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Abstract—This paper focuses on developing a finite 
element method (FEM) model for large capacitors thermal 
modeling and reliability analysis. Thermal modeling for 
capacitors is critical since the capacitor's lifetime depends on 
the capacitor's maximum temperature. Typically, capacitors 
have been modeled as a solid element, not considering the 
capacitor's internal geometry, leading to temperature 
estimation errors and requiring extensive testing to adjust the 
model. The presented methodology to develop the model 
considers the internal geometry to obtain a reliable model, 
with sufficient simplicity to adapt the methodology to any 
electrolytic capacitor. To achieve good results, the capacitor's 
winding is modeled as an anisotropic material to reproduce 
appropriately the behavior of the layers of aluminum and 
paper soaked in electrolyte. The results of the simulations 
match the experimental results closely, therefore validating 
the utility of the model. 

Index terms—Finite element methods, capacitors, 
reliability, thermal model. 

I.  INTRODUCTION 

The thermal analysis of capacitors is critical when 
analyzing their reliability since the estimated lifetime is 
determined mainly by the temperature of the capacitor's 
hottest point [1]. Commonly, for large electrolytic 
capacitors is assumed that the lifetime of a capacitor (L) is 
reduced a half for every ten-degree increment in the 
operating temperature (T) [1], [2], as showed in equations 
(1) and (2). L0 is the rated lifetime at the rated operating 
temperature (T0) and the rated voltage (V0). As can be 
expected, the operating voltage (V) also plays a role in 
reliability. 

 𝐿 = 𝐿 · · 2  (1) 

 𝑛 = 5 𝑓𝑜𝑟 0.8 ≤ ≤ 1 (2) 

Therefore, it is evident that thermal modeling is of 
capital importance when analyzing its reliability. 

Typically, electrolytic capacitors fail in three modes [1]. 
The first one is open circuit mode due to vibrations that can 
cause a disconnection of the terminals or due to a self-
healing dielectric breakdown. 

The second one is a short circuit mode. It is caused by a 
dielectric breakdown of the oxide layer. Mainly due to 
overvoltage or defects in the dielectric layer caused during 
the manufacture [3]. 

The last failure mode is a wear-out phenomenon and is 
the most common [4]. The failure mechanisms that can lead 
to a wear-out of the capacitor are diverse. Typically, 

electrolyte evaporation has been considered the primary 
mechanism. The electrolyte evaporation leads to an increase 
in the equivalent series resistance (ESR) since it is highly 
dependent on the electrolyte [5]. Nevertheless, for large 
electrolytic capacitors, other effects, such as the de-
passivation of the cathode foil, play a more prominent role 
[6]. This mechanism consists of the growth on the cathode 
foil's surface of an aluminum oxide (Al2O3) layer, leading 
to an increase in the thickness of the capacitor's dielectric 
material, leading to a reduction of the capacitance [7]. 

Traditionally, capacitors have been modeled using 
different approaches [8], [9], [10], and [11]. The number of 
publications approaching in-depth the modeling of 
electrolytic capacitors and considering the capacitor's 
internal structure is low, especially in recent years. Most of 
the literature available is already more than fifteen years old. 
For example, [8] and [9] analyze the electrolytic capacitors' 
thermal modeling by performing a series of thermal tests 
with the capacitors' internal layers. In [10], the authors 
explore the improvement in electrolytic capacitors' thermal 
dissipation, thanks to an extended cathode. In [11], the 
reduction in the case to ambient thermal resistance is 
analyzed, thanks to the plastic insulation sleeve at the 
exterior of the capacitor and other solutions.  

Lately, capacitors have been modeled as solid elements 
when using a finite element method (FEM) model [12]. For 
large electrolytic capacitors, typically, a solid cylinder is 
used. This approach has been followed because the 
capacitor's thermal load is determined mainly by the air's 
temperature surrounding the capacitor. It is especially 
relevant in capacitor bank modeling [12]. The thermal 
properties of this solid object are determined by performing 
tests with the real equipment. Although useful, this method 
requires developing a test bench to characterize the 
capacitors and obtain the thermal properties that are later 
introduced in the FEM model. It will also require capacitors 
fitted with a thermocouple, which is not a standard feature 
for off-the-shelf capacitors. 

A different approach is proposed in this paper to 
overcome the limitations of the previous methods presented. 
The proposed method models the capacitor, trying to 
replicate the internal structure as close as possible to reality. 
This way, the materials' thermal properties can be 
implemented in the model, and there is no need to 
characterize them. Enhancing the re-usability of this 
methodology for different capacitors and reducing the time 
invested in creating the model. 

On the other hand, following this approach requires an 
in-depth knowledge of the capacitor's internal geometry 
since it plays a critical role. The thickness of the foils and 
the isolation papers strongly affect the thermal properties. 
The geometry can be obtained directly from the capacitor's 
manufacturer or by realizing dimensional measurements on 
the capacitor under study. For this paper, the second 
methodology has been followed. 

External and internal measurements are necessary to 
model the capacitor. The external measurements can be 
obtained easily with a caliper. The internal measurements 
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can be obtained using a non-invasive method such as a CT 
(computed tomography) scan. Alternatively, tearing apart 
the capacitor. The necessary measurements include the 
thickness of the enclosing can and the enclosed capacitor 
dimensions, which can be measured with a caliper. The 
thickness of the anode and cathode foils can be measured by 
stacking a known number of layers and measuring its total 
thickness. Finally, the number of turns of the capacitor can 
be obtained by counting the number of layers in a known 
distance following a radial line. 

In the paper is done a complete analysis of the 
capacitor's internal elements. With this analysis, it is 
possible to study the necessary simplifications of the 
capacitor's winding to model it as an anisotropic material. 
The paper also provides the guidelines to be followed for 
modeling a capacitor with the proposed methodology and 
an example with a specific capacitor. 

