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Abstract—In the energy storage field, supercapacitors (SCs) are
gaining more and more attention thanks to features such as high-
power density, high life cycles and lack of maintenance. In this
article, an improved SC three-branches model which considers
the residual charge phenomenon is presented. The procedure
to estimate the model parameters and the related experimental
set-up are presented. The parameter estimation procedure is re-
peated for several SCs of the same type. The average parameters
are then obtained and used as initial guesses for a recursive least
square optimization algorithm, to increase the accuracy of the
model. The model of a single SC is then extended to SC banks,
testing different configurations and operating conditions. The
simulation results, obtained in Matlab/Simulink environment for
both the single SC and the different SC bank configurations, are
validated with experimental tests to assess the model accuracy.

Index Terms—supercapacitor (SC), modelling, energy storage,
parameter estimation.

I. INTRODUCTION

RANSITIONING to sustainable, green transportation,
together with the constant growth of renewable energy
source generation plants, is essential to decrease air pollution
and CO, emissions. Alongside the above applications, the
need of increasingly efficient and high-performing energy
storage systems is assuming more and more importance [1].
The needs related to the sustainable energy management fo-
cus the research activities on the storage systems technologies
and their applications. Supercapacitors (SCs) represent an en-
abling technology introducing advantages both from technical
and economic points of view. Thanks to their characteristics,
SCs are particular caps able to store a greater amount of
electric charge, if compared to the traditional ones [2]. SCs can
be charged and discharged almost instantly, guaranteeing high
specific power. Besides, the number of charge/discharge cycles
are much higher than those of traditional storage systems.
SCs find their application in different fields. As a matter of
fact, they can be employed in grid-connected applications,
in which the combination of SCs and large electrochemical
batteries enables the implementation of new grid-services such
as the inertia simulation, the power oscillation damping and
so on [3]. In particular cases, they are employed as adaptive
protection against communication outages in microgrids [4].
Even though the grid-connected applications are manifold, SCs
find their main use is in the automotive field. They can be used

in hybrid energy storage systems alongside traditional Li-ion
batteries [5]-[6] or Fuel Cells [7]. One of the main aspects that
cannot be neglected in the study of SC applications is their
modelling. Literature shows different approaches that can be
summarized into three main areas: electrochemical, thermal
and circuital modelling. Electrochemical models are mainly
based on the impedance spectroscopy. They are mostly used
to investigate the ageing effect due to a cycling use of the
SCs [8]. Despite being extremely accurate, an electrochemical
approach implies the analysis of several internal parameters
such as the equivalent distributed resistance, the time taken
by a reactant to diffuse from one side of the SC layer to the
other and so on, resulting in very high computational effort.
Thermal models, starting from the governing equations of the
SCs working principles, are used to detect the temperature
distribution during the charging/discharging operations by
taking into account several factors such as the current density,
the collector and the separator materials [9]. The thermal
approach is very useful to estimate the main parameters of
a SC, but in most cases it is possible to characterize the
SC behaviour only for specific boundary conditions. Besides,
the heat conduction model has to be chosen on the base
of the construction geometry. For example, the stacked-type
capacitors and the rolled-type capacitors, which are the main
typologies of commercial SCs, cannot be modelled with the
same approach, making the analysis method not very versatile.
The most used modelling approach in model-based design of
engineering applications is the circuital one.

In its simplest form, the SC equivalent circuit model 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
[10]. This kind of equivalent circuit can describe the SC
behaviour in the time range of seconds. The applicability
of the model could be, for example, the simulation of the
converter/control stage considering the PWM frequencies. If a
larger time window is needed, further elements can be added
to the equivalent circuit to model different dynamics. Focusing
on an operating time range from minutes to hours, the so called
three-branches model, firstly proposed in [11], is one of the
most employed. Main drawbacks of the model presented in
[11] are the following ones: the model does not consider the
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Fig. 1. Three-branches equivalent circuit model.

residual charge phenomenon, and it is validated for a single
SC. In most of their applications (e.g. automotive), SCs are
connected in series and/or parallel to realize a storage system
with the desired rating voltage and power. For this reason, it
is essential to verify if the SC model can be easily up-scaled
to simulate the behaviour of an entire SCs bank.

