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Abstract

This study demonstrates the response of the three-branch equivalent circuit model in
reproducing the terminal voltage of a supercapacitor that undergoes dynamic galvanostatic
pulse trains for frequencies from 0.1 Hz to 100 Hz and signal amplitudes of 1 A, significantly
wider than the sinusoidal signals used in impedance spectroscopy. Clean and accurate pulse
trains were generated at different frequencies using a transconductance power amplifier,
and the voltages at the supercapacitor terminals of three different sizes of supercapacitors
were successfully compared with the model. The latter was also utilized to check its
ability to accurately reproduce charging and self-discharging processes and the ability
to simulate voltammetric cycles. This was verified for six supercapacitor sizes from 1 F
(rated 1 mWh, 10 W) up to a large 130 F module (rated 70 Wh, 144 kW). In all cases, the
relative difference, with respect to the rated voltage, between the terminal voltage provided
by the measurements and that yielded by the model simulations did not exceed 3.5%.
This extensive multi-level validation demonstrates how the identified three-branch model
based on state equations can provide an accurate electrical design tool and a reference
for standards.

Keywords: energy storage; electric double-layer capacitors; measurement; measurement
accuracy; circuital modeling; supercapacitors

1. Introduction

Electric double-layer capacitors (EDLCs) have emerged as important components
in modern energy storage designs because they offer high power density, remarkably
fast charging, very high power, countless cycles of unchanged efficiency and long life.
These characteristics make supercapacitors (SCs) suitable for energy storage in both static
and dynamic environments, and many applications have been proposed in the technical
literature [1,2] and implemented in situations characterized by pulsed loads, such as
uninterruptible power supplies (UPSs), high-frequency switching, regenerative braking in
automotives [3], aerospace applications [4], laser and military applications [2], and hybrid
energy storage systems (HESSs) using batteries and SCs in parallel [5-7]. Progress has been
made towards new supercapacitive materials [8], and new applications emerge every year,
including the use of SCs in hybrid storage systems for grid forming, where the speed of
intervention is crucial [9-11].

The ability to accurately and reliably model SCs and, in particular, the analysis of
their dynamic response is important for the most recent and promising applications. For
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power applications, circuit models are well-suited for modeling because they can be eas-
ily integrated into the electrical models of the systems, including power converters and
power grid models. The Scopus database has nearly 10,000 papers on SCs published in
2025 alone (9786 were recorded), which were found using the keywords “supercapacitor”
or “EDLC”. Many of these also deal with modeling. Therefore, it is difficult to compre-
hensively summarize the state of the art that has emerged in recent years in this field.
Among the most popular equivalent circuit models (ECMs) in the literature, three models
can be mentioned: the two-branch model, the three-branch model [12-20] and the frac-
tional order (FO) models or fractional-order equivalent circuits (FOECs) [21-26]. The first
two are commonly identified via galvanostatic charge-discharge (GCD) or galvanostatic
charge—self-discharge (GCSD) measurements in the time domain, while the latter are identi-
fied via electrical impedance spectroscopy (EIS) analysis in the frequency domain. Studies
in the literature generally focus on model validation, almost never deal with evaluating the
model’s ability to represent cyclic voltammetry (CV) and they rarely assess the model’s
ability to reproduce the dynamic response in the time domain, a feature rarely found in the
literature beyond EIS. The dynamic response presented in the literature in terms of EIS is
restricted to Nyquist or Bode diagrams. The EIS is limited to applying small sinusoidal cur-
rent (galvanostatic EIS) or voltage (potentiostatic EIS) perturbations but does not provide
the time response of the device to fast and consistent pulses and, above all, does not allow
us to easily reconstruct the actual response waveform of the device and/or the model. The
time response of an SC in terms of current and voltage waveforms is normally missed. Our
consideration is not intended as a criticism of EIS but rather intended to emphasize that the
time response to a pulse train provides different information from that provided by an EIS
analysis. Indeed, EIS is based on the response to small sinusoidal signals and, therefore,
relies on a single-harmonic signal of limited amplitude. A large pulse train imposes the
response to a large signal with strong multi-frequency harmonic content.

This paper aimed to extensively validate the time-domain three-branch model [27]
described on the basis of the circuit state equations identified with a nonlinear optimiza-
tion [28,29], where the causes of uncertainty in the determination of the parameters have
been carefully examined [30]. This study was developed at constant temperature using
commercial SCs over several capacitance values, focusing on the model’s ability to also
reproduce voltammetric cycles. In this study, we utilized a special test system based on
a transconductance amplifier, which can provide a very clean and accurate current pulse
train to an SC in order to measure the voltage at the terminals and validate the model under
dynamic conditions, with the train of pulses having a period from 10 ms to 10 s.