The paper is organized as follows. A review of the 
different modeling methods available and an analysis of 
their advantages and disadvantages. An analysis of the 
internal structure of electrolytic capacitors and a 
presentation of the simplifications done to model the 
capacitor. Next, a validation of the previous section's 
assumptions is done by comparing the simplified approach 
with a model considering its internal geometry. After the 
simplifications are validated, a model is developed for a 
determined capacitor. The results obtained from the 
simulations are compared with real measurements. Next, 
the model obtained is compared with the manufacturer's 
model by performing a mission profile analysis of the 
capacitor. Finally, the conclusions are presented. 

II.  ELECTROLYTIC CAPACITORS MODELING METHODS 

The different methods presented in the literature are 
analyzed to identify their strengths and weaknesses. 
Afterward, a new approach is proposed that will help to 
obtain a better thermal model. 

 Empirical determination of the thermal properties 

The first approaches to capacitor thermal modeling were 
made using empirical measurements in the capacitor [8]. 
The thermal properties of the capacitor winding are 
determined by performing thermal tests on them. This 
method requires the development of specific equipment to 
do the proper measurements and is extremely sensitive to an 
improper assembly of these specific setups. The author 

measured the thermal impedance in the axial and the radial 
directions by performing a series of tests with the stacked 
layers found inside a capacitor, i.e., the anode and the 
cathode foils and the paper isolators soaked in electrolyte. 
As the author explains in his paper, it is crucial to maintain 
the aluminum foils and the paper isolators compressed 
together as they will be inside a capacitor. Fig. 1 shows the 
setup necessary [8] to determine the winding's thermal 
resistance in the radial direction. It is necessary to stack the 
multiple layers of a capacitor together, keeping them 
compressed, as stated previously. The setup requires a 
controlled power source and several thermocouples to 
measure the temperature at different points. Finally, 
everything must be isolated in the sides to allow power 
dissipation only in the vertical axis. 

The thermal dissipation from the can to the ambient is 
modeled as a constant heat convection coefficient and a 
constant radiation coefficient. 

As it is evident, this approach is complicated because it 
requires the development of specific tools used to model the 
capacitor. 

In addition, the equations obtained are complex and 
challenging to operate with. Some authors have followed a 
similar approach but simplifying the heat dissipation to the 
ambient by using FEM modeling [9]. 

It has some other drawbacks; the terminals of the 
capacitor are not taken into account. Therefore, there is no 
possibility of considering heat dissipation through them. 
Neither is it possible to consider heat dissipation in the 
terminals' soldering with the anode and cathode foils. 
Although, this is more relevant for small electrolytic 
capacitors rather than for large capacitors. 

 Thermal network adjustment to empirical 
measurements 

Most of the electrolytic capacitors' thermal analyses are 
done by performing controlled tests with a capacitor fitted 
with one or multiple thermocouples. With the aid of specific 
equipment, the current ripple is fixed to a known value to 
fix the desired power losses. An experimental thermal 
network is obtained directly from the temperature 
measurements. There are plenty of examples in the recent 
literature following this approach. Some examples obtain a 
complete thermal network, including convection and 
radiation to the ambient, [13], [14], and others obtain only 
the capacitor's thermal network. A solid element is 
implemented in a FEM simulation with the appropriate 
properties to match the behavior, and the case to ambient 
dissipation is simulated [12], [15]. This helps implement the 
thermal coupling between different capacitors or changes in 
the ambient dissipation, Fig. 2. 

This method, although proved to be efficient, has one 
major flaw. To simulate the temperature on the inside of the 
capacitor, it is necessary to test the capacitor at the nominal 
current ripple to adjust the thermal properties of the material 
composing the cylinder under analysis in the FEM model. It 
also requires a thermocouple for the capacitor to perform 
the tests, making it unsuitable for off-the-shelf capacitors. 

 Other approaches 

There are other examples following the same approach 
presented in this paper. In [16] and [17], the authors present 
two analyses with the anisotropic winding modeling 

 
Fig. 1: Setup implemented in [8] to measure the radial conductivity of 

electrolytic capacitors. 
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approach but focused on film capacitors. However, both 
analyses are limited to steady-state. Additionally, neither 
[16] nor [17] provide information about modeling the 
capacitor case and the thermal interface between the 
winding and the case. This is of paramount importance for 
electrolytic capacitors because the cathode foil is used to 
improve the dissipation by connecting it to the case. 

In [18] and [19], the authors apply the same approach to 
electrolytic capacitors. However, they lack a proper analysis 
considering the internal structure completely [18] or lack 
information on implementing the model [19]. Both papers 
consider the winding an anisotropic material and calculate 
the winding's thermal conductivity as the weighted average 
considering the different materials' volume. 

However, these previous references use the model but 
do not justify its validity. They lack a proper analysis of a 
capacitor's interior. None of them provides sufficient 
evidence that simplifying the winding as an anisotropic 
material is acceptable from a thermal perspective. 
Additionally, none of the provided references compares the 
simulation results with experimental results. Moreover, the 
procedure followed to obtain the necessary parameters to 
generate the model is unknown. The presence of the 
extended cathode is not mentioned in any of the papers. 
Finally, none of them considers the aluminum oxide layer 
of the anode foil. This layer cannot be despised due to the 
high etching of the anode foil. None of the previous works 
provides evidence that this layer can be eliminated from the 
analysis without impacting the final results. Its relevance 
has not been assessed, and it is worth checking. 

The current paper provides a thorough analysis of this 
method. An exhaustive analysis of the capacitor's internal 
elements is done. Next, the necessary parameters' obtention 
to develop the model is provided with an understandable 
explanation and replicable methods. The different 
simplifications applied to the method are analyzed. The 
impact of the aluminum oxide layer on the thermal 
properties of the winding is assessed. The simplification of 
the winding as an anisotropic material is studied with the 
help of FEM simulations. A comparative analysis between 
a simplified model and a model with all the internal layers 
is done. Finally, the performance of the obtained FEM 
model is compared with experimental results. This paper 
includes a transient analysis and presents a complete 

analysis of the winding and the interface with the case and 
ambient. 

