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ABSTRACT The paper introduces a straightforward procedure for estimating the electrical parameters of
a simple, but reasonably accurate, two-branches model of a supercapacitor (SC). The equivalent electrical
circuit model includes the voltage and frequency dependence on the SC’s capacitance, neglecting the self-
discharge phenomenon, so it is mainly devoted to short and mid-term simulations suitable for most industrial
applications. The estimation procedure of the electrical parameters starts by analysing the experimental data
achieved by a common constant-current discharge test. Such data are used to build a fitting function which
is compared with the analytical solution and numerical approximations for the SC’s voltage evolution. Thus,
initial estimated values of the electrical parameters are obtained through simple relations and are optimised
by implementing the least squares method. The procedure is validated after an easy and fast extraction of the
optimal parameters of the two-branches model of an SC. Several tests involving a commercial SC have been
carried out in Simulink and the results have been compared against experimental data. A good accuracy of

the two-branches model in a wide range of constant-current charging/discharging cycles is reported.

INDEX TERMS Discharge test, model validation, parameter estimation, supercapacitor.

I. INTRODUCTION

Over the past decades, the increasing demand for
high-efficiency energy storage technologies has contributed
to the development and implementation of supercapacitors
(SCs) in many applications [1]. SCs are suitable for
supplying energy during high peak power demands, abrupt
power variations or temporary power outages, and hybrid
systems [2] so they are key components in several sectors.
For instance, SCs are good options to overcome one of the
drawbacks of renewable energy sources, intermittent power
production [3]. As part of regenerative power systems, SCs
play an essential role in the improvement of the efficiency
of automotive and land transportation sectors systems [4].
Even in space missions, this technology can improve the
capabilities of small satellites, making it possible for them
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to operate high-power payloads [5]. The potential of SCs
can be exploited with their combination with other storage
technologies (e.g., batteries, fuel cells, etc.). In these hybrid
systems, there is a trade-off between the energy stored, peak
power capabilities, cost, design, maintenance, and operation
complexity and reliability.

The performance of SCs is between that of traditional
capacitors and electrochemical batteries. The energy density
of modern SCs is between 3 and 6 orders of magnitude
higher than that of capacitors [6], but 1-3 lower than
that of batteries [6], [7]. However, they can be charged
and discharged quickly, being their specific power between
2 and 3 orders of magnitude larger than batteries [7]. This
makes SCs perfect devices for applications in which a
large amount of energy must be delivered or stored in a
short period of time. SCs have more advantages, as they
have higher efficiencies due to their very low equivalent
series resistance (ESR) [8]. Furthermore, they can withstand
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millions of full charge-discharge cycles, not as in the case of
batteries whose life is limited to many thousands of cycles
with a limited Depth of Discharge (DoD) [9]. Additionally,
SCs are less sensitive to temperature changes and can
provide energy at very low temperatures when compared
with batteries [6]. The main drawback of SCs is their low
rating voltages, being needed many SCs connected in series
and power converters to supply power at an appropriate
voltage level. In addition, SCs present high self-discharge
rates, so they are not suitable for long-term energy storage.
Another disadvantage is their limited frequency response.
In particular, capacitance is neglected for medium and high-
frequency charging/discharging applications, so SCs become
useless in AC applications. Even in DC applications, filter
circuits are needed to reduce the adverse effects of the AC
components.

The implementation of an effective mathematical model
of SCs is key to predict their performance and the adverse
effects produced, in particular, during transient by non-linear
loads. In addition, it plays a crucial role in optimising the
power system design and setting the best power management
strategies. Many models are reported in the literature; still,
the selection of the most suitable one has to be made
according to the application, the stage of the design, and
the available resources. According to Zhang et al. [10],
the most commonly used models to simulate the electrical
behaviour of SCs are the electrochemical, equivalent circuit,
fractional order and intelligent (artificial neural network and
fuzzy logic) models. Indeed, there is a trade-off between
accuracy, calculation efficiency and required data. In the
case of equivalent circuit models, such three parameters are
balanced as a relatively small amount of data, obtained from
electrical tests, is required to predict accurately the response
of SCs in real-time simulations.