The novelty of this study, in addition to measuring and simulating the dynamic
response of some commercial devices, is the extensive validation of the model in a
broader sense. Indeed, in this study, we performed a wide model validation from ca-
pacitances ranging from 1 F to 400 F, including a big module of 130 F. The rated charging
currents ranged from 800 mA to 80 A (peak 440 A), and the charging voltages ranged
from 2.7 V to 62 V.

Finally, the measurements developed for this study consist of twenty datasets that
are available on the public database Zenodo for the scientific community and also for the
validation of models other than the one extensively validated by this study.

In summary, this study aimed to contribute to the effective use of SCs in dynamic
environments to optimize their implementation in real-world applications.
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2. Modeling Approach
2.1. Modeling: A General Panorama

A model for static applications can be easily built, where an SC is represented as a
simple Thevenin equivalent circuit built by a capacitor having capacitance C in series with
a resistor having resistance Rs: the equivalent series resistance (ESR). A parallel leakage
resistor with resistance R, can be introduced in parallel to C accounting for the discharge
of the SC during the time when it is not supplied.

This simple model for capacitors was proposed as early as the second half of the 19th
century and is generally attributed to Hermann von Helmholtz (see [31]). It remains the
basis for the standards on SCs [32,33], which define the parameters that should be provided
as SC specifications and usually suggest methods and procedures for determining such
parameters. In this model, the SC behaves like a standard dielectric capacitor in series
with a resistor constant, independent of frequency and voltage; it predicts a linear voltage
rise when it is charged by a constant current and an immediate voltage drop when the
supply current stops. Possible applications are the preliminary sizing of capacitor banks
and calculation of their energy efficiency, where dynamic accuracy is not critical.

In order to account for the non-ideal behavior of SCs and because activated carbon
with complex pore structures is used to maximize their surface area, the transmission
line model (TLM) was proposed [34] and then developed by other authors [35], derived
in principle from a physical model of a single porous electrode, even though ions must
traverse a large number of convoluted paths in parallel to realize the full capacitance. The
structure of the TLM is a ladder network of resistors and capacitors as shown in Figure 1a,
which explains the reduction in the capacitance at increasing frequencies because ions only
penetrate the mouth of the pores, so the effective resistance is low, and the accessible area of
the electrode is small; by contrast, at low frequency, ions have time to diffuse to the bottom
of the pores, increasing the effective capacitance to its nominal value, and the effective
resistance also changes. Possible applications of the TLM are the electrochemical analysis
of electrode materials and the detailed simulation of high-frequency switching noise in
power converters.

(a)

R R,
—AN——--- A
/:‘_Z C1 /:é Cﬂ Rlea

(b)

Solid phase |
Qo= Q o NG Q==
Electrolyte
Ro R

Figure 1. (a) TLM circuital model; (b) simplified form of the transmission line model for
porous electrodes [36].
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In recent years, fractional calculus has been applied for SC modeling, where, instead of
using ideal capacitors, constant phase elements (CPE) are employed. In a CPE, the complex

impedance is given as follows:
1

£ " Qi)

where f is the frequency, Q is related to the electrode capacitance, and 7 is the constant

(1)

phase exponent. When 1 is unitary, the impedance corresponds to an ideal capacitor.

The models obtained by the application of fractional derivatives seem to better fit
some features of the Nyquist plots obtained with EIS measurement data, which often show
semicircles or non-vertical tails not explained by ideal RC models, resulting in improved
models for porous electrodes (Figure 1b). However, the dynamic temporal responses of
fractional models are not easy to reconstruct [37]. A bridge between the simplicity of the
RC models and the complexity of the TLM is the multi-branch modeling approach with
different versions and number of branches; such models are the industry standards for
dynamic power simulation. They are behavioral models that approximate the distributed
nature of the pores using a finite number of RC branches with different time constants [15].

One particularly studied model is the three-branch model [38,39] organized as a
first branch that explains the fast response (a time constant of the order of seconds); a
second branch that simulates the delayed response due to the diffusion of the ions in the
intermediate pores (time constant of the order of minutes); and, eventually, a third branch
for the long-term settling of the ions in the deep pores (order of hours). The two-branch
model is also widely used when long standby phases are of lower interest. The capacitance
in the first branch can be modeled as a variable capacitance to account for the voltage-
dependent width of the Helmholtz layer, and a high resistance can be connected in parallel
to simulate the discharge of the supercapacitor over time. This model reproduces the charge
redistribution phenomenon, where the voltage may increase after a discharge pulse stops,
which is caused by charge slowly flowing back from the deep branches.