Implementing this method helps to obtain a thermal 
model for the capacitor and eliminates the need to perform 
tests with a capacitor fitted with a thermocouple. It also 
helps to implement this capacitor into a bigger FEM model. 
Furthermore, the method can be applied to off-the-shelf 
capacitors. 

The proposed method provides a thermal model based 
only on simulations. This can generate doubts for future 
users that might add thermal measurements in the capacitor 
to ensure the model's validity. However, this is an issue that 
has been faced previously in the field of power electronics. 
The thermal networks for power modules have been largely 
analyzed with the help of FEM simulations [20], and the 
analysis validity has been proved [21], [22]. The models 
obtained with FEM simulations are trusted, and the same is 
expected to happen with the proposed method. The more it 
is used, the more it is trusted by the users. 

The proposed method's main advantage is its easiness of 
implementation as soon as the necessary parameters are 
known. Therefore, this method might be helpful to capacitor 
manufacturers, for example. They know all the information 
necessary. With a reasonable effort, it is possible to develop 
a FEM model with good performance. 

However, the procedure is less straightforward for final 
users if the capacitor's manufacturer is unwilling to share 
the relevant data. In this paper, the necessary data is 
obtained with two different approaches. First, with a non-
invasive measurement with the help of a CT scan. And 
second, with an invasive method, tearing apart the capacitor. 
The first approach is costly and time-consuming. However, 
the second method cannot be considered difficult, 
expensive, or excessively time-consuming. It only requires 
cutting in half a capacitor and measure the relevant 
parameters, no more than one day of work. A similar 
approach is followed to develop FEM models of power 
modules [23]. As stated previously, it is a standard 
procedure in the literature. 

III.  ELECTROLYTIC CAPACITOR INTERNAL ANALYSIS 

 Capacitor characterization 

The electrolytic capacitor's operation principle is based 
on the dielectric properties of alumina or aluminum oxide 
(Al2O3). Typically, they are made of three different layers 
rolled together to obtain a cylindrical shape. 

The positive terminal of the capacitor is connected to the 
anode foil. It consists of an aluminum foil treated with an 
anodization process to generate a layer of Al2O3 in the 
surface with a controlled thickness that will act as the 
capacitor's dielectric material. The anodization of the 
capacitor is done on both sides of the foil. 

The electrolytic fluid is placed together with a paper 
layer between the anode foil and the cathode foil. The 
electrolytic fluid has good conductive properties to ensure a 
good connection with the cathode foil. 

The last layer is the cathode, connected to the negative 
terminal of the capacitor. This layer is an aluminum layer 
that has been superficially treated with a passivation to 
prevent a growth in the external thin aluminum oxide layer 
that is grown naturally. Non-polarized capacitors also have 
an Al2O3 layer on the second foil surface, but they are 

 
Fig. 2: FEM simulation of a bank of capacitors modelled as solid 

elements [12]. 
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uncommon. To decrease the winding's thermal resistance to 
the can, usually, the cathode foil is extended, and it makes 
contact with the base of the can enclosing the capacitor [24]. 
The paper placed between anode and cathode is also 
extended in the superior part of the capacitor. The lid applies 
force into the extended paper to ensure that the extended 
cathode has good contact with the can's base. Since the 
cathode foil is thin, the material is crushed, ensuring good 
thermal contact, Fig. 3 and Fig. 4. Finally, a layer of paper 
soaked in electrolyte is placed next to the cathode. 

For large electrolytic capacitors, each layer's thickness 
moves in a range between 10—300 µm, and the number of 
layers with the capacitor winded can go up to more than 50 
with a total diameter of more than 50 mm. If it is considered 
that the total height of the rolled capacitor can exceed 100 
mm, it is evident that it is complicated to model a capacitor 
considering all the layers. The number of elements used in 
the FEM model will be too high due to the need to use small 
elements in the foils combined with the high number of 
elements due to the capacitor's total dimensions. 

The solution to this problem is to approach the capacitor 
winding as an anisotropic material considering polar 
coordinates, Fig. 5 and Fig. 6. In the radial axis (r), the 
thermal resistance is the series connection of the paper 
soaked in electrolyte thermal resistance and the aluminum 
foils. In the vertical axis (z) and the angular coordinate (φ), 

the thermal resistance is equivalent to the four layers' 
parallel connection. 

The capacitor EPCOS B43564A6278M000 [25] will be 
analyzed. The main capacitor characteristics are 
summarized in Table I 

TABLE I: CAPACITOR PARAMETERS AND RELEVANT DIMENSIONS 

Parameter Value 
Capacitor maximum voltage (V) 500 
Capacitance (µF) 2700 
Thermal rating (°C) 85 
Can external diameter (mm) 76.9 
Can total height (mm) 105.7 
Can side thickness (mm) 1.00 
Can base thickness (mm) 3.25 

To obtain the dimensions of the winding and to 
characterize it accurately, two methods were followed. 

Initially, it was analyzed using a non-destructive 
method. X-ray images of the capacitor were obtained using 
a CT scan. The CT scanner's precision is 50 µm, which is 
insufficient to measure the foils' thickness, especially the 
cathode foil. However, it is more than enough to obtain 
other relevant data. The images obtained, Fig. 5, Fig. 6, and 
Fig. 7 are helpful to measure the following data. 

 The thickness of the can on the sides and base. 

 The total dimensions of the winding, including 
the internal diameter (DW-int), the external 
diameter (DW-ext), and the height (LW). It also 
helped to measure the length of the extended 

 
Fig. 5: Vertical cross-section of the capacitor. 

 
Fig. 6: Horizontal cross-section of the capacitor 

 
Fig. 3: Structure of the capacitor winding. Source: CDE [4]. 

