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Abstract: The main purpose of the paper is the proposal of multi-level simulation, suited 

for the evaluation of the lifetime of critical electronic devices (electrolytic capacitors). 

The aim of this issue is to imagine about the expected operation of complex and ex-

pensive power electronic systems, when the failure of the most critical component oc-

curs. For that reason, various operational conditions and various physical influences must 

be considered (e.g. mechanical, humidity, electrical, heat stress), where nonlinearities are 

naturally introduced. Verification of the proposal is given, whereby the life-time esti-

mation of an electrolytic capacitor operated in a DC-DC converter during various ope-

rational conditions is shown. At this point electrical and heat stress is considered for 

lifetime influence. First, the current state in the field of mathematical modeling of the 

lifetime for electrolytic capacitors, considering main phenomena is introduced. Next, 

individual sub-models for multi-level simulation purposes are developed, including  

a thermal simulation model and electrical simulation model. Several complexities of indi-

vidual models are mutually compared in order to evaluate their accuracy and suitability 

for further use. Proper simulation tools have been mutually linked and data transfer was 

secured, in order to have the possibility of investigation of a lifetime depend on the chan-

ges of various variables. 

Key words: electrolytic capacitor, lifetime model, lifetime estimation, system-level si-

mulation 

 

 

 

1. Introduction 
 

 The paper deals with the proposal of multi-level simulation, suited for the evaluation of the 

lifetime of critical electronic devices (electrolytic capacitors). Verification of the proposal is 

given, whereby the life-time estimation of an electrolytic capacitor operated in a DCDC con-

verter during various operational conditions is shown. The paper describes multi-level simula-
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tion design, as well as possible practical application areas. Proposal for target application 

(DCDC converters) is initially considered. At first the individual simulation modules are 

presented. Consequently necessary settings for simulation data exchange between individual 

modules are described together with the description of relevant physical phenomena. Finally 

verification of the proposed multi-level simulation system is evaluated, whereby the lifetime 

estimation of an electrolytic capacitor operated in a DC-DC converter during various opera-

tional conditions is being shown. 

 

 

2. Life-time estimation model (LT estimation methodology) 
 

 For determination of expected the lifetime of an electrolytic capacitor during various ope-

ration conditions, it is necessary to consider each physical phenomenon, which directly in-

fluence component’s behavior (1). 

  VRT KKKLT  0 , (1) 

where: L0, KT, KR, and KV are the factors which are influencing the lifetime of a capacitor 

based on various changes of variables, i.e., L0 is the lifetime at nominal ripple and upper ca-

tegory temperature (values from datasheet), KT is the temperature factor (ambient tempera-

ture), KR is the ripple current factor (causing self-heating), KV is the voltage factor (operating 

voltage).  

 Individual variables are defined below. 

 A temperature factor: the lifetime of elcaps follows the industry wide-well established 

“10Kelvin rule” from Arrhenius: 
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where: T0 is the upper category temperature (datasheet value of maximal allowable capacitor 

temperature), Ta is the ambient temperature in the application 

 A ripple current: this factor estimates the impact of the applied ripple current on the self-

heating and thus on the lifetime. 
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where: Ia is the ripple current in the application (within actual operation of the system), I0 is 

the nominal ripple current at upper category temperature (datasheet value), ∆T0 is the core 

temperature increase (typ. 5K for 105C capacitor temperature class and 10K for 85C 

capacitor temperature class), Ki is the empirical safety factor defined as: 
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  T0 = 105C,    I > I0; Ki = 4,    I ≤ I0; Ki = 2, 

  T0 = 85°C,    Ki = 2. 

 Voltage factor:  
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where: Ur is the rated voltage, Ua is actual operating voltage, n is the exponent, defined as: 
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 The final form of the lifetime estimation model of the electrolytic capacitor is: 
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 This approach has been obtained from [5]. As was already mentioned, based on (6) it is 

clear, that an LT estimation model is dependent on electro-thermal processes, which are valid 

during system operation. It is possible to calculate the lifetime based on (6) from the esti-

mated/ measured values of relevant variables from the system operation. Anyway it is better to 

think about implementation of the lifetime model into simulation tools and within pre-con-

struction stage to evaluate the expected system behavior. Thus it is possible to significantly 

optimize the system. This methodology is further described within this paper. 

 

 

3. Life-time estimation model (simulation interface) 
 

 During operation of any electronic system, various physical phenomena influence system 

behavior. Practically it is very difficult to experimentally determine the impact of these phy-

sical processes due to the necessity of long-running measurements, or due to the requirements 

on special measuring equipment (testing chambers etc.).   