Table 1 summarizes a sample of recent and significant papers on supercapacitor cir-
cuit modeling using the most popular circuit modeling techniques, including two-branch
and three-branch models and fractional order models. As can be seen, the identification
approaches are diverse, and all the papers provide good or excellent results in the identifi-
cation. Almost all the papers model one or a few SC samples, and only one of the papers
attempts to model cyclic voltammetry, focusing mainly on that. The table shows that no
paper analyzes the proposed model over short transients, and if they do, they do it mainly
in the frequency domain.

Table 1. Sample of recent and significant papers on the supercapacitor circuit modeling.

Time Domain Fast

Paper Approach Identification Validation Scale Pulse Trains
[13] Two-branch Zubieta optimized (MATLAB). Slow cycles, seconds ~
circuital model or more
Series model, Rs-C-Rp Supspace. system 1d.e ntification . Pulse train frequency ~ Electric motorcycle
[14] model, two algorithms incorporating coulombic .
- 1Hz absorption trend
branch model efficiency at 3 temperatures.
Three-branch model Model parameters identified by means .
. o o Charge-self discharge
with additional of the measurement data fitting.
- o - PP cycles. Great accuracy
[15] resistive/capacitive Energy efficiency, coulombic efficiency also in voltage -
elements on the and differential capacitance tested. &

first branch

Test currents up to 130 A. drop simulation
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Table 1. Cont.

Time Domain Fast

Paper Approach Identification Validation Scale Pulse Trains
Analytlfjal identification, fol.lov.ved.by Accurate charge—self
a recursive least squares optimization. discharee validation
[16] Three-branch model The model of a single SC is extended & . ) -
; . . Pulse train periods of s
to SC banks. Discussion on residual
or tens of s
charge phenomenon.
o Oremd  Thepmmem et g ]
two-branch models y yzng discharge cycles
steady responses.
The estimation procedure consists of
two steps that combine an initial Validation on GCD
model parameter fitting (based on cycles or charge-self
[18] Three-branch model Zubieta) and a second step for discharge cycles with -
fine-tuning the parameter values period of hundreds
using the MATLAB Parameter of seconds
Estimator module.
MOC.IQI parameters obtamec.l l?y an The paper shows
optimization approach combining the quasi-stationary
! Osprey Optimization Algorithm _
[19] Three-branch model (OOA) and the Parrot Optimizer (PO). Voltage‘ and current
. e . behaviors and no
This hybridization resulted in .
o temporal transient data
enhanced optimization performance.
The parameters of the 5 models are
Comparison of obtained by fitting the model Charge-self discharge
5 models: one-, two- generated output voltage onto the cycles. Harmonic
[20] and three-branch (3b)  experimental voltage by means of the  excitation up to 50 Hz --
and two 3b modified nonlinear least square solver only in
including [15] (Isqnonlin) in MATLAB. Provided frequency domain
guideline for real-time simulation.
The method relies on a convolution,
. anfi by 1nf:o1jporatmg one degree'of Repetitive sawtooth
Fractional-order differentiation, the convolution is .. .
. . . current injected into the
[21] equivalent truncated to a finite series. NN . -
L L . SC with rising time of
circuit (FOEC) FO estimation uses regularized least .
L 5 s or higher
squares estimation to address the
error drift.
Model parameters experimentally
FOEC (same as [21]) identified. Current pulse 28 mA
. . e 1 for 42 s, followed by a
including leakage A state initialization method
[22] . rest for an hour. -
current. Included a FO  addresses the convergence issue of the . .
. . Discharging current
extended Kalman filter estimator. Performance compared
. . pulse lasts 14 s
with the integer-order approach.
Model parameters optimized to
Comparison of 4 FOEC  achieve their best-fitting accuracy by Sawtooth current
[23] plus RC. FO classic, FO  using a genetic algorithm. Two indices transients lasting _
RRCW, FO dynamic, are considered to evaluate the 5 model seconds or tens
FO transmission line performances based on different of seconds
test cycles.
The model parameters are obtained
FO resonant model: through the analysis of the Validation on charge
[24] (RC + fractional order  experimental galvanostatic charge and and discharge cycles --

parallel RLC)

discharge curve and the application of
a heuristic optimization algorithm.

with period > 1000 s
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Table 1. Cont.

