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Abstract: With the rapid development of ecofriendly cars, various inverters are also being developed
depending on the performance of motors. The DC-link capacitor is used as an inverter component;
however, there are several limitations on its size, such as the requirement for wide films. Film width
is a major factor that affects the capacitor’s equivalent series resistance (ESR) and is closely related
to heat generation. When the temperature of the capacitor increases, the dielectric breakdown due
to high voltage causes a reduction in capacitance, which leads to a decrease in inverter power and
causes vehicle defects; this needs to be addressed to minimize the heat of the capacitor. Recently,
genetic films that can be used at high temperatures have been developed. However, producing such
films is difficult because of their 5 µm thickness; thus, the size increases when they are designed
and they consequently cannot be used in practical applications. Based on a film width of 50 mm,
this study analyzed the factors that can reduce ESR, set the level for each factor, and conducted
experiments using the Box–Behnken design. The variables (thermal conductivity, film thickness,
and capacitance) were set to three levels for each factor, and the ESR, thermal flux, and temperature
characteristics were analyzed through finite element analysis. Based on the temperature results,
optimized conditions for film thickness of 3.15 µm, capacitance of 390 µF, and thermal conductivity
epoxy of 4.5 W/m·K were derived using Minitab, and samples were made for verification tests.
A capacitor was installed in the chamber and was saturated for 2 h at 85 ◦C and current of 50 A rms
was applied at 16 kHz frequency. The K Type sensor attached to the film surface was connected to a
temperature recorder to measure the temperature change in the film over time after applying the
current. The experimental results confirmed that the temperature of the genetic film with a 50 mm
film width was similar to that with a 35 mm film width, and this confirmed that the set factors were
similar to that of the genetic film with 35 mm film width. It was confirmed that increased film width
can reduce ESR and minimize heat generation.

Keywords: DC-link capacitor; equivalent series resistance (ESR), thermal conductivity; dielectric
thickness; capacitance; thermal resistance

1. Introduction

Air pollution and global warming caused by the use of fossil fuels are becoming
progressively more serious, and car exhaust emissions are affecting the air quality sig-
nificantly. Regulations on the carbon dioxide emissions of internal combustion engines
are being strengthened to reduce air pollution. All countries have started to regulate the
production and importation of internal combustion engine vehicles, especially in Europe.
Many European countries are making mid- to long-term plans to increase the supply of
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electric vehicles and to ban the sale of all internal combustion engines. As a result, increas-
ingly more ecofriendly cars are being produced and distributed and the battery charging
system industry for electric vehicles is rapidly being developed. As regards ecofriendly
cars, there are hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs),
electric vehicles (EVs), and fuel cell electric vehicles (FCEVs). Ecofriendly cars have an
inverter system for transmitting battery power to motors and capacitors are important
components for a constant supply of electricity [1–4].

A DC-link capacitor is an inverter component that stabilizes the power by rectifying
the high-frequency ripple current generated at the inverter. The core material of the
capacitor is a dielectric material. The capacitor heat up by dielectric loss. In particular,
the equivalent series resistance (ESR) of the electrical characteristics is a major factor
related to heat generation [5]. It is important to lower the ESR as much as possible to
increase the lifetime of the capacitor. The factor that most significantly affects the ESR
of the capacitor is the film width. An increase in film width causes an increase in ESR
and heating temperature. Moreover, the dielectric breakdown caused by voltage reduces
the capacitance, which leads to lower output of the inverter [6–8]. While it is important
to use the smallest possible film width, the size restraint inevitably causes an increase in
the film width, and the resulting heat becomes a problem. The type of capacitor used
in a power conversion inverter comprises a film and an electrolyte; typically, it uses a
film with excellent electrical characteristics depending on the changes in temperature and
frequency [9–12].

