCB) mounting modes,
which increases errors in estimating HCB temperature and life-
time. Therefore, this article proposes a transient analytical thermal
modeling method for HCBs. First, the equivalent thermal capac-
itance is incorporated into the steady-state state-space equations,
enabling the model to describe transient thermal processes. Sub-
sequently, shape-specific factors are incorporated into the thermal
model to characterize the thermal coupling relationships between
different types of capacitors. Furthermore, PCB mounting is inte-
grated into the thermal model, enhancing its applicability to oper-
ational conditions. Finally, a staggered arrangement optimization
design method for uniform thermal distribution is proposed, which
mitigates premature aging caused by temperature imbalances. It is
verified that the proposed thermal model reduces the temperature
error to less than 5%, and the proposed optimal arrangement
design method increases the lifetime of the E-cap by 12.1%.

Index Terms—Arrangement optimization, hybrid capacitors
bank (HCB), printed circuit board (PCB), reliability, thermal
network model.

1. INTRODUCTION

IGH power converters have been widely used in energy
H conversion systems such as renewable energy generation
[1], [2], electric vehicles [3], and railways [4]. In these con-
verters, an individual capacitor in the dc-link is insufficient
to effectively filter voltage ripple, balance input-output power
transients, and maintain stable bus voltage. Therefore, capaci-
tor banks consisting of multiple capacitors connected in series
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and/or parallel configurations have been proposed for the dc-link
[5], [6]. Today, capacitor banks are generally categorized into
two types, that is, homogeneous electrolytic capacitor banks and
hybrid capacitor banks (HCBs). HCBs are composed of multiple
types of capacitor (e.g., electrolytic and film capacitors) and
offer more advantages than electrolytic capacitor banks, such as
highly stable capacitance (exhibiting only 1% variation within
the 1 MHz range [7]), high power density, wide operational
frequency band, and low cost [8], [9], [10]. However, HCBs are
failure-prone under thermal stress, leading to reduced system
reliability. Improving the reliability of HCBs through monitor-
ing, assessment, and thermal analysis, as well as optimizing
their arrangement design is a significant research topic that has
attracted increasing attention in high-power conversion [11],
[12], [13], [14], [15].

Electrical and thermal stress analysis is critical for precisely
assessing the reliability of HCBs [4], [16]. In fact, electrical
stress is readily quantified via the ripple current root mean
square (RMS) value [17]. However, compared with electrolytic
capacitor banks, effective methods for rapid and precise cal-
culation of thermal stress in HCBs are still lacking. Moreover,
thermal analysis in HCBs is more complex than in traditional
banks because disparate power losses arise from different types
of capacitors, combined with thermal coupling among multiple
uneven heat sources. In addition, modeling HCB thermal stress
cannot be treated as a linear superposition of individual capacitor
effects. Furthermore, variations in cooling conditions, capaci-
tor types, and packaging geometries result in complex uneven
heat distribution, which leads to differential degradation rates
among capacitors, and this uneven heat distribution adversely
affect thermal stress. Therefore, it is significant to accurately
and rapidly analyze the thermal distribution for assessing the
reliability of HCBs.

Currently, the main methods for analyzing the thermal distri-
bution of capacitor banks are the direct temperature measure-
ment method [18], [19], the finite-element method (FEM) [20],
[21], and the thermal network model method [9], [13]. The direct
temperature measurement method is more accurate than other
methods and can capture real-time features by using testing
devices such as thermocouples and infrared thermal cameras.
However, this method increases testing costs and intrusively
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modifies capacitor packaging. The FEM is applied to capacitor
banks, using simulation software such as COMSOL or ANSYS,
to obtain temperature distributions. Although the FEM provides
high accuracy in thermal simulations, it is often computationally
expensive [22], [23]. To address this limitation, model order
reduction (MOR) techniques have been developed. In power
electronics applications, MOR techniques compress high-order,
strongly coupled models into low-dimensional surrogate models
to enable fast analysis and embedded implementation [24],
[25], [26]. For thermal estimation of power devices, the FEM
is often combined with MOR to achieve computationally ef-
ficient and accurate simulations [27], [28]. For instance, the
snapshot-based proper orthogonal decomposition method pre-
sented in [27] transforms a three-dimensional FEM model into
a circuit-compatible multidomain thermal network, achieving
less than 5% temperature error compared with transient FEM
while greatly improving computation speed. In [28] projection
or moment-matching techniques are employed to reduce the
degrees of freedom by several orders of magnitude, thereby
enabling real-time virtual thermal sensing. However, most of
the aforementioned applications remain focused on the device
level. At the system level, variations in operating conditions
necessitate reconstructing the reduced-order matrices for new
state, as the previously reduced model cannot be directly reused
[29]. This process introduces substantial additional compu-
tational overhead. Furthermore, many FEM simulation tools
lack precise circuit models [30], limiting their applicability for
electro—thermal analysis in system-level reliability assessment
of capacitor banks. Therefore, a thermal estimation method-
ology is needed that simultaneously ensures high accuracy,
computational efficiency, and electro—thermal-aging coupling
capability [16].

The thermal network modeling approach can be seamlessly
integrated with circuit simulators, providing a rapid, non-
invasive temperature estimation suitable for many application
fields [4], [7], [16], [31], [32], [33], [34], [35]. In [4], [7], [16],
and [31], thermal models are presented to rapidly and accurately
estimate capacitor core temperatures for reliability assessment
under mission profiles. In physics-of-failure-based online con-
dition monitoring [32], thermal models provide real-time tem-
perature estimation data to capacitor degradation models for
state-of-health estimation. In [34], the thermal stress of superca-
pacitors in MMC systems is optimized using a designed thermal
model. In [35], the thermal stress is used as part of a battery—
supercapacitor thermal management control strategy. However,
traditional models based on simplified one-dimensional ther-
mal networks are unable to accurately characterize the thermal
coupling in electrolytic capacitor banks due to neglecting the
thermal resistance coupling among capacitors [22], [36].