Fig. 4: Capacitor assembly including the extended cathode. Source: CDE 
[4]. 
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cathode (LEC) and the length of the extended 
paper (LEP) with the capacitor assembled 

 The pitch of the winding. The pitch is the 
increase in the winding radius for every turn; 
this includes the anode, the cathode, and the 
papers soaked in electrolyte. This data was 
obtained by counting the number of turns in a 
10 mm section of one winding radius. 

Fig. 5 is helpful to do a preliminary analysis of the 
dissipation through the capacitor terminals. It can be seen 
clearly, that the screw terminals are connected to the 
winding with two aluminum foils with a small cross-section 
and are relatively long. These foils are marked as tabs in Fig. 
4. Despite being made of aluminum, the small cross-section 
and its length might create a high thermal resistance through 
the terminals. The terminals' thermal resistance will be 
discussed when the winding thermal characteristics are 
discussed. 

Afterward, the capacitor was cut and torn apart to 
measure the winding's foils' thickness and validate some of 
the CT scan measurements. Fig. 8 shows the capacitor cut 
in half. The capacitor was cut at a known angle of 30 
degrees to make it easier to count the number of layers per 
mm with a digital microscope's help if necessary. As shown 
in Fig. 8, the tape that holds the capacitor rolled was not cut, 
keeping the winding compressed and avoiding any changes 
in its dimensions. 

The inferior half was used to measure the thickness of 
the different layers. The paper's thickness was not measured 
because it can vary when the different layers are torn apart. 
The paper is soaked in electrolyte and it may be slightly 
compressed when it is rolled. The thickness of the 
aluminum foils was measured, stacking several layers to 
avoid possible measuring errors. The length and section of 
the tabs connected to the terminals were measured as well. 

The measured parameters are summarized in Table II. 
The number of layers per millimeter is one over the pitch. 

TABLE II: WINDING DIMENSIONS 

Parameter Value 
Winding external diameter [DW-ext] (mm) 68.15 
Winding internal diameter [DW-int] (mm) 8.75 
Winding total length [LW] (mm) 72.65 
Extended cathode length [LEC] (mm) 5.80 
Extended paper length [LEP] (mm) 6.55 
Anode foil thickness (µm) 120.00 
Cathode foil thickness (µm) 35.00 
Winding pitch (µm) 370.77 
Number of layers per millimeter 2.70 
Tabs section (mm2) 1.20 
Tabs length (mm) 22.00 

The dimensions measured in the CT scan were similar 
to the dimensions measured directly in the capacitor. With 
a CT scan with higher precision, it could be possible to 
obtain all the capacitor's relevant data. 

 Anisotropic characteristics analysis 

As mentioned before, the winding of the capacitor is 
modeled as an anisotropic material. To calculate the 
properties of this material, the weighted average is used. 
The weighted average is calculated considering the 
percentage of each material in the volume of the winding. 
The paper represents 58.20 % of the total volume in the case 
under study. The rest can be considered aluminum or 
aluminum oxide. The anode foil has a superficial layer of 
aluminum oxide, but the thickness is small. The relative 
permittivity (εr) of the aluminum oxide varies between 8 and 
10, depending on its purity [4]. The anode surface is highly 
etched. The etching is done to increase the surface of the foil 
(A) and, in consequence, increase the capacitance (C) (3). In 
standard capacitors, the etching process increases the 
surface 3 to 120 times, according to [26], or 10 to 60 times 
for high voltage capacitors, according to [27]. With the 
winding dimensions, and the vacuum permittivity (ε0), the 
thickness of the dielectric layer (d) can be calculated (3) to 
be around 5.3 µm in the worst scenario, distributed between 
the two faces of the anode foil. It represents 4.4% of the 
volume of the foil. 

 𝐶 = ε · ε ·  (3) 

According to [3], the dielectric layer is as dense and thin 
as 1.1–1.5 nm·V-1. The capacitor under study is rated for 
500 V, which means the dielectric thickness will probably 
be lower than the 5.3 µm calculated before. For this study, 
the thickness of 5.3 µm will be considered since it is a safer 
approach from a thermal perspective. The thermal 
conductivity of aluminum oxide is worse than the thermal 
conductivity of aluminum. Therefore, an anode foil with a 
thicker layer of aluminum oxide will have a higher thermal 
resistance. 

 
Fig. 8: Capacitor cut in half for measuring purposes. 

 
Fig. 7: 3D image obtained from the CT scan of the capacitor. 
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The thermal properties, thermal conductivity (k), and 

specific heat (cp) of the aluminum and aluminum oxide 
(abbreviated as Al and AlO) can be considered common 
knowledge, as well as density (ρ). Since the electrolyte 
properties are unknown without determining the exact 
electrolyte used, the values measured in [8] for the paper 
soaked in electrolyte (abbreviated as PE) are used. 

Equations (4) and (5) are used to calculate the different 
thermal conductivities. In (4), the r axis (kr) thermal 
conductivity is calculated considering the different layers' 
thermal resistance to be in series. In (5), the thermal 
conductivities in the φ and z axis (kφ and kz) are calculated 
considering the different layers' thermal resistance to be in 
parallel. The percentage of the total volume of each material 
is represented by αAl, αAlO, and αPE. 

 𝑘 =
· ·

· · · · · ·
 (4) 

 𝑘 = 𝑘 = 𝑘 · α + α · 𝑘 + α · 𝑘  (5) 

The density and the winding's specific heat capacity 
(abbreviated as W) are also calculated as the weighted 
average value. All the parameters can be found in Table III. 