 A possible way to determine how to investigate previously described issues is a multi-level 

simulation design, where various electrical and non-electrical processes can be considered 

(Fig. 1 – right).  

 It is well known that the electrolytic capacitors act as most critical components when we 

talking about a lifetime. Proper operational conditions (electrical, thermal, etc…) can contri-

bute to extension of these parameters. The proposed system (Fig. 1 – right) enables to investi-

gate/or define proper operational characteristic in order to determine/ or define the expected 

component lifetime.  
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Fig. 1. Proposal for multi-level simulation with consideration of various physical phenomena 

 

 For the design of the electrical systems, we decided to use sub-packages from the OrCAD 

16.6 software.  

 Capture/analog or mixed A/D – a schematic editor with a high number of integrated electro 

physical electrical models: 

  – Pspice A/D – a simulation substructure of OrCAD that models real electrical behaviour of 

a circuit. It is possible to simulate the mix of analog and digital devices. 

 For design of multiphysics models we used COMSOL. The advantages of this software: 

  – CAD import module for simulation of more complex geometries, 

  – predefined equations for nonlinear problems (e.g. thermal, magnetic, ambient, mecha-

nical).  

 For control of co-simulations and for data analysis, we decided to use Matlab:  

  – m-file – post processing of results, evaluation of convergence, determination of optimal 

parameter settings. 

 It is necessary to develop individual models for each simulation module. In the next chap-

ters of this paper, we describe the development process of thermal and electrical modelling of 

an electrolytic capacitor, including the most necessary dependencies that occur during system 

operation and are relevant to (6). 

 

 

 

4. Capacitor thermal model – model’s complexity 

 within internal structure 
 

 The internal structure of an electrolytic capacitor consists of several turns of sandwich 

structure layers with various material properties (Fig. 2). For development of a lifetime esti-

mation model based on multilevel simulation, we decided to investigate a real physical sample 

of an electrolytic capacitor – Nichicon CE 105C, series GU (K). The determination of thick-

ness of several layers has been done with the use of a biological light microscope (micrometer 
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calibration grid) and simultaneously with the use of a dial indicator. Based on the measured 

values we have deduced the average values of the thicknesses.  

 For the approximate estimation of the specific values of electrical parameters, i.e. electrical 

conductivity, we have examined several literary and scientific publications, based on which 

we were able to estimate conductivity values for electrolyte, that was the main problem in 

determination of material properties [6]. 

 The layers of the core form a structure that consists of interconnected very thin blocks 

within the same area, but with different thickness of individual layers. This approach is similar 

to the one which was done during the PCB thermal modeling of DC-DC converter, during the 

previous task (Thermal resistances of a block in 3D for “x”, “y”, and “z” were determined by 

an averaging method). 

 

        

Fig. 2. One turn of electrolytic capacitor with material properties of individual layers 

 

 

 There are several possible ways, in which a thermal simulation model can be designed, 

while complexity and accuracy are main factors that must be considered for a multi-level 

simulation approach. Modelling of a capacitor core is, therefore, the most important issue. 

Next, various approaches for capacitor’s core thermal modelling will be shown.  

 Structural thermal model 

 A structured model consists of 90 turns, whereby one turn consists of 7 layers in a sand-

wich structure in a given order (Fig. 3). This model was done just in 2-D interpretation be-

cause of the reduction of computation time during verification processes (3-D interpretation 

would need a powerful computation machine).  

 The geometrical model of a structural thermal model consists of meticulously ordered 

layers of an internal structure of the investigated sample (Fig. 3). The number of turns is equal 

to 90, cause that the final width of 2D core is equal to 19.5 mm, with a height of 100 mm. This 

approach is principally very time consuming, but on the other hand, very high accuracy can be 

achieved due to close proximity to a physical sample.  

Layer Material 
Width 

[mm] 

Conductivity 

[S/m] 

Anode Al 0.0001 3.77 e+7 

Dielectric Al2O3 0.00001 1.00 e-14 

Electrolyte PC 0.00001 1.00 e-10 

Isolation Paper 0.00005 1.00 e-14 

Electrolyte PC 0.00001 1.00 e-10 

Cathode Al 0.0001 3.77 e+7 

Isolation Paper 0.00005 1.00 e-14 
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Fig. 3. Structural model of electrolytic capacitor core 

 

Coil thermal model 

 A coil model is based on the approximation of thermal resistance in the axial and radial 

direction of one turn (7 layers), whereby value of thermal conductivity is consequently depen-

dent on the number of turn [7]. The axial element of electrical resistance of individual turns in 

order j € (1; n) is given by (7) and the radial element is defined by (8): 
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where: σa, σr represent the axial and radial electric conductivity of individual layers, S( j) is the 

area of the layer, r ( j) is the diameter of the turn in given order, L is the length of the 

electrolytic capacitor core (height of capacitor). 