Some of the film capacitors being studied utilize polyetherimide (PEI) films (high-
temperature ultra-thin polymer films) that can be used at a high temperature. Most di-
electric films need to maintain their performance at temperatures of 105 ◦C and higher.
While the maximum permittivity temperature is 100 ◦C for polypropylene and 125 ◦C for
polyester (PET), it is 160 ◦C for polyphenylene sulfide (PPS) and PEI. This is because they
are considered as high-temperature dielectric materials that can maintain their permittivity
between 160 and 200 ◦C, respectively [13–19]. However, self-healing is the most important
function of a dielectric material; this involves removing the metal layer deposited when
the dielectric material is damaged by temperature and voltage [20,21]. PPS is not used
as a capacitor material as its self-healing function is poor and it does not remove any
metal deposition layer, which might lead to a fire accident [22–25]. Moreover, the appli-
cation of a PEI film in the capacitance design is difficult as the film thickness is 5 µm [15].
Therefore, factor analysis is necessary to minimize the heat generation in extended use
polypropylene film. In this study, several factors were analyzed to minimize the ESR
and heat resulting from increased film width, and the performance of each factor was
confirmed experimentally. For the analysis of the heat minimization factors of the capacitor,
the film width was set at 50 mm, and the experimental plan was established based on
the Box–Behnken method for the response surface analysis methodology. Film thickness,
capacitance, and epoxy with thermal conductivity were used as variables, all varied to three

different levels. The4t (◦C), ESR (mΩ), and heat transfer rate (
·

Q) results were derived as
a function of the variables through finite element analysis (FEA). The temperature on the
graph is the maximum temperature of the capacitor and4t is the difference between the
maximum temperature and the saturation temperature. ESR can be used to calculate the
resistance of a heating element through numerical analysis and to determine the heating
value. In addition, the total heating value (W) was analyzed in terms of heat transfer rate,
and heat resistance was used to analyze the differences in temperature with the varying
levels of thermal conductivity of epoxy. After finite element analysis, the optimized design
conditions for film width and film thickness to satisfy the temperature requirements were
derived, which were then verified experimentally by producing physical samples. The ex-
perimental results showed an accuracy of approximately 99.07%, and the conditions for
minimizing heat generation of the capacitor were determined based on the film thickness
and capacitance set as variables.
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2. Finite Element Analytical Model Settings
2.1. Variable Settings

Equation (1) is the formula for determining the ESR of the capacitor. tanδ denotes
the total loss of the capacitor module elements, including dielectric loss, loss of copper
conductor, loss of metal-sprayed zinc on the side of the film, and loss of Pb-free.

ESR = (tanδ/2π f C) (1)

where π represents the circumference rate, f represents the frequency, and C represents the
capacitance.

Based on ESR from Equation (1), the heating value can be calculated using Equation (2):

P(W) = I2 × ESR(Ω) (2)

The dielectric flux density, D, in Equation (3) refers to the amount of charge passing
through the cross section of the dielectric material, which is inversely proportional to the
square root of the charge distance (r2) and proportional to the charge, Q.

D = Q/
(

4πr2
)

(3)

The internal heating temperature of the capacitor is affected by the convection coeffi-

cient and is dictated by Newton’s law of cooling. The heat transfer rate,
·

Q is proportional
to the convection heat transfer coefficient, h; external area of the object, As; and the temper-
ature difference, 4T, as expressed in Equation (4). Moreover, as internal heating occurs
due to Joule heating in a film capacitor, Fourier’s law of conduction is applied and can be
expressed as shown in Equation (5), where K is the thermal conductivity coefficient and ∆x
is the thickness.

·
Qconv = hAs

[
Tsurface − Tsurround

]
(4)

·
Qcond = KA

[(
Tinner temp′ − Tout temp′

)
/∆x

]
(5)

Therefore, the total heat transfer rate of the capacitor can be defined using Equation (6)
and is expressed in Equation (7).

·
Qtotal =

·
Qconvection +

·
Qconduction (6)

·
Qtotal = [hAs ∆T] +

[
KA

∆T
∆x

]
(7)

Numerical analysis can also be performed using the thermal resistance formulas in
Equations (8) and (9):

·
Q =

[
Tmaxtemp′ − Tambient

]
/Rtotal (8)

Rtotal = [1/(h× As)] + [L/KAs] (9)

where Tmaxtemp′ is the maximum temperature, Tambient is the ambient temperature, Rtotal is
the total resistance, and L is the thickness of the case that is heat-conducting.