Time Domain Fast

Paper Approach Identification Validation Scale Pulse Trains
e Randles circuit parameters were I
Simplified Randles s . Validation on GCD
Lo extracted by fitting the cyclic . .
circuit model - cycles with period of s
[25] voltammetry and galvanostatic -
under CV and . or tens of seconds e
. . charge—discharge (GCD)
GCD investigations . voltammetry cycles
experimental data.
Parameter dentification is obtained
through measured Bode/Nyquist Up to 300 kHz in the
FO R-L-C model with diagrams interpolation (C at low frequency domain.
[26] Warburg elements in frequency impedance (Z), L high freq. No experimental -
parallel to Cand L Z. R mid-freq. range Z). 5th order verifications in the
polynomial expansion approximates time domain
the Warburg impedance.

The main novelty of this study compared to the literature studies is to provide an
extended validation of the three-branch model, identified on the basis of the state-equations,
on several SCs of very different sizes, rated voltages and currents; to extend the validation
to cyclic voltammetry; and to provide the temporal response of the model to pulse trains
having a frequency up to 100 Hz. Also, not to be overlooked is the fact that an original
measurement circuit for the identification of the impulse response of the SCs is provided
and that the measurement datasets are released to open access.

2.2. The Three-Branch Model to Be Extensively Validated

The model to be validated is shown in Figure 2. The parameters to be identified are
the two capacitances of the first branch, the constant one Cjy and the voltage-dependent
one Cj;, and the capacitances of the other two branches, C4 and C;. The resistances Rq4
and R) also need to be identified. The ESR R; can be obtained from the measurements
and kept as a known term in the model or included in the unknowns to be identified to
reduce the discrepancy between the model predictions and measurements. Similarly, the
leakage resistance Rje, can be measured and entered into the model as a constant or left as
an unknown. In the modeling in this study, we included the measured ESR R;, which was
modified in a few cases by the identification process, while the initial Ry, was left as an
unknown and always identified through the model identification procedure.

o]

R R4 R

A A A § Riea

=Cy v, = v,

Ci F{Cio S

|
Il

e

Figure 2. Three-branch electrical circuit model of an SC.

The leakage resistance is a nonlinear parameter that evolves over time, and in the case
of intermittent sources with long stand-by phases, it should be identified with a specific
measurement procedure as described in [29]. In this study, paying particular attention to
impulsive behavior, the analysis was limited to fast transients from milliseconds up to a
few tens of minutes and, in the latter case, only for identification measurements; therefore,

https:/ /doi.org/10.3390/en19051221


https://doi.org/10.3390/en19051221

Energies 2026, 19, 1221

7 of 30

we only used the initial Rye, identified by the model, neglecting the nonlinear trend that
emerged in the long stand-by phases lasting hours.

The identification process is described in detail in [29]; we report only the main
steps below. The identification is based on the state equations of the circuit (2), where
the state variables are the voltages across the capacitors (3). From the application of
Kirchhoff’s principles to the electric circuit, matrix A (5) and the constant term B (6) of
the state Equation (2) are obtained. The unknown elements of the circuit are identified by
minimizing the difference between the model results and the measurements in a nonlinear
iterative process based on the conventional trust region reflection (CTRR) method [28]. The
reference measurement is that of an SC charge, followed by a long self-discharge, because
this measurement highlights all the circuit’s time constants. The measured charging current
behavior is used as the input for the model.

v =Av+ By 2)

—(Ra+Ry) Ry Rg4
Gen-G(V,) denC(Vy)  den-Ci(Vi)
A= Ry —(Ri+R;) R; (5)
den-Cyq den-Cyq den-Cyq
Ry R —(Rj+Rq4)
den-C den-C; den-C;

Rg- Ry-
den-C,(Vi)
— | R R
B= den~C]d (6)
Ry Ry
den-C;

where
den = Ri-R; + Ri-Rgq + R4-Ry (7)

and
y= i— ilea (8)

where i, is the leakage current.
The terminal voltage is obtained as

_RyRVi+ R Ry Vy+Ri Ry Vi + Ry Ry Ry (i — ijep)

v den ©)
CTRR optimization.
The CTRR algorithm addresses the optimization as a least square problem:
. 2 . 2
min|[F(x)[|" = mmZ F#(x) (10)

where F(x) can be a vectorial function or a scalar function f(x). A local quadratic ap-
proximation of f(x) around the current point x is built using the first two terms of the
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Taylor approximation, q(s). This function correctly represents the behavior of f(x) in a
‘neighborhood” of the current point x. The trust region subproblem can be finally defined as

rnsin{q(s) subjected to ||s < Al } (11)

where A is the radius of the trust region.
fx+5) % q(s) = f(x) +"s + 55 Hs (12)
where g is the gradient of the function f(x) evaluated in the current point and H is the

Hessian of the function. The derivative of the function (11) (excluding the term f(x) since it
is not s-dependent) is evaluated and set equal to zero in order to find the minimum:

msin{ gls + ;sTHs} (13)
if the condition
flx+s) <f(x) (14)

is satisfied, the point is updated from x to x + s.

