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Advanced Dynamic Simulation of Supercapacitors
Considering Parameter Variation and Self-Discharge
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Abstract—In this paper, dynamic simulation of the equivalent
circuit model of the supercapacitor, taking into account the pa-
rameter variations and self-discharge, is discussed. Self-discharge
is modeled with equivalent impedance including a constant phase
element (CPE), and the parameter variations depending on the
voltage are reflected. Since it is difficult to directly simulate the
ZARC element (R-CPE parallel circuit) with a circuit simulation
tool such as the professional simulation program with integrated
circuit emphasis (PSPICE), equivalent transformation to three
R-C parallel circuits is introduced in the simulation. The accuracy
of simulation with the model is then verified through a compar-
ison with results of an experiment. The comparison shows that
the model using a CPE is effective in representing the dynamic
characteristics and self-discharge of supercapacitors. Accordingly,
it proves that the method proposed in this study can be useful in
developing systems that include supercapacitors, and can be ap-
plied in an integrated simulation of a supercapacitor and a power
electronic system.

Index Terms—Dynamic simulation, electrochemical impedance
spectroscopy, equivalent circuit, self-discharge, supercapacitor.

I. INTRODUCTION

ECAUSE of their high-power density, long cycle life, and
B clean nature, supercapacitors are used to improve the dy-
namic characteristics of power sources that have slow responses
and to protect them from overload. Supercapacitors have been
widely used in various applications in combination with power
electronic circuits [1]-[7]. Power electronic systems are becom-
ing ever more complicated, and simulation-based development
methods are often used in developing such systems to find better
system architectures and optimal operation strategies. In such
cases, accurate modeling is crucial for all components, and su-
percapacitors, in particular, require a comprehensive model that
is developed after a thorough understanding of its internal struc-
ture and characteristics. For this purpose, there have been many
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attempts to electrically model the distinct characteristics of su-
percapacitors [8]—-[13].

The simplest of the electric equivalent impedance models
of supercapacitors is an equivalent series resistance connected
with a capacitor in series. The benefits of the model include its
ease of interpretation and simulation; however, it does not prop-
erly represent the physical structure of supercapacitors, mak-
ing it impossible to accurately describe charge/discharge and
self-discharge behaviors. Models that are more advanced were
developed in some studies, but they are also not enough to ef-
fectively reflect characteristics of the porous electrodes and ion
movements within the supercapacitors, resulting in discrepan-
cies between simulation and experimental results.

The electric model for supercapacitors with porous electrodes
was first introduced by De Levie; this model shows equiva-
lent impedance of porous electrodes as a ladder circuit of re-
sistances and capacitors [14]. Buller applied such a porous-
electrode model to a supercapacitor model and proposed an R-C
parallel-branch model for the dynamic simulations with Mat-
lab/Simulink; this model was equivalently transformed from
De Levie’s porous electrode model, which has been prevalently
used thus far [8]. However, Buller’s model excludes the self-
discharge phenomenon that affects the static and dynamic char-
acteristics of supercapacitors, and thus, there are likely to be dis-
crepancies between experiment and simulation results. Efforts
have been made by Diab and Kaus to model the self-discharge
of the supercapacitor by the variation of conventional equiva-
lent impedance model of the supercapacitor to account for the
self-discharge phenomenon [12], [13]. Diab employed a rela-
tively simple R-C series circuit for modeling the self-discharge
and the circuit elements were experimentally determined ac-
cording to the self-discharge time behavior. Kaus established a
complex electrical model to account for the effect of the charge
redistribution during self-discharge and it was capable of pre-
dicting the effects of charge duration, initial voltage, and tem-
perature on the open circuit voltage decay. Supercapacitor have
a higher tendency for self-discharge compared to secondary
batteries, and during the pause period (i.e., during stoppage in
charge/discharge), the voltage depends on the degree of self-
discharge. Developing a model that can explain self-discharge
is thus crucial in acquiring accurate simulation results, in case
there is a pause period in the simulation, for example, in simula-
tion of driving cycles of fuel cell vehicles or electric cars. There-
fore, for an accurate dynamic simulation of supercapacitors, it
is necessary to apply self-discharge and parameter variations of
the impedance circuit depending on the voltage in the simulation
process, although there have been only few simulation studies
that consider all the aforementioned factors.
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Fig. 1. Internal structure of the supercapacitor.

