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Abstract. Supercapacitor is a type of energy storage with higher capacitance value compared to
the normal capacitor. But it has lower voltage level compared to normal capacitor. However, it
can be charged with high current and provide higher current to the load when needed when
compared to the same size energy storage such as battery. The Three Branch Equivalent Circuit
is one of the simple yet accurate model that has been proposed. The parameter of the Three
Branch model included the capacitance, resistance and a unit of voltage dependent capacitance.
The Parameter needed to be calculated accurately as it depends heavily on the terminal voltage
of the supercapacitor at respective time which obtained through a charging and self-discharging
experiment under constant current charging. The different constant charging current give effect
toward the parameter calculation as it manipulates the rate of charging and self-discharging. This
paper will calculate the parameter of supercapacitor based on the Three Branch model under
different constant charging current and compared the result using the simulation to show the
accuracy of the model. The parameter obtained throughout the study shows a high accuracy
especially the parameters obtained using higher charging current.

1. Introduction

Energy storage is becoming a major factor in renewable energy application to stored electrical energy
after the energy in harvest either from the solar panel or wind turbine. Thus, it led to the increase of
demand toward the energy storage [1],[2]. Supercapacitor is amongst the current energy storage that is
available on the market and some of it can be obtained commercially. With high power density, the
supercapacitor can charge and discharge its energy rapidly [1]. The supercapacitor can accept high level
of current during charging phase and provide high current to the load as it is not strictly bonded to any
specific rated charging current such as common lithium-ion battery [2], [3]. Even with high charging
capabilities, supercapacitor still have better life span before it is obsolete [4]. The use of supercapacitor
in recent years has increase in multi-platform such as in an electric vehicles application, energy storage
for photovoltaic, robotics and the use in elevator for the regenerative braking system [5]-[10].
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Modelling a supercapacitor has been done through different type of equivalent circuit model as it is
often used to shows the supercapacitor behaviour [11]. The equivalent circuit model of a supercapacitor
contain the fundamental electrical component such as the resistor and the capacitor which either can
exist as a single component or multiple component which is either connected in series or parallel [12].
The examples of the equivalent circuit model are the two-branch equivalent circuit model, three branch
equivalent circuit model, ladder model, transmission line model, multi-branch model and dynamic
model [13]. Different equivalent circuit models resulting in different numbers of parameter available
that needed to be extract through various type of experiment. The Parameter extraction of the three
branch equivalent circuit model for supercapacitor are based on the calculation that heavily depend on
the experiment of self-discharge measurement or the charging and discharging measurement [11], [14]-
[17]. The parameter identification for the supercapacitor is crucial as it reflect the modelling of the
supercapacitor. Modelling of supercapacitor is important in simulating the supercapacitor for estimating
the state-of-charge as it will help in increasing the accuracy of the estimation itself [24],[25]. Hence, the
extracted parameter should be able to reflect the behaviour of the supercapacitor in real life application
when modelled or simulate.

Thus, this paper will study the parameter extraction of the supercapacitor under different constant
charging current based on the three branch equivalent circuit model and compared the results between
the simulation and the experiment collected. Each supercapacitor will be charge with different constant
charging current while the charging voltage and the self-discharge voltage will be measured and
recorded for the calculation. The simulation will be done to every parameter extracted to show the
accuracy of the parameter. The same parameter from a constant charging current will be used to simulate
the supercapacitor self-discharge terminal voltage at different constant charging current configuration.

2. Methodology

There will be two major parts in the method use for this study which is the experimental part and the
simulation. The experimental section will include the experimental results of the terminal voltage along
with the parameter calculation.

Multimeter Voltage | |

Computer
Sensor

Microcontroller

Figure 1 Experiment Setup

2.1. Experimental setup and parameter calculation

The supercapacitor that will be used in this experiment is the 650F supercapacitor rated at 2.7V. The
constant charging current will be supplied through the GW DC power supply model GPR-6060D. there
are three different constant charging current that will be used in this experiment, which is 1A, 3A, and
6A. The terminals voltage of the supercapacitor will be recorded during charging phase until its rated
voltage and 30 minutes after the power supply is disconnected. The setup for the experiment can be seen
in Figure 1.



ICE4CT-2022 IOP Publishing
Journal of Physics: Conference Series 2550(2023) 012019  doi:10.1088/1742-6596/2550/1/012019

R C T £
V-sc gm

o+ o+ +
AT I = oKkt V2 TT o2 V3i_ c3

Figure 2 Three branch equivalent circuit model

Figure 2 shows the three branch equivalent circuit model along with the parameters needed to be
calculated. Each branch has a resistor where resistor, R1 is for the first branch and resistor, R2 and
Resistor R3 are for the second branch and third branch, respectively. The first branch has another two
parameter which is capacitor, C1 and the voltage dependent capacitor, Cvar. Second branch and third
branch both have a capacitor which is capacitor, C2 and capacitor, C3, respectively. The calculation will
heavily depend on the result from the terminal voltage of the supercapacitor during charging and self-
discharging phase with respect to the time. The three branch equivalent circuit model is choose in this
study as it comes with simple circuit analysis for its parameter calculation.