TABLE III: THERMAL PARAMETERS OF THE WINDING SIMPLIFICATION 

Parameter Value 
αAl (p.u.) 0.4037 
αAlO (p.u.) 0.0143 
αPE (p.u.) 0.5820 
kAl (W·m-1·K-1) 240.00 
kAlO (W·m-1·K-1) 30.00 
kPE (W·m-1·K-1) 0.185 
kW-r (W·m-1·K-1) 0.318 
kW-z = k W-φ (W·m-1·K-1) 97.425 
cp-Al (J·kg-1·K-1) 910.00 
cp-AlO (J·kg-1·K-1) 870.00 
cp-PE (J·kg-1·K-1) 640.00 
cp-W (J·kg-1·K-1) 752.29 
ρAl (kg·m-3) 2700.00 
ρAlO (kg·m-3) 3400.00 
ρPE (kg·m-3) 1110.00 
ρW (kg·m-3) 1784.63 

The percentage of aluminum oxide might seem 
irrelevant. If not considered, the thermal conductivity in the 
φ and z axis variates 3%, kφ and kz without considering the 
Al2O3 layer are 100.43 W·m-1·K-1. If the Al2O3 layer is 
considered, this value decreases to 97.43 W·m-1·K-1. In the 

r axis, the conductivity is mainly determined by the paper 
soaked in electrolyte. Therefore, if the Al2O3 layer is not 
considered, the results are similar, with less than 1 % 
variation. The impact of considering the Al2O3 layer in the 
specific heat is negligible as well. Therefore, this layer can 
be eliminated from the analysis without substantially 
modifying the model's performance, increasing its 
simplicity for future studies. 

 FEM simplified approach 

With the winding's anisotropic properties clear, it can be 
assessed whether the terminals will impact the thermal 
response. The thermal resistance (R) of a heat conductor can 
be expressed as  

   𝑅 =
·

 ,       (6) 

being A the cross-sectional area, k the thermal conductivity, 
and L the length. 

With the values presented in Table II and Table III, each 
tab's thermal resistance is 7.64 K·W-1. The winding's 
thermal resistance in the vertical axis is 0.21 K·W-1, more 
than 30 times smaller than the tabs thermal resistance. 
Therefore, it can be concluded that the terminals' power 
dissipation will be negligible for the capacitor analyzed. 
Despite its high thermal resistance, the terminals will not be 

 
Fig. 9: Capacitor assembly including the extended cathode. 

 
Fig. 10: Proposed approach for the FEM modeling. 
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removed from the model. It might be useful for future 
analyses. 

The extended cathode (abbreviated as EC) in contact 
with the base of the can that encloses the capacitor is also 
modeled as an anisotropic material. In the vertical axis (z) 
and the angular coordinate (φ), the equivalent thermal 
conductivity is determined by the percentage of the cathode 
foil's volume. For a cathode foil with a thickness of 35 µm 
and a pitch of 422 µm, the total volume occupied by the 
cathode in the extended cathode region is only 8.29%. In the 
radial axis (r), the thermal conductivity is determined 
mainly by the air surrounding the cathode foil. The air's 
thermal conductivity is extremely low, below 0.05 W·m-

1·K-1 at the expected temperatures. 

Consequently, in the radial axis, the extended cathode 
can be considered adiabatic. Values can be found in Table 
IV. The specific heat and the equivalent material's density 
to the extended cathode will be calculated as the weighted 
value as done previously. 

TABLE IV: THERMAL PARAMETERS OF THE EXTENDED CATHODE 
SIMPLIFICATION 

Parameter Value 
kAir (W·m-1·K-1) <0.05 
kEC-r (W·m-1·K-1) <0.05 
k EC-z = k EC-φ (W·m-1·K-1) 19.89 
cp-Air (J·kg-1·K-1) 1.01 
cp-EC (J·kg-1·K-1) 75.53 
ρAir (kg·m-3) 1.23 
ρEC (kg·m-3) 224.10 

The lid applies pressure to the winding using three 
ribbons with a small section directly pressing the extended 
paper. In Fig. 4, this lid and its ribbons are marked with the 
label Phenolic/Nylon cover with Centering Peg. The power 
flux through the extended paper, the ribbons, and the lid to 
the ambient can be considered zero. Consequently, the lid is 
modeled as a cylindrical piece. Between the extended paper 
and the lid an air gap is considered. The ribbons mentioned 
above have been omitted from the model. 

The last simplification to be implemented in the model 
is the distribution of the losses inside the capacitor. Since 
the winding is modeled as a unique solid, the losses will be 
distributed uniformly inside the capacitor. 

With all the data presented, it is possible to develop the 
capacitor's model following the basic structure presented in 
Fig. 9 and follow the approach proposed in Fig. 10. 

IV.  SIMPLIFICATIONS VALIDATION. 

To ensure that the simplifications do not lead to 
erroneous results, it is necessary to compare the results 
considering an anisotropic model with a model considering 
the real internal structure. As it has been stated, it is 
unachievable to model the whole winding. To overcome 
this limitation, the results are compared for just a portion of 
the total winding. Only seven turns are considered, and a 
height of the capacitor of 20 mm. The equivalent model 
using an anisotropic material is implemented, and the results 
are compared. Only part of the winding is simulated, not 
including the can and neither the capacitor terminals. The 
goal is to keep the model simple to maintain the number of 
finite elements low. The simulated winding portion base is 
placed in the XY plane, i.e., the same orientation showed in 
Fig. 9. 

The 3D models have been developed with CAD 
software, Solidworks, and the FEM analysis using 
COMSOL. All the FEM simulations performed for this 
paper use the same software. 

The power losses for the model, including the internal 
foils, will be distributed half in the anode foil and half in the 
electrolyte solution. This assumption is reasonable [5]. The 
effect of the temperature in the electrolyte's electric 
resistance [28] is not considered because it will increment 
the model's complexity. It can be considered after obtaining 
a thermal network of the capacitor. 

For the FEM simulations, the total power generated in 
the winding (PW) is fixed to 10 W. The temperature (Tref) on 
the extended cathode base and the winded capacitor's outer 
sides is set to 20 °C. 

PW and Tref were selected to obtain graphic results easy 
to understand and easy to operate. The chosen values do not 
represent any specific case and are just chosen to get 
comparable results. 