The simplest equivalent circuit models, shown in Fig. 1,
have been used in previous works [11], [12], [13] to
describe the overall behaviour of SCs. The model in
Fig. 1(a) is composed of a capacitance, C, and an equivalent
series resistance, ESR. Regarding the model in Fig. 1(b),
an equivalent parallel resistance, EPR, is connected in parallel
to the capacitance to take into account the long-term self-
discharging losses. These two equivalent circuits are useful
for the initial sizing of power systems, and even for simulating
low-rate and stationary charging and discharging processes.
Moreover, the implementation of these equivalent circuits is
easy, as their parameters can be extracted directly from the
manufacturer’s datasheet.

The circuits can also be modified to include the capac-
itance variation with the SCs’ voltage. With this simple
modification, the stationary response of SCs is more accu-
rate than in previous models at the expense of requiring
experimental data to obtain an empirical function of the
capacitance, c(v), in terms of the voltage across the
capacitor, v.

In addition, there are several complex models, the so-called
multibranch models, that can emulate both the stationary and
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FIGURE 1. Simple models of SCs: (a) simple model with ESR (b) simple
model with EPR.
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FIGURE 2. Transmission line model of SCs.

the dynamic response of SCs with high accuracy. A well-
known example is the transmission line model, shown in
Fig. 2, which is composed of several resistors and variable
capacitors. The time constants associated to the RC branches
are able to reproduce with a high fidelity the redistribution
and the self-discharge phenomenon. A different multibranch
model, composed of several parallel branches (see Fig. 3),
was proposed in [14]. A non-stationary version of this widely
used model, requiring three parallel branches, was introduced
in [15]. Two of these branches are composed of one resistor
in series with one capacitor, whereas the third branch consists
of one resistor and is responsible for modelling the self-
discharge phenomena. All parameters, except the capacitor
of the main branch, have constant values. Finally, a more
accurate non-stationary model presented in [16] is a parallel
model in which the main branch has one resistor and one
variable capacitor in series with several variable resistors and
capacitors in parallel (see Fig. 4). These multibranch circuits
have been reported to be very accurate [14], [16], [17],
as they can model three of the most important phenomena that
affect SC performance: the voltage level, frequency, and self-
discharge. However, obtaining all the required parameters of
these models is not an easy task, several dynamic tests and
costly and complex simulations being required, as described
in [18].

Many procedures have been proposed in the literature
to obtain model parameters, varying in implementation
complexity and accuracy. The most straightforward pro-
cedures are based on estimating the model parameters
after performing experimental tests. On the contrary, online
identification methods require a more complex experimen-
tal setup, as measured data must be processed in real-
time, and the algorithms to be implemented are also
complicated.
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FIGURE 4. Extended parallel model of SCs.

Regarding the post-processing procedures, the ones based
on circuit analysis are well-extended. For example, in
[14] and [15] simple analytic expressions are formulated
to extract the model parameters from a few experimental
data points from a charging test. In this approach, each
branch can be analysed independently, as a different order of
magnitude in the time constants of each branch is considered.
In addition, other procedures are based on minimising some
error parameters, such as the sum squared error [18], [19],
when comparing experimental data with simulation results.

As regards to online methods, the recursive least square
method [20], [21], the unscented Kalman filter [22], the
Weighting bat algorithm [23] and the Luenberger-style
technique [24] have been implemented to identify the
parameters of the SC model.

All the above mentioned procedures, excluding the circuit
analysis, share the same problem. As in many optimisation
problems, in order to improve the convergence speed, it is
fundamental not only to implement an appropriate algorithm
but also to provide initial values for the parameters to be
optimised. Then, it is necessary to determine a method to
provide accurate initial values.

VOLUME 11, 2023

The aim of this paper is to describe a new procedure
to speed up the identification of the electrical parameters
of a well-known SC model. The novel contribution of the
paper consists of the combined use of the basic information,
extracted by means of just one electrical test, and specific
analytical procedure applied to the parameters identification
of the one- and two-branches models.

This paper is organised as follows: Section Il introduces the
equivalent circuits of SC used in this work: the one and two-
branches models. Section III describes a new methodology
for estimating the electrical parameters of the two-branches
model. This methodology and also the accuracy of the
two-branches model are validated with experimental data, the
results being included in Section I'V. Finally, the conclusions
are summarised in Section V.