For the first branch or also known as immediate branch, the parameters needed to be calculated are the
resistor, R;, capacitor, C; and voltage dependant capacitor, Cy;-

V. 1

R, = 1_1 1
ch

C. = Iep (82 — t1) (2)
Y

Equation (1) will be used to obtain the resistor, R, while equation (2) will be used to get the capacitance,
C,. Theresistor, Ry can be obtained by using a simple Ohm’s Law where the voltage, V; value is obtained
at time, t; which at the early moment of the charging phase with constant current charging, I, where it
is taken typically less than 5 second after the power supply is turned on. The AV in equation (2) is the
voltage obtain from V,, = V; + AV and the value is set at 50mV and time, ¢, is obtained at the calculated
V,.

2 (lp(ty—tp) 3
Coar = V_4,* (%_ Cl)
ty = t3 + 20ms 4)

For the voltage dependant capacitor, C,,-, the power supply needed to be turned off and voltage, V; at
time, t5 is recorded. Then, C,,,- is calculated by using equation (3). Voltage, V, will be obtained at time,
t, as in equation (4).

W = ED)(ts — ta) ©)

[61 + Coar (Va - %)] AV

R2:
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Next, resistor, R, and capacitor C, will be calculated for the medium or delayed branch. The resistor,
R, can be calculated through equation (5) with time, ts can be obtained at the point of voltage, Vs =
v, — AV. Capacitor, C, can be calculated using equation (6). the voltage, V is taken at time, t; = t5 +
3R, C, with R, C, can be assumed as 100s.

AV
(V6 - T) (t7 — te) (")
Rs = AV
(1 + Coar (Ve = )| 4V
Ip(t,—t C 8
C3: ch(4V8 1)—(C1+ 1;2ar_V8) ()

Final branch parameter can be calculated using equation (7) and equation (8) for resistor, R; and
capacitor, C5 respectively. The time, t is obtained right at V;, = V, — AV and voltage, Vg is obtained at
time, tg set at 30 min.

2.2. Simulation

The simulation will be run to monitor the accuracy of the model by showing the terminal voltage of the
supercapacitor after the power supply is turned off. The simulation will be using the MATLAB Simulink
software and the help of Microsoft Excel to compare the results from both experiment and simulation.

0,
[
,

Figure 3 The three branch equivalent circuit model configuration in MATLAB Simulink

Figure 3 shows the configuration of the three branch equivalent circuit model using MATLAB Simulink
that will be used to simulate the supercapacitor behaviour.
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3. Results and Discussion
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Figure 4 Terminal voltage of supercapacitor during charging and self-discharging phase under different

constant charging current

Table 1 The calculated parameter for the supercapacitor three branch model
Parameter Charging Current
1A 3A 6A
Resistor, R1  0.013Q  0.008Q  0.012Q
Capacitor, 430 F 390 F 320 F
C1

Voltage 258.03F 242.67F 184.35F
dependent
Capacitor,

Cvar

Resistor, R2 4.49 Q 1.75Q 1.61 Q

Capacitor, 5842 F 10242F 88.11F
C2
Resistor, R3  13.85Q 7.18 Q 7.60 Q

Capacitor, 127.74F 197.05F 155.15F
C3

The main purpose of the experiment is to obtain the terminal voltage of the supercapacitor when supplied
with constant current during charging until its rated voltage. Also, the experiment needs to measure the
terminal voltage of the supercapacitor during self-discharging phase for 30 minutes after the power
supply is disconnected. This is because the three branch equivalent circuit model has more reliable in
accuracy for the first 30 minutes in reflecting the supercapacitor behaviour [18]. The results can be seen
in Figure 4 where all the supercapacitor’s terminal voltage under different constant charging current is
shown. The higher charging current resulting in higher charging rate which help the supercapacitor to
achieve its rated voltage faster compared to lower charging current. However, the higher charging
current resulting in faster voltage drop during open circuit condition. The purposes of the results
obtained as in Figure 4 is for the parameter estimation of the supercapacitor. The results for the
parameter can be seen in Table 1. Since the waveform of the supercapacitor is different due to the
different of constant charging current, the huge different between each parameter to each constant
charging current use is expected.
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Figure 5 The experiment and simulation result of the supercapacitor’s terminal voltage with 6A constant
charging current
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Figure 6 The experiment and simulation result of the supercapacitor’s terminal voltage with 3A constant
charging current
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Figure 7 The experiment and simulation result of the supercapacitor’s terminal voltage with 1A constant
charging current