The simulation results show that the simplifications 
applied are acceptable since they are very close, less than 
3% of error. Fig. 11 shows the results for the model 
considering the real structure. It is possible to see that the 
power dissipation is mainly on the vertical axis. It is 
possible to observe the structure in the temperature 
distribution but only in the base. In the superior part of the 

 
Fig. 11: Temperature distribution inside the capacitor considering the real 

structure. 

 
Fig. 12: Power flux inside the capacitor winding considering the real 

structure. 
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simulated winding, the temperature distribution is 
homogeneous. 

Fig. 12 shows the power flux in the capacitor. This 
confirms the hypothesis that most of the power is dissipated 
through the extended cathode and the capacitor's base. 

The vertical thermal conduction will be more 
exaggerated when considering the whole winding since its 
sides are surrounded by air that is a poor heat conductor. 

The results considering the anisotropic material are 
similar, as shown in Fig. 13. The power flux, as expected, is 
dominant in the vertical axis due to the anisotropic 
properties of the material implemented in the simulation. 

The temperature increase has been measured at three 
winding points to compare the two models' results. Fig. 14 
shows the position of the three points in the winding. The x 
and y coordinate are the same for the three capacitors, 0 mm 
and 6 mm. The z coordinate is -5 mm, 0 mm, and 5 mm, 
respectively, for the three points. The measured values and 
the error are summarized in Table V. The error between the 
different points is inferior to 4 %. Therefore, confirming the 
similarity between the two models. 

TABLE V: COMPARISON OF THE RESULTS OBTAINED WITH THE REAL 
STRUCTURE AND THE ANISOTROPIC SIMPLIFICATION 

Point ΔT real structure (K) ΔT anisotropic (K) Error (%) 
1 8.66 8.82 1.85 
2 11.00 10.98 -0.25 
3 12.40 12.00 -3.22 

The maximum temperature increase (ΔTW) measured in 
the simulation with the real structure is 17.02 °C. For the 
model considering the anisotropic material, the maximum 
temperature increase is 16.36 °C.  

The thermal resistance (RW) from the hottest point of the 
winding to the fixed temperature in the base or on the sides 
(Tref) is 1.702 K·W-1 for the model considering the real 
structure and 1.636 K·W-1 for the model considering the 
simplifications. These values were calculated in steady-state 
(7), considering the power generated at the winding (PW) 
and the reference temperature (Tref). 

  𝑅 =
∆

=        (7) 

The error of the model considering the simplifications is 
inferior to 4%. It can be concluded that the simplifications 
applied to the model are acceptable. 

The applied simplifications help to reduce substantially 
the number of elements used in the simulation. The model 
considering the internal geometry has slightly more than 
3.25 million elements. The model considering an 
anisotropic material for the winding has only 23 thousand 
elements – more than a hundred times smaller. 

Trying to simulate the whole capacitor, including the 
internal geometry, is hardly achievable. The entire 
capacitor's volume is more than a hundred times bigger than 
the one that has been simulated. This will lead to a FEM 
model with an enormous number of elements. 

V.  MODEL DEVELOPMENT AND RESULTS COMPARISON 

The methodology proposed is used to create a model for 
the capacitor B43564A6278M000 from EPCOS [25]. A 
capacitor with this exact reference has been tested under 
controlled circumstances. The results obtained from the real 
measurements are compared with the results obtained from 
simulations. 

 Capacitor experimental tests 

The tested capacitor was mounted on a wooden table; 
therefore, the base's heat dissipation can be considered zero. 
The terminals are connected to two wires connecting the 
capacitor with the equipment used to test the capacitor, see 
Fig. 15. The cables have a small copper section and are 
covered with plastic with good insulation properties. 
Together with the tabs high thermal resistance, the heat 
dissipation through the terminals can be considered zero as 
well. Therefore, there is only dissipation through the sides 
of the can. 

 
Fig. 13: Temperature distribution inside the capacitor considering an 

anistropic material. 

 
Fig. 14: Location of the temperature measurement points 1 to 3. 

 
Fig. 15: Setup for the capacitor experimental tests. 
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The capacitor was tested using a ripple current capacitor 
tester [29], the average voltage was fixed to 400 V, and the 
current ripple was fixed to 6.5 ARMS, at a fixed frequency of 
100 Hz. The ambient temperature during the tests was 
30 °C. Unfortunately, the capacitor was not fitted with a 
thermocouple. The addition of a thermocouple is a feature 
that must be added during the capacitor's manufacturing 
stage. 

The capacitor was tested until it reached a stationary 
state. Fig. 16 shows the steady-state temperature 
distribution in the can under the described conditions. It is 
possible to see that the temperature is uniformly distributed 
in the capacitor. However, the base shows a slightly higher 
temperature. It is normal considering that the power flows 
from the winding to the base of the can and then is dissipated 
in the sides of the can. The maximum temperature measured 
in the can's base is 35.5 °C, and the temperature in the 
middle of the can might be assumed to be 35 °C. Fig. 17 
shows the measured temperature in the middle of the can 
during the test. The steady-state temperature is reached after 
four hours of operation approximately. The temperature was 
measured with a K-type thermocouple and a datalogger. 
The measured steady-state temperature with the thermal 
camera, Fig. 16, is consistent with the final temperature 
measured with the K-type thermocouple, Fig. 17. 
Unfortunately, the capacitor did not have a thermal 
measurement inside the winding. Therefore, the internal 
temperature is not available. 

The temperature increase is low because the total losses 
are low. 

It is necessary to determine the capacitor's equivalent 
series resistance, ESR, to determine the power losses during 
the performed test. The ESR value is not constant with 
frequency due to the electrolyte properties and its interface 
with the dielectric layer [5]. The measured ESR at the tested 
frequency, 100 Hz, was 27.8 mΩ. With the injected current, 
the average capacitor losses (PCap) are 1.175 W. 