In this paper, porous electrodes of a supercapacitor are mod-
eled using a ZARC element with a constant phase element
(CPE), and the mathematical modeling in the simulation is
explained. Also the method for the transformation of ZARC
element to three R-C parallel circuits is proposed for the sim-
ulation with commercially available software. Electrochemical
impedance spectroscopy (EIS) was used to acquire parameters
of the presented equivalent circuit, and the impedance spectra
measured for different voltages were used to extract parameters
of the equivalent impedance circuit for different voltages and
to model self-discharge. Finally, the developed dynamic model
was simulated using Matlab/Simulink, and then, the simulation
results and experimental results were compared to prove the
validity of the model.

II. THEORY

A. Equivalent Circuit Model of Supercapacitor

A supercapacitor is designed with a separator at the middle,
porous electrodes on both sides, and an electrolyte between
them. The electrolyte consists of solvent and solute that can
be ionized. As shown in Fig. 1, negative ions adhere to the
positive electrode and positive ions to the negative electrode to
store energy. The porous electrodes of a supercapacitor can be
expressed as a ladder circuit of an electrolyte resistance in pore
(R.) and an electric double-layer capacitance (C;) connected in
series, as represented by (1) according to De Levie [14]

R, .
Zpore,ideal = ( - > coth \/m (1)
JwCy

The interface of the porous electrode of a supercapacitor is not
in an ideal condition, as shown in Fig. 2(a), and (1) is thus insuf-
ficient for describing the phenomena of a supercapacitor. Since
the interface is in a nonideal condition as shown in Fig. 2(b),
it is more appropriate to use a CPE with parameter Q; and d
than to use capacitance to represent the phenomena [15], [16].
R’., C’;, and CPE’ are the electrolyte resistance, the electric
double-layer capacitance, and constant phase element per unit
length (dx) of the pore. In addition, the inductance (series induc-
tance L), due to the connection terminals, the sum of contact
resistance and ionic resistance (series resistance R;), and pore
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Fig. 3. Equivalent impedance model of the supercapacitor.

impedance (Z,.) can be expressed by the series circuit shown
in Fig. 3 and (2) [15], [16]

Z5C _nonideal = jWLs + R,

(L) o fGorman o

B. Variation in Capacitance According to the Voltage

Research into the electric double layer (EDL), which is a sig-
nificant feature of supercapacitors, was initiated by Helmholtz
in 1879 and has since been continued by many scholars. The
capacitance model developed by Stern in 1924 is now the most
commonly used [10]. The capacitance (Cs) of the electric dou-
ble layer model developed by Stern is represented by the sum
of two elements generated by the compact layer and diffu-
sion layer. Specifically, the inverse of Cs is represented as the
sum of the inverse of constant capacitance (Cy) of the com-
pact layer—also called the Helmholtz layer—and the inverse
of Gouy—Chapman capacitance (C¢ ¢ ), which varies depending
on the distance between the electrode and ions generated in the
diffusion layer, charge voltage, and temperature. This relation-
ship expressed as (3). A variation in the overvoltage () affects
the Gouy—Chapman capacitance (Cg ), leading to a variation
in the capacitance of a supercapacitor. Fig. 1 describes the inter-
nal structure of a supercapacitor, which was mentioned above,
and the relations between voltage and the distance between the
electrode and ions according to the theories of Helmholtz and
Stern, where ¢ is the dielectric constant, A is the area of the
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electrode, d is the distance between the electrode and ions, z is

the ionic charge number, ¢, overvoltage, the voltage applied to

the electric double layer, c is the density of ions on the electrode

surface, R is the gas constant, F'is the Faraday constant, and T
is the absolute temperature.
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III. EIS EXPERIMENTAL

3)

The voltage-dependent parameters of a supercapacitor were
extracted from the impedance spectrum of the supercapacitor
obtained by EIS and from curve fitting with an equivalent circuit.

