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bstract

A simple electrical model has been established to describe supercapacitor behaviour as a function of frequency, voltage and temperature for hybrid
ehicle applications. The electrical model consists of 14 RLC elements, which have been determined from experimental data using electrochemical
mpedance spectroscopy (EIS) applied on a commercial supercapacitor.
The frequency analysis has been extended for the first time to the millihertz range to take into account the leakage current and the charge
edistribution on the electrode. Simulation and experimental results of supercapacitor charge and discharge have been compared and analysed. A
ood correlation between the model and the EIS results has been demonstrated from 1 mHz to 1 kHz, from −20 to 60 ◦C and from 0 to 2.5 V.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The degradation of the air quality due to vehicle gas emissions
n big cities has contributed to the need for research of environ-

entally clean solutions to resolve large transportation energy
equirements. Different electrical solutions have been proposed
o get a substitution of the internal combustion engine. The full
lectrical one, mainly based on electrical storage with batter-
es (Pb, Ni–Cd, MNiH, Li ion, etc.), suffers from very high cost,
oor depth of discharge performance and short lifetime. An opti-
isation of the costs and the performances leads to the study of

ybrid solutions incorporating supercapacitors [1]. These lat-
er bring the power capability and the cyclability performance
equired. The hybrid solution allows either the downsizing of
owerful power generator like the internal combustion engine,
r the incorporation of a weak power generator such as fuel cell.

upercapacitors provide the power for the vehicle acceleration
nd they are able to recover and store the braking energy. Stud-
es have shown that operation with supercapacitors may lead to
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capacitor dynamic behavior

uel consumption reduction of 15% in car applications and even
0% in bus applications.

Table 1 presents a comparison between battery, supercapac-
tor and electrolytic capacitor characteristics. It’s clear that the
upercapacitor has several advantages compared to the other
lements.

The elementary structure of a supercapacitor includes two
lectrodes, separated by a porous membrane and impregnated
ith an organic electrolyte. The electrode is made of an alu-
inium current collector foil, supporting the activated carbon

owder. The separator is inserted between the two electrodes
nd acts both as an electronic insulator and an ionic conductor.
he assembly of the device is achieved by winding the different

oils, like in classical capacitors.
The supercapacitor operating principle is based on the double

ayer at the interface between the activated carbon electrode and
he organic electrolyte when a voltage is applied to the terminals.
he energy storage for double layer type capacitors is primarily
lectrostatic, rather than faradaic as is the case for batteries, but

ikely includes a pseudocapacitive component to contributing to
he total capacitance [2].

The supercapacitor capacitance may lie in the range of
–5000 F. The maximum voltage typically up to 3 V is limited

mailto:hamid.gualous@univ-fcomte.fr
dx.doi.org/10.1016/j.jpowsour.2006.12.021
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Table 1
Comparison between battery, supercapacitor and electrolytic capacitor performances

Storage devices characteristics Battery Supercapacitor Capacitor

Charging time 1 < t < 5 h 1–30 s 10−3 < t < 10−6

Discharging time t > 0.3 h 1–30 s 10−3 < t < 10−6

Energy density (W h/kg) 10–100 1–10 <0.1
L 6 6
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ifetime (cycle number) 1000
ower density (W/kg) <1000
harge/discharge efficiency 0.7–0.85

y the decomposition voltage of the electrolyte, mainly because
f the presence of impurities.

Considering the physical phenomena in the double layer
nterface, the supercapacitor cannot be represented by a sim-
le capacitor model formed only by a capacitance, a series and
parallel resistance. The Helmoltz theory permits to explain

he different physical phenomenon that happens in the interface
etween a liquid ionic conductor (electrolyte) and a solid elec-
ronic conductor (electrode). The interface is modeled by two
uperficial distributions of charges, electronic for the electrode,
nd ionic of opposed sign for the electrolyte.

Several authors propose electric models that describe the
lectric behaviour of a supercapacitor with a good approxima-
ion. Some do not take into account their dynamic behaviour.
thers are based on variable time constant models such as the

ransmission line model [3–5]. The inconvenience of these mod-
ls is the complex determination of the different elements and the
imulation time required which is bound to the RC branch num-
ers. In this study, an electric model for the Maxwell Technology
CAP0010 supercapacitor is presented. This model takes into
ccount the temperature, voltage and the frequency behaviour.
his model is easy to implement in Simplorer or Saber software.

