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Abstract—The energy storage is one of the most
discussed topics among Electrical Vehicles (EVs) research.
Currently, supercapacitors (SCs) are collecting even more
attention due to their unique features such as high power
density, high life cycle and lack of maintenance. In this
paper, a brief review of supercapacitor mode suitable for
the simulation in automotive applications is identified. The
model parameters are estimated and used to simulate the
behaviour of a commercial SC bank in different operating
conditions. The model is finally validated considering
experimental results.
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l. INTRODUCTION

The transition to a sustainable and green
transportation is the key to reduce air pollution and CO2
emissions. in recent years, almost all car manufacturers
have begun to introduce at least one electric car model in
their product list. One of the biggest obstacles in the
spread of Electric Vehicles (EVs), in addition to the so
called range anxiety [1], is the high price, largely due to
the battery. Moreover, the service life of a battery storage
system strongly depends on the operating conditions [2].
In particular, high current peaks, such as those that occur
during acceleration and regenerative braking, tend to
shorten battery life [3].

Supercapacitors (SCs) can be found in several fields
of applications [4-21] and they can represent the solution
to increase the energy storage system performances and
expected life. SCs main attributes are: higher power
density than a battery, fast charge and discharge
capability, lack of maintenance, high service life and
environmentally safeness [22]. SCs unique features make
them especially suitable for Hybrid Energy Storage
System (HESS), both in stationary applications, such as
wind power station or distributed power generation
systems, and vehicle applications [23], [24].In order to
optimize the design of the energy storage using SCs, a

preventive simulation study is required to verify the
performance of the system. Thus, a SC model able to
describes with adequate accuracy its terminal voltage is
needed [25]. Several modeling approaches have been
proposed in the literature, mainly classified in
Mathematical Model, Electrochemical Model and
Equivalent Circuit Model (ECM). Equivalent circuit
models are usually preferred because they can be easily
integrated in the power system simulation environment.

This paper is divided as follows: in Section Il the
three-branch equivalent circuit model, available in
literature is presented and described. In Section Ill, the
model parameters are obtained from the manufacturer’s
datasheet and from experimental tests on the Vinatech,
2.7 V, 100F SC. In Section IV the model is validated
using an assembled SC pack and performing the Hybrid
Pulse Power Test (HPPT) current profile.

Il.  SUPERCAPACITORS EQUIVALENT CIRCUIT
MODELS

In its simplest form, the SC ECM is composed of a
resistor, representing the Equivalent Series Resistance
(ESR) of the component, connected in series with a
parallel RC branch, representing the capacitance effect of
the SC and the self-discharge phenomenon, as proposed
in[26]. This kind of model can describe the SC terminal
voltage over a time window of few seconds. When it is
required to simulate the SC behaviour over larger time
windows, a more complex model is needed. Among the
models available in literature, the three-branch model
seems the most suitable for the simulation of automotive
applications.

The three-branch model was presented in [27] and is
represented in Fig. 1. The equivalent circuit features three
RC series branches, each one with different time
constants. The first branch, known also as immediate
branch, describes the SC instantaneous behavior. It is
composed of a fixed resistor R,, a fixed capacitor C; and
a voltage dependent capacitor C,,. The time constant is in
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the range of seconds. The voltage across the first branch
fixed capacitor, v, can be expressed as

Ve, = Vse — 1Ry 1)

where:
e v, is the voltage at the supercapacitor terminal,

e i, isthe first branch current.

The current in the first branch, considering the voltage
dependent capacitor, can be expressed as

dve,
- 2
o )

The second branch, or delayed branch, consists of a
fixed resistor R, and a fixed capacitor C,and has a time
constant of a few minutes. The voltage across the second
branch fixed capacitor, v¢,, can be expressed as

il = (Cl + vacl)

Ve, = Use — IR, 3)

where i, is the second branch current expressed as:

(4)

The third branch, also called long-term branch is
composed of a fixed resistor R;and a fixed capacitor C;
and has time constant of hours. The voltage across the
third branch fixed capacitor can be expressed as

Ve, = Use — i3R3 (5)

where i is the second branch current expressed as:

dv
iz =0C3 d? (6)

In Fig. 1 equivalent circuit, a fourth branch is added to
consider the possibility to add an external balancing
resistor R,.