This article is based on the authors’ previous works [12],
[13] and adds the residual charge phenomenon analysis and
several experimental tests with different SC bank configu-
rations. It is organized as follows. In Section II the three-
branches model of the SC is presented. In Section III the
parameter estimation procedure and the test-bench used for
the characterization of the Vinatech 2.7 V 100 F SC are fully
described. In Section IV, the parameter optimization procedure
is explained. In Section V the residual charge phenomenon
is highlighted and its implementation in the proposed three-
branches model is described. In Section VI the simulation re-
sults, obtained in Matlab/Simulink environment, for the single
SC and the SCs bank are validated through the comparison
with the measured data obtained from the experimental tests
carried out, to assess the model accuracy.

II. THREE-BRANCHES MODEL DESCRIPTION

To simulate the SCs behaviour in automotive applications,
simple scalability and adequate dynamic response are required
for the model. The traditional and simplest SC model consists
of the series of a capacitor and its internal resistance. Although
the simplicity, it is not able to represent the phenomena
occurring in a SC over a time window of several hours.
To improve the dynamic response of the model, series RC
branches can be added. The more branches used, the more
accurate the model is, however complexity and computational
effort increase. The most widely used model in the literature
is the three-branches model, which schematic is depicted in
Fig. 1 [11]. It presents a good trade-off between accuracy and
complexity.

It features three RC series branches, each one with a
different time constant. The first branch, known also as im-
mediate branch, describes the SC instantaneous behaviour. It
is composed of a fixed resistor R;, a fixed capacitor C; and
a voltage dependent capacitor C,,. The time constant is in the
range of seconds. The voltage across the first branch fixed
capacitor, vc, can be expressed as

Vo, = Vse — Z.1R1 (1)

where:

e v, is the voltage at the SC terminal,
e 47 is the first branch current.

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

d’Uc1
dt
The second branch, or delayed branch, consists of a fixed
resistor R and a fixed capacitor Cs and has a time constant
of a few minutes. The voltage across the second branch fixed
capacitor, vc,, can be expressed as

i1 = (C1 + Cyue,)

2

VCy = Vse — iZRZ (3)
where i, is the second branch current expressed as
d’Uc2

dt
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

is = Cy “4)

VCy = Vse — Zde (5)
where i3 is the second branch current expressed as

d’UC
i3 = C! 2, 6
i3 o (6)
In Fig. 1 equivalent circuit, a fourth branch is added to
consider the possibility of an external balancing resistor Rp.
The total current flowing in the SC terminal can be finally

expressed as:

lsc = 11 + 2 + 43 + Gp. )

III. THREE-BRANCHES MODEL PARAMETRIZATION

To parametrize and validate the SC model, an experimental
set-up is implemented, it is composed of:

o Vinatech supercapacitors, whose characteristics are re-
ported in Table I;

¢ a Fluke PM2812 Programmable Power Supply, whose
characteristics are reported in Table II, used to charge
the SC;

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

e a NI 9215 16-Bit Data Acquisition Board (placed in a NI
cDAQ 9172 chassis), whose characteristics are reported
in Table 1V, used to acquire the SC voltage and current
waveforms.

Fig. 2 shows a block diagram illustration of the implemented
test-bench. The PM1812 and HP6060B are connected to a PC
using GPIB, while the CompactRIO system with the NI9215
Analog Input is connected using USB. Both electronic load
and programmable power supply are connected in remote
sensing operation, so the voltage drop across the leads can
be eliminated. The SC voltage is directly acquired using the
differential input of the NI9215 module, with 10 kS/s sampling
frequency. The obtained samples are then averaged over a 0.1 s



IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

time window. All the experiments were carried out after the
calibration of the acquisition board.

To estimate the model parameters, the procedure outlined
in [14] is used. The procedure consists of:

1) a constant current charge phase, till the SC reaches its
rated voltage,

2) a rest phase, during which the SC is left in open circuit
for half an hour,

3) a post-processing phase, during which the SC acquired
voltage response is employed for an event recognition
analysis.