The proposed model is represented in Fig. 1. The original-
ty of this model resides in the limited number of components
equired to take into account frequency, voltage and temperature
ependencies of capacitance, series resistance, redistribution of
lectrical charges on the electrode surface and leakage current.
. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is used in
he characterization of electrochemical behaviour of energy

i
a
f
s

Fig. 1. Supercapacitor equiv
10 10
10,000 >1,000,000
0.85–0.98 >0.95

torage devices. Several authors used this method to charac-
erize electrode materials for supercapacitors, batteries and fuel
ells [6,7]. To characterize a supercapacitor, the sweep in fre-
uency must be done for various voltage levels and also for
ifferent temperatures. EIS allows the study of the influence
f frequency on the electrode series resistance and on specific
apacitance.

The measurements have been done on a Maxwell Technolo-
ies BCAP0010 supercapacitor, with a nominal capacitance of
600 F and a rated voltage of 2.5 V, for temperatures between
20 and 60 ◦C and for voltages between 0 and 2.5 V. The cell

mpedances have been measured with a Zahner IM6 Impedance
pectrometer. The supercapacitor is polarized with a dc voltage.
small voltage ripple, typically 10 mV, is superimposed on the

c component. The ripple frequency is swept between 1 mHz and
0 kHz. The measurement of the current amplitude and phase
ith respect to the injected voltage permits the determination of

he real and imaginary part of the impedance as a function of
he frequency [8]. The measurements have been performed in a
ontrolled climatic chamber.

. Capacitance and real part analysis

.1. Impedance real part

The experimentally determined real component of impedance
s plotted as a function of frequency in Fig. 2. As a first approx-
mation, the experimental data shown in this figure can be

nterpreted in terms of a variable RLC circuit in parallel with
variable leakage resistance. The dependence of resistance on

requency can be divided into four distinct frequency zones as
hown in Fig. 2:

alent electric model.
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Fig. 3. BCAP0010 impedance imaginary part with a bias voltage of 2.5 V and
a temperature of 20 ◦C.
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ig. 2. Impedance real part as a function of frequency with a bias voltage of
.5 V and a temperature of 20 ◦C.

(a) Zone I between 1 and 10 mHz, with characteristic time con-
stant from 10 to 1000 s, is driven by the series and the parallel
resistance. This latter is due to the electronic leakage current
through the separator, to the charge redistribution inside the
electrode and to self-discharge. At very low frequency the
parallel resistance contribution is dominating. If the mea-
surement occurs after a very long period of polarization, the
resistance amplitude will be much smaller because of the
saturation of the leakage current.

b) Zone II between 10 mHz and 10 Hz gives the informa-
tion on the series resistance which is due to the electronic
resistance in the conductors Re and to the ionic resistance
in the electrolyte Ri(T) [9]. In this frequency range, the
parallel resistance is negligible and the equivalent series
resistance (ESR), also called dc resistance, is given by
Rs(T) = Re + Ri(T). The ESR variation is due to the frequency
dependency of Ri(T). At low frequency the ions are able to
reach electrode area deeper in the activated carbon pores,
with the consequence of a longer path for the ions in the
electrolyte.

(c) Zone III between 10 Hz and 1 kHz shows mainly the
electronic resistance Re due to all the connections, partic-
ularly the measurement connections, the contact resistance
between the activated carbon and the current collector as
well as the minimal resistance of the electrolyte [10,11].
Supercapacitor manufacturers generally specify the high
frequency ac series resistance at 1 kHz.

d) Zone IV between 1 and 10 kHz is due to the supercapacitor
inductance and the parasitic inductance of the all connecting
cables.

.2. Impedance imaginary part

The curve of Fig. 3 represents the imaginary part measured by
IS. The dc bias voltage is fixed at 2.5 V and the temperature at
0 ◦C. The resonance frequency is found around 60 Hz. Above
his frequency the supercapacitor behaviour is inductive.

A supercapacitor equivalent inductance of 25 nH can be deter-

ined in the high frequency range with the following relation:
≈ Im(Z)/2πf.
It is possible to determine the supercapacitor resonance

apacitance CR value of the model at the resonance frequency
fi
T

ig. 4. Differential capacitance frequency dependence with a bias voltage of
.5 V and a temperature of 20 ◦C.

ith the following relation: CR = 1/(2πf)2L. For the BCAP0010
he value is in order of 260 F.