2.2. Analysis Method
2.2.1. Box–Behnken Experimental Design

Experimental design is a powerful statistical tool that helps to reduce the process
variability and the number of required resources (time, reagents, and experimental work).
Conversely, the response surface methodology (RSM) facilitates the solving of multivari-
able equations and evaluates the relative significance of several affecting factors even in
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the presence of complex interaction [26]. In this study, finite element analysis was per-
formed by using the factors that affect heat generation as design variables—including film
thickness, capacity, and epoxy—and by establishing an experimental design based on the
Box–Behnken method.

As the heating value increases with the increase in ESR when the film width is greater
than 35 mm, the purpose of the analysis was to analyze the factors at each specified level
and obtain temperature results similar to that obtained when the film width is set as 35 mm.
To achieve this, the film width was set at 50 mm, and the levels were specified for each
factor. Film thicknesses of 2.8 µm, 3.15 µm, and 3.5 µm were selected to improve the current
density, and capacitance was set based on the section area when 200 µF was designed with
the film width of 35 mm and film thickness of 3.15 µm. Subsequently, the capacitance
was calculated to be 350 µF at 3.15 µm, 390 µF at 2.8 µm, and 250 µF at 3.5 µm, and each
level was set as an analysis factor. Epoxy products with enhanced thermal conductivity
were used, including the mass-produced product with thermal conductivity of 0.6 W/m·K
and the newly developed products with thermal conductivities of 2.55 and 4.5 W/m·K.
The variable levels determined using finite element analysis are listed in Table 1.

Table 1. Range and levels of experimental parameters.

Variable Symbol
Ranges and Levels

−1 0 1

Film thickness (µm) FT 2.8 3.15 3.5

Capacitance (µF) C 250 350 390

Thermal conductivity (W/m·K) TC 0.6 2.55 4.5

Figure 1 shows a schematic of the overall experimental method to confirm the feasibil-
ity of the analysis conditions and model. Based on the experimental method, the heating
characteristics with various design variables were analyzed, the conditions to minimize
heat generation were determined, and samples were produced and compared to verify the
feasibility of the analysis results and model.

Figure 1. Schematic diagram of capacitor temperature experiment.

2.2.2. Analysis Conditions

Numerical analysis modeling was performed based on the Box–Behnken design.
Polypropylene film, zinc primary conductor, copper secondary conductor, a polycarbonate
case for module assembly, and hard-type epoxy were used. The module was designed
such that the film and copper would be approximately 2 mm apart and the case and
film would be 2.5 mm apart. The ANSYS analysis tool was used, and transient thermal
analysis was conducted to identify the changes in temperature over time. A hex-dominant
(quadrilateral/triangle) mesh with a size of 2 mm was used. The thermal properties of
each element were set as listed in Table 2; the ambient temperature of 85 ◦C and convection
coefficient of 6.29 W/m2·K calculated using Newton’s law of cooling and Fourier’s law of
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conduction were set up. The time set for the analysis was 3 h, and a current of 50 Arms
was applied for the finite element analysis.

Table 2. Thermal characteristics of parts.

Material Thermal Conductivity (W/m·K) Specific Heat (J/kg ◦C)

Copper 401 385

Zinc 116 116

Epoxy 0.6 810

Polypropylene 2.8 1920

Polycarbonate 0.21 1700

3. Analysis

Figure 2 compares the temperature results for film widths of 35 mm and 50 mm
to identify the specifications to minimize heat generation with increasing film width.
As shown in Table 3, the thermal properties with 50 mm film width were found to be high
when the analysis was performed with film thickness of 3.15 µm and capacitance of 200 µF.
In particular,4T for the 50 mm film width was approximately four times higher than that
for the 35 mm film width, ESR for the 50 mm film width was approximately 2.1 times higher

than that for the 35 mm film width, and
·

Q for the 50 mm film width was approximately
3.95 times higher than that for the 35 mm film width. The increase in ESR with larger film
width increased both the thermal and electrical properties. As such, factor analysis was
necessary to minimize heat generation with increased film width, and the conditions that
would result in temperature properties similar to that of the 35 mm film width shown in
Table 3 were explored in the study.

Figure 2. Film width 35 mm (left) versus 50 mm (right) finite element analysis results.