In order to repeat the test several times, the procedure is
automated by creating a virtual instrument in LabView 2016,
performing the following tasks:

1) the SC is charged to the desired voltage, using the

PM2812 programmable power supply in current mode
with a fixed value I,

2) the power supply is disconnected and the SC is left in
open circuit when the SC reaches the desired voltage,

3) the voltage across the SC is acquired continuously for
the desired time window,

4) the SC is discharged using the Agilent 6060B electronic
load and can be left in short-circuit for the desired
amount of time,

5) the acquired voltage is saved into a .xIsx file and ex-
ported to Matlab for the parameter estimation procedure.

A Matlab script is implemented to automatically find all the
event and to estimate the model parameters as reported in the
following paragraphs.

The parameter estimation procedure is performed on several
new SCs. Table V summarizes the estimated parameters for
four different SCs, as well as the calculated average values.

A. Immediate Branch Parameters

1) Event n. 0: The test starts (tg = 0) with a fully
discharged SC (Vp =2 0). The current source is switched on
going from 0 to I, =5 A.

2) Event n. 1: The first voltage drop is mainly due to the
resistor 1. The immediate branch fixed resistor value can be
estimated as VY

I ch
where V7 is the voltage value after the initial voltage drop.
3) Event n. 2: The point in which V5 = V; + AV, with
AV = 50 mV is found and the elapsed time ¢- is evaluated.
The fixed capacitance C can be estimated as
I At
AV

Ry ®)

Gy = 9

where At = to — t1.
4) Event n. 3: The point in which V3 = V,,,,, if found and
ts is evaluated. The current source is switched off (I.;, = 0).
5) Event n. 4: The voltage V, at time ty = t3 + tsq i
evaluated. ¢, is the shut-down time of the current source.
The voltage dependent capacitance C,, can be estimated as

2 (Ich “(ta —t1)

CUZE' V4 _Cl)

(10)
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Fig. 2. Block diagram of the experimental set-up.

Voltage measurement

TABLE I
SUPERCAPACITOR DATA-SHEET SPECIFICATIONS

SPECIFICATION UNIT  VALUE
Rated voltage \Y 2.7
Rated capacitance F 100
AC impedance (1 kHz) mS2 6
DC resistance mS? 10
Maximum current A 65
Leakage current mA 0.2

Stored energy J 364.5

B. Delayed Branch Parameters

1) Event n.5: The point in which V5 = V; — AV is found.
At = t5 —t4 is evaluated. The delayed branch fixed resistance
can be estimated as

(Vi—8%) A

gEacEd)

2) Event n.6: The point at the time tg = t5 + 3R2C5 is
found. Supposing a typical time constant of 100 seconds, Vj

is evaluated.
ta — 11 C,
ch - | C — -V |.
h Ve < 1+ B 6)

Ry = (1L

Co = (12)

C. Long-term Branch Parameters

1) Event n.7: The point in which V; = Vi — AV is found
and At = t; — tg is evaluated. The fixed resistance of the
long-term branch can be estimated as

(1-40) o

(Cy+C) (v6 _ AZV) AV

R3 = 13)

2) Event n.8: At the end of the test tg = 30 min, Vg is
evaluated. The long-term capacitance can be estimated as

(14)

ty—t Cy
Cy= I 4V8 1—(Cl+2'Vg>—CQ.
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TABLE 11
PM2818 PROGRAMMABLE POWER SUPPLY SPECIFICATIONS

Current Voltage
Ratings 0+10A 060V
Accuracy  £(0.1% 4+ 25) mA  £(0.04% + 20) mV

TABLE IIT
HP 6060B ELECTRONIC LOAD SPECIFICATIONS

Current Voltage
Ratings 0+60 A 3+60V
Accuracy £(0.1% + 75) mA  +(0.1% + 50) mV

TABLE IV
NI 9215 ANALOG INPUT MODULE SPECIFICATIONS

Signal levels +10V
Sample rate 100 kS/s
Accuracy +(0.02% + 1.46) mV
Resolution 16-bit
TABLE V