Fig. 4 shows the frequency dependence of the supercapaci-
or capacitance. Once the inductance has been determined, the
upercapacitor capacitance can be deduced by using the fol-
owing expression: C = 1/2πf (2πfL − Im(Z- )), where f is the
requency and L is the inductance. At low frequency (f < 1 Hz),
he inductance effect is negligible and the capacitance may be
stimated with the simplified expression: C = −1/2πf Im(Z- ).

The capacitance is maximum at low frequency (f < 0.1 Hz)
ecause the ions have the time to reach the electrode surface
hich is hidden deep in the carbon pores. As the frequency

ncreases, the ions cannot follow the applied electric field any-
ore and do not reach the depth of the electrode pores. To

mprove the ion dynamic the manufacturers try to optimize the
on access to the pores with particular activation process.

. Voltage dependence
The supercapacitor capacitance variation due to the voltage
nds its origin in the physical structure of the supercapacitor.
he capacitance is composed by the series connection of the
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Fig. 6. Measurement and simulation of differential capacitance dependence for
bias voltages of 0, 1.25 and 2.5 V and a temperature of 20 ◦C.
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ig. 5. Differential capacitance as a function of voltage at 20 ◦C and 1 mHz.

apacitance of each electrode. One possible explanation for the
ncrease in capacitance with voltage can be due to the elec-
rolyte dielectric constant increase, or, to the reduction of the
istance separating the charges at the electrode/electrolyte inter-
ace. Another explanation is to consider the series connected
apacitance, inside the electrode, due to the space charge cre-
ted by the displacement of charges in the conductor [12]. This
harge displacement is at the origin of an electronic capacitance
hat increases with the density of the electronic states (DOS).
ndeed, some of the applied potential extends into the carbon and
space-charge capacitance develops. So, the electrode capaci-

ance may be represented by the series connection of different
ontributions:

The capacitance due to the space charge into the carbon.
The Helmholtz layer capacitance.
The diffuse capacitance (Gouy, Stern + Chapman).

And in parallel a pseudocapacitance due to functional groups
n the surface, in particular [CO]-based one.

Hahn and co-workers have explained some of the behaviour
f carbon in detail [13,14]. They have noted that the magnitude of
oth the capacitance and the conductivity can be directly related
o the density of electronic states.

In conclusion, it can be noted that:

Today almost all electrical engineers involved in the field of
supercapacitor fail to take into account the voltage depen-
dence of capacitance in sizing devices to applications.
Linear dependence of capacitance on voltage is an approxi-
mation which improves the modelization precision by 10%
compared to constant capacitance approximation.
The model is valid for more than just the Maxwell technology.

The supercapacitor capacitance may be defined by the ratio:
= Q/U, where Q is the charge [15].
Experimental data measured at low frequency (Figs. 5 and 6)
hows that the capacitance C increases with the applied voltage
ithin the specified voltage range. To take into account this
ariation, the capacitance may be approximated with enough
ccuracy by the sum of a constant contribution C0 and a linear

e
s

ig. 7. Measurement and simulation of the impedance real part frequency depen-
ence for bias voltages of 0, 1.25 and 2.5 V and a temperature of 20 ◦C.

oltage dependent one Cv = KvU, where Kv is a constant. The
otal capacitance is given by C = C0 + Cv.

The relation between the current and the charge always
emains given by: i = dQ/dt.

Substituting the Q expression as a function of U and C,
aking into account the indirect dependence of C with the
ime, it is easy to show that the current may be given by:
(t) = (C0 + 2KvU)(dU/dt).

By analogy, one may define the differential supercapacitor
apacitance as: Cdiff = C0 + 2KvU.

In Fig. 5 is plotted the differential capacitance evolution as
function of the supercapacitor voltage. These experimental

esults show that the capacitance is not linear with the volt-
ge. However, this curve can be considered as linear when the
upercapacitor is used between its 2.5 V nominal voltage and the
alf of this voltage. Hence, in this voltage range, supercapacitor
rovides 75% of the stored energy.

Fig. 7 represents the real part as a function of the frequency
or different voltages. It shows that a higher voltage polarization
ncreases the ESR slightly in the low frequency domain.