The total current flowing in the SC terminal can
finally be expressed as:

iSC:i1+i2+i3+ib (7)
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Fig. 1: Three-branch equivalent circuit model.

I1l. THREE-BRANCH MODEL PARAMETRIZATION

To assess the model performances and accuracy, a
test-bench was implemented composed by:

e Vinatech supercapacitors, whose characteristics

are reported in TABLE I;

e a Fluke PM2812 Programmable Power Supply,
whose characteristics are reported in TABLE 11, used to
charge the SC;

e an Agilent 6060B Single Input Electronic Load,
whose characteristics are reported in TABLE III, used
on the discharge phase of the SC;

¢ a NI 9215 16-Bit Data Acquisition Board (placed
in a NI cDAQ 9172 chassis), whose characteristics
are reported in TABLE IV, used to acquire the SC
voltage and current signal.

All the instrumentation is controlled by a PC connected
to the power supply and the electronic load via GPIB
and to the NI chassis via USB. The SC voltage signal is
acquired at a 10 kS/s sampling frequency and then scaled
at a 10 S/s sampling frequency calculating the average
value in a 0.1 s time window. All the acquisitions were
carried out after the calibration of the board.

At first, the model parameters were estimated using
the experimentally acquired data and following the
parameter extraction procedure presented in [27].The
parametrization procedure consists on:

e a constant current charge phase of the SC to its
rated voltage

e arest phase, in which the SC is left open circuit
for half an hour.

The procedure was applied to different SC to obtain the
parameters average values, summarized in TABLE V.

Fig. 2 shows the acquired voltages for different SCs,
superimposed to the simulation results using the average
model parameters reported in TABLE V. Fig. 3 shows the
instantaneous error trend, calculated as

Err(t) = vsc () — vsim (2), 8

the maximum observed error and the mean error,
expressed as

N
Erg, = Z (vsc (n) _stim(n)) (9)

n=1
where N is the number of acquired samples or the
simulation steps. It can be noticed that the model fits
quite well the four tested SCs voltage response, with a
maximum error of 0.11 V and a mean error of 20 mV.



TABLE |: SUPERCAPACITOR DATASHEET SPECIFICATIONS

SPECIFICATION UNIT | VALUE
Rated Voltage \ 2.7
Rated Capacitance F 100
AC ESR 1kHz mQ 6
DC IR mQ 10
Maximum Current A 65
Leakage Current mA 0.2
Stored Energy J 364.5

TABLE II: PM2812 PROGRAMMABLE POWER SUPPLY

Current Voltage
Ratings 0+104 060V
Accuracy + (0.1% + 25 )mA + (0.04% + 20 )mV

TABLE |11: Hp 60608 ELECTRONIC LOAD

Current Voltage
Ratings 0+604 3+60V
Accuracy + (0.1% + 75 )mA + (0.1% + 75 )mA

TABLE IV: N19215 ANALOG INPUT MODULE
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Fig. 2: Simulation vs experimental SC voltage.

Err =112 mV ; Err =20.1 mV
max mean

Signal levels +10V
Sample Rate 100 kS/s
Accuracy +0.02% + 1.46 mV
Resolution 16-Bit

TABLE V: SUPERCAPACITOR THREE-BRANCH MODEL

PARAMETERS
Parameter | Unit | SC; SC, SCs SCs4 | Average
Ry mQ | 701 7.03 7.00 6.99 7.00
R, Q 4.54 2.19 2.07 1.62 1.96
R; Q 40.96 29.07 28.59 12.73 23.46
Cy F 73.26 | 75.091 | 76.745 | 86.00 79.28
C, F 23.90 22.57 22.75 11.98 19.09
C, F 45.91 66.12 67.51 58.14 63.92
C3 F 58.04 64.47 64.47 61.06 63.33
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Fig. 3: Instantaneous error trend, and maximum and mean error
values.