Table 3. Analysis results for 35 mm and 50 mm widths.

Item 4T ESR
·

Q

35 mm 2.35 ◦C 0.46 mΩ 1.14 W

50 mm 9.26 ◦C 1.80 mΩ 4.50 W

Figure 3 and Table 4 show the analysis results for film thickness of 2.8 µm. The capaci-
tance and thermal conductivity conditions that produced the highest temperature were
250 µF and 2.55 W/m·K, respectively, with the largest temperature increase,4T, of 8.85 ◦C.

Moreover, ESR was 1.71 mΩ and the heat transfer rate (
·

Q) was 4.28 W, which are approx-
imately twice as high as those in the case of 390 µF. When the capacitance was 390 µF,

4T was the lowest at 3.82 ◦C, ESR was 0.84 mΩ, and the heat transfer rate (
·

Q) was 2.10 W,
which is approximately half of those in the case of 250 µF. This confirmed that the effect
of capacitance (µF) on ESR was very significant. As seen in Figure 3, the heating tem-
perature decreased with increasing capacitance. Moreover, the temperature difference
with high-conductivity epoxy was minimal. 4T was 5.8 ◦C under 320 µF and 0.6 W/m·K,
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whereas it was 5.34 ◦C under 320 µF and 4.5 W/m·K, exhibiting only a small temperature
difference of 0.46 ◦C between the two levels. Under general convection conditions, the ther-
mal conductivity difference of epoxy had very little effect to reduce the capacitor’s heat
generation. The film thickness of the experiment is 2.8 µm and the dielectric flux density is
543.39 C/mm2.

Figure 3. Finite element analysis (FEA) results of capacitance and thermal conductivity of epoxy for
film thickness 2.8 µm.

Table 4. Analysis results for film thickness 2.8 µm.

Item 4T ESR
·

Q

250 µF 2.55 W/m·K 8.85 ◦C 1.71 mΩ 4.28 W

320 µF 0.6 W/m·K 5.80 ◦C 1.21 mΩ 3.03 W

320 µF 4.5 W/m·K 5.34 ◦C 1.21 mΩ 2.79 W

390 µF 2.55 W/m·K 3.82 ◦C 0.84 mΩ 2.10 W

The results of the finite element analysis performed at five different levels for a film
thickness of 3.15 µm are shown in Figure 4 and Table 5. The 250 µF and 0.6 W/m·K factor
level showed the best results with ESR of 1.25 mΩ,4T of 6.08 ◦C, and a total heat transfer

rate (
·

Q) of 3.13 W. Given the identical capacitance and epoxy thermal conductivity of

4.5 W/m·K, the values of ESR,4T, and
·

Q were 1.15 mΩ, 5.59 ◦C, and 2.88 W, respectively,
showing a minimal temperature difference compared to when the thermal conductivity was
0.6 W/m·K. Even when the thermal conductivity of epoxy was increased by a factor of 7.5,
no significant change in temperature was observed under general convection conditions.
The 390 µF and 4.5 W/m·K level showed the lowest temperature properties with ESR of

0.64 mΩ,4T of 2.45 ◦C, and
·

Q of 1.59 W. Capacitance is considered to be the main factor
that reduces ESR and the heating value, as shown in Equations (1) and (2), respectively.
ESR,4T, and the total heat transfer rate for a film thickness of 3.15 µm were approximately
84% of the corresponding values when the film thickness was 2.8 µm. This is attributed to
the lower electric flux density and increased film thickness. The dielectric flux density is
433.29 C/mm2, and it can be increased by 25.4% compared to the 2.8 µm film thickness.

Figure 5 shows the analysis results for the film thickness of 3.5 µm and Table 6
lists the property data from the results. The temperature was highest under 250 µF and

2.55 W/m·K with 4T of 3.88 ◦C, ESR of 0.86 mΩ, and the total heat transfer rate,
·

Q,
of 2.14 W. Although capacitance was low at 250 µF, the increased film thickness resulted
in lower electrical-thermal properties. Moreover, the increase in thermal conductivity did
not affect the result under general convection conditions, as the temperature difference
between the epoxy products with thermal conductivity of 0.6 W/m·K and 4.5 W/m·K
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was only 0.69 ◦C. The 390 µF and 2.55 W/m·K level produced the lowest values with4T

of 1.82 ◦C, ESR of 0.47 mΩ, and a total heat transfer rate (
·

Q) of 1.18 W. In this analysis,
capacitance and film thickness were also found to have a significant effect in reducing ESR,
total heat transfer rate, and 4T. The dielectric flux density is 350.97 C/mm2 and it can
be increased by 54.8% compared to the 2.8 µm film thickness and by 23.5% compared to
3.15 µm film thickness.