Il. ONE AND TWO-BRANCHES MODELS

The one and two-branches models are the equivalent
electrical circuits used in this work, as shown in Fig. 5. The
former is utilised to obtain a first estimation of the parameters
of the latter. The two-branches model is a simplification of
the parallel model proposed in [15] (see Fig. 5 (b)). This
simplification consists of removing the leakage resistor, Ry,
as it makes it easier to calculate the rest of the parameters.
Note that the self-discharging effect on SCs is negligible
in short- and mid-term simulations. Nevertheless, readers
interested in including this phenomenon can take an initial
value of Ry from the SC datasheet and then optimise it with
the rest of the parameters.

Even though the two-branches model may seem too
simple, it has been reported a good match between exper-
imental and simulated data. In fact, it is widely used
for global energy management [25], [26], [27], [28]. The
good accuracy of this model is demonstrated in Section IV
even in the case of variable environmental and operating
conditions. As mentioned above, the thermal stability of
SCs makes them behave similarly even in a wide range of
operating temperatures. For example, constant charging and
discharging tests performed at temperatures between —40 °C
and 20 °C in [29] and —20 °C and 40 °C in [30] reported a
maximum deviation, in relation to the extreme temperatures,
of &~ 40 mV in the measured voltage. Instead, the maximum
deviation in the measured voltage between more realistic
operating temperatures is negligible in both studies. Then,
an electrothermal characterisation of an SC may be required
only in power applications under wide thermal variability.

IIl. METHOD DESCRIPTION

The proposed methodology to model the SC starts by
performing a simple test. The SC is discharged at a constant
current, starting from its rated voltage, Vp, and ending
at half of its rated voltage, when the remaining energy
has dropped approximately 75%. The discharging profile
(voltage vs. time) is then analysed with easy numerical
techniques to extract some valuable information. With these
data, an iterative procedure to obtain the main electrical
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FIGURE 5. Models used in the current paper: (a) one-branch model and
(b) two-branches model.

parameters of the SC begins. First, the behaviour of the SC is
modelled with one of the most basic equivalent circuits (here
called the one-branch model). The parameters of the model
are estimated based on comparing a fitting function of the
experimental data with the analytical solution of the model
and the energy balance equation. Then, these parameters are
used as initial guesses to apply the least squares method
(LSM) so that the optimal parameters of the model can be
found. In the second place, a more representative model of the
SC (here called the two-branches model) is used. To identify
the electrical parameters of this model, some data of the
transient and quasi-stationary parts of the discharging curve
are compared against the analytical frequency response of the
model. The new parameters are then used as an initial guess
to implement the last LSM to optimise the model parameters.
A summary diagram of the step-by-step procedure is included
in Fig. 6.

A. ONE-BRANCH MODEL

This model consists of one-branch composed of one resistor
and one capacitor (see Fig. 5(a)). The SC voltage, vsc,
is calculated with (1), where v, I and R are the internal
voltage, the discharge current (defined as positive) and the
internal resistance, respectively.

vsc = v — IR. (1)

The current and the resistance are supposed as constant
parameters, so vsc is determined after solving v. This is
carried out by solving the governing equation of the SC:

dg
I =——1, 2
i )

where g is the charge of the capacitor, defined from the
capacitance, ¢ (v) and the internal voltage of the SC, v, as:

g=cv, (3)
c(v) =Co+ Kv. 4

Substituting the expression of ¢ (v) (see (4)) into (3) and
taking the derivative of ¢, the governing equation of the
supercapacitor (see (2)) can be rewritten as follows:

dv
1 =—(Cy+2Kv) @ 5)
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FIGURE 6. Summary diagram of the proposed parameter identification
procedure.

As mentioned above, the discharge current, 7, is assumed
to be constant. Then, the governing differential equation has
the following analytical solution:

—Co + v/ (Co + 2KV)? — 4KI (t — To)

(= 2K

(6)

where Vj is the internal voltage at the beginning of the test
(To =05).