IV. MODEL VALIDATION OF THE SUPERCAPACITOR
BANK

To wuse the supercapacitors in automotive
applications, it is necessary to create banks connecting
several in series and parallel to reach the required
voltage and current values. The model and the
parameters obtained in the previous section are referred
to a single SC, but can be extended to the SC bank
considering the number of series and parallel connected
component Ns and N,. Specifically, the model
simulates the equations for a single supercapacitor, then
the bank voltage and current are calculated according
to:

Vpank = Ng * Us¢ (10)

lpank = Np (g +iyt+iz+ip) (11)

It should be noted that in this way the components are
considered identical, whereas they may have slightly
different parameters.

The assembled SC bank characteristics are reported
in TABLE VI. The bank, shown in Fig. 4, is composed of
24 elements in series, each with a 510 Q resistor in
parallel for self-discharge and passive balancing. In the
first step for the model validation, the same test
performed for the parameter estimation is repeated for
the SC bank. In this case, the SC bank was charged to
48 V with 2 A constant current phase. Fig. 5 shows the
SC bank voltage response compared to the simulation
results and Fig. 6 shows the error trend and report the
maximum and mean errors. Despite the simplification
to consider all the elements identical, the model
estimates with reasonable accuracy the voltage at the
SC bank terminals.

A second test, the so-called Hybrid Pulse Power
Test (HPPT) was performed on the SC bank. The HPPT
consists on alternatively charge and discharge the
device under test, with a rest period in between as
shown in Fig. 7. Fig. 8 shows both the simulated and
experimental voltage and current trends on the SC bank
for the HPPT test.



TABLE VI: SUPERCAPACITOR BANK SPECIFICATIONS

SPECIFICATION UNIT | VALUE
Series components N - 24
Parallel components N, - 1

4.17
510
60
20

Nominal Capacitance
Balancing resistor R,
Nominal Voltage
Nominal Current

> <M

Fig. 4: SC bank used for experimental validation.
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Fig. 5: Simulation vs experimental SC bank voltage.
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Fig. 6: Instantaneous error trend, and maximum and mean error
values for the SC bank.
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Fig. 7: HPPT test current profile.

In the first phase, fromt=0stot =120 s, the SC
bank is charged with a constant current up to 48 V. In
the second phase, fromt=120tot = 160 s, the SC bank
is charged with a constant voltage equal to 48 V until
the current falls below 0.4 A. In the third phase, the
HPPT test begins with the following settings:

e Charge current: 2 A

e Charge pulse duration: 10 s

o Rest period: 10 s

e Discharge current 3 A

¢ Discharge pulse duration:; 10 s

The HPPT test is repeated until the SC bank voltage
reaches half of the initial value, i.e. 24 V.

Fig. 9shows the error trend and report the maximum
and mean errors for the SC bank during the HPPT test.
The error between the model output voltage and the
measurement lies between + 2 V, and the mean error is
equal to 0.91 V, less than 2 % of the maximum
observed voltage.

V. CONCLUSION

In this paper a supercapacitor equivalent circuit
model for automotive application was identified among
those presented in literature. In particular, the three-
branch model was used to model the Vinatech,100 F,
2.7 'V Supercapacitor. The model parameters were
estimated using several SC and averaged parameters
have been used for the simulation of a SC bank
composed of 24 series connected elements.
Experimental results and simulation results have been
compared and discussed. The chosen model has proven
to be suitable for the simulation of SC bank in
automotive application, predicting the bank terminal
voltage with a mean error less than 2% of the maximum
observed voltage.
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Fig. 8: Simulation vs experimental SC bank voltage and current
profile for the HPPT test.
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values for the SC bank during the HPPT test.
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