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Abstract—In this work, a 400 kW supercapacitor energy stor-
age system (SCESS) with grid-serving converter for the 400 V
grid is presented. A modeling approach for the supercapacitor
energy storage (SCES) is presented and a method of parameter
estimation using the inherent impedance spectroscopy capability
of the SCESSs DC/DC converter is introduced. We determine
the impedance of the SCES and investigate the suitability of
the modeling approach. The results indicate that the proposed
modeling and parameter identification method is suitable to
model the voltage of the real SCES.

Index Terms—supercapacitor, modeling, parameter identifica-
tion, impedance spectroscopy, energy storage system

I. INTRODUCTION

Grid-connected SCESSs can be utilized to provide grid
services, such as smoothing renewable energy generation [1]
or regulating grid frequency [2]. When doing so, they are
often used in conjunction with other energy storage devices
to increase energy capacity [3]. In common grid applications,
the energy capacity of SCESSs mostly limits the possible
operating scenarios. In order to use the limited energy of
SCESSs in an optimal way, accurate modeling is required. This
paper presents a method for modeling and identifying SCESs’
electrical behaviour using solely the sensors of the DC/DC
converter for the measurement, which accelerates commission-
ing and avoids the need for high-cost measurement equipment.
In order to achieve this, the SCES is measured using an
adapted form of impedance spectroscopy. In Section II, a
400 kW supercapacitor energy storage system (SCESS) with
grid-serving converter for the 400 V grid is introduced. Section
III describes a method to determine the frequency and voltage

dependent impedance of an SCES using only the sensors of
its DC/DC converter. In addition, the impedances of the test
bench determined using the method are presented. Section IV
presents a modeling approach for the electrical behavior of the
SCES. In Section V, the parameter estimation of the model is
described. Finally, in Section VI, the parameterized model of
the test bench is presented and compared to the results of the
impedance spectroscopy in the time and frequency domain.

II. PRESENTATION OF THE TEST BENCH

Fig. 1a depicts a schematic overview of the complete sys-
tem, consisting of the grid connection, LCL-filter, active front
end (AFE), three-phase DC/DC converter and the SCES itself.
In Fig. 1b, a picture of the complete test bench is shown. The
rated power of the entire system is 400 kW, the rated output
current of the DC/DC converter is 1400 A. The switching
frequency of the semiconductors of the DC/DC converter is
8 kHz. The SCES is designed with three parallel branches
each consisting of 240 supercapacitors (SC) (BCAP3000 P270,
Maxwell Technologies) connected in series. Each SC has
a nominal capacitance of 3000 F and a rated voltage of
2.7 V. They are passively balanced via parallel resistors and
actively balanced above a cell voltage of 2.5 V. The resulting
capacitance of the SCES is 37.5 F with a maximum voltage of
600 V and a theoretical stored energy of 6.75 MWs. The test
bench is controlled by a modular signal processing system
based on the ZYNQ7030 System-on-Chip (SoC) from Xilinx
[4].
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(a) System overview of the SCESS with converter, grid connection and
the SCES.

(b) Image of the entire test bench.

Fig. 1: System overview of the SCESS and image of the entire
test bench.

III. IMPEDANCE SPECTROSCOPY

Impedance spectroscopy can be used to determine the
impedance of a system as a function of frequency [5]. For
this purpose, sinusoidal currents with different frequencies
are injected into a system. The frequency dependant complex
impedance Z is determined from the spectrum of the injected
current and the resulting voltage. Usually this is done with a
current amplitude in the milliamper range. If the impedance
spectroscopy of a SCES is performed without additional
hardware, a trade-off arises for the current amplitude to be
injected. On the one hand, the current should be as large
as possible to minimize the relative error of the current and
voltage sensors. On the other hand, the voltage amplitude
increases with the current amplitude, which in turn negatively
affects the measurement due to the voltage dependence of the
SCES. The current change in the chokes is limited by their
possible voltage range and the dynamics of the current control.
Here, the choke voltage depends on the voltage of the SCES,
the DC link voltage and the dead time of the semiconductors.
The maximum current change in the inductors in turn limits
the maximum current amplitude and the maximum frequency.
Finally, the impedance is determined as a function of the
frequency and the DC voltage of the SCES. Due to the fact
that SCESs have large time constants (in the range of weeks),
the impedance measurements cannot be performed in steady
state in practical applications. To minimize the influence of
the large time constants, all measurement points should be
performed at one voltage in succession. Measurement accuracy
is further improved if measurements are made at a voltage
from high to low frequency, because at measuring points
with high frequency, the influence of the large time constants
is smaller, whereas with lower frequencies the settling time
is already larger. In addition, after a new voltage has been
applied, the measurements should not be started directly.