SUPERCAPACITOR THREE-BRANCHES MODEL PARAMETERS

Parameter  Unit SCy SC, SCs SCy Average
Ry m$2 7.01 7.03 7.00 6.99 7.00
Ro Q 4.54 2.19 2.07 1.62 1.96
R3 Q 4096 29.07 2859 12.73 23.46
Ch F 73.26  75.09 76.74  86.00 79.28
Cy F/V 2390 2257 2275 1198 19.09
Ca F 4591 66.12 67.51 58.14 63.92
Csy F 58.04 6447 6447 61.06 63.33

IV. PARAMETER OPTIMIZATION

The parameters estimated with the procedure described
in Section III can be finely tuned by using an appropriate
optimization algorithm. A Nonlinear Least Squares Method
(NLSM) is employed. Its mathematical formulation is pro-
vided in (15)

Cleq(p) <0
Ceq(p) =0
Axp<B
Aeq X p = Beg
Ib<p<ub

minF(p) subject to (15)

in which F'(p) is the objective function, p is the optimization
vector, composed by the variables Ry, Ry, R3, Cy,C,,Cs, Cs,
Cieq and Cgq are the nonlinear inequality and equality con-
straints, A and B are the linear inequality constraints, A,
and B., are the linear equality constraints, [b and ub are
the lower and upper bounds on p. The simulation model is
implemented in Matlab/Simulink environment, by using the
Simscape Electrical Toolbox to realize the schematic reported
in Fig. 4. The parameter average values (Table V) are set
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Fig. 3. Event recognition for SC parameters estimation.

as initial guesses for p, thereby improving the convergence
chances of the method. The optimization algorithm starts by
simulating the aforementioned Simulink model, then from
the comparison between the model output and the measured
experiment data, the cost function is evaluated in p and the
parameters are updated. The procedure is iterated until a local
minimum on the residuals is achieved. The resulting optimized
parameters are summarized in Table VI.

The results of the optimization procedure are highlighted
in Fig. 5, where the simulated waveforms are compared to the
experimental dataset. The accuracy of the model is evaluated
through the following indices.

Instantaneous error:

E’I“’I“(ti) = A(ti) — S(ti), (16)

where:

o A(t;) is the experimental value at the considered instant
ts,
e S(t;) is the simulated value at the considered instant ¢;.

Average error:
N
2= [Alt) = S(#)]
N )
where N is the number of samples of the experimental and
simulated data.

Errmean =

a7

Maximum error

Errima: = max(|Err(t;)]). (18)
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Fig. 4. Simulink schematic of the three-branches model.

TABLE VI
OPTIMIZED PARAMTERS FOR THE SC THREE-BRANCHES MODEL

R1 R R3 Ch Cy Co C3
(m) € € &  EV) B )

132 202 282 765 223 69.0 64.7

Fig. 5 (a) shows the simulation results using the estimated
parameters, superimposed to the experimental SC voltage, and
the instantaneous error trend. Before the optimization process,
the maximum error is 186 mV and the mean error is 56.9 mV.

Fig. 5 (b) shows the simulation results with the optimized
parameters, superimposed to the experimental SC voltage, and
the instantaneous error trend. After the optimization process,
the maximum error is 92.2 mV and the mean error is 1.7 mV,
effectively increasing the accuracy of the model.

As further evidence of the model accuracy, the simulated
voltage response with the optimized parameters is compared
with several different experimental datasets in Fig. 6. It can be
noticed that the model fits quite well the experimental results
in all cases, with the worst case maximum and mean error
respectively equal to 112 mV and 20 mV.

V. RESIDUAL CHARGE PHENOMENON

The model presented in [14] does not consider the residual
charge phenomenon.The SCs can store energy for a very long
period (e.g. weeks). For this reason, they always present a
residual charge, or in other word, an initial condition (IC)
other than zero. This residual charge has a great influence on
the SC dynamic behaviour.

The residual charge phenomenon also affects the parameters
estimation procedure. For a proper estimation, it is essential
to have the same initial conditions for both the model and the
experimental set-up. The SC initial conditions are practically
not measurable. For this reason, the parameters estimation
procedure should be always applied to a brand new SC (or, at
least, left unloaded for several weeks).