Figure 4. FEA results of capacitance and thermal conductivity epoxy for film thickness of 3.15 µm.

Table 5. Analysis results of film thickness of 3.15 µm.

Item 4T ESR
·

Q

250 µF 0.6 W/m·K 6.08 ◦C 1.25 mΩ 3.13 W

250 µF 4.5 W/m·K 5.59 ◦C 1.15 mΩ 2.88 W

320 µF 2.55 W/m·K 3.55 ◦C 0.79 mΩ 1.98 W

390 µF 0.6 W/m·K 2.72 ◦C 0.71 mΩ 1.77 W

390 µF 4.5 W/m·K 2.45 ◦C 0.64 mΩ 1.59 W

Figure 5. FEA results of capacitance and thermal conductivity epoxy for film thickness 3.5 µm.
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Table 6. Analysis results for film thickness 3.5 µm.

Item 4T ESR
·

Q

250 µF 2.55 W/m·K 3.88 ◦C 0.86 mΩ 2.14 W

320 µF 0.6 W/m·K 3.17 ◦C 0.76 mΩ 1.90 W

320 µF 4.5 W/m·K 2.48 ◦C 0.60 mΩ 1.49 W

390 µF 2.55 W/m·K 1.82 ◦C 0.47 mΩ 1.18 W

4. Results and Discussions
4.1. Analysis of Variance (ANOVA)

As can be seen in Table 7, ANOVA analysis was conducted on the finite element
analysis results for each factor. The linear film thickness and capacitance appeared to be
significant with a p-value of 0.000, whereas the increased thermal conductivity of epoxy
was not significant for a p-value of 0.237, exceeding 0.05. The two-way interaction was
significant for film thickness * capacitance with a p-value of 0.001. The model suitability
R-squared was 99.64%, R-squared (modified) was 98.99%, and R-squared (predicted) was
94.22%, indicating high accuracy of the finite element analysis. The temperature prediction
model of the DC capacitor was derived using the second-degree polynomial function
shown as Equation (10):

Temperature (◦C) = 185.48 − 35.51 FT − 0.1859 C − 0.257 TC + 3.408 FT ∗ TF + 0.000109 C ∗ C + 0.0053 TC ∗
TC + 0.02929 FT ∗ C + 0.040 FT ∗ TC + 0.000183 C ∗ TC

(10)

Table 7. Response surface analysis results for three factors.

Source DF 1) Adj SS 2) Adj MS 3) F-Value 4) p-Value 5)

Model 9 45.4849 5.0539 153.31 0.000
Linear 3 41.8287 13.9429 422.96 0.000

FT 1 20.4161 20.4161 619.33 0.000
C 1 21.3531 21.3531 347.75 0.000

TC 1 0.0595 0.0595 1.81 0.237
Square 3 1.5915 0.5305 16.09 0.005
FT ∗ FT 1 0.6436 0.6436 19.52 0.007
C ∗ C 1 1.0568 1.0568 32.06 0.002

2-Way Interaction 3 2.0647 0.6882 20.88 0.003
FT ∗ C 1 2.0592 2.0592 62.47 0.001

Error 5 0.1648 0.0330
Lack-of-Fit 3 0.1648 0.0549
Pure Error 2 0.0000 0.0000

Total 14 45.6498
1) DF: Degree of freedom; 2) Adj SS: Sum of squares; 3) Adj MS: Mean of square; 4) F-Value: MSTR/MSE; 5) p-Value: The criterion for
determining the significance level and the reference value is less than 0.05.