A. Single measuring point determination

To determine the impedance Z of a single measuring point,
the SCES is charged to the desired DC voltage. Then the
sinusoidal current can be applied. It should be started with

a phase of 90° such that the mean value of the voltage
deviates as little as possible from the desired value. The
measurement of current and voltage should start when the
sinusoidal current has already been applied for some time
in order not to confound the measurement due to transient
processes. The measurement point should persist over several
complete periods to avoid spectral leakage and provide a suf-
ficient spectral resolution. The amplitude and phase of voltage
and current can be determined with the fast Fourier tranform.
After transforming the voltage and current signals into the
frequency domain, the maximum magnitude of each signal
in the spectrum for frequencies greater than zero is examined.
The impedance of the measuring point can then be determined
and the frequency of the maximum then corresponds to:

fsin =
n

N
· fsample (1)

where n is the index of the maximum value, N is the number
of elements of the FFT spectrum and fsample is the sample
rate of the measured values.

Since only one frequency value of the spectrum is consid-
ered for the calculation of the amplitude, broadband noise has
a smaller effect at the results. Additionally, the more periods
are measured, the higher is the frequency resolution, which
results in a higher signal to noise ratio due to averaging.

B. Impedance determination of the SCES of the test bench

The impedance determination was performed for voltages
from 100 V to 500 V in 50 V steps and frequencies in the
range from 12.5 mHz to 400 Hz. The amplitude of the injected
current was chosen so that a voltage change at the SCES
of 10 V was not significantly exceeded and the limits of the
DC/DC converter voltage were not reached. In addition, the
maximum current amplitude was limited to 200 A.

The absolute value, argument, real part and imaginary part
of the determined impedance Zmeas are displayed in Fig. 2.
From the figure it can be seen that the impedance is very
dependent on the frequency. Compared to this, its voltage
dependence is rather low. In the measured frequency range, the
magnitude of Zmeas decreases with increasing frequency. The
phase angle increases from -80 to just above zero degrees. The
real part of Zmeas also decreases with increasing frequency.
The imaginary part increases with the frequency and becomes
positive for high frequencies.

If the impedance of a SCES is modeled as a serial RLC
circuit the capacity is given by

CSCES =
1

ω2 · LSCES − ω · Im(ZSCES)
(2)

and the resistance R is then equal to RSCES = Re(ZSCES).
The resulting capacitance for the SCES of the test bench
with this approach is displayed in Fig. 3. Here, LSCES was
determined from the voltage swing within one pulse period to
be 1.334 µH.

In the lower frequency range CSCES has a voltage depen-
dence, which decreases strongly above 0.2 Hz. In addition,
the capacitance is nearly constant for low frequencies, and



Fig. 2: Absolute value, argument, real and imaginary parts
of the impedance of the SCES determined from the measure-
ments for different voltages.

Fig. 3: The voltage and frequency dependent equivalent
capacitance of the SCES determined from the measurements
for different voltages.

decreases to nearly zero as the frequency increases. The resis-
tance RSCES first decreases sharply with increasing frequency,
then forms a plateau, decreases further, and then slightly
increases again from about 100 Hz. It is obvious that the
simple RLC model is not able to adequately represent the
voltage and frequency dependent behavior of the SCES, which
requires a more complex modeling of the electrical behavior.