A. Experimental Apparatus for EIS

The impedance of a supercapacitor is so miniscule that it is
difficult to measure accurately with a general electrochemical
impedance spectrometer with a limited perturbing current of
2 to 3 A. Therefore, an experimental apparatus was designed
with an electrochemical impedance spectrometer and software
newly developed in our laboratory, as shown in Fig. 4 [17]. A
bipolar power supply unit (model BP4610; £60 V, 10 A, NF
Company) was used for charge/discharge and current perturba-
tion [18]. In the developed system, a sensing circuit, LabVIEW
8.6 software, and PCI-6154 device were used to measure and
record the voltage and current of the supercapacitor in real time.
The PCI-6154 is a simultaneous sampling multifunction I/O de-
vice for PCI bus computers from National Instruments [19]. It is
an isolated PCI device featuring four isolated differential 16-bit
analog inputs, four isolated 16-bit analog outputs, six DI lines,
four DO lines, and two general-purpose 32-bit counter/timers.
All A/D converters and D/A converters are capable of 250 kSs ™!
for each channel. The digitized 16-bit data were sent to the
developed software and through the digital lock-in amplifier
programmed by LabVIEW 8.6. Signals in the test frequency
band were extracted and then the impedance was calculated to
draw the impedance spectrum. EIS, a method that perturbs a
device and analyzes its response, was performed by limiting the
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Experimental setup for the EIS and front panel of the developed software.

magnitude of the applied perturbation current to below 2% of
the charge to ensure linear behavior, as shown in (4), and the
quantity of electric charge was kept at a constant level before
and after the experiment. The subject of the experiment was a
Maxwell Boostcap supercapacitor (2.7 V, 2600 F), and the ex-
periment was conducted at room temperature from 0% Vi,icq
to 100% Viatea at 20% intervals. The measurement frequencies
were between 0.01 Hz and 1 kHz.

I, <0.02 X 7fClated Viated- “

B. Analysis of Impedance Spectrum by EIS

Fig. 5 shows the results of the EIS experiment at 80% V.atcd,
and those obtained by curve fitting the equivalent circuits of
the supercapacitor with the ideal electrode model and with the
nonideal electrode model. In the band of high frequency (50
to 0.3 Hz), the results of curve fitting for both models show
that as the frequency increases, the impedance plot approaches
the asymptotic line that makes an angle of about 45° with the
real axis and reaches high-frequency equivalent series resistance
(HF ESR), R;.

In the case of the equivalent circuit of the supercapacitor
obtained by the ideal electrode model expressed in (1), when
the frequency increased in the band of low frequency, only the
imaginary component of the impedance increased, and thus,
the impedance curve became perpendicular to the real axis.
However, this result differed from the experimental result, which
shows the tendency of a slight incline toward the positive real
axis.

It was thus found that using the nonideal electrode model
involving CPEs is more appropriate, because the real component
of the impedance increased a little and the impedance curve
tilted slightly toward the positive real axis as the frequency
decreased in the band of low frequency, as expressed in (5) [15].
R, 1

3 " Gwre
As shown in Fig. 5, the result of curve fitting with the nonideal
electrode model given in (2) was in accordance with the mea-
surement result of the experiment. Table I gives the parameter