In order to accurately characterize the thermal coupling distri-
bution of homogeneous electrolytic capacitor banks, Wang and
H. Wang [22] proposed a state-space analytical thermal model
that improves temperature estimation accuracy by considering
the thermal resistance coupling among capacitors. However,
it cannot accurately estimate the thermal distribution of an
electrolytic capacitor bank under varying cooling conditions.
To address this limitation, Lv et al. [23] proposed an analytical
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thermal model that incorporates electrolytic capacitor aging and
thermal—fluid field coupling between the capacitors and the
external environment. This model is capable of calculating the
thermal distribution of capacitor banks under both cooling and
aging conditions.

Capacitors are surface-mounted on PCB substrates, therefore
neglecting PCB thermal coupling in thermal models may in-
troduce significant estimation inaccuracies [22]. However, few
prior studies have considered this critical factor.

Today, most research predominantly focuses on steady-state
thermal modeling of capacitor banks, and no comprehensive
analytical framework for transient thermal processes currently
exists. In power electronic converters with continuous load
transients, thermal stress on capacitors is elevated, and analyzing
transient performance becomes essential. The thermal model
proposed in [37] considers capacitor temperature dynamics,
facilitating reliability-oriented capacitor bank design. However,
the coupling effect between capacitors must be further consid-
ered to improve the accuracy of thermal estimation. In summary,
some results have been reported on thermal modeling of elec-
trolytic capacitor banks, whereas few studies have addressed
HCB:s.

In addition, effective thermal matching design is an important
prerequisite for improving capacitor bank reliability. Usually,
the capacitor bank is arranged in-line, which causes severe
uneven temperature distribution among capacitors, leading to
rapid aging and premature failure of individual units. To solve
this problem, a thermal matching method is proposed in [22]
that equalizes thermal stress across the capacitor bank by ad-
justing capacitance and loads. This approach does not alter the
arrangement topology but relies on selecting capacitor thermal
lifetime characteristics or adjusting loads, which increases com-
plexity. A staggered arrangement for homogeneous electrolytic
capacitor banks is proposed in [23], which reduces temperature
differences among capacitors and is relatively easy to imple-
ment. However, presents only a fixed staggered layout and lacks
a systematic design methodology applicable to other cases,
especially for HCBs. For HCBs with two different capacitor
types, the staggered arrangement offers greater design flexibil-
ity but also increased complexity due to inherent disparities
in geometric dimensions, volumetric characteristics, and loss
mechanisms between the heterogeneous capacitors. In general,
optimizing the staggered layout is essential for enhancing the op-
erational reliability of HCBs, and this issue is investigated in this
article.

To characterize thermal distributions and mitigate uneven
thermal effects in HCBs, this article proposes an analytical
thermal modeling method and a layout optimization design
method. The main contributions are as follows.

1) The article derives a transient analytical thermal model
and extends the applicability of analytical thermal models
to enable thermal analysis of transient processes in HCBs.

2) A coupled thermal model of HCBs is established using
shape factor—integrated composite thermal resistance net-
works, which are applicable to capacitor banks with iden-
tical or diverse configurations under complex operating
conditions.
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Fig. 1. Capacitor structure. (a) E-cap. (b) F-cap.

3) An optimal arrangement design methodology is devel-
oped, utilizing the proposed thermal model to mitigate
capacitor aging caused by uneven temperature distribu-
tion.

The rest of this article is organized as follows: In Section II,
the reliability of HCBs is analyzed. In Section III, a transient
analytical thermal modeling method accounting for HCB het-
erogeneity and PCB mounting modes is proposed. Section IV
verifies the steady-state and transient thermal properties of the
proposed model. Section V proposes the optimal arrangement
design method for HCBs. Section VI discusses the impact of
aging effects and compares different thermal modeling and
design methods. Finally, Section VII concludes this article.

II. RELIABILITY ANALYSIS FOR HCB

To illustrate the thermal model for HCB, this section intro-
duces fundamental concepts of power loss analysis and reliabil-
ity evaluation under aging conditions.

A. Capacitor Structure

A 450 V/390 pF E-cap and a 450 V/7.5 uF F-cap, shown
in Fig. 1, are used as representative examples. The E-cap is
cylindrical external geometry, with an internal wound multilayer
structure comprising aluminum foil electrodes and an aluminum
oxide dielectric [4]. The external shape of the F-cap is hex-
ahedron, and its internal structure consists of two metalized
polypropylene dielectric films wound together. The metalized
electrode is in electrical contact with the metal spraying end to
form an external electrical circuit [20]. The different material
configurations and structural distributions of the two capacitor
types result in distinct electrical characteristics, reliability, and
thermal properties.

B. HCB Power Loss Analysis

The power loss Pj,¢s Of a capacitor is calculated using its ESR
and the RMS value of its ripple current /,.,,,5 as follows:

P = I?. _ESR; (D

rms

where ESR; is frequency-dependent resistor and the variation
of ESR is related to capacitor types. The ESR values of both
E-cap and F-cap decrease with increasing frequency, as shown
in Fig. 2.
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Fig. 2. Relationship between ESR and frequency of E-cap and F-cap.

C. HCB Reliability

During prolonged operation, internal capacitor material pa-
rameters gradually degrade, resulting in increases in both ESR
and capacitance (C), which in turn increase power dissipation
and operating temperature. The impact of capacitance aging
on power loss is mainly reflected in the I.,,5, which can be
incorporated into capacitor modeling; specific aging formulas
are detailed in [7], [38]. Due to the direct impact of ESR on
power loss, this article presents an ESR aging model.

The E-cap aging model can be expressed as [39]

ESRE—cap(0)

E —ca -
SRE p(t) 1 + D . (TE—cap(t) - Tamb)

- Ea
ot FTE-_o
e Opocap(O)e FTE e @ar )

The aging model of F-cap is different from E-cap due to the
presence of self-healing mechanisms, which can be expressed
as [7]

T; t
i F—cap ()

aF—cap

ESRE_cap(t) = ESRp_cap(0) - €' Crcap (92 NG

In the above (2) and (3), ESR(0) is the initial value of ESR.
C,(0) is the initial value of aging rate. E, is activation energy.
k is Boltzmann constant (1.38 x 10723 J/K). T.(¢) is hot spot
temperature of capacitor. Tapmp is ambient temperature. oF_cap
stands the temperature coefficient of F-cap. D is Constant. The
subscript presents x = E-cap/F-cap. The method for obtaining
all parameters is described in [32].

