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Abstract— This paper presents characterization for equivalent
circuit model (ECM) parameters variation for lithium-ion
capacitor (LiC) under different voltage values. A set of
experimentally obtained electrochemical impedance spectroscopy
(EIS) data for LiC is fitted using the simplex algorithm to obtain
the values for ECM parameters. The model-fit EIS data is
compared with the measured EIS data to validate the model.
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L INTRODUCTION

Energy storage devices are needed in a wide range of
applications such as electric vehicles, uninterruptible power
supplies (UPS), and renewable energy systems [1-13]. Energy
storage devices are mainly characterized by their energy density
power density, cost, and their ability to withstand fast charge and
discharge [14, 15]. Lithium-ion batteries (LiB) are commonly
used for applications that require high energy density (i.e., long-
term energy storage). However, their power density and
lifecycle can, sometimes, hinder their performance in
applications where high power/current is needed.
Supercapacitors (SC) have a higher power density compared to
LiB, but much lower energy density. Therefore, SC can serve as
a short-term energy storage and is well-suited for applications
requiring a high power/current for a short time. Lithium-ion
capacitors (LiC) combine high energy density from LiB with
high power density from SC [16-18]. In the literature, various
applications are reported for LiC such as electric vehicles [17,
18], renewable energy and grid [16, 19], and railway
transportation [20].

Electrochemical impedance spectroscopy (EIS) is usually
utilized to gain insights on the internal mechanisms and
dynamics of energy storage devices. EIS data can be utilized to
perform diagnosis and state estimation (state of charge “SOC”
and state of health “SOH”) [21-23]. EIS measurements are
usually performed in potentiostatic mode or galvanostatic mode.
In potentiostatic mode, an AC voltage perturbation vac.f with a
perturbation frequency f, is applied to the device under test (LiC
in this paper) and the AC current response isc-f is recorded. In
galvanostatic mode, the device under test is excited by an AC
current perturbation where the AC voltage response is recorded.
In both modes, the impedance is calculated as expressed in (1).
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Table I- Equivalent circuit model parameters [24]

ECM model Description Frequency range
component P ! yrang
Electrolyte .
Rcona resistance Medium
_ Rur | Metal .
Lur connections High
ReTi
Cen Charge transfer Low to medium
Rem
Ccrm2
W Diffusion Low
Rp

where Zg, is the impedance at the perturbation frequency fp, Vac-
fp is the peak (amplitude) voltage value at the fundamental
perturbation frequency f,, and i..5 is the peak (amplitude)
current value at the fundamental perturbation frequency f;,. The
impedance phase is represented by 6,.iand is equal to the phase
shift between the fundamental components of voltage and
current of the device under test, ie., 6,.5= O - Oifp. In
potentiostatic mode, Vac-fp is applied and Zac.fp is recorded where
in galvanostatic mode isc-fp is applied and vec-f is recorded. To
obtain a spectrum of EIS data across a range of frequencies, the
device under test is perturbed at different frequencies and the
impedance value (both magnitude and phase) is calculated at
each frequency.

To fit the measured EIS data, electrical circuit model (ECM)
is utilized. ECM allows for internal dynamics characterization
of various energy storage devices. In this paper, an
experimentally-obtained EIS data for LiC is utilized to obtain
the ECM parameters at different voltage values. The obtained
ECM parameters can be used in state estimation of LiC or in
other functions.

II.  ECM FOR LITHIUM-ION CAPACITOR

Fig. 1 shows the LiC ECM [24] considered in this paper to
fit the EIS data in order to obtain and characterize parameter
variation patterns of LiC under different voltage values. The
explanation for each ECM parameter is illustrated in Table I.
The inductive part Lyr and the resistive part Ryr are used to
model the cable and connections effect at high frequency. The
electrolyte resistance is represented by Rcona While the
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Fig. 1: Equivalent circuit model for LiC [24].
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chargetransfer process or polarization is represented by two RC
parallel branches (Rcti with Ceri and Rere with Cerz). The
capacitances Ccr; and Ccrz represent the electrode’s double-
layer capacitance, where Rcri and Rcrz represent the charge
transfer resistance. Warburg impedance W and its parallel
resistance Rp are used to model ions diffusion. Since ions
diffusion is a slow process, the low frequency impedance in the
EIS curve is mainly dominated by W and Rp.

(b)
Fig. 2: Comparison between measured EIS and equivalent circuit model-fitted EIS data. (a) Impedance magnitude and phase.
(b) Nyquist plot.

The EIS data is obtained using Gamry Instruments Interface
5000E™ [25]. Gamry Echem analyst software [26] is utilized in
this paper to fit the measured EIS data using the simplex
algorithm, which is used to solve linear programming problems
[27].

Fig. 2 shows a comparison between the measured EIS plots
at 3.0V and the fitted plots using the simplex algorithm. In
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Fig. 3: Impedance plots for LiC at different voltage values. (a) Impedance magnitude. (b) Impedance phase. (c) Nyquist plot.

Fig. 2(a), the impedance magnitude and phase plots are
compared, where in Fig. 2(b), the Nyquist plots are compared.
As illustrated, the fitted plots are in good agreement with the
measured plots, which allows for using the ECM of Fig. 1 to fit
the obtained EIS curves to the ECM parameters.

III.  EXPERIMENTAL RESULTS

In this paper, a 450F LiC [28] is used. The EIS
measurements are obtained by performing galvanostatic EIS at
different voltage values including 3.8V (maximum voltage),
3.4V, 3.0V, 2.6V, and 2.2V (minimum voltage), within a

frequency range of 10kHz to 0.01Hz at room temperature
(~25°C). EIS plots at different voltage values are shown in Fig.
3. As shown in Fig. 3 (a), the LiC impedance magnitude
increases as the voltage of the LiC decreases, especially at low
frequency. This is because at lower voltage values, the anode
energy is low which makes the diffusion process slow [24].
Also, by looking at the high frequency range (above ~1kHz) in
both impedance magnitude and phase plots (Fig. 3a and Fig. 3b),
it can be observed that the LiC impedance magnitude and phase
do not change with voltage, and that is also clear from the
matching Nyquist plots at different voltage values at high
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Fig. 4: ECM parameter variation of LiC at different voltage levels.



frequency (left part of the Nyquist plot as shown in Fig. 3c).
From the Nyquist plot in Fig. 3 (c), it can be observed that the
semi-circle radius increases as the LiC voltage decreases. The
semi-circle represents the charge transfer process that occurs at
medium frequency [24]. The lower is the voltage of the LiC, the
higher is the charge transfer resistance. The right part of the
Nyquist plot (almost a straight line with a slope of ~45°) is
associated with the diffusion process (i.e., Warburg impedance)

The obtained EIS curves are utilized to fit the ECM
parameters. The variation of each parameter is shown in Fig. 4.
As illustrated, the charge transfer capacitance increases at high
voltage values. Also, the charge transfer resistance increases at
low voltage values. As mentioned earlier, lower voltage results
in slower diffusion process which implies a higher charge
transfer resistance.

IV. CONCLUSION

In this paper, ECM parameter variation for LiC is
characterized by fitting the measured EIS data at different
voltage values using the simplex algorithm. The EIS data was
collected under galvanostatic mode. The model-fitted data is
compared with the measured EIS data to validate the model
fitting.
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