 Fig. 4 shows dependency of axial and radial element of electric conductivity in depen-

dency on the number of turn of capacitor core, which was derived with the use of (7) and (8) 

respectively.   

 

Fig. 4. Dependency of electrical conductivities σa and σr (S/m) on a number of turns of a capacitor core 
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 At this point, it must be said that for the coil thermal model of a capacitor, the electrical 

conductivity is introduced as a tensor of 2nd degree. This must be accepted during OrCAD 

electrical simulations. The core of the electrolytic capacitor is made of anisotropic material 

which depends on the x, y and zaxes. The approximated value have been taken from the 

previous analysis (Fig. 4) 
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 Sandwich model 

 As was said, the layers of a capacitor core form a structure which consists of intercom-

nected, very thin blocks within the same area, but with different thickness of individual layers 

(Fig. 2). This approach is similar to the one where multilayer PCB is considered and modelled 

for thermal simulations [8]. Thermal resistances of a block in 3D space for „x“, „y“, and „z“, 

in that case were determined by an averaging method. 

 For the structure in Fig. 2, it is possible to define average thermal conductivities in a radial 

and axial direction with the use of (9), (10). A sandwich model contains just one substance 

with different conductivity in an axial and radial direction. 
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where: kr is the averaged thermal conductivity in a radial direction, ka is the averaged thermal 

conductivity in a axial direction, wi is the width/thickness of the i-th layer, ki is the thermal 

conductivity of the i-th layer. 

 Within the definition of subdomains, there are two radial parts (in x and y direction) and 

one axial part (in z direction). This approach is much simpler than precise modeling of a struc-

tural model (Fig. 3) and less computation time shall be required. However, the results might 

be worse compared to structural and coil thermal models. 

 The aim of development of three different approaches for capacitor’s core thermal simu-

lation model was: 
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  1) Confirmation of theory that averaged models compared to a structured model are accu-

rately enough for further use. 

  2) Investigation of computation time during 3-D heat transfer simulations with averaged mo-

dels for LT estimation purposes. 

  3) Finding possibilities of reduction of computation time because of use in more complex 

Life-Time estimation methodology-simulations.   

 Figs. 5-6 show the simulation results from the investigation of thermal behavior of the ca-

pacitor core (we have considered an EPCOS capacitor with the product ID B43511A5158M), 

when a ripple of the current, flowing through the core is being changed. The simulation was 

done for different values of the ripple, while two approaches of the simulation model were 

compared – an averaged non-structural model (Fig. 2) and a structural model (Fig. 3). Zero on 

the xaxis is representing the middle point of the capacitor, and the maximum on the right side 

of xaxis represents the side of the capacitor.  
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Fig. 5. Summary from simulation comparison between structural and averaged model 

 for various value of ripple current 

 

 It can be seen, that the temperature difference between the structural and averaged model 

(sandwich model) becomes higher with the increase of the value of the current ripple. The 

highest error is observed in the proximity of the core. Even for higher values of the ripple 

current, the relative error is below 5%, which is a target of most of precise simulation models, 

when comparing to experimental measurements [9].  

 The target of this point was the confirmation of physical abilities of averaged nonstructural 

models, because these models are simpler and require much less computation power and com-

putation time for heat transfer simulations. The main point for this evaluation was heat dis-

tribution in the core of the capacitor, which has a layered structure. From the previous results 

it can be seen, that physical interpretation of a nonstructural model shows good accordance 

with the value of I ripple = 8 A, at which a relative error is 4% (this result is valid for the 
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centre of the core). We decided to provide this experiment in order to facilitate the acceptance 

of the results, which will be obtained during a lifetime estimation process with nonstructural 

models of capacitors.  
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Fig. 6. Relative error from simulation experiments of heat distribution for various current ripple 

 

5. Capacitor electrical model – ESR nonlinearity 

 It is well known that temperature dependency of ESR influences the lifetime of capacitors. 

The main problem during initial circuit modelling was the development of an electrical model 

of the investigated capacitor’s ESR that will be temperature dependent. Standard libraries in 

OrCAD do not have such a model, therefore it was necessary to develop a personal model. For 

this purpose, and after many attempts the optimal way, how to design the electrical model of 

ESR with temperature dependency was found out – the use of ABM (Analog Behavioral mo-

del) modeling.  