According to the experimental tests shown in [31] and
based on previously published works, the steady response
of vsc can be approximated by a low-degree polynomial
function. For this method, it is required, at least, a second-
order polynomial function. Let f be a quadratic fitting
function of the steady response of the experimental voltage
curve vsc, defined by coefficients ap, a; and ap (see (7)
and (8)). This approximation is very accurate during the
steady response part, but cannot reproduce the exponential
decay associated to the transient response. However, this
approximation is satisfactory to extract some useful data.
As R and I are constant, the first derivative of the SC voltage,
vsc’, coincides with the first derivative of its internal voltage,
v, (see (9)). Then, v/ can be approximated by the first
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derivative of f, f”:

vsc R f (1), (N
f ) = ap + art + art?, )
vsc' =V, 9)

VoA f (10)

Developing the Taylor series of V' at the origin and
retaining only the linear contribution, the parameters Cy and
K can be related with the coefficients ag, a; and as. Let V' be
approximated by:

V() &~V (0) +V' (0) ¢, an

where V' (0) and v (0) are obtained from the first and second
derivatives of (6):

"0) = ————, 12
VO = v (12)
. 2KI?
V() = - (13)
(Co + 2KVp)
and are related to the coefficients of function f as:
vV (0) = ay, (14)
V' (0) = 2a;. (15)
Then, Cp and K can be identified as:
I 2Voa
coz——(1+ 022) (16)
ai aj
arl
K=—. (17)
@

Finally, using the energy conservation equation applied to
a complete discharge test during a fixed time interval, Ty, the
internal resistance of the SC can be found:
Ty

AEsc = E + / RI*dt. (18)

Ty

On the left side of (18), AEsc is the total energy supplied
by the SC:

Or
AEsc = —/ vdg, (19)
Qo

where Qg and Qy are the charge of the SC at the beginning
and the end of the discharge test, respectively. The integral
of (19) can be redefined in terms of capacitance and voltage
(see (2) and (5)) as:

‘/_f
AEgc = —/ (Co + 2Kv) vdv. (20)
Vi

0

After performing the integral of (20), AEsc can be
expressed as follows:

i 2
AEsc = 5Co (V02 — sz) + 3K (V03 _ v]?) @

where Vy is the internal voltage at the end of the discharge
test and can be approximated, particularising (6) at ¢ = Ty.

VOLUME 11, 2023

Regarding the right side of (18), the first term, E,
represents the energy consumed by the external load during
the test. It is calculated numerically from the experimental
data and is defined as:

]‘]".
E = / vscldt. (22)
Ty

Also, the second integral accounts for the ohmic losses and
can be simplified as follows:

Ty
/ RI*dt = RI*Ty. (23)
T

0

Finally, R is solved as:
r= 2B B (24)

Ty
B. TWO-BRANCHES MODEL
This model consists of two parallel branches composed of
one resistor and one capacitor each as illustrated in Fig. 5(b).
This model improves the transient response of the previous
model without significantly increasing the complexity of the
model. The main branch is characterised by resistance R; and
capacitance cj (v1). These parameters have the same order of
magnitude as the respective ones of the one-branch model.
In addition, ¢ (v1) has a linear voltage dependence:

c1 (vi) =Cro+Kyvi, (25)

where v; is the voltage of the capacitor of the main branch,
C1 o is its capacitance when fully discharged, and K is the
slope. Regarding the second branch, the resistance R, and
the capacitance C are constant and determine the dynamic
response of the SC.

The analysis of the circuit in the frequency domain leads
to a preliminary estimation of the circuit parameters. The
equivalent impedance of the SC is given by:

zsc (@) = rsc (@) + jxsc (o) , (26)

where rsc and xgc are the resistance and reactance compo-
nents defined as:

(wc1C2)* RiRy (R + R2) + 3Ry + C2R,
(@c1C2 (R + R2))? + (c1 + C2)?

rsc () =
27

(c1 + ) (w2R1R261C2 — 1)

(@c1C2 (R1 + R2)? + (e1 + C2)?

_ @c1Cy (1R + CoRo) (Ri + Ro) 28)
(@c1Ca (R1 + R2)? + (e1 + €)%

The equivalent capacitance of the SC, csc, is given by:

1

wWXSC ’

xsc (w) =

csc (w) = — (29)

and the substitution of xgc of (28) leads to the following

expression:

(wc1Ca (Ry + R2))? + (c1 + C2)?
w?c1Cy (CIR% + CzRg) +(c1 4+ Cy)

(30)

csc (w) =
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Under DC conditions, the equivalent resistance and
capacitance of the SC, Rscp,. and Cscyy, are given by (31)
and (32), respectively. Regarding fast transients (w — ©00),
the equivalent resistance and capacitance, Rsc, and Csc,, are
obtained with (33) and (34), respectively. Note that in this
approach ¢y has to be particularised to obtain Rscp, Rsc,,
and Csc,:

¢iRi + CIR,

Rscpe = ———————, (31)
P (a+6)?
Cscpe =¢1 + Gy, (32)
Rec, = TR (33)
ST RI+Ry

c1C2 (R1 + Ro)?