Lifetime models incorporating ESR aging effects correlate
degradation with core temperature, thereby improving predic-
tion accuracy [23]. A commonly used lifetime model for capac-
itors can be expressed as [8]

—n  TN-Tj o (t)

L,=Lng (U/UN) 27 ox  (x=E—cap/F — cap)

“
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where L, is the actual working lifetime, Ly, is the lifetime under
rated operating conditions, U is the actual working voltage, Uy
is the voltage under rated operating conditions, 7T is the rated
hotspot temperature, T , is the hotspot temperature, and n and
« are the voltage and temperature coefficients obtained from
accelerated aging tests.

Finally, the cumulative density function is obtained by fitting
the life curve using the Weibull distribution, which represents
the unreliability of HCBs.

The foregoing analysis shows that capacitor hotspot temper-
ature is the critical influence on ESR aging and overall HCB
reliability assessment. Therefore, accurate temperature estima-
tion is essential for thermal modeling.

III. THERMAL ANALYSIS AND ANALYTICAL THERMAL
MODELING METHOD OF HCBS

This section presents a method in which equivalent thermal
capacitance is integrated into the steady-state state-space for-
mulation, thereby enabling the proposed model to provide ana-
Iytical capability for transient thermal characterization. A shape
factor is introduced to quantify spatial relationships among ge-
ometrically heterogeneous capacitors. Furthermore, the PCB is
explicitly incorporated into the case-ambient thermal resistance
through a composite series thermal resistance representation.

A. Construction of the HCB Analytical Thermal Model

1) Analytical Thermal Network: Multiple heat sources are
present in the capacitor banks and thermal coupling resistance
between adjacent capacitors. A state-space model based on
energy conservation and heat transmission between the capacitor
case and the environment is an effective modeling approach [22].
The fundamental concept of this thermal network is based on the
electrical-thermal analogy principle, where the internal losses,
thermal resistance, thermal capacitance, and temperature of a
capacitor are represented by a current source, resistor, capacitor,
and voltage source, respectively. To enhance the model accu-
racy of HCBs, a thermal modeling method considering thermal
transients and PCB mounting configurations is developed in
this article. The proposed thermal model is illustrated using the
commonly employed series arrangement of capacitor banks as
an example.

Fig. 3(a) shows the in-line arrangement of the HCB, with
serial numbers 1-9 being E-caps and serial numbers 10—13 being
F-caps. Fig. 3(b) shows the corresponding thermal network
model of the HCB with in-line arrangement.

The heat transmission process for each capacitor consists of
three components: internal heat transfer Rj_. ; heat transfer
between case and environment R; ..., and heat transfer be-
tween adjacent capacitors R;_;. In Fig. 3(b), Ry, ; represents the
thermal resistance from hotspot to case. R; amp represents the
thermal resistance from the case to the ambient. R;_; represents
the thermal resistance of the coupling between cases i and j.

Tt denotes the ambient temperature.PIE;Swp is the power loss

of the E-cap. PY_“*® is the power loss of the F-cap. C.; is the

loss
equivalent thermal capacitance of the case. C, ; is the equivalent

thermal capacitance of the hotspot.
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Fig. 3. Hybrid capacitor bank. (a) In-line arrangement. (b) Thermal network
model for in-line arrangement.
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Fig. 4. Thermal network structure of two adjacent capacitors in HCB.

2) Transient State-Space Thermal Model: To enable the ther-
mal model to describe thermal transients, the equivalent thermal
capacitance is considered in the state-space formulation. Two
adjacent capacitors in the thermal network are used as an ex-
ample to illustrate the transient thermal equation, as shown in
Fig. 4.

The hotspot temperature T; can be obtained as follows:

T, = Tc,i + Ploss,i (t) Rh*Cvi (]' B eim) )

where T; represents the hotspot temperature. Rj,_. ; can be ob-
tained from the capacitor datasheet. Cj ; can be obtained by
fitting a first-order Foster model through finite element simula-
tion. Poss,i(#) can be obtained using (1)—(3).

The case temperature T, ; can be obtained using the transient
state-space modeling

T—cap CZI/’;CRP Tamb B TCI‘;C&P
o e P () e
dt Ri—amb

Tx—cap _ ;pr—cap
c,i

+ =
Ri,j
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(1, =1,...,13;j # 4w,y = E — cap/F —cap)  (6)

where T ; denotes the case temperature of capacitor j. C. ;
can be obtained by fitting a first-order Foster model using finite
element simulation. R;_; is related to factors such as relative
position, geometry, and surface material properties. R;_amp ac-
counts for both heat transfer through the circuit board and direct
heat transfer between the capacitor case and the environment.
Therefore, R;_; and R;_amp require further discussion, which is
provided in Sections III-B and III-C.

For the HCB with m+n order differential equations, the ther-
mal dynamics of the case temperature is represented as follows:

dT,
dt

where C. is the equivalent thermal capacitance matrix of the
cases and T, is the case temperature matrix of the capacitors. T
is the temperature matrix, which includes the case temperature
of E-cap and F-cap as well as the ambient temperature. A denotes
the thermal resistance matrix. B denotes the coefficient matrix.
Pys5(2) is the power loss matrix accounts for ESR aging effects,
which can be obtained through iterative calculations using (1),
(2), and (3). The specific expanded forms of each matrix are
provided as (8) shown at the bottom of the next page.

C.