In the case of this study, F(x) is a vector function for which the i-element is defined
as the difference between the measured terminal voltage values and the ones obtained by
the model.

1i(X) = Vimeas; — Vimodel, (X) (15)
r1(x)

P = |2 (16)
71'(.9()

The function F(x + s) is approximated with the first term of the Taylor approximation:
F(x+s)~F(x)+]s (17)

where | is the Jacobian of F(x) evaluated in the current point, x. The problem is defined as
min||F(x +s)|| 2 ~ min||F(x) + Js||* (18)

It is possible to take into account ||F(x) + Js|* = (F(x) + Js)" (F(x) + Js), consider
the derivative and set that equal to zero to find the minimum, so that the solution for the
problem is

J'Js=—J'F (19)

At the end, if the condition
F(x+5s) < F(x) (20)

is satisfied, the point is updated from x to x + s.

Temperature constancy.

In this study, we needed a repeatable and stable model to validate it across different
tests (GCD, GCSD, CV, dynamic) developed at different times but under the same laboratory
conditions. Therefore, in our study, the temperature was kept constant at 23 °C £ 1 °C for
each test in a climatic chamber because, otherwise, the identified model parameters would
have been varied, jeopardizing the extensive validation.

https:/ /doi.org/10.3390/en19051221
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3. Measurements: Samples, Systems and Methods

Five sizes of commercial SCs were analyzed in this study: 1 F, 10 F, 25 F, 60 F, and
400 E. For each size, we measured four identical SCs (three for the size 25 F). These SCs
have nominal voltages between 2.7 V and 3 V and rated currents between 800 mA and 26 A.
Additionally, we characterized a large 130 F module, with a nominal voltage of 62 V and
a rated current of 80 A, which we also tested in the case of quick discharge at 440 A. The
main parameters of the analyzed SCs are reported in Table 2.

Table 2. Manufacturer specifications of the considered single SCs and the module.

SC Size é"l‘::d Max ESR clzt;it S::;‘eg(; plliil; cl:iﬁu
8¢ (m2) (A) (Wh) (kW) (A)
1F 2.7 200 0.80 0.001 0.01 1.10
10F 3.0 26.0 3.70 0.012 0.09 12.0
25 F 3.0 18.0 420 0.031 0.12 26.0
60 F 3.0 13.0 6.70 0.075 017 51.0
400 F 2.7 3.20 26.0 0.410 0.57 220
130 F * 62 6.70 80.0 69.60 144 2157

* Module.

Within the MetSuperCap project [40], all the performed measurements are reported in
the Zenodo public database inside the project community. The measurements presented
here are reported in detail in the following datasets:

o 1F[41-44]; 10 F [45-48]; 25 F [49-51]; 60 F [52-55]; 400 F [56-59]; 130 F [60].

The MetSuperCap community database includes measurements from various commer-
cial brands. The purpose of the datasets is to build a database for model development and
scientific analysis, not to compare the performance of different commercial brands. This
is because the SC’s performance can vary depending on the storage conditions, terminal
fixtures, and measurement methods; moreover, the specifications released by manufactur-
ers have wide tolerances, whose orders of magnitude are tens of percents. The commercial
brand of SCs, therefore, remains anonymous within the project and within this paper.

3.1. Measurement Systems

Two measurement systems were used for the charge-discharge and voltammetric
analysis in this study:

e For SCs from 1 F up to 400 F, Biologic BCS 810 and BCS 815 (Biologic, Seyssinet-
Pariset, France) two-quadrant generation and measurement modules, combined with
a climatic chamber, were used (Figure 3). The Biologic modules allow for charge
and discharge, charge and self-discharge and voltammetric cycle measurements. The
combination with the climatic chamber allowed for all measurements to be carried
out within a controlled temperature of 23 + 1 ° C. The temperature of the SCs was
controlled with a thermocouple, and in order to limit the temperature increase of the
SCs during the tests, the charging and/or discharging electric current was kept lower
than the rated current. The BCS 810 and BCS 815 systems were calibrated with the
BCS-CAL system based on a calibrated reference multimeter.