ZSCJlonideal(w—»O) = Rs +
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TABLE I
FITTED PARAMETER OF THE SUPERCAPACITOR (80% V., ted, 20 °C)
L, R Re
Parameter —py (mOhm)  (mOhm) &
Ideal model 65.8 0.329 0.403 2753
L, Ry R,
Parameter (nH) (mOhm)  (mOhm) Qu d
Non-ideal 65.8 0329 0393 2705 0.9879
model
i A Experimental result [
© Ideal model
& Non-ideal model 0.02Hz / '
-2
a
E
~N
E
-1
R HF ESR R,+R/3: LF ESR
5 i b | -
[50 Hz) / (03Hz)
0
0.2 03 04 05 06
Re Z (mQ)
Fig. 5. Nyquist impedance plot of 2.7-V 2600-F Maxwell Boostcap superca-

pacitor and its fitting result (80% V;ateq, 20°C).

values obtained by EIS at 80% V,,i.q and by the curve-fitting
method for the ideal and nonideal electrode models.

C. Variations in Parameters of Equivalent Circuit
According to Voltage

Fig. 6 shows Nyquist impedance plots of the supercapacitor
measured from 0% V,aieq t0 100% V,aieqa at 20% intervals.
As the electric charge in the supercapacitor increased, the real
part of the impedance increased and the absolute value of the
imaginary part decreased. This variation in parameter should
be reflected to achieve higher accuracy in dynamic simulation.
As shown in Fig. 7, the variation in parameter value depending
on the voltage was obtained by curve fitting the result shown in
Fig. 6, and the variation was expressed as a quadratic equation of
the voltage through curve fitting and the accuracy was calculated
employing the least-squares method. These results were input
into each cycle of the simulation process with Matlab/Simulink,
which are detailed in the subsequent Sections IV and V.
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Fig. 7. Variation in parameter values depending on the voltage.

IV. ANALYSIS OF SELF-DISCHARGE OF SUPERCAPACITOR

The self-discharge of supercapacitors has two main causes.
First, when a supercapacitor is charged or discharged, there is
diffusion of ions from the electrolyte to the electrode, or vice
versa. The diffusion, immediately after charge or discharge,
causes the self-discharge of supercapacitors. Second, there is



KIM et al.: ADVANCED DYNAMIC SIMULATION OF SUPERCAPACITORS CONSIDERING PARAMETER VARIATION AND SELF-DISCHARGE

Voltage (V)

2000 3000

Time (sec)

Fig. 8. Simulation of the charge/discharge for different values of coefficient d
(I. = 10 A, C = 2600 F, ESR = 0.5 m{).

self-discharge due to leakage current, which can be modeled
by a leakage resistance connected with a capacitor in parallel.
However, self-discharge by diffusion is predominant in the ini-
tial stage. The self-discharge by leakage becomes significant
some hours after the self-discharge begins [20]. Self-discharge
that occurs during dynamic operation, such as the driving cy-
cle of electric vehicles, is thus, thought to be caused mainly by
diffusion, which can be explained accurately with a CPE [21].
Since the self-discharge occurs very slowly, the simulation in
this study employed the equivalent circuit model of the superca-
pacitor given by (6), in which the sum (R;) of contact resistance
and ionic resistance was added to the low-frequency model of
porous electrodes given in (7).

The response voltage of the supercapacitor can be converted
to a function of the time domain and represented by (7) [18].
For the waveform of charge current in the simulation, a step
function was used, and (8) was finally used for the simulation,
where ' is the gamma function, /. the constant current, and H
the step function [22].

R, 1

Zsc — gRs o NI 6

SC(w—0) s + 3 + ()00 (6)
R, td

t) =1, R+ —+ ——"——-—— 7

vsc(t) X( +3+Qd~F(1+d)) (7

vse(t) = I x [ L B
SC — 1c S 3 Q(]F(l—‘rd) c
x(R,ﬁ—Re

(t - tcut—of‘f)d
3 W) H(t - tcut—off)-
)

Parameter d has the greatest effect on self-discharge among the
parameters of the equivalent impedance circuit of the super-
capacitor. Fig. 8 shows the response voltage, simulated using
(8) for various values of d, 704 s after a current of 10 A was
supplied and then cut off; the voltage waveforms of charge and
self-discharge were observed to determine how the supercapac-
itor’s response varies when parameter d varies. It was found
that the cut-off voltage of charge decreased as d decreased:
when d = 1, the supercapacitor was fully charged (2.7 V); when
d = 0.95, the charge was 1.99 V; and when d = 0.9, the charge
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TABLE II
FITTED VARIATION OF PARAMETER OF THE SUPERCAPACITOR