IV. MODELING

A reliable model of SCESs is the basic requirement for their
design and operation. The behavior of SCs differs significantly
from the behavior of other types of capacitors and requires
a different modeling approach. There are many different
published models in the literature. [6] introduces an modeling
approach for SCs. In [7], [8] and [9] a summary of basic
modeling approaches of the electrical behavior of SCs are
provided. In [10], different modeling approaches are combined
into one model.

Most of these modeling approaches can be summarized with
the equivalent circuit diagram in Fig. 4. The equivalent circuit
consists of five parts:

1) A main RC element, which reflects the essential behav-
ior of the SCES. It consists of a series connection of R0

and C0, where the capacitance usually corresponds to:

C0(uC0) = C0,const + k · uC0 (3)

where uC0 is the voltage across C0, C0,const is the
capacitance C0 at uC0 = 0 V, and k is the gain of the
linear capacitance change of C0 due to voltage uC0.

2) Serial RC elements, which increase the resistance in the
path of the main RC element for low frequencies.

3) Parallel RC elements, which represent slow transients
and allow charge redistribution between the parallel
elements.

4) A leakage resistor, which represents the self-discharge
of the SCES and whose time constant is in the range of
weeks.

5) An inductance L, which takes into account the inductive
behavior of the SCES at high frequencies.
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Fig. 4: Generalized SCES model.

This model is applied to SCESs operated as short-time energy
storage systems with high pulse power. The model is used to
determine the power dissipation and energy in addition to the
terminal voltage and the state of charge. Since the application
is for short-time energy storage system with high power, only
the modeling of time intervals in the range of minutes is
necessary. For this reason, the modeling of the leakage resistor
can be neglected. Since the loss energy is also determined from
the model, charging processes must be accurately modeled
for higher frequencies. The final model used for this analysis
consists of one inductor L, one main RC element, one serial
and two parallel RC elements.

V. PARAMETER ESTIMATION

To fit the model to the SCESs behaviour, the model pa-
rameters must be estimated. Eq. 4 describes the impedance of
the generalized model neglecting the leakage Resistor. Here,
N and M are the number of parallel and serial RC elements.

ZsMpN =
1∑N

n=0( 1
Zpn

)
+ jωL (4)

where Zpn is the impedance of the parallel paths, defined as

Zpn =

{
R0 + 1

jωC0
+
∑M

m=1( Rsm

jωCsmRsm+1 ) , n = 0

Rpn + 1
jωCpn

, n > 0
(5)

The model parameters were estimated using Matlab’s non-
linear least squares solver lsqnonlin. The solver determines the
model parameters by fitting the model impedance determinded
from Eq. 4 to the impedances determined from the measured
data. In addition to the determined parameters, the model
impedance depends on the frequency f and the capacitor volt-
age uC0. The inductance L was specified as a fixed value for
the parameter estimation. Parameter estimation was performed
iteratively. The identification was started with the main RC
element. Then the serial element was added. Subsequently, the
model was successively extended by the parallel elements. In
this process, the parameters of the previous model serve as the
starting value of the next one. The models for the individual

iteration steps are shown from left to right in Fig. 5, where
each submodel MsMpN has M serial and N parallel RC
elements. The resulting parameters of the estimated models
are shown in Table I.
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Fig. 5: Models used for iterative SCES parameter identifica-
tion.

VI. RESULTS

In this section the impedances determined from the mea-
surements are compared with those of the parameterized
models in the frequency and time domain.

A. Frequency domain

Fig. 6 shows the impedance determined from the measure-
ment, as well as that of the parameterized models for the
SCES at uSCES = 200 V in two frequency ranges. The overall
characteristic looks quite similar for other voltages.

The general curve of the measured impedance of the SCES
can be described as follows: as frequency increases, the imag-
inary part increases more than the real part up to about 0.5 Hz.
For further increasing frequencies, the imaginary part then
approaches zero, with the real part dropping. For frequencies
above about 40 Hz, the real part remains nearly constant and
the imaginary part increases and becomes positive. Ms0p1
represents a straight line in the complex plane and therefore
cannot reasonably represent the course of the impedance of
the SCES. With increasing model complexity, the models get
closer to the impedance of the SCES. For very low frequencies,
the real part of the SCES increases significantly. Only Ms1p2
and Ms1p3 have the same behavior, although they still show
significant deviations compared to the SCES at very low
frequencies. For high frequencies, only Ms1p2 and Ms1p3
are able to approximate the impedance response of the SCES.