R%cl + R%Cz '

At the beginning of the discharging process, there is a fast
transient so Rsc, can be approximated knowing the initial
voltage drop (see (35)). Similarly, Csc, can be approximated
by the first derivative of vsc (see (36)). On the other
hand, after the transient, the low dynamics of the model
cause the SC to behave in a quasistatic manner and can
be modelled with Rscp. and Cscp. In particular, Rscp
can be approximated by the resistance obtained from the
one-branch model and Cscy,. is bounded by the minimum and
maximum capacitance of ¢ (v) from the one-branch model.
An initial guess of Cscp could be the corresponding c¢ (v)
in the middle of the discharge process (see (37) and (38)).
Considering that a typical discharge ends when the SC
voltage drops to its half voltage rate, Vy/2, v = 3/4V) is
chosen. Then, as a first approximation of Rscpc, Cscpes RsCys
and Csc, is known, the system of equations (31)-(34) can be
solved:

Csc, = (34)

Vo —vsc (0
Rsc, = ofsc(), (35)
Csc, = d (36)
ST T (0)
Rscpe ~ R, 37
3
CSCDC ~ c (Z V()) . (38)

Once c1 (v1) is solved for a particular vi (vi = v = 3/4V)),
K| can be approximated to K of the one-branch model,
so Cj o can be calculated as follows:

3
Cio=c1 — KZVO. 39)

Finally, as in the case of the one-branch model, the
final identification of Cj g, Kj, R;, C2 and Ry can be
done by implementing another LSM, considering the initial
guess of these parameters the ones estimated with the
explained methodology. However, in this case, it is crucial
to use the full discharge data of the SC, as the transient is
relevant to obtain reasonable values of C, and R». For this
procedure, the two-branches model can be solved numeri-
cally. The differential equation system is described in the
Appendix .
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FIGURE 7. Voltage evolution of the 2.7 V 3000 F Maxwell SC during four
charge-discharge cycles test at 120 A constant current [31].

IV. EXPERIMENTAL VALIDATION

The experimental data published in [31] have been used
to: 1) study the potential of the iterative methodology,
explained in the previous section, to identify the parameters
of the two-branches model and 2) check the accuracy of the
two-branches model in long-term simulations.

Among all the tests carried out on [31], the authors have
considered the data (i.e., current and voltage vs. time) of
charge-discharge cycles of a 2.7 V 3000 F Maxwell SC [32]
at different constant current rates. In particular, the data of the
charge-discharge cycles at 120 A constant current (see Fig. 7)
have been used to identify the model parameters.

The parameters of the one-branch model have been
obtained with the methodology explained in this paper. The
steady part of the first discharge cycle has been fitted (see
Fig. 8) with a second-order polynomial function whose
parameters (ag, a1, and ap) are listed in Table 1. The
coefficients of the linear capacitance, Cy and K, have been
obtained from a; and a; by (16) and (17). To estimate the
resistance, R, (24) has been applied considering that the total
energy supplied by the SC, AEsc, and the energy consumed
by the external load, E;, have been calculated with (21)
and (22) (analytically and numerically, respectively). For the
calculation of E;, a fully charged SC has been assumed at
the beginning (Vo ~ 2.65 V) and V; has been calculated
with (6) considering a discharge time of approximately 32.6 s.
The parameters of the one-branch model calculated with
this procedure and the ones obtained by LSM are illustrated
in Table 2. The relative errors of Cp, and R are very low
(—=1.97%, and —2.47%, respectively), and except for the
relative error of K (11.58%), the approximation shows good
results.
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TABLE 1. Parameters required for the estimation of the electrical
parameters of the one-branch model.

ao ai a2 Ty Vi AFEsc o
[V] mVs— 11| [pVs—2]] [s] V] [kJ] [kJ]
2.62 —37.34 | —4551 | 32.61 1.38 8.03 7.88
TABLE 2. Electrical parameters of the one-branch model.
Co [FI | K[F/V] | R[m€]
Proposed method 2688 106 0.315
LSM 2742 95 0.323
TABLE 3. Parameters required for the estimation of the electrical
parameters of the two-branches model.
Rsc, [mQ] | Rscpo [m2] | Csg, [F] | Csopg [F]
0.224 0.315 861 2899
TABLE 4. Electrical parameters of the two-branches model.
Cio | K1 Ry Cs R
(F] [FV] | mQ] | [F] [(m€2]
R. Faranda [15] 2098 248 0.182 | 483 23.21
Proposed method | 2570 95 0.341 118 0.649
LSM 2616 98 0.349 114 0.666