Equation & Value Unit R’

L, 658 nH N/A
. $97x107°V? -3.98x 107V 4 2.52 x 107 mOhm 0.998
R, -552x107“V?-3.69x 107V +3.66 x107* mOhm 0.998
Qq 65.83V2 + 153.5V 4+ 2093 0.994
d -399x107*V2+1.51x10°*V 4+ 9.89 x10! 0.998

was 1.489 V. After the current was cut off, the lower the value
of d, the more noticeable the self-discharge phenomenon be-
came; as d approached 1, the nature of a pure capacitor became
obvious and self-discharge became less noticeable.

Fig. 9 shows the voltage measured when the supercapacitor
was fully charged with a current of 10 A and then the current was
cut off. The measured voltage was compared with the simulation
results. The variations in the parameters of the equivalent circuit
model depending on the voltage were fed back through the
expression given in Table II to each step of the simulation. The
simulation results were found to be very similar to those of the
experiment, as shown in Fig. 9. Unlike the impedance equivalent
circuit of the supercapacitor with the ideal electrode model, the
nonideal electrode model with CPEs made it possible to describe
self-discharge accurately.

Variations in the charge current and parameters of the equiv-
alent circuit affect self-discharge according to the voltage
[23], which can be checked with (8). To check these effects,
experiments of self-discharge were conducted under several
conditions.

First, the effect of the voltage was examined. A current of
10 A was supplied to charge supercapacitors to different voltages
from 0% V}ated, and then, the charging connector was removed
and the open-circuit voltage measured for 30 000 s. As shown
by the experimental results in Fig. 10, the higher the voltage, the
more noticeable the self-discharge, which was the same result
as in the simulation above (Fig. 8). The reason for the effect is
that the parameter d of a CPE decreases as the voltage increases.
Therefore, it is obvious that the effect of self-discharge increases
as the voltage increases.

Fig. 11 shows experimental results of self-discharge with
different charge currents. In the experiments, the charge current
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and 1 A).

Self-discharge of supercapacitor for different charging currents (10

was varied to 10 and 1 A and supplied to fully charge the
supercapacitors. After the charging connector was removed, the
open-circuit voltage was measured. As shown in the figure, the
larger the charge current, the more noticeable the self-discharge.

V. METHOD OF DYNAMIC SIMULATION BY MATLAB/SIMULINK
AND EXPERIMENTAL RESULTS

The impedance of porous electrodes with a CPE can accu-
rately describe the characteristics of supercapacitors; however,
it is difficult to apply as it is to circuit simulation tools such
as the Professional Simulation Program with Integrated Cir-
cuit Emphasis (PSPICE), PSIM, and Matlab/Simulink. First, as
shown in Fig. 12, the impedance of the porous electrode can be
explained as a CPE and ZARC elements connected in series as
the parallel circuit of R, -CPE,,.. [24], and the parameters of
the circuit can be represented as follows:
2R, 1 2

CPE = —

fin = (jw)?Qa

T on2p?
wheren=1,2,3, ...

‘When the unit current step is applied to the ZARC element, its
voltage response in the time domain can be expressed as (9) [22].
However, not only is (9) complicated and difficult to interpret,
but predefined elements are not available in commercially avail-
able software such as PSPICE, PSIM, and Matlab/Simulink.
Thus, mathematical approximation of the ZARC element is es-
sential for the integrated simulation of a supercapacitor and a
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Fig. 14. Transformation of ZARC element to three R-C parallel circuits.

power electronic system.