= AT + BP) (t) (7

B. Thermal Coupling Process Between Adjacent Capacitors

The coupling thermal resistance R;_; between adjacent ca-
pacitors is modeled as the parallel combination of radiation
resistance R,,q,;-; and conduction resistance Rcond, i-;j-

1) Closed Radiative Heat Transfer Between Two Surfaces
(Ryqq,i-j): Each capacitor surface is assumed to behave as an
opaque, diffuse, gray body. The two adjacent capacitor surfaces
are treated as a closed system, with the net radiative heat transfer
between them taken as the primary quantity of interest.

This heat transfer is primarily governed by three thermal
resistances: Rgur, 1; Rspa,i-j; and Rgy, ;. Here, Ry, ; and Ry, ;.
represent the radiative thermal resistances of the two respective
surfaces. These resistances depend on the radiative properties
of the surface materials. Ry, ;; denotes the spatial radiative
thermal resistance, which reflects the influence of geometric
configuration between the two surfaces on radiative heat transfer.
This resistance is primarily determined by the shape factor.

Therefore, the total radiative thermal resistance between the
two surfaces can be expressed as [41]

Rrad,ifj = Rsur,i + Rspa,ifj + Rsur,j

1—g; 1
0 Aside,i€i o Agide,i Xi—j o Agide, €5 9)

(Tei + Teg) (T2, + T2))

l—¢;

where Agiqe,; and Agiqe,; denote the areas of two adjacent ca-
pacitor side surfaces. ¢; and ¢; are the surface emissivities of
materials on surface i and surface j, respectively, (0 <e; < 1,0
< gj < 1). o denotes the Stephen—Boltzmann constant. 7', ; and
T. ; are the temperatures of surface i and surface j, respectively.
X, is the shape factor, determined by the geometry and relative
position of the two surfaces. There is a total of four adjacent
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relationships in the in-line arrangement layout of the HCB, as
given in Table I. The corresponding expressions for the shape
factors of these adjacent relationships are also given in Table I.
2) Conduction Heat Transfer (R ypnq,i-j): The conduction
heat transfer for the four adjacent relationships is given in Table L.
According to Fourier’s law, the conduction thermal resistance
between adjacent capacitors, Reond,i-j> can be expressed as

o

_ 10
)\airAsidc,iXifj ( )

Rcond,ifj =
where ¢ denotes the distance between the two surfaces. At

atmospheric pressure (1 atm) and an ambient temperature of
25 °C, the thermal conductivity of air is A,;; = 0.02551 W/m-K.

C. Heat Transfer Process Between the Capacitor Case and the
Ambient

Heat transfer between the capacitor case surface and the
ambient occurs through both convection and radiation [23].
In addition, an indirect case-ambient heat transfer process is
introduced to account for the influence of the PCB.

1) Case-ambient Radiative Heat Transfer (R,qq,i): Taking
F-caps as an example, the thermal radiation from the capacitor
surface to the ambient environment is illustrated in Fig. 5. The
radiative thermal resistance between the capacitor surface and
the environment can be expressed as

1
gi0 (Aside,i*Aside,iXi—j - Abottom,i) (Tc,i+Tamb)
(72, + 12

amb

Rrad,i =

Y

where Agiqe,; denotes the surface area of the F-cap. Apottom, i
denotes the bottom area of the F-cap.

2) Case-ambient Convection Heat Transfer (R copny,1): Con-
vection heat transfer between the capacitor and the environment
occurs in two forms: natural convection and forced convection,
as illustrated in Fig. 5.

The natural convection thermal resistance is shown as
l
Asidc,iXifj - Abottom,i)

(12)
where [ denotes the characteristic length and Nu denotes the
Nusselt number. It should be noted that F-cap and E-cap, owing
to their different geometries, require distinct formulas for calcu-
lating the Nu number. Various methods have been proposed to
determine the Nu number, and the formulas with higher accuracy
are given in Table II.

The expression for thermal resistance under forced convection
is the same as in (12), but the distinction from natural convection
lies in the Nu number. Similarly, F-cap and E-cap, owing to their
different geometries, require distinct formulas for calculating
the Nu number. The formulas for calculating the Nu numbers
of the two capacitor types under forced convection are given
in Table III. It can be observed that the forced convection heat
transfer coefficient depends not only on the fluid properties and
surface geometry but also on the fluid flow rate.

Rconv i =
)\airNunatural (Asidc,i -
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3) Case-ambient Indirect Heat Transfer (Ringirect,i): The ca-
pacitor is soldered to the bottom of the circuit board. The inter-
face between the capacitor bottom and the board surface is not
perfectly smooth at the microscopic level, resulting in significant
contact voids. These voids introduce a contact thermal resistance
that can significantly reduce heat transfer efficiency. To mitigate
this, thermal paste is typically applied in the contact gap between
the capacitor and the board to enhance heat transfer efficiency.
Heat is dissipated through the board into the ambient, and the
path can be modeled as a composite series thermal resistance
consisting of three thermal resistances, as shown in Fig. 6.
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Heat at the capacitor bottom is transferred by conduction
through the thermally conductive paste, as shown in Fig. 6. The
corresponding thermal resistance, Rgrease, 1, i defined as

5grease

13)

Rgreaseﬂ )\greaseAbottom,i
where Apottom,s denotes the bottom area of capacitor i. dgrease
represents the thickness of the thermal paste layer which is set to
0.05 m in this article. Ag case denotes the thermal conductivity
of the thermal paste, with Agrease = 0.8 W/m-K. Heat is then
conducted through the circuit board, with the corresponding