The parameters of the two-branches model have been
calculated by analysing the transient and the steady responses
of the discharge curve as explained in the previous section.
The resistance and capacitance during the transient state, Rsc,
and Csc,, have been approximated with the voltage drop
and voltage derivative during the first milliseconds of the
test (see (35) and (36)). The steady-state parameters, Rscp
and Cscp, have been selected from the one-branch model
(see (37), (38) and (39)). These parameters are presented
in Table 3. With these parameters, together with the system
of equations (31)-(34), the parameters of the two-branches
model have been estimated. In Table 4 the parameters of the
two-branches model estimated with this procedure and the
optimised ones with a LSM are shown. The relative errors
of both the parameters of the first branch C; o, Kj, and
Ry (—1.76%, —3.06% and —2.29%, respectively) and the
ones of the second branch C; and R, (3.51% and —2.55%,
respectively) are low, so the proposed methodology allows
a fast-converging LSM. These promising results are not in
line with those obtained with the procedure developed by R.
Faranda in [15] (see Table 4). In this case, large relative errors
with reference to the optimised results of the LSM have been
found. In particular, the relative errors of parameters C1 p,
Ki, Ry, Cy and R, are —19.8%, 153%, —47.9%, 324% and
3385%, respectively.

The two-branches model has been implemented in
Simulink with the optimum parameters listed in Table 4.
Then, the complete cycle tests (80 A, 90 A, 100 A, 110 A.
120 A and 130 A) have been simulated. In Fig. 9 the voltage
evolution of the SC as a function of time for each test is
shown. Also, the absolute error of the model with respect to
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FIGURE 8. Comparison of the first discharging cycling [31] and
approximated one by second-order polynomial function f (t).

TABLE 5. Absolute and relative errors between the experimental

data [31] and the simulated results during six constant current
charge-discharge cycles. The maximum, mean and standard deviation of
the absolute errors are Emay, E and o, whilst the corresponding relative
errors are emax, €, and oe.

E

I Emax OF €max € Oe
(Al (mV] | mV] | [mV] | [%] [%] [%]
80 170.21 | 77.89 46.95 11.70 3.98 2.62
90 52.49 10.77 8.77 3.45 0.56 0.58
100 78.65 13.15 14.15 491 0.67 0.69
110 97.16 24.98 22.59 6.06 1.25 1.17
120 117.09 | 25.84 29.92 7.53 1.39 1.72
130 139.48 | 35.76 38.66 9.14 1.75 1.89

the experimental data is plotted. The evolution of the relative
error is shown in Fig. 10. In addition, a summary of the
absolute and relative errors of the model are included in
Table 5.

According to these results, the maximum deviations
between the model and the experimental data occur during
transients, when a charge or discharge cycle ends and a
10 seconds rest starts, or vice versa. In all cases, except for the
80 and 90 A cases, both the absolute and relative error have
a clear tendency in the error increase. Also, in these cases
(100 A - 130 A) the errors are in the same order of magnitude
from the beginning. In contrast, the errors of the most accurate
simulation (see Fig. 11), the 90 A case, do not have a clear
tendency, as they start increasing and then decreasing. Finally,
in the less accurate simulation (see Fig. 11), the 80 A case, the
deviations in the first and second cycles are between 2 and
4 orders of magnitude higher than the rest of the cases, and
then they stabilise.
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FIGURE 9. Time evolution of the 2.7 V 3000 F Maxwell SC voltage, vsc, and absolute error, E, between the experimental data [31] and the
simulation during four charge-discharge cycles at different constant currents. The blue and the orange lines (left axis) represent the
measurements and the simulated data, respectively, and the green lines represent the absolute error (right axis). The red dashed line of
(e) indicates the voltage simulated with the parameters obtained with [15].