 The main advantage of the proposed approach is that it is possible to calculate the values 

of temperatures almost during the computational process of system level simulation (the tem-

perature of ESR is defined as the temperature of the core of the investigated capacitor sample), 

whereby the capacitor heat transfer behavior is computed – simulated in COMSOL and conse-

quently actual values are exported into OrCAD Capture. A temperature-dependent resistor (or 

thermistor) can be modeled with help of a look-up table, or an expression can be used to de-

scribe how the resistance varies with temperature. The denominator in the expression in Fig. 7 

is used to describe common thermistors. The Tval variable in the expression is the simulation 

temperature, in Celsius. This is then converted to Kelvin by adding 273.15. This step is 

necessary to avoid a divide by zero problem in the denominator, when T = 0C [10, 11]. 

 With the use of ABM modelling it is possible to design various electrical devices (induc-

tors, LEDs, diodes...), together with possibility of entering the values during computatio-

nal/simulation process.  

 The temperature dependency of transistors is already included in factory models of 

OrCAD Capture, whereby their interface for the external definition of actual values is already 

done, so this simplifies future tasks.  
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 The main electrical parameters of a power test circuit are: 

 Input voltage = 240 Vdc, output voltage = 400 Vdc, output power = 1 kW, switching 

frequency = 100 kHz. 

 

Thermal model of 
resistor ESR 

of inversigated 
capacitor

Electrical model of 
investigated capacitor

 

Fig. 7. Implementation of capacitor’s ESR temperature nonlinearity into electrical model of capacitor 

 

 

6. Implementation and results 
 

 We have designed multi-level simulation for the determination of a lifetime of an electro-

lytic capacitor in a DC-DC converter (Fig. 8). The simulation model considers these physical 

phenomena relevant for lifetime estimation:  

  – Electrical – with given parameters of voltage stress, current ripple stress and with the pos-

sibility of define nonlinear component behavior (e.g. temperature dependence of capa-

citor’s ESR).  

  – Thermal – with given parameters like ambient temperature, air velocity and with a variable 

parameter like component temperature (electrical dependence). 

 

Input 
voltage

Output voltage 
of converter

Ambient 
temperature

Ripple Current

ESR

COMSOL 
Multipsysics 
Subsystem

Goto7 kelvins

Add
50

[Ta]
273.15

+
-

Electrical model of 
boost converter

Thermal model of 
resistor ESR 

of inversigated capacitor

Electrical model of 
investigated capacitor

Temperature flow – for ESR dependency

Power flow – ripple current

 

Fig. 8. Proposed multi-level simulation model for lifetime estimation 

 with consideration of various physical phenomena  
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 In order to provide precise multi-level simulation, it is required to design precise simu-

lation models for selected modules. Therefore a very accurate thermal simulation model was 

developed in COMSOL, and consequently implemented into the circuit simulator of SLPS 

interface (Matlab – OrCAD).  

 The simulation results from Fig. 8 are shown in Fig. 9. After several runs of simulations, 

during which critical operational parameters vary, the lifetime dependence on given parame-

ters can be plotted. It must be mentioned here, that this dependency considers other sub-de-

pendencies, like nonlinearity of an ESR capacitor, temperature dependency of the capacitor 

core, current ripple dependency etc. Estimation of LT was done considering Eq. (6).  
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Fig. 9. Estimated lifetime for investigated capacitor in dependency on ambient temperature and output 

load of converter  

 

 The proposed algorithm is also able to determine operating conditions, within which the 

chosen lifetime of components shall be fulfilled. For example, if we want to have LT operating 

from 15 to 25 years, then the operation of the capacitor must be relevant to operation a condi-

tions, which are defined in Fig. 10. 
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Fig. 10. The estimated lifetime of 
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on ambient  temperature  and output 

load of a converter 

 

 

7. Conclusion 
 

 At this point we would like to conclude, that design of multi-level simulation can be help-

ful in the case of complex and expensive electrical systems investigation, where experimental 
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testing of various physical phenomena is very time-consuming, or costly. The chosen metho-

dology considers the precise and accurate simulation sub-models of the selected component – 

an electrolytic capacitor. Complexity of such sub-models cannot be high due to acceptable 

requirements on computational time. Therefore more variations of a thermal model were de-

signed in order to investigate the relative error of simplified models. Temperature is the most 

critical parameter which is influencing a lifetime and operation of capacitors. It is necessary to 

consider nonlinear thermal dependency of parasitic elements during the simulations. We found 

a possible solution in the way of utilization of analog behavioral modelling. Also other 

variables must be considered, e.g. humidity, mechanical stress, etc. This will be implemented 

within the proposed methodology and will be a future task of this work. 
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