. Thermal dependence
To use supercapacitor in hybrid vehicle applications, it’s nec-
ssary to study its thermal behaviour. The aim is to establish a
upercapacitor model (Fig. 1), which takes into account ther-
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ig. 8. Measurement and simulation of equivalent resistance frequency depen-
ence for different temperatures for a fixed bias voltage of 2.5 V.

al variation. The model parameters determination is based on
he experimental results obtained by EIS. Fig. 8 represents the
eal part evolution as a function of supercapacitor temperature
or different frequencies. It shows that in high frequency range
f > 10 Hz), the series resistance variation with temperature can
e neglected. In low frequency range, the equivalent series resis-
ance increases when the temperature decreases. This is due
o the fact that the electrolyte ionic resistance Ri is strongly
nfluenced by the temperature. Above 0 ◦C Ri varies slowly
ith the temperature. Below 0 ◦C the temperature dependence

s more important. It is due to the viscosity of the electrolyte that
ncreases in low temperatures what increases the resistance of
he electrolyte [16,17].

In the case of the capacitance, the experimental results and
he simulations are plotted in Fig. 9. At the first it’s important to
ote the good correlation between experimental and simulation
esults. At very low frequencies (f < 0.1 Hz), the capacitance is
lmost constant with temperature. It means that the ions pene-
rate in the depth of the pores of the electrodes regardless of the
emperature and there is therefore the same contribution to the
apacitance of the double layer for the low temperatures as for
igher temperature. In the middle frequency range [0.1, 10 Hz]

he capacitance is smaller for low temperature. The reason is
he shift of the cut off frequency due to the reduced ion mobil-
ty, or in other words to the increase of the series resistance
i(T).

ig. 9. Measurement and simulation of differential capacitance frequency
ependence for different temperatures for a fixed bias voltage of 2.5 V.
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. Determination of model parameters

The model is based on the Zubieta supercapacitor equivalent
lectric circuit [18], which gives a description of the voltage
ependence at low frequency. This behavior may be modeled
ith an RvCv circuit. Cv increases linearly with the voltage by

he relation: C = C0 + KvU.
Cv = KvU, the constant Kv is determined using experimental

ata (Fig. 5).
C0 is the voltage constant part capacitance of the supercapac-

tor cell. In the model it is composed of Ca and CR, C0 = Ca + CR.
or the BCAP0010 the measurements have shown that the Ca
alue is in order of 2/3 of the nominal capacitance value provided
y the manufacturer.

Rv is a constant resistance it is placed in series with Cv = KvU.
he RvCv is active only in the low frequency range because it

s placed upstream of the principal capacitance, Ca. In prac-
ice Rv equals the dc series resistance as explained previously
v = Rs(T = 20 ◦C).

“Circuit 1” in Fig. 1 has been introduced in the model to
ake into account the electrolyte ionic resistance temperature
ependence in the low frequency range. The parallel capacitance
i has been used to cancel the contribution of Ri(T) in the high

requency range. For low frequency, the circuit 1 behavior is
lose to that of resistance Ri(T).

A relationship between Ri and the temperature has been
stablished from experimental results by using EIS. It is given
y the following expression: Ri(T ) = R20(1 + exp(−kT (T −
20))/2), where R20 is the electrolyte resistance part Ri(T) at
0 ◦C, T the ambient temperature and kT is the temperature
oefficient kT = 0.025 ◦C−1.

To have more precision on the model, “RiCR” of “circuit 2”
f Fig. 1 is introduced to increase the value of the capacitance for
he average frequencies. Their behaviour is the one of a phase
hifter. The example of Fig. 10 represents the equivalent capacity
f the model suggested and illustrates the utility of circuit 2 in
he model.

“Circuit 3” of Fig. 1 describes the leakage current and the
nternal charge redistribution. The self-discharge behaviour of

upercapacitors is an important factor because it determines the
uration time of stored energy on open circuit. For the superca-
acitor technology with activated carbon and organic electrolyte,
he self-discharge is based on two mechanisms. The first is

Fig. 10. Simulations using models with and without circuit 2.
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where supercapacitor is discharged by using an active load
controlled by an external voltage. The supercapacitor is dis-
charged with a square signal current. This last varies between
0 and 60 A with 50 mHz of frequency, the duty cycle is 0.5.
F. Rafik et al. / Journal of Po

ue to the diffusion of the excess ionic charges at the interface
etween the electrode and the electrolyte. The second is due to
he impurities in the supercapacitor materials. The supercapcitor
elf-discharge is also a function of the temperature. Hence, the
upercapacitor self-discharge cannot be represented by a simple
ingle resistance. It is necessary to use two different time con-
tant circuits RC, formed, respectively, by the elements RP1CP1
nd RP2CP2 which depend on the voltage and on the operat-
ng temperature. It also includes a parallel RL resistance, which
ives the long time leakage current contribution.