In Fig. 7, the deviation between the models and the mea-
surements for the real and imaginary parts of the impedance
and the capacity for all meassured voltages are shown. It can
be seen that voltage has an influence on the deviation of the
models for the real and imaginary parts of the impedance, as
well as the capacitance. The statements for Fig. 6 also apply
to other voltages of the SCES. For the capacity of the models,
the deviation decreases for higher frequencies with increasing
model complexity, with a little difference between Ms1p2



TABLE I: Model parameters.

model L k0 R0 C0,const Rp,1 Cp,1 Rp,2 Cp,2 Rs,1 Cs,1

in µF in µF/V in mΩ in F in Ω in F in Ω in F in mΩ in F

Ms0p1 1.334 18.532 39.169 26.942 - - - - - -
Ms1p1 1.334 18.709 35.108 27.224 - - - - 4.0436 20.495
Ms1p2 1.334 18.709 34.824 26.176 2.769 1.655 - - 4.2661 12.284
Ms1p3 1.334 17.323 35.247 25.659 2.493 1.820 3.085 1.450 4.2717 11.673

Fig. 6: Impedance of the SCES determined from measured
values, as well as the impedance of the parameterized models
in the complex plane at uSCES = 200 V. From 0.1 Hz to
400 Hz in (a) and 12.5 mHz to 400 Hz in (b).

and Ms1p3. The capacitance deviation increases at very low
frequencies, with increasing model complexity. Ms1p2 and
Ms1p3 also show minimal differences for frequencies above
0.2 Hz for the real and imaginary parts of the impedance. For
all measured voltages and frequencies above 0.1 Hz, Ms1p3
reduces the model error of the real part to a maximum of 5 mΩ
and that of the imaginary part to below 1 mΩ. The model error
of the capacitance is below 4 F for all certain frequencies and
voltages.

B. Time domain

The models are intended to model charging and discharging
processes of the SCES. Therefore, the accuracy in the time
domain is crucial for their application. In Fig. 8(a), the
measured voltage and current curve of the SCES, as well
as the voltage curve of the models Ms0p1, Ms1p1, Ms1p2
and Ms1p3 are shown for three charging cycles. The models

receive the measured current waveform of the SCES as input.
The initial voltage of all parallel capacitors equals the initial
terminal voltage of the SCES. The initial voltage of the serial
capacitor is zero. The SCES is charged from 100 V to 540 V
and then discharged again. There is a pause of 20 s between
charging and discharging. The first charging cycle is done with
a constant current of 500 A and increases with each cycle by
100 A. Fig. 8(b) shows the voltage error of the models for the
same charging cycles as in Fig. 8(a). It can be concluded that
the model accuracy for all quantities increases significantly
with increasing model complexity. This consideration also
coincides with the representation of the model impedance in
the complex domain in Fig. 6. It can also be seen that the
change in the model error in the resting times and during
the charging and discharging phases decreases with increasing
model complexity. For M1s3, the deviation over the entire
course of time is less than 0.5 % of the nominal voltage of
the SCES.

VII. CONCLUSION

In this work, a method for modeling and parameter esti-
mation of a 400 kW supercapacitor energy storage (SCES) is
presented. It uses the inherent impedance spectroscopy capa-
bilities of its DC/DC converter to determine the frequency and
voltage dependent impedance of the SCES. This impedance
is used to estimate the model parameters in the frequency
domain. The results are then validated in the frequency domain
by compairing the determined impedance with the impedance
of the models. In addition, the models were validated in
the time domain using constant current charging cycles. The
results indicate that at least one serial and two parallel RC
paths are needed to model the short-term behavior of the
voltage sufficiently accurately. It can be concluded that the
method we present is suitable for the identification of the
model parameters. The parameterized model can serve as a
starting point for an online identification of state of charge
(SoC) or state of energy (SoE) of the SCES and can thereby
increase its usable energy.
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