 Ambient heat dissipation determination 

For the FEM simulation with the model considering the 
anisotropic material, the can's sides' heat dissipation is 
modeled with a heat convection coefficient to reduce the 
simulation time. This convection coefficient is obtained 
from a thermal simulation, including the natural convection 
and the capacitor's radiation, and considering the capacitor 
a solid element. Consequently, allowing the usage of a 2D 
axisymmetric simulation and making it faster to simulate. 

In this first simulation, the capacitor is modeled as a 
solid element sitting on an isolated surface and surrounded 
by air. The air regime shall be simulated as laminar because 
the Raleigh number (8) associated with the system is below 
109 [30]. 

 Ra =
· ·∆ ·

·
 (8) 

The parameters in equation (8) can be found in Table 
VI. 

TABLE VI: PARAMETERS FOR CALCULATING THE RALEIGH NUMBER 

Parameter Value 
Gravity [g] (m·s-2) 9.81 
Coefficient of thermal expansion of air [αp] (K-1) 3.32·10-3 
Expected temperature increase [ΔT] (K) 5.0 
Height of the cap [h] (m) 105.7·10-3 
Thermal diffusivity of air [κ] (m2·s-1) 23.07·10-6 
Kinematic viscosity of air [ν] (m2·s-1) 15.98·10-6 

The emissivity of the can, including the isolating PVC 
sleeve, can be assumed to be 0.85 [8], [31]. 

With these values, the results can be seen in Fig. 18. The 
can's surface temperature is 35 °C. Due to the capacitor's 
solid geometry, it is uniform in all the capacitor's lateral. 
The results match the temperature seen in the real 
measurements. 

 
Fig. 16: Steady-state temperature distribution on the can surface for the 

capacitor operating under the fixed conditions. 

 
Fig. 17: Transient measured temperature in the middle of the capacitor 

side, TSide. 

 
Fig. 18: Capacitor surface temperature considering it as a solid with 

natural convection and radiation. 
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From this simulation, the convection coefficient (h) to 
apply in the FEM simulation of the anisotropic model is 
obtained using (9) and (10). 

 Δ𝑇 = 𝑅 · 𝑃  (9) 

 𝑅 =
·

 (10) 

Being Ac, the surface of the side of the can that encloses 
the capacitor, and Rc-a, the thermal resistance from the, can 
to the ambient. 

 Capacitor thermal model development 

The thermal coefficient used in the simulation 
implementing the anisotropic model is h = 9.49 W·m-1·K-1. 
This is a simplification since the radiation is strongly 
dependent on the temperature. However, it is realistic since 
the temperature variation will be low. 

Fig. 19 shows the result of the simulation for the 
described conditions. As it is possible to see, the outside 
temperature is consistent with the real measurements' 
results, Fig. 16. The can's base temperature is higher than in 
the superior half, confirming that the power flux goes from 

the winding to the base and dissipates through the can's 
lateral. The maximum temperature measured in the can is 
35.45 °C, extremely close to the maximum value measured 
with the thermal camera. 

In Fig. 20, the temperature inside the winding is shown. 
The hottest temperature in the winding is 35.76 °C. The 
difference with the can is low, but it is reasonable. The test 
performed with the capacitor dissipates a low amount of 
power; therefore, the temperature increase is low. In Fig. 20, 
the capacitor interior air domain surrounding the winding 
has been removed to increase the results' understandability. 

It is worth stating that the model only required 700 
thousand elements, which is a considerably low value. With 
this number of elements, a FEM simulation can be run 
without needing expensive simulation equipment. 

The capacitor manufacturer provided a thermal network 
for the steady-state analysis of this capacitor with natural 
convection, Fig. 21. This thermal network is not available 
online and shall be requested from the manufacturer. The 
authors had no problem having access to this information 
after asking it. Considering that the dissipation in the 
terminals is zero, i.e., considering R24 as infinite, and the 
dissipation in the base is zero, i.e., considering R34a as 
infinite, the expected temperature in the core of the 
capacitor is 35.05 °C, similar to the values obtained. 

Since the results obtained with the proposed method 
seem consistent, it is interesting to get more information. 
The next step is to extract a simple thermal network of the 
capacitor, including the thermal capacitance. 

The thermal network can be implemented, as shown in 
Fig. 22 and Fig. 23. For both figures, TWinding refers to the 
hottest temperature in the winding. TBase refers to the 
average temperature on the base. TSide refers to the average 
temperature on the side. Finally, TAmb refers to ambient 
temperature. 

The thermal resistances of the proposed thermal 
network have been calculated with the steady-state 
temperatures measured in the anisotropic model simulation, 
Fig. 19 and Fig. 20. It has been assumed that all the power 
dissipated in the capacitor (PCap) flows from the winding to 
the can's base, next to the can's sides, and finally to the 
ambient. The thermal resistance (Ri-j) between two points, i 
and j, is calculated as 

 

Fig. 21: Thermal network of the capacitor under natural convection. 
Source: EPCOS. 

 
Fig. 19: Temperature distribution at the can of the capacitor considering 

the winding as an anistropic material. 

 

Fig. 20: Temperature distribution of the interior of the capacitor 
considering the winding as an anistropic material. 
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  𝑅 =
∆

= .  (11) 

However, the thermal capacitances (C1 and C2) must be 
obtained from the transient thermal response. A transient 
thermal analysis is performed with the FE model presented 
previously in this section. As has been explained previously, 
the capacitor lacks a temperature measurement inside the 
winding. Therefore, it is not possible to compare the 
winding temperature simulation results with the 
experimental setup. 

For the steady-state analysis, the power dissipated in the 
capacitor was modeled as a constant value, PCap. However, 
for the transient thermal analysis, the power should no 
longer be considered constant to characterize the thermal 
network properly. 