In the case of a BCAP0010, the following parame-
ers were determined from experimental results: RL = 250 �,
P2 = (1.2 + 1.12U) and CP2 = (55 + 4U).

In the case of temperature above 0 ◦C, the experimental
esults show that:

CP1 depends only on the voltage: CP1 = k1U, with
k1 = 26 [F V−1].
RP1 is constant and is equal to RP1 = 0.6 �.

In the case of temperature below 0 ◦C:

CP1 depends on the temperature and the voltage with the
following relation: CP1 = (26 − 1.6T)U.
RP1 depends on the temperature RP1 = (0.6 + (T/60)).

The effect of the temperature on the capacitance Ci is negligi-
le. The latter strongly depends on the frequency of use starting
rom 15 Hz.

For a frequency lower than 15 Hz, Ci is constant and its value
s in order of 260 F. When the frequency is higher than 15 Hz, this
apacitance is given as following: Ci = 15 × 260/f. In the follow-
ng, simulation results are obtained using the model presented
n Fig. 1.

. Model validation

The model proposed in Fig. 1 allows describing the super-
apacitor behaviour in the full frequency range and takes into
ccount supercapacitor voltage and temperature variations.

The total differential capacitance found in the low frequency
ange is given by:

diff = Ca + CR + CP1 + CP2 + 2KvU

here Kv is the linear coefficient and is equal to Kv = 195 F V−1

or a BCAP0010.

.1. Validation with the electrochemical impedance
pectroscopy

A complete analysis of the results allows establishing a model
f supercapacitor taking into account the frequency, the voltage
nd the temperature of the device. A simulation of the model

n the frequency domain has been achieved in order to compare
he simulation results with the experimental ones. Figs. 6 and 7
epresent, respectively, the evolution of the capacitance and the
mpedance real part according to the frequency for bias voltages

F
s

ig. 11. Simulation and experimental results for a 2600 F supercapacitor with a
onstant 30 A charge/discharge as a function of time.

f 0, 1.25 and 2.5 V and a temperature of 20 ◦C. These results
how the good agreement between the experimental result and
he simulation ones.

In order to validate the proposed model which takes into
ccount the supercapacitor temperature variations, superca-
acitor real part and capacitance are plotted, for different
emperatures, respectively, in Figs. 8 and 9.

It’s clear to see the good correlation between simulations
esults with the proposed model and experimental ones.

.2. Supercapacitor charge/discharge at constant current
alidation

To validate the proposed model in dc regime, a comparison
etween the simulation and the experimental results was real-
zed. Fig. 11 shows the experimental results and the simulation
nes. Supercapacitor is charged and discharged at constant cur-
ent (in order of 30 A). These results show the good correlation
etween the experimental and the simulation data.

Another comparison between experimental results and simu-
ation ones has been realized. Fig. 12 represents this application
ig. 12. Two thousand six hundred farad supercapacitor discharge with a 50 mHz
quare current with amplitude level of 0 and 60 A.
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Table 2
Model parameters for a BCAP0010 supercapacitor

Parameters Values

L 25 nH
Re 0.25 m�

R20 0.22 m�

Rv 0.5 m�

CR 260 F
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[

[
[

[

[

[

ESSCAP BELFORT, 2004.
a 1700 F

v 195 F V−1

L 250 �

hese results show the good agreement between simulation and
xperiment.

Table 2 is a summary of all the model parameters necessary
o describe BCAP0010 behaviour as a function of the frequency,
he voltage and the temperature.

. Conclusion

This paper presents an equivalent electrical circuit for
axwell 2600 F supercapacitor model. The originality of this

tudy is in the fact that the established model takes into account
requency, voltage and temperature variations of the device and
ts environment. The electric equivalent circuit proposed will
e easy to use in several analog simulators. It is well adapted
o some studies concerning behavior of supercapacitors when
sed in automotive applications thanks to sensitivity analysis
nduced by thermal, frequency and voltage parameters. The sim-
lation results are in good agreement with the experimental
nes.

The proposed model is based on only 14 devices.
he correlation has been verified in the frequency domain

ith an impedance spectrometer and with supercapacitor

harge/discharge at constant current. In the frequency domain
he results have been verified in the temperature range between

20 and 60 ◦C and in the voltage range between 0 and 2.5 V.
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[
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