e  For the 130 F module, two Itech IT6015C 80 V, 15 kW two-quadrant DC power supplies
were used (ITECH Power Supply, Nanjing, Jiangsu Province, China), connected in
parallel. For the current measurement, a LEM IT 205-S Ultrastab transducer (80 A pk)
and a LEM ITZ 2000-50-PR (440 A pk) were used (LEM International SA, Meyrin-
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Geneva, Switzerland), while the voltage was measured with a Tunkia TH0150 voltage
divider (TUNKIA Co., Ltd., Changsha, Hunan, China). The measurements were
acquired with a two-channel PXI 4461 card that was calibrated at INRIM, with an
acquisition software developed in LabView (Figure 4).
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Figure 3. On the (left) is the preparation of the measurement setup with BCS 810 and
BCS 815 galvanostats—potentiostats with SCs in the climatic chamber. On the (right) is a screenshot
of the Biologic BT-Lab™ (version 3-0-1) measurement and acquisition software during tests. All
measurement data are available open access in the datasets associated to this study).

(ks

Current
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and its

B

SC module inside the climatic
chamber

Two-quadrant generators in parallel and
computer controlled

Figure 4. The generation and measurement system for the 130 F module. The current transducer
in the image is the LEM IT 205-S Ultrastab for the 80 A peak, which was replaced with a LEM ITZ
2000-50-PR transducer and related amplifier in the case of the 440 A peak.

Because the repeatability of the measurements is strongly influenced by the quality of
the fixtures and by the mechanical stress on the electrodes, the cables were soldered onto
the terminals of the SCs and fixed to a 3D-printed support in order to avoid mechanical
stress (Figure 5). This was not necessary for the 130 F module, which has robust terminals
tightened with bolts on a threaded stem. The current and voltage (sense) terminals were
inserted using the 4-terminal insertion principle to avoid counting contact resistances when
measuring the ESR.
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Figure 5. Details of the terminal connections and mounting on the printed support to avoid mechani-
cal stress and to accommodate the thermocouples in contact with the SCs.

3.2. Measurement Method and Quantities

All the SCs underwent preconditioning, as defined in [30], which consisted of alternat-
ing 30 min charging cycles, followed by charging and self-discharging. These cycles were
repeated 10 to 20 times. Preconditioning, or training, allows for good repeatability of the
device and, therefore, of the measurements. For brevity, we will not report the precondi-
tioning behaviors here, which are nevertheless available in the datasets, but we only report
the final measurements on the trained SCs. The measurements consist of the following:

1. A constant-current charging cycle up to the nominal voltage, followed by a long self-
discharge at zero current. From this cycle, the parameters of the three-branch equiva-
lent circuit can be identified according to the methodology described in Section 2.2,
and an initial ESR measurement was performed. The ESR;, ;4 was computed accord-
ing to Formula (21) and Figure 6 as the ratio between the voltage drop AV .4, which
appears when the charging current stops, and the charging current I,.

AV g,
ESRosa = —7—* (21)
ch
ZOOM
------------ 3.00
[ AV
Is» Charging current S 295+ g
Q
[~ §2.90+
‘4. O
< > 285+
C
o
5 2.80
O T T T T T
2 29 30 31 32 33
Time (s)
-0

0 10

20 30 40
Time (s)

Figure 6. Charge and self-discharge (ch-sd) of a 60 F SC. ESR was calculated as the inverse ratio

between the charging current I;, and the voltage drop AV ,_,;, which appears when the charging
current stops.
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The measured charge and self-discharge cycles are shown in Figure 7 for the considered
SCs. Apart from the 130 F module, the curves for three/four identical SCs of the same size
are shown for all the other sizes in Figure 7. As can be seen, the discrepancies are below
10 mV, except for 60 F, which is below 20 mV, and the relative differences related to the rated
voltage are below 0.35% and 0.70% for 60 F. As highlighted in [30], the expanded uncertainty
on the equivalent circuit model (ECM) parameter determination can be estimated on the
order of 1%; therefore, we can state that the measurements on the analyzed samples of the
same size suggest that a single circuit could be suitable for simulating all of them. In any
case, in the following, the comparison between measured and simulated results will refer
to the same sample on which the ECM is identified.