n m
1 1 1 1 1 1
- RE-E — Z RE-F =~ RE REE RE-E RE-F
j=2 1. =1 1,z 1,amb 1,2 1,n 1,
n m
1 _ 1 _ Z 1 1 1 1
R];—E ) / RE’,E RE—F B RE—E RE—F
N ]:17-]#2 2,7 2=1 2, 2,amb 2-n 2,
1 1 =y 1 1 1
A= RE-E RE-E T Z RE-E — Z REF = RE REF
n,1 n,2 j:1 \J z=1 n,z n,amb n,l
1 1 1 1
F B FE F-E F-E
Rl,l Rl,z 1,(n-1) Rl-,n
1 1 1 1
F-E F-E F-E F-E
RZ, R2,2 2,(n-1) R2
1 1 1
FBE FE F-E F-E
L R7n,1 an,2 m,(n—-1) R"lsn
1 1 1 1 ]
E-F E-F E-F B
Rll, R11,3 Rll. l,fmb
E-F E-F E-F E
Rz,z R2,3 R2,'m. 2,amb
1 1 1 1
= RS Blom n amb
N s 1 1
- Z RF-E Z FF F RF-F RF-TF T
j=1 1,5 212’2#1 1,z 1,amb 1,2 1,m 1,amb
n m
1 _ Z 1 Z 1 1 . 1 1
REEF y RF-E F-F RF RF-F F
R j=1 23 2=1,2#2  2:% 2,amb 2 2,amb
n m—1
1 1 o Z 1 1 1 1
FF FF FE FF F F
Rm,l Rm,z j=1 Rm,j =1 Rm,z R'rn,alub m,amb
rE—capT
TC 1
TE—cap -
—ca
o2 PeSr(t) 1 0 0 0
TE—cap E ’
c,m —cap
T — Tﬁ‘l—cap Pross(t) = Pll(:“si’c"ap (t) B— 0 1 0 0
chz‘fcap Ploss,l (t) 0 0 1 0
c,2 .
s F—cap
PEew (1) 0 0 0 1
c,m
L Tamb ]
E—cap
c 0 0 0
E—cap
Cc = 0 Cc,n F(jcap 0 (8)
0 0 Chy 0
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TABLE I
VIEW FACTOR [40]

Geometry

Formula

M=1+%r

X, =%I(\/M2—l+arcsin%4—M)

2

X, =1+ (h/w) —=(h/w)

X, =(L+L-L-L)[2w,

X, =(/x)tan” (b/ a)

X_,=(1/2z)(tan"' (b, / a)—tan" (b, / a))

TABLE II
EMPIRICAL EXPRESSION FOR THE AVERAGE NUSSELT NUMBER FOR NATURAL CONVECTION OVER SURFACES [41]

Capacitor type Characteristic length / Range of Ra Nu
1 9 )’
E-cap (Vertical cylinder) i Entire range Nu = {0.825 + 0.387Rag/‘:1 + (0.492/Pr)§ }27 }
1
. 10*~10° Nu =0.59Ra*
F-cap (Vertical plate) ! 5 s
10°~10" 1
Nu =0.1Ra*

Note: Ra=gf(Te Tumy)PPr/2. [ is the height. Gravitational acceleration g = 9.8 m/s>. volume expansion coefficient # = 1/Tymp. Pr is the Prandtl number of
air, Pr=0.7296 at 1 atm pressure, 25°C. Kinematic viscosity v =1.562 x 107 [42].

TABLE III
EMPIRICAL EXPRESSION FOR THE AVERAGE NUSSELT NUMBER FOR FORCED CONVECTION OVER CYLINDERS IN CROSS FLOW [41]

Nu

Capacitor type Characteristic length / Range of Ra
. . I(the height of vertical .
E-cap (Vertical cylinder) eylinder) Entire range

I(the height of vertical

F-cap (Vertical plate) eylinder)

3900-79 000
320001 600 000

4

Nu=03+ [1 +(Re/282000)¢ f {O.6Re; Pﬁ/ [1 +(04/Pr); ”

L
Nu =0.094Re*” Pr?

1
Nu=0.0249Re"™"" Pr?

Note: Re = ul/v. u is the air velocity [41].

thermal resistance given by Ry oard, i

5b0ard

Rboard,i = (14)

)"boardAboard
where d1,04:q represents the thickness of the circuit board. Apoarq
denotes the thermal conductivity of the circuit board, with Apoard
= 0.3 W/m-K. Apoarq denotes the surface area of the circuit
board. Finally, convective heat transfer occurs between the bot-
tom surface of the circuit board and the ambient environment

l

— (15)
hboardAboard

Rconv,board =

where hy,oarq denotes the convective heat transfer coefficient
of the circuit board, which varies depending on the cooling
conditions. Typical values of /44,4 are 10 W/(m?-K) under nat-
ural cooling conditions and 14 W/(m?-K) under forced cooling
conditions [42], [43].

IV. MODEL VERIFICATION

To verify the effectiveness of the proposed thermal network
model, an in-line arrangement of the HCB is used as the case
study. The specifications of each individual capacitor are given
in Table IV. In the parameters of E-cap, D denotes the diameter
of the capacitor and L denotes the height. In the parameters of
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TABLE IV
SPECIFICATIONS OF E-CAP AND F-CAP
Parameters E-cap F-cap
DC voltage(V) 450 450
Capacitance(uF) 390 7.5
ESR(m®Q) 280 5
Dimension(mm) D xL=35x35 wxhx[=22.0x36.5x315
Ryo(°C/W) 3.63 22
Gh(J/°C) 140 140
C(/°C) 77 71.1

F-cap, w is the width, # is the height, [ is the length, Cy, and C,
represent the equivalent core heat capacity and equivalent case
heat capacity, respectively, with values derived from FEM fitting
results.

A. Experimental Platform

The experimental platform is illustrated in Fig. 7. The ESR
values of the E-cap and F-cap are measured using an LCR
meter. The ripple current of the capacitor bank is provided by a
programmable ac power source (Chroma 61609) at 100 Hz/9 A.
After the temperature reaches steady state, the case temperature
distribution of the capacitor bank is measured using a FIRT-420
handheld infrared thermal camera. The capacitor hotspot tem-
perature is measured by a thermocouple embedded in advance,
and the readings are displayed on a thermometer. A fan gener-
ating an air velocity of 0.5 m/s is employed to simulate a forced
convection cooling. The experimental environment is assumed
to be at standard atmospheric pressure (1 atm) and an ambient
temperature of 25 °C. Under natural convection and forced air
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'

\|

Fig. 7. Experimental platform.