It should be remarked that, paradoxically, the 120 A
simulation case (the one in which the parameters of the model
have been optimised), does not present the minimum value

of the mean relative error. However, according to the results,
the two-branches model is capable of predicting with high
accuracy, except during the transients, the voltage evolution

21778 VOLUME 11, 2023



S. Marin-Coca et al.: New Parameter Identification Method for Supercapacitor Model

IEEE Access

14

12

10

e [%]

100 200 300
t[s]

(a) 80 A

400

500

14

12

10

e [%]

IS

N

100 200
t[s]

(c) 100 A

300

400

14

12

10

e [%]

IS

N

J

50 100 150 200
t[s]

() 120 A

250 300

350

14

12

10

e [%]

N

300 400
t[s]

(b) 90 A

14

12

10

e [%]

@110 A

14

12

10

e [%]

IS

N

I

0 50 100

200 250 300 350
t [s]

(f) 130 A

FIGURE 10. Time evolution of the relative error, e, of the 2.7 V 3000 F Maxwell SC voltage, between the experimental data [31]
and the simulation during four charge-discharge cycles at different constant currents.
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FIGURE 11. Mean relative error, e, of the 2.7 V 3000 F Maxwell SC voltage
between the experimental data [31] and the simulation during four
charge-discharge cycles at different constant currents.

of the SC under charge and discharge cycles at different
constant currents.

In order to compare the results produced by the proposed
procedure with the ones obtained using the parameters’
values estimated by method [15], the 120 A cycle test
has been simulated. According to these results, shown in
Figure 9e, the procedure proposed in [15] is accurate only
during short-time simulations. After the first charging and
discharging cycle, the voltage deviation grows rapidly.

The promising results obtained with the proposed method
should be considered in light of some limitations. First,
the self-discharge phenomenon has been neglected, thus
the accuracy of the two-branches model suffers over long
periods of inactivity or during charge-discharge processes
at very low currents. Even for the charge-discharge cycles
at high constant currents analysed in this work, the error
of the two-branches model, except for the 90 A case, has
a clear increasing tendency and is presumably related to
the self-discharge. The second limitation, common to most
procedures, concerns the assumption of high thermal stability
of the SC. For extreme environmental temperature variations,
the model results could deviate excessively from the real data.

All of these limitations suggest the following directions for
future research:

o The two-branches model should incorporate a variable
leakage resistor. Then, the parameter identification
method must be restricted to high discharging currents
so the self-discharge branch can be ignored as the
leakage current is negligible. However, to determine the
variable leakage resistor, an additional electrical test and
parameter identification method must be included.

o The electrical tests should be performed at different
environmental temperatures (given by the real appli-
cation of the SC) in order to analyse the temperature
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dependence of the model parameters. Those parameters
with high-temperature variation should be modelled
with simple temperature-dependent functions.

V. CONCLUSION

The data of just one discharge test at constant current
has been successfully employed to extract useful data to
model the one and the two-branches models of the SC. The
proposed procedure is useful for estimating the parameters
of a one- and two-branches SC model. As the proposed
methodology provides initial estimated values close enough
to the optimised parameters, the LSM requires a low number
of iterations and computational time. The two-branches
model selected to simulate the SC describes with good
precision the behaviour of an SC under constant current
charge/discharge cycles in a wide current range. Additionally,
the easy procedure and the simple and quick discharge test,
make it easy to implement high-precision simulations in an
SC model. Further investigations should focus on improving
the estimation procedure to be implemented on a more precise
model that emulates the self-discharge phenomenon and the
thermal behaviour of SCs.

APPENDIX A

EQUATIONS OF THE TWO-BRANCHES MODEL OF SC
According to the circuit depicted in Fig. 5(b), the output
voltage of the SC is given by the following equation:

vsc =vi + (C1,0 + Kivi) ViR, (40)

where v; is the internal voltage of c¢; and the terms
multiplying R; correspond to the net charging current of
c1. The unknown function v has to be solved in order to
obtain the output voltage of the SC. For this undertaking, the
following system of differential equations 41, together with
the initial conditions of (42), is solved:

/
Vil _|—a a ||v c
A | I
v1 (0) Vo
= , 42
|:V2 (0)} [Vo} “42)
where v; is the internal voltage of C,, V) is the voltage of the

SC at the beginning of the simulation and a, b, ¢, and d are
defined as:

1
a= , 43)
(Cr0+2K1vi) (R1 + Rp)
1
b= ———, (44)
G (R +Ry)
c=aRyl, (45)
d = bR|I. (46)
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