2. Acycle consisting of a constant-current (cc) charge up to the nominal voltage combined
with 30 min of constant-voltage (cv) charging, followed by a complete constant-current
discharge. We call this cycle cccv in the following. From this measurement, the stored
energy in the SC is calculated, and the ESR is evaluated in the discharging phase.
Such an ESR is used to evaluate the maximum power; moreover, this cycle is the
one normally considered as a reference in the European standards [14,15]. The series
resistance is computed as follows (Figure 8):

A‘/CCC'(J

ESRccy = Ren = i (22)
dis
where I is the discharging current, usually equal to the charging current.
The capacitance is calculated during the discharging phase as follows:
Liis-(ta — ¢ Lyis- At
Cuis = dis ( 2 1) _ ldis (23)

U, — U, AU

e U is the measured start voltage at time 1. It is equal to 80% of the SC rated voltage.

e Ul is the measured end voltage at time ¢,. It is equal to 40% of the SC rated voltage.

e 1 is the time at which the terminal voltage of the SC reaches the value U; from the
start of the discharge.

e 1 is the time at which the terminal voltage of the SC reaches the value U, from the
start of the discharge.

The capacitance can also be computed with the energy method as follows according
to [32]:
2w 2 i Las (1)U (t)dt

C p— p—
Ut - U2 U2 — U2

(24)

The stored energy in the SC can be computed during the charging phases (both cc and
cv) or during the discharging phase, as follows:

te ty

AW = / I (- UE) dt+ [ Lo (£)-UR(¢) dt (25)
to te

where ty and t. are the starting charging time and the ending charging time at constant

current cc, I5(t) is the charging current at constant voltage cv, and t; is the cv ending

time, respectively. U(t) is the voltage during cc charging, and Io,(t) is the current behavior

during cv charging.
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Figure 7. Charge and self-discharge process for different SC sizes: (a) 1 F; (b) 10 F; (c) 25 F; (d) 60 F;
(e) 400 F; (f) 130 F. Diagrams show the behavior of the SC samples for each size during the charge and
self-discharge process after preconditioning. For every family of SCs except 130 F, the diagrams show
how the measured terminal voltage for each sample is very close to the other ones, with discrepancies
below 10 mV, except for 60 F, which is below 20 mV, and relative differences related to the rated
voltage are below 0.35% and 0.70% for 60 F. This means that samples of the same family have similar
behaviors and very close circuit parameters. When not all colors are visible, it means the lines overlap.
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Alternatively, we can have the following:
te
AW = [l (0)-Us() d 26)
ta

where t; and ¢, are the discharging start time and end time, respectively; Uj;(t) is the voltage
during discharging; and I; is the discharging current.
Finally, according to [32], we can define the maximum power as follows:

Ug?

1
Py — - 27
max 1 ES Rcccv ( )

where Uy is the rated voltage of the SC.

30- .\
2.5
—~ 2.0+
=
[0) |
2sl] <
2 1.0 1
18314 1831.6 1831.8
0.5 Time (s)
0.0

O 100 200 1700 1800 1900
Time (s)

Figure 8. Constant current (cc), constant voltage (cv) and discharge cycle of a 60 F SC. ESR is
computed during the discharge phase as the inverse ratio between the discharging current I;; and
the voltage drop AV ¢y, which appears when the discharging current starts. This cycle is a reference
for standards [32,33]. In the figures the blue line refers to the terminal voltage at the and the red line
refers to the current.

3. A charge cycle and immediate discharge. This allows for estimating the ESR in a
different way.

The charge-discharge (ch-dis) is performed with the same current: I = I, = —I ;.

When the rated voltage is reached, a voltage drop due to the ESR appears, and
immediately, an additional voltage drop appears due to the discharging current (Figure 9).
The series resistance can be evaluated as follows:

AV i
ESRy,. = 726111 dis

(28)

4. Cyclic voltammetry (uppercase CV to distinguish from constant voltage cv) is
achieved by applying a linear variation in the voltage at the SC terminals from zero to
the rated value and vice versa, according to a triangular waveform (Figure 10a). In
this technique, the rate of voltage change over time, or the derivative of the voltage
over time, is constant and is referred to as the scan rate.
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Figure 9. Charge at cc up to the rated voltage and immediate discharge at cc for a 400 F SC. Charge
and discharge (ch-dis) are supplied with the same current. In the figures the blue line refers to the
terminal voltage at the and the red line refers to the current.

Vv
s = Fre constant (29)
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Figure 10. (a) Triangular imposed voltage-time behavior (in blue) and consequent current-time
behavior (in red) during the cycling voltammetry test on a 60 F SC. (b) CV behavior in the current—
voltage plane. After a couple of stabilization cycles, the behavior becomes repeatable. Here, only
stabilized behavior is reported.

After a couple of settling cycles, the current-voltage diagram at the terminals produces
repeatable cycles (Figure 10b) whose area is proportional to the SC capacitance. In particular,
the capacitance is obtained as follows [61].