Air inlet

(d)

Fig. 8.  Experimental results and FEM simulation results of in-line arrange-
ment (Unit: °C). (a) Experimental results under natural cooling conditions. (b)
FEM results under natural cooling conditions. (c)Experimental results under
forced cooling. (d) FEM results under forced cooling.

cooling conditions, the convective heat transfer coefficients of
the PCB are 10 W/(m?-K) and 14 W/(m?-K), respectively.

Experiment results are presented in Fig. 8(a)—(c), showing the
thermal distribution images of the HCB captured with an infrared
camera at an ambient temperature of 25 °C under different
cooling conditions.

B. FEM Model

FEM simulation is employed to validate the proposed method
by analyzing the temperature distribution in the HCB. A three-
dimensional geometric model and heat transfer field are de-
veloped based on the actual HCB dimensions. Under forced
convection, the width, height, and depth of the rectangular air
duct opening are set to 250, 60, and 180 mm, respectively. The
inlet airflow velocity is 0.5 m/s, with outlet normal stress equal to
the outlet pressure. The fluid flow is assumed to be laminar. The
capacitor bank is modeled for heat transfer in the solid domain.
Since the windings of both E-cap and F-cap consist of complex
multilayered structures with hundreds of turns, computational
burden and time must be reduced. Thus, in the FEM, the internal
windings are simplified as a thermally anisotropic solid instead
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of the actual multilayer structure. This simplification introduces
an error of less than 3% [44]. Additionally, surface-to-surface ra-
diation physics is considered, with all capacitor surfaces defined
as diffuse reflectors.

The FEM temperature distributions under natural and forced
convection are shown in Fig. 8(b) and (d). The FEM results
differ from experiments by about 4%, while the temperature
distributions are nearly identical.

C. Model Verification

To verify the steady-state temperature accuracy of the pro-
posed thermal model, computational results from multiple ther-
mal modeling methods are compared under different cooling
conditions, as shown in Figs. 9 and 10. From the above hotspot
temperature comparison, the proposed method yields results
very similar to FEM, with an error within 5%. The runtime
of the proposed model is less than 1 s, offering a clear speed
advantage over FEM and greatly improving the efficiency of
HCB temperature estimation.

To validate the accuracy of the proposed method for transient
temperature prediction, the calculated case-to-ambient tempera-
ture rise is compared with measured results, as shown in Fig. 11.
For most of the temperature rise process, the error remains below
0.05.

Because the ambient temperature changes dynamically, vari-
ations in capacitor hotspot temperature cannot be ignored. The
performance of the proposed method is further verified under
an abrupt ambient temperature variation from 25 °C to 35 °C
to 25 °C, as shown in Fig. 12. During this dynamic process,
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Fig. 11.  Comparison of the measurement and proposed model. (a) Tempera-
ture rise from case to ambient. (b) Temperature rise error.
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Fig. 12.  Comparison of hot-spot temperature for measurement and proposed
model under an abrupt ambient temperature variation.

the proposed thermal model shows good agreement with the
measured results.

V. OPTIMIZED DESIGN METHOD FOR HCB ARRANGEMENT

As shown in Fig. 9, a large temperature difference exists
between the capacitor located at the center of the bank and
the surrounding capacitors. During long-term operation, this
temperature imbalance causes uneven capacitor aging, thereby
reducing the lifetime of the entire bank. Staggered arrangement
has been shown to provide better thermal performance [23]. In
this section, an optimal staggered arrangement design method
for HCBs is presented. The method achieves a more uniform
temperature distribution without altering the number or size of
devices, or the heat dissipation pattern.

A. Design Optimization of HCB Arrangement

The proposed design method consists of three steps: obtain-
ing the optimal combination; optimizing the spacing between
adjacent capacitors; and optimizing the staggering angle.
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The flowchart of the proposed design method is shown in
Fig. 13 (HCB:9 E-caps+4 F-caps).

Step 1: Obtaining the optimal combination. The geometric
specifications of both PCB and capacitors are incorporated as
boundary conditions. A staggered arrangement serves as the
fundamental topological paradigm, exhaustively defining all
possible positional permutations for HCBs on the PCB. All posi-
tions are classified into two categories: the main position and the
edge position, as shown in Fig. 13. The total number of possible
combinations is calculated as follows: If the total number of
capacitors N (where N = Ng_cap+ Np_cap) is less than or equal
to the number of main positions M., then the number of
combinations is Neombination = Cﬁi’:a: X C?Zn o NBeap” If
Nexceeds M, 4in, the number of combinations iS NVeombination =

%;’;::”JFM““*N x CNFe*®  For the 9E-cap + 4F-cap HCB,
the combination number is Neombination = Cs X C?g = 1430.
Subsequently, all possible combinations are enumerated to gen-
erate the capacitor position set P = {1,...,14}.The proposed
thermal model is then applied to perform a comprehensive
temperature-field analysis for all topological configurations. The
configuration that minimizes the steady-state peak temperature
is selected as the optimal combination, aiming to reduce the
maximum thermal stress difference within the capacitor bank.
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Accordingly, the objective function can be expressed as follows:

16
SpCP \ieSg ( )

f(Sg) = min (maX (Tcore,i)>

where Sp denotes the set of positions of the electrolytic
capacitors. Finally, the optimal arrangement is Sg =
[1,3,4,5,7,8,10,11,13], and the optimal arrangement of film ca-
pacitor is Sp = [2,6,9,12].

Step 2: Optimizing the adjacent capacitor spacing L. The
geometric specifications of the PCB and capacitor elements
are incorporated as boundary constraints, with L limited to the
range of 1-5 cm. With L as the principal optimization variable,
the HCB temperature distribution is calculated. The optimal
spacing is determined by minimizing the average temperature,
and the objective function along with its constraints is formu-
lated as follows:

min

— 1 .
fstep2 (L) - Sp.SpCP (ﬁ ZiESE,jESF (Tcore,z (L)

HTeore (L))

Lrnin S L S Lmax
Lax = 0.05m
Lin = 0.0lm

. a7

As shown in Fig. 14, the optimal spacing is 5 cm.