The power dissipated in the capacitor can be expressed 
as 

𝑃(𝑡) = 𝐸𝑆𝑅 · 𝐼(𝑡) = 𝐸𝑆𝑅 · 2 · 𝐼 · cos(𝜔𝑡) ,   (12) 
being ESR100Hz·IRMS

2 the same as PCap. 

Consequently, (12) can be re-written as 

  𝑃(𝑡) = 𝑃 + 𝑃 · cos(2𝜔𝑡).   (13) 
Equation (13) has a constant term and a term pulsating 

twice the current frequency, i.e., 200 Hz. 

A transient simulation with the FEM model was done, 
defining (13) as the capacitor power losses. The first graph 
of Fig. 24 shows a comparison of the measured side 
temperature increase of the capacitor,  

  ∆𝑇 = 𝑇 − 𝑇 ,    (14) 

and the simulated side temperature increase with the FEM 
model. The second graph of Fig. 24 shows the per-unit error 
between the simulation results and the experimental results, 
expressed as 

   error =
∆ ∆

∆
.    (15) 

The error is not calculated in the first 8 minutes of 
operation for the sake of clarity in the graph. ΔTSide tends to 
zero, and consequently, the error tends to infinite. 

During the transient, the error is always below 0.08 pu 
and is lower than 0.05 pu during most of it. The steady-state 
error is smaller than 0.025 pu in absolute value. Therefore, 
the error between the simulation and the experimental 
results is small enough to consider the simulation model 
correct. 

Fig. 25 shows the simulated capacitor's hottest point 
temperature over time. 

The capacitor's hottest point temperature shows the 
typical response to a step of power. This behavior is caused 
by the constant term of (13). Additionally, it can be 
observed that the temperature oscillation at 200 Hz is 
inappreciable in the graph. The oscillation is below 0.01 °C. 
Therefore, it can be concluded that the pulsating term of 
(13) can be neglected for future analyses. 

The C1 and C2 values have been calculated by matching 
the proposed thermal network transient response to the 
response shown in Fig. 24 and Fig. 25. The curve fitting tool 
from MATLAB was used to perform this operation. 

The parameters of the proposed thermal network can be 
found in Table VII. 
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Fig. 22: Proposed thermal network for the model under study. 
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TBase
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Tamb

 
Fig. 23: Temperature measurement points of the thermal network 

proposed. 

 
Fig. 24: Side temperature increase comparison between the experimental 

results and the simulation results. Error between the simulation results and 
the experimental results 

 
Fig. 25: Hottest point temperature evolution considering the winding as an 

anisotropic material. 

0 1 2 3 4 5 6
Time (h)

-0.05

0

0.05

0.1
Error

0 1 2 3 4 5 6
Time (h)

0

2

4

6

Measured
Simulated

0 1 2 3 4 5 6
Time (h)

30

31

32

33

34

35

36



JESTPE-2020-07-0759.R4 
TABLE VII: PARAMETERS FOR THE PROPOSED THERMAL NETWORK 

Parameter Value 
Winding thermal resistance [RW] (K·W-1) 0.1540 
Can thermal resistance [RC] (K·W-1) 0.5362 
Can to ambient thermal resistance [RC-A] (K·W-1) 4.1617 
Capacitor thermal capacitance 1 [C1] (J·K-1) 28.84 
Capacitor thermal capacitance 2 [C2] (J·K-1) 610.06 

VI.  CASE STUDY 

A mission profile analysis is performed to validate the 
application of the proposed model. The proposed model is 
compared with the model provided by the manufacturer to 
compare the obtained results. 

For the validation is assumed that the capacitor is used 
in the DC-link of a single-phase PV inverter. With the PV 
inverter's output current, the capacitor's current can be 
calculated easily [32]. 

The analysis is done with a one-day profile obtained 
from measurements of a PV inverter operating in the field. 
Fig. 26 shows the RMS output current for 24 hours of 
operation, with a sampling time of 15 seconds. 

The proposed thermal network, Fig. 22 and Fig. 23, is 
compared with the thermal network provided by the 
manufacturer, Fig. 21. The maximum winding temperature 
for both thermal networks is shown in Fig. 27. 

The results differ substantially. The shape of the 
temperature during the operation of the converter is 
different. The results obtained with the manufacturer's 
thermal network show a series of fast transients that are 
especially relevant between hours 12 and 16. These spikes 
have the same shape as the spikes seen in Fig. 26. The 
results obtained with the proposed thermal network show 
that these spikes are filtered. The maximum difference 
between both thermal networks is superior to three degrees 
at some points. 

The difference in the results can be explained by the 
lack of thermal capacitance in the manufacturer's thermal 
network. The proposed thermal network includes two 
thermal capacitances. Therefore, these fast transients are 
filtered. 

According to our FEM simulation results, the capacitor 
has a low-pass filter behavior, Fig. 25. Therefore, it can be 
assumed that the capacitor's thermal network should have 
some capacitive elements to replicate the low-pass 
behavior properly. Consequently, the winding temperature 
calculated with the manufacturer's thermal network will 
probably lead to wrong temperature estimations during fast 
transients and distort the reliability analysis results. 

VII.  CONCLUSIONS 

The model proposed was proved to replicate the 
behavior of the rolled layers of the capacitor accurately 
and, at the same time, substantially reduce the resource 
consumption for simulation. This allows introducing this 
model in a more complex system and evaluating the 
interaction with other elements. 

The impact of the aluminum oxide layer was analyzed 
in the paper. Its impact on the thermal response is small, 
and therefore, it can be obviated for future analyses. 

Instead of using a FEM model obtained from 
measurements with the capacitor in operation, the proposed 
method is based on dimensional measurements. This helps 
to reduce the time spent on the development of the model. 
The thermal properties of the materials used inside the 
capacitor are well studied, easing the model's 
implementation. 

The model allows the extraction of a complex thermal 
network that can be used for the thermal characterization 
of capacitors. The proposed method is suitable for off-the-
shelf capacitors. 
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