Fig. 7 shows the residual charge effect on the SC voltage
response. The SC is charged to the rated voltage and then
totally discharged thanks to the electronic load. Then it is
left short-circuited for different resting periods and finally
charged again to the rated voltage. The green curve depicts
the voltage response for a brand new SC. The blue, orange,
yellow and purple curves are obtained by leaving the SC short-
circuited respectively for one minute, one day, one week and
two weeks respectively. Two main effects can be observed:

TABLE VII
ESTIMATED INITIAL CONDITIONS FOR DIFFERENT SC RESTING PERIOD

Ve, Ve, Ve,

8% 8% 8%
One minute 0.1385 2.6990 0.0348
One Week 0.1170  2.1830 0
Two weeks  0.9852  0.9313 0

1) the higher the residual charge, the shorter the charging time,
as can be seen from the enlargement shown in the figure; 2)
the higher the residual charge, the less pronounced the charge
redistribution effect is during the resting phase.

The residual charge effect can be considered into the three-
branches model by setting an IC for each capacitor composing
it. Since the residual charge cannot be directly measured, the
ICs are estimated by setting-up a new optimization problem.

The new experimental dataset is obtained with the following
procedure:

1) charge the SC with a constant current, up to its rated
voltage;

2) totally discharge the SC;

3) repeat point 1 and 2 ten times;

4) short-circuit the SC and wait for a defined rest period;

5) perform a new charge/discharge cycle and acquire the
SC voltage.

The above procedure is repeated for different rest periods, in
particular one minute (corresponding to high residual charge),
one week (medium residual charge) and two weeks (low resid-
ual charge). The estimated initial voltage for the capacitors
C1, C5 and C} are reported in Table VII. The branch with the
strongest influence on the SC voltage dynamic is the second
one (delayed branch) whose initial voltage goes from 2.7 V
(practically the charge voltage of the SC) in the case of one
minute rest to 0.9 V in the case of two weeks rest.

Fig. 8 shows the simulation results after the estimation of
the ICs for three different resting periods, the instantaneous
error trend and reports the maximum and mean error values.
The orange curves in Fig. 8 (a), (b), (c) report the simulation
results, with initial conditions equal to zero. The blue curves
depict the SC experimental voltage response after (a) one
minute rest, (b) 1 week rest and (c) two weeks rest. The yellow
curves show the simulation results considering the estimated
initial conditions. It can be noticed that the accuracy of the
model is greatly improved, obtaining errors comparable to the
case of the simulation of brand new SC.

VI. MODEL VALIDATION OF SUPERCAPACITORS BANKS

A shortcoming of many of the literature articles, such as
[14]-[17], is to validate the model for a single SC unit. In
real cases, SCs are assembled in banks, with multiple units
connected in series and/or parallel to increase the overall
voltage and current ratings.

The three-branches model can be easily updated to simulate
the performances of a SCs bank considering the number of
series N, and parallel N, connected components. Specifically,
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Fig. 5. Simulated vs Experimental SC voltage response,instantaneous error trend, maximum and mean error values: (a) before the parameter optimization

process; (b) after the parameter optimization process.
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Fig. 6. Simulated voltage response using the optimized parameters compared
to the experimental voltage response of different SCs and instantaneous error
trend with maximum and mean values.

the bank voltage and current are obtained starting from the
single SC voltage and current equations:
Vbank = Ns * Vse,

19)

thank = Np - (i1 +i2 + i3+ 0p) . (20)

3 2 weeks
new
2.5
E 2
>
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o
> 1
0.5
0 L L L
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Fig. 7. Residual charge effect on the SC voltage response for different SC
resting period (different values of the residual charge).

It is worth noting that this approach assumes that all SCs are
identical. In practice, they may have subtly different parame-
ters. To investigate whether this approximation is acceptable,
the model is validated for different SC bank configurations: 1)
single SCs bank module, 2) two parallel connected SC bank
modules, 3) two series connected SC bank modules.