The purpose of the simulation done is to validate the calculated parameter done based on the
supercapacitor’s three branch equivalent circuit model. Hence, the result of the simulation will be
compared with the experimental result during self-discharging phase for 30 minutes and the results is
closely monitored. Figure 5 until Figure 7 shows the comparison result of simulation and experiment at
different constant charging current of 6A, 3A and 1A, respectively. In Figure 5, the high voltage drop



ICE4CT-2022 IOP Publishing
Journal of Physics: Conference Series 2550(2023) 012019  doi:10.1088/1742-6596/2550/1/012019

during the early moment is due to self-discharge phenomenon of the supercapacitor at the early phase.
This phenomenon shows the nonlinear behaviour of the supercapacitor. In Figure 7, the supercapacitor
that has been charge with 1A current has the lowest voltage drop since the slow charging current create
more uniform charge build up along the surface of electrode which led to balance electric field. Hence,
lower voltage drops. Compared to higher charging current, build up charge around the electrode is high
which cause gradient in the electrical field [19]. The self-discharge happens at the early phase of open
circuit condition as to reflect the charge redistribution that happen to the supercapacitor.
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Figure 8 The percentage error between experiment and simulation results

Table 2 The different of charging time between experiment and simulation

Charging Charging time (s)
current (A) Experiment  Simulation  Different
1 2100 2138 38
3 645 673 28
6 255 252 3

Both experiment and simulation results have a close similarity in term of its value. However, need to be
noted that the different between simulation and experiment result for supercapacitor with 1A constant
charging current in Figure 7 is higher compared to the supercapacitor with higher constant charging
current. The error trend for the self-discharge behaviour between the simulation and the experimental
results can be seen in Figure 8. The increase of error for the 1A constant charging current parameter
compared to the experiment is relatively high compared to the other two results. For the 6A and 3A error
based on respective parameter tend to increase after at one point. However, the three branch model or
also called as Zubieta’s model only reliable to show the supercapacitor behaviour for the first 30
minutes. All the three parameters able to simulate the supercapacitor behaviour with percentage error
less than 5%. In the perspective of charging time as seen in Table 2, the different between the simulation
and experiment decrease when the simulation run using parameter obtained from higher constant
charging current data. Also, the charging time is faster for the simulation that use parameter from 6A
constant charging current experiment.
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Figure 9 6A, 3A and 1A calculated parameter used to simulate the 6A charging current behaviour and
compared with 6A experiment.
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Figure 10 6A, 3A and 1A calculated parameter used to simulate the 3A charging current behaviour and
compared with 3A experiment.
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Figure 11 6A, 3A and 1A calculated parameter used to simulate the 1A charging current behaviour
and compared with 1A experiment.

The results shown in Figure 9 until Figure 11 is the terminal voltage of supercapacitor to study the
parameter accuracy when used to simulate different constant charging current. In Figure 9, all 3
parameter that has been calculated is used to simulate the supercapacitor behaviour during charging and
self-discharging phase under 6A constant charging current. The result show that only its own parameter
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able to imitate the experiment data with the parameter obtain from 3A constant charging current
experiment closely having the same results after the few minutes. For 3A results comparison in Figure
10, both of its own parameter and 1A parameter able to closely imitate the charging phase. In Figure 11
for the 1A simulation results, only its own parameter able to show the accuracy between the simulation
and experiment during the charging phase. The parameter obtains using 6A experimental data has fastest
charging time when implemented for the 3A simulation and 1A simulation as in Figure 10 and Figure
11, respectively.

4. Conclusion

The purpose of this paper is to study the parameter estimation of the supercapacitor’s three branch
equivalent circuit model under three (3) different constant charging current. The calculated parameter
for each respective constant charging current also use to study its reliability and accuracy in simulating
the terminal voltage of supercapacitor at different constant charging current. For example, the parameter
calculated from 6A experiment is used to simulate the supercapacitor behaviour with 3A and 1A
constant charging current. The parameter calculated for all three (3) condition able to show the accuracy
when compared both simulation and experiment result which having less than 5% of percentage error
following the THD error range. However, from this study it is advisable for researchers to simulate the
supercapacitor behaviour using the same parameter based on the charging current use for the experiment
to achieve better results before implementing the supercapacitor into any application. All the calculated
parameter at the different experiment results in this study able to shows it reliability to be implemented
in any supercapacitor modelling purposes if considering the use of three branch equivalent circuit as the
supercapacitor’s model.
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