1 tid
R.Qs T(1+id)

vzarc(t) = Ry [ (~1)" )
In this paper, three R-C parallel circuits were used in the ap-
proximation, since it has been already demonstrated that this
number provides sufficient accuracy of approximation as well
as reasonable computation time, as shown in Fig. 13 [24].
Fig. 14 shows how the ZARC element can be approximated
by several R-C parallel circuits connected in series. The ap-
proximation can be achieved by determining the real and
imaginary components of the three R-C parallel circuits such
that the summation of the real and imaginary components of
each R-C circuit have the same values as the real and imag-
inary components of the ZARC element at the characteristic
frequency (wcn_zarc) for which the imaginary component is
smallest. The characteristic frequency of the ZARC element
(wWen_zarc) can be calculated by equating the real compo-
nent of the ZARC element in (10) to R, /2, as is expressed
in (11). In addition, the imaginary value of the ZARC element
[Im(ZARC),},] at the characteristic frequency can be calculated
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according to (12)
R,
1+ (jw)anQd
R {1+ w!R,Qqcos (dr/2)} — jw!R2Qqsin (dm/2)
n 1+ 2w?R, Qg cos (dr /2) + W R2 Q%

ZARC =

(10

L\
Weh_ZARC = (R Qd) (11)
I(ZARC)., o = —5 oS0 (07/2) (12)

2{1 + cos (dr/2)}’
First, the resistance of each R-C parallel circuit is equally given
as 1/3 of R,,, the resistance of the ZARC element, so that the
summation of the real components of the three R-C parallel cir-
cuits is the same as the real component of the ZARC element.
Using this resistance value and the characteristic frequency ob-
tained from (11), the capacitance C4 can be calculated as (13).
However, if the same capacitance value is applied to the other
two R-C circuits, the resulting impedance plot of the three R-
C circuits cannot form a depressed semicircle on the complex
plane. Thus, the capacitances Cp and C¢ have to be adjusted
using f(d), a function of the d parameter of the CPE element,
as shown in (14).

1
Cf=———— 13
4 Wch _ZARC 'Rn/3 ( )
Ca
Cp=—-, Co=C d). 14
3= Fap o= x f(d) (14)

If the capacitance Cp and C¢ are adjusted by (14), the ge-
ometrical positions of the impedances of the Rzxrc||Cp and
Rzarc||Ce circuits on the Nyquist impedance plot at the char-
acteristic frequency (wen_zarc ) move to the right and left with
reference to the vertex of the semicircle, respectively, as shown
in Fig. 14. On the real axis, the geometrical distances between
the vertex and each impedance of Rzarc||Cp and Rzarc||Co
circuits at the characteristic frequency (weh_zarc) can be ex-
pressed as (15) and (16), respectively, and are the same in the
magnitude regardless of the value of f(d). Therefore, the real
component of the three R-C parallel circuits is equal to 3/2
Rzarc as expressed by (17). Table III gives the real and imagi-
nary components of the three R-C parallel circuits, equivalently
transformed to a ZARC element at the characteristic frequency
(Weh_zARC)-

RZARC/Q - Re(RZARC ” CB)wch,ZARC
_ Rzarc — Rzarc f(d)?

15
21+ () ()
RZARC/2 - Re(RZARC || Cc)wah,ZARc
B 2
_ Rzarc Ryarc f(d) (16)

2(1+ f(a)?)
Re(RZARC ” CA)UJchlARC + Re(RZARC ” CB)WCI;,ZARC

3
+ RQ(RZARC || Cc)wchlAnc = iRZARC' (17)
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TABLE III
FITTED THE EQUATION OF RE Z AND IM Z FOR EACH R-C PARALLEL CIRCUITS
AT THE CHARACTERISTIC FREQUENCY

RzarclCa Rzarcl/Cs Rzarcl|Cc
REZ,, Rzakc Rzapcf(d)’ Rzarc
2 1+f(d): 1+f(d)?
Im Z, —Razarc ~Rzarcf @) —Rzarcf (d)
¢ 2 146d)? 14£@)°
TABLE IV

FUNCTION f(d) FOR THE TRANSFORM OF THREE R-C PARALLEL CIRCUITS

Parameter “d” f(d)
1.0 1
0.95 1.697
0.9 2.181
0.85 2.714
0.8 3.354
0.75 4.160
0.7 5.218
-0.25
-0.2
g Wch ZARC
E 015 The characteristic frequency
N
-0.1
E
-0.05
4 SZARC
o ) 83 RC Transformation
0 0.1 0.2 0.3 0.4 0.5
Re Z (mQ)
Fig. 15. Nyquist impedance plots of ZARC and its equivalent model.