The SC bank module characteristics [18] are reported in
Table VIII. The SC bank modules, shown in Fig. 9, are
composed of 24 units in series, each with a 510 €2 parallel
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Fig. 8. Initial condition effects on the model accuracy for a SC after: (a) one minute rest (high residual charge); (b) one week rest (medium residual charge);

(c) two weeks rest (low residual charge).

TABLE VIII

SUPERCAPACITOR BANK SPECIFICATIONS

SPECIFICATION UNIT  VALUE

Series component Ng - 24
Parallel components N, - 1

Nominal capacitance F 4.17
Balancing resistor R;, Q 510
Nominal voltage A% 60
Nominal current A 20
Maximum current A 57

Fig. 9. SC banks used for experimental validation.

resistor for self-discharge and passive balancing.

To validate the model, two different experimental tests for
each bank configuration are carried out.

The first test is similar to the one used for the parameter
estimation. The SCs bank is charged up to 48 V with 2 A
constant current. Fig. 10 shows the SCs bank voltage superim-
posed to the simulation results, the SCs bank current, and the
instantaneous error trend for (a) the single SCs configuration

(b) the parallel SC banks configuration, (c) the series SC banks
configuration. Although the simplified approach of considering
all components identical, the model estimates the SCs bank
terminal voltage with sufficient accuracy. The mean error
ranges from 0.372 V for the single SCs bank to 1.28 V for the
parallel SC banks and the maximum error is 5.07 V (8.45%
of the maximum observed voltage) for the series SC banks.

The second test is the Hybrid Pulse Power Characterization
(HPPC) [19] test. It consists in alternately apply a charge and
discharge current to the device under test, with a rest period
in between. The HPPC is chosen because it can be considered
as a simple approximation of the SCs bank behaviour in
automotive applications.

Fig. 11 shows the voltage, current and error trends for the
three different SC bank configurations. Considering Fig. 11
(a), in the first phase, from ¢ = 0 s to ¢ = 120 s, the SCs bank
is charged with a constant current up to 48 V. In the second
phase, from ¢ = 120 to t = 160 s, the SCs bank is charged
with a constant voltage equal to 48 V until the current falls
below 0.4 A. In the third phase, the HPPC test begins with
the following settings.

o Charge current: 2 A;
 charge pulse duration: 10 s;
o rest period: 10 s;

o discharge current 3 A;

o discharge pulse duration: 10.

The HPPC test is repeated until the SCs bank voltage
reaches half of the initial value (i.e. 24 V). The tests on
the other SC bank configurations are performed adjusting the
charge, rest and discharge duration, with the same charging
and discharging current. For the series SC banks, the maxi-
mum charging voltage is set to 60 V, that is the maximum
allowable voltage for the employed test-bench. All three
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Fig. 10. Constant current charge results with voltage, current and error trend for different banks configurations: (a) single SCs bank; (b) parallel SCs banks;
(c) series SCS banks.
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Fig. 11. HPPC test results with voltage, current and error trend for different banks configurations: (a) single SCs bank; (b) parallel SCs banks; (c) series SCS
banks.
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configurations are properly simulated, with a mean error of
0.864 V for the single SCs bank, 1.28 V for the parallel SC
banks and 0.795 V for the series SC banks.

VII. CONCLUSION

In this article, an improved SC three-branches equivalent
circuit model has been presented along with a parameter
estimation and optimization procedure. Most of the SC models
proposed in literature are validated only for a single cell, while
the one presented in the article is scalable and suitable for
the simulation of an entire bank. The proposed model has
been experimentally validated and compared with simulations
performed in Matlab/Simulink environment. The average error
observed on a single SC is equal to about 1% of the maximum
cell voltage (2.7 V), while it is equal to 1.7% for a SC bank
(50 V), demonstrating its good scalability and accuracy. In
addition, the proposed model takes into account the residual
charge phenomenon. The latter is associated with the diffusion
of SC residual charges during charge, discharge and rest
phases and it has an important effect on the dynamic response
of the SC, as demonstrated in the article. With the proposed
improvement, it is possible to minimize the error due to this
effect by taking into account the SC initial condition.
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