4.2. Effect Plots

The response surface analysis was conducted using the finite element analysis result.
Figure 6 shows the response surface analysis of 4T, capacitance, and film thickness.
The value of4T decreased with the increase in film thickness and capacitance;4T was
largest when the film thickness and capacitance were 2.8 µm and 250 µF, respectively.
In contrast, the value of4T was smallest when the film thickness and capacitance were
3.5 µm and 390 µF, respectively. Figure 7 shows the effect of capacitance and film thickness
on ESR. The analysis indicated that ESR decreased with the increase in capacitance and film
thickness. ESR was highest when the film thickness and capacitance were 2.8 µm and 250 µF,
respectively. In contrast, ESR was lowest when the film thickness and capacitance were
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3.5 µm and 390 µF, respectively. Therefore, this confirms that capacitance and film thickness
affect ESR significantly and that these are the main factors that minimize heat generation.

Figure 6. Response surface analysis results for4T versus film thickness and capacitance.

Figure 7. Response surface analysis results for Arms/4t versus film thickness and film width.

4.3. Optimized Conditions

The optimized conditions for heat generation were derived based on the follow-
ing specifications: film width of 35 mm, capacitance of 200 µF, film thickness of 3.15 µm,
and maximum temperature of 87.35 ◦C. The optimized conditions obtained by the finite ele-
ment analysis are as follows: capacitance of 390 µF, film thickness of 3.15 µm, and enhanced
epoxy thermal conductivity of 0.6 W/m·K. The analysis indicated a fitted value at 87.32 ◦C,
a 95% confidence interval in the range of 86.916 to 87.724 ◦C, and a 95% prediction interval
in the range of 86.702 to 87.938 ◦C.

The samples were prepared for experimental verification, and the temperature changes
were measured over time. Figure 8 shows the developed sample for conducting an experi-
ment under the optimized conditions, which consisted of a K-type sensor attached to the
film surface 6 point and electrodes made of copper (Cu). The capacitance was an Agilent
LCR METER E4980A, and current, voltage, and frequency were set to the oscilloscope.
Temperature data were stored using the SDR100 recorder. The changes in temperature data
over 3 h were measured under the electrical conditions, that is, ambient temperature of
85 ◦C and current of 50 Amps, and the frequency was 16 kHz with a square waveform
generated during the inverter PWM switching (Table 8).
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Figure 8. Optimization conditions sample.

Table 8. Parameters used in the temperature experiment.

Factor Level Unit

Capacitance 390 µF

Frequency 16 kHz

Current 50 Amps

Voltage 270 Vdc

Ambient temp’ 85 ◦C

Figure 9 shows a graph comparing the results of finite element analysis and that
of actual measurements from the experiment conducted under the optimization condi-
tions. The experiment was repeated three times to minimize deviations, the average data
calculated for the highest temperature of the film surface, and the result values plot-
ted. Table 9 lists the quantitative results of the finite element analysis and the physical
experiment. The finite element analysis result indicated a maximum temperature of
87.72 ◦C, whereas the physical experiment showed a maximum temperature of 86.9 ◦C
with 99.07% accuracy.

Figure 9. Temperature test results for optimization conditions.
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Table 9. Experimental results of optimization results.

Item Temp’ 4t ESR

Optimization results (Est) 87.72 ◦C 2.72 ◦C 0.71 mΩ

Test results 86.9 ◦C 3.53 ◦C 0.64 mΩ

Accuracy 99.07% - -

5. Conclusions

In this study, the factors affecting the minimization of heat generation of a capacitor
were determined, and their properties were analyzed through finite element analysis.
The variables that affect heat generation—including capacitance, film thickness, and ther-
mal conductivity of epoxy—were set at three different levels. The analysis results confirmed
the significant effect of capacitance and film thickness on heat generation. It was found
that temperature decreased with increasing capacitance and film thickness, whereas higher
thermal conductivity of epoxy did not have a significant effect under general convection
conditions. The interaction between film thickness and capacitor was found to be effective
in minimizing ESR reduction and heat generation. As the film thickness increased, the ∆T
and dielectric flux density decreased. The optimized conditions for minimizing heat gener-
ation were derived, and the feasibility of the analysis model was verified experimentally.
Further, comparison of the prediction and experimental values confirmed the high accuracy
of the analysis model.
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