Step 3: Optimizing the staggering angle 6. The layout of one
column in a pair of adjacent capacitor columns is fixed, while
the other column is shifted as a whole, with the staggering angle
treated as the optimization variable to determine the optimal
layout. The optimal angle is determined by minimizing the
average temperature, and the objective function together with
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Fig. 16.

Single-phase inverter platform.

its constraints is formulated as follows:

Fueps (6) =  min (% Sics, jes, (Teores (6)

FTeore; (6)))

emin S 9 S emax (18)
emax =0°
9min = 45°

As shown in Fig. 15, the optimal staggering angle is 45°.

B. Case Study

To validate the feasibility of the proposed thermal model and
optimized arrangement in practical applications, a single-phase
inverter is used as the experimental example, as shown in Fig. 16.
The capacitor bank employs the optimized arrangement from the
previous section, and the specific parameters of the experimental
platform are given in Table V.

Staggered degree validation. (a) Hot-spot temperature distribution.
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TABLE V
SPECIFICATIONS OF INVERTER

Parameters Values
DC voltage(V) 400 V
Switching 10 kHz
frequency
Grid frequency 50 Hz
Power of Inverter 53 kW
DC-Link capacitor 3540 uF

Li[35A/div]

10ms/div

©
=

o
o

8.8

Capacitor current(filtered)/A

fag

6
0.03 0.04 0.05 0.06 0.07
time/s

(b)

Fig. 17.  Experimental waveforms. (a)Waveform of grid current, inverter out-
put voltage, DC-side current. (b) Current of HCB.

Fig. 18. Temperature distribution of the optimal arrangements under different
cooling (Unit: °C). (a) Nature cooling. (b) Force cooling.

To prevent current sensor interference, the grid-side inductor
current /, and the dc-side current 4. are used to synthesize the
capacitor current /., as illustrated in Fig. 17.

The temperature distribution of the HCB is shown in Fig. 18.
To verify the effectiveness of the proposed design method,
thermal distribution results of the optimized arrangement are
compared with those of the in-line arrangement under two
cooling modes, as shown in Figs. 19 and 20. Under natural
cooling, the average temperature of the E-cap in the hybrid
staggered arrangement is reduced by 5.19% compared with that
in the in-line arrangement. Under forced cooling, the average
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temperature of the E-cap in the hybrid staggered arrangement is
reduced by 3.22% compared with the in-line arrangement.

Validation of the proposed thermal model for inverter appli-
cations is shown in Figs. 19 and 20. The maximum steady-state
thermal errors of the proposed model are 2.99%, 2.24% for
in-line and staggered arrangements, respectively, under natu-
ral cooling. Under forced cooling, the maximum steady-state
thermal errors are 2.04% and 2.8% for in-line and staggered
arrangements, respectively.

To validate the impact of the proposed optimized arrangement
on capacitor reliability, the mission profile-based reliability as-
sessment methodology from [7] is applied. Fig. 21 presents the
annual environmental temperature mission profile for Zhangji-
akou, China.

To comprehensively account for the impact of model param-
eter variations on lifetime assessment, the parameters pa, Ty,
and L in the lifetime model are assumed to vary within a range
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Fig. 22.  Results of capacitance lifetime evaluation of hybrid capacitor bank
with two arrangements and cooling methods. (a) Maximum temperature E-cap
reliability assessment results. (b) Maximum temperature F-cap reliability eval-
uation results.

of 5% [13]. A Monte Carlo analysis with 10 000 samples is
performed, followed by Weibull distribution fitting to construct
the cumulative distribution function.

Fig. 22 shows the B10 life of E-cap and F-cap at the highest
operating temperature, where B10 life represents the lifetime to
a 10% failure rate.

For E-cap, under natural convection cooling, the lifetimes in
the in-line and staggered arrangements are 22.3 and 25 years,
respectively. Under forced cooling, the corresponding lifetimes
for the E-cap in the in-line and staggered arrangements are 27.9
and 28.7 years. The staggered arrangement extends the E-cap
lifetime by 12.1% under natural convection and by 2.8% under
forced cooling.

For the F-cap, under natural convection cooling, the lifetimes
in the in-line and staggered arrangements are 57.9 and 60 years,
respectively. Under forced cooling, the corresponding lifetimes
for the F-cap in the in-line and staggered arrangements are 62.3
and 63.5 years. The staggered arrangement extends the F-cap
lifetime by 3.6% under natural convection and by 1.9% under
forced cooling. These results show that the optimized arrange-
ment of HCBs achieves a longer lifetime than the traditional
in-line arrangement.

VI. DISCUSSION
A. Analysis of Aging Effects

In studies of estimating capacitor lifespan, reliability meth-
ods that incorporate capacitor aging align most closely with
observed failure characteristics under actual operating condi-
tions [7]. Capacitor aging increases in ESR, which in turn leads
to temperature rise. If these effects are not considered, lifespan
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TABLE VI
COMPARISON OF DIFFERENT METHODS

Comparative ~ Method in Method in

elements [22] 23] Proposed
Objects ]]i;alf F-cap bank HCB
Fgf)fﬁﬂl‘gr / Considered Considered
Thermal PCB thermal / / Considered
model resistance
Czﬁigor / Considered Considered
Thermal Steady Steady/Transient
solution type state Steady state state
Arrangement In-line Staggered Staggered
Optimization rg;:?&:liil / Proposed three
method ng steps method
Thermal design -
even Optimization rated .AdJ acent
L . parameters / distance and
optimization variable .
loading angle
Optimized (;p::rriltalr Layout Optimal layout
results ¢ It)y;eo arrangement arrangement

Note: The sign / represents not considering or not given out in refs.

estimates will be inaccurate. Therefore, ESR degradation must
be incorporated into thermal modeling to simulate the stress
conditions induced by long-term capacitor aging.