As shown in Table III, the imaginary component of the
Ryzarc||Ca circuit has a value of —Ry s g /2, whereas the imag-
inary components of the Rzarc||Cp and Rzarc||Ce circuits
are larger, thereby forming a depressed semicircle on the com-
plex plane. Thus, the relationship between the summation of the
imaginary components of all three R-C parallel circuits and the
function f{d) is expressed by (18).

Im(RZARC ” CA)wchlAnc —"_Im(RZARrC H CB)UJchlAnc

Rzarc 4f(d)
2 (1 * 1+f(d)2> '
(18)

The function f{d) can be derived by equating (12) to (18), as
shown in (19). Table IV gives the calculated values of f(d) for
different values of d.

f(d) = —2+y4-0 3sin (dr/2)
N g 1+ cos (dm/2)
Fig. 15 shows that the Nyquist impedance plot of the ZARC

element, when R, = 0.5 m2, Q; = 3000, and d = 0.95, is
the same as that of the three R-C parallel circuits transformed

+ Im(RZARC ” CC)WC};,ZARC =

8= +1. (19)
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Fig. 16. Comparison between measured voltage and simulated voltage for

different load currents.

equivalently from the ZARC element, which implies that the
two models have the same characteristics.

To verify the accuracy and validity of the proposed model,
the equivalent circuit of the supercapacitor was simulated with
Matlab/Simulink. Fig. 16 illustrates the charge/discharge current
of a step function, which was realized by applying an input
signal generated by LabVIEW to the external control terminal
of the BP4610 bipolar power supply and measuring the terminal
voltage of the supercapacitor as the response voltage. Long
pause periods were inserted in the waveform of the load current
from 200 to 310 s and from 330 to 440 s to observe the effect of
self-discharge, and the same waveform of current was applied
in the Matlab/Simulink simulation. The simulation results were
compared with the experimental results. As shown in Fig. 16,
the results of the simulation with the nonideal electrode agreed
well with those of the experiment.

In Fig. 17, the waveform of the response voltage of the super-
capacitor, when there was cut-off of current at 200 and 330 s,
as shown in Fig. 16, was compared with the results of the simu-
lation employing the ideal and nonideal electrode models. The
simulation with the nonideal electrode model was found to pro-
vide results more similar to the waveform of the experiment
than the simulation with the ideal electrode model provided.
Accordingly, it was found that the equivalent impedance model
of the supercapacitor involving a nonideal electrode model
can precisely explain self-discharge arising after the cut-off of
charge current and instant recharge after the cut-off of discharge
current.
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Fig. 17.  Comparison between simulation results obtained using conventional

and proposed models and experimental results.

VI. CONCLUSION

In this study, the nonideal porous electrode structure of a
supercapacitor, with a CPE, was modeled and a method for
the precise dynamic simulation of the supercapacitor that takes
into consideration self-discharge and variations in parameters
was proposed. The method employed the impedance model de-
veloped taking into consideration the physical structure of the
supercapacitor and the movement of ions within. The methods
could accurately represent the dynamic characteristics of super-
capacitors, i.e., self-discharge after charge and instant reverse
charging after discharge. The proposed method of modeling
and simulation helps simulate a supercapacitor with a power
electronic circuit and, thus, makes it possible to predict accu-
rately dynamic features of the supercapacitor. It is thus expected
that the method will be useful in designing cost-effective and
high-performance power electronics systems employing super-
capacitors.
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