B. Analytical Thermal Models Comparison

Different analytical thermal models and thermal design meth-
ods for capacitor bank arrangements are compared in Table VI.
In analytical thermal model, the approaches proposed in [22]
and [23] are applicable only to steady-state thermal analysis
of same type capacitor banks and do not account for PCB
thermal resistance. Furthermore, Wang and H. Wang [22] neglect
cooling conditions and aging effects, resulting in insufficient
accuracy for lifetime estimation. In thermal optimization de-
sign, the staggered arrangement method proposed in [23] is
derived only by shifting the relative positions of capacitors,
and it does not provide a theoretical framework or specify array
dimensions and variables. This method lacks a systematic design
process, making it difficult to ensure an optimal temperature
distribution. In [22], an in-line arrangement was designed to cool
high-temperature zones by selecting capacitors with different
ratings and loads. Compared with the methods in [22] and [23],
the approach proposed for HCBs in this article enables precise
transient thermal estimation and achieves optimal thermal layout
design.

C. Discussion on System-Level Applications

From an application perspective, the integration of FEM and
MOR is recognized for providing highly accurate and computa-
tionally efficient thermal analysis at the device level. However,
at the system level, variations in operating conditions or circuit
topologies necessitate regenerating the reduced-order matrices,
resulting in considerable computational overhead [29]. More-
over, most FEM tools lack explicit circuit models, which restricts
reliable electro—thermal co-simulation [30]. In contrast, analyt-
ical thermal network models can be seamlessly integrated with
circuit simulators, providing rapid, nonintrusive, and parametri-
cally flexible temperature estimation for system-level reliability
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evaluation [16]. In HCB layout optimization, this method rapidly
evaluates different topologies to find the optimal temperature
distribution, while the MOR—FEM approach needs to regenerate
the reduced-order model whenever the topology is modified.

VII. CONCLUSION

This article investigates the thermal network modeling of
HCB for the first time and proposes an analytical modeling
and arrangement optimization method for transient-state thermal
networks, considering thermal coupling and different heat dissi-
pation modes. Theoretical analysis and comparative experimen-
tal results validate the effectiveness of the proposed approach,
which offers the following advantages.

1) The proposed analytical thermal network model incor-
porates the influence of the PCB mounting method into
the existing steady-state thermal model. By introducing
equivalent heat capacity, the model is extended from the
steady-state to the transient domain.

2) The proposed thermal network model achieves simulation
times in the order of seconds while maintaining accuracy
comparable to FEM simulations. Therefore, the proposed
method provides significant performance improvements.

3) Based on the proposed thermal model, an optimized ar-
rangement design method for HCBs is developed. This
method enables thermal optimization and mitigates un-
even thermal stress. Furthermore, reliability evaluation
confirms that the optimized arrangement extends the ser-
vice life of the capacitor bank.

APPENDIX

1) Derivation of the coupling thermal resistance R;_;
R;_j consists of radiation thermal resistance R4, ;-; and con-
duction thermal resistance Rcond, i-j-

Rcond,i—j Rrad,i—j
Rcond,ifj + Rrad,ifj

The derivation of Ryaq,;-j and Reong, 4.5 1s detailed in (9)—(10).

1) Derivation of the case and ambient R;_,mp

R;_amb consists of radiation thermal resistance R;,q, ;, convec-
tion thermal resistance Rcony, 1, and composite thermal resistance

R, ;= (A-1)

Rindirect, .

1
Rifamb = 1 1 1
Rraa,i

(A-2)

Reonv,i Rindiret,i

The derivation of Ryad, i, Reonv, 1, and Ringirect, i 1s detailed in
(11)—(15).

Rindirect,; consists of the thermal conduction resistance of the
thermal grease (Rgrease,s)> the thermal conduction resistance of
the PCB (Rpoard, i), and the convective heat transfer resistance
between the bottom surface of the PCB and the ambient envi-
ronment (Rconv,board)

1
Rindirect,i = 1 1 1

(A-3)

Rgrease,i Rpoard,i Rconv,board

The derivation of Rgrease,i» Rboard, I» aNd Reonv,board 15 de-
tailed in (13)—(15).
1) Derivation of the thermal resistance Matrix A
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[—0.04  0.001 0 0.001 0 0 0 0 0
0.001 —0.0394 0.001 0 0.001 0 0 0 0
0 0.001  —0.04 0 0 0.001 0 0 0
0.001 0 0  —0.0394 0.001 0 0.001 0 0
0 0.001 0 0.001  —0.0389  0.001 0 0.001 0
0 0 0.001 0 0.001  —0.0394 0 0 0.001
A= 0 0 0 0.001 0 0 —0.0392 0.001 0
0 0 0 0 0.001 0 0.001 —0.0383 0.001
0 0 0 0 0 0.001 0 0.001 —0..0392
0 0 0 0 0 0 4.6431 x 1074 0 0
0 0 0 0 0 0 0 4.1821 x 1074 0
0 0 0 0 0 0 0 4.1821 x 1074 0
0 0 0 0 0 0 0 0 4.6431 x 1074
0 0 0 0 0.0379 ]
0 0 0 0 0.0363
0 0 0 0 0.0379
0 0 0 0 0.0363
0 0 0 0 0.0347
0 0 0 0 0.0363
4.6431 x 10~* 0 0 0 0.0367 (A-4)
0 4.1821 x 10~* 4.1821 x 10~* 0 0.0343
0 0 0 4.6431 x 10™* 0.0367
—0.0373 7.074 x 1074 0 0 0.0361
7.074 x 1074 —0.0369 7.0749 x 1074 0 0.0351
0 7.0749 x 1074 —0.0369 7.074 x 107*  0.0351
0 0 7.074 x 1074 —0.0373 0.0361 |

After determining the thermal resistance, the thermal resis-
tance matrix A is expressed using (8). For the in-line arrangement
under natural convection, the specific form of A is given in
equation (A-4) shown at the top of this page.

The equivalent heat capacity C. of the capacitor housing
is obtained from FEM simulation. The transient temperature
distribution is then calculated using (7).

Finally, the core temperature is derived from (5).
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