The capacitance is defined as the derivative of the stored charge Q with respect to the
applied potential V:

c(v) =8 (30)
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During CV measurements, the applied potential varies linearly according to the
constant scan rate s. Because the current is defined as I = dQ/dt, the differential charge

can be expressed as follows:

i0 = 1) Y (31)

s

By integrating over the entire potential window AV, the integral between the zero
and the rated voltage, the total charge transferred during a CV charging part is given by
the following:

Q=1 [avi(v)av &

The average capacitance C is obtained by normalizing the charge with respect to the
applied potential window:

- Q
N

Taking into account both the forward (charging) and reverse (discharging) scans of

C (33)

the CV cycle, the charge transmitted to and received from the SC is computed twice by
integrating on the total area of the CV. Therefore, the capacitance is calculated as follows:

1 Area
C_ZsAVj{I(V) dV_ZsAV (34)

For commercial SCs, these cycles tend to underestimate the capacitance, which also

depends on the rate of voltage change. In the author’s experience, the capacitance increases
upon decreasing the scan rate s.

CVs are not typically used in testing, but they are important in electrochemistry, where
the CV curve symmetry and shape reveal information about the SC’s electrochemical
behavior, including the contributions of ion diffusion, faradaic reactions, and capacitive
and pseudocapacitive processes.

4. Measurements and Simulation Results

The measurement results are analyzed in this section. After discussing some pre-
liminary measurements, the charge and self-discharge measurements used to identify
the three-branch model are presented, along with how the model reproduces them. The
capacitance measurements obtained using the methods described in Section 3.2, Point 2,
and the capacitance measurements obtained using cyclic voltammetry (Section 3.2, Point 3)
are then analyzed, including how the model reproduces these results.

4.1. Preliminary Measurements

A series of preliminary measurements were performed on the SC samples considered
to evaluate their behavior. The results are reported in Table 3 and analyzed according to
the measurements and formulas described and reported in Section 3. All the measured
quantities are better than the minimum specifications declared by the manufacturers; in
particular, the measured ESR is always lower than that in the specifications, and the stored
energy and the maximum power are always higher than those in the specifications even
though, as highlighted in Section 4.3, the measured capacitance is sometimes lower.

The table provides interesting information about the series resistance. Its value varies
significantly depending on the measurement method. Generally, the ch-dis and ch-sd
methods provide values closer to each other than the cccv discharge method. However,
the latter is the “cleanest” in the sense that the voltage drop is sharper. Taking the ch-dis
method as a reference, the relative variations in ESR compared to the other two methods
range from a few percent up to 19.6% in the case of 25 F samples and to 30.6% in the case
of 1 F. This last case is peculiar, however, because the generator that is used only for 1 F
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has a significant delay in the current reversal, and this leads to anomalous results. Even
the variations in ESR, using the same method, between samples of the same size can reach
almost 20% (19.2% in the case of 25 F samples). The sampling time of the measurements
can influence these determinations, which, in the case of the measurements examined here,
was 2 ms. Given this premise, a discussion of the accuracy of ESR measurements would
require a broad and specific discussion, which is beyond the scope of this study.

Table 3. Measured and computed results concerning ESR, energy, power and efficiency.

Stored
. Sample ESR h-dis ESRh-sd ESRccev Max Power . .
SC Size Number (mQ) (m0) (mQ) Energy W) Efficiency
(mWh)
130 F* (I, =80 A) #1 5.08 4.50 4.50 79.56-10° 192-10° 0.99
130 F * (I, ~= 440 A) #1 na. ** 4.66 4.83 79.55-103 192-103 0.99
#1 3.00 293 2.68 398 680.5 0.97
400 F #2 3.32 3.12 2.67 419 681.5 0.97
#3 2.90 2.90 2.65 403 688.4 0.97
#4 3.05 2.70 2.67 419 681.5 0.98
#1 10.0 10.0 8.94 77 251.8 0.90
€O F #2 9.80 10.0 8.50 87 264.1 0.98
#3 10.0 9.70 8.32 84 219.06 0.98
#4 9.82 9.40 8.32 84 219.06 0.98
#1 17.7 16.6 14.8 37 152.3 0.97
25F #2 174 16.6 14.5 35 155.3 0.97
#3 14.3 17.1 15.5 36 145.30 0.97
#1 24.5 22.8 21.0 17 107.11 0.98
10F #2 244 23.2 20.6 15 109.13 0.98
#3 22.5 24.0 222 16 101.17 0.98
#4 245 24.0 21.0 15 107.21 0.98
#1 170 118 162 0.91 11.21 0.94
LF #2 160 114 155 0.96 11.75 0.94
#3 167 120 156 0.96 11.65 0.94
#4 160 114 158 0.95 11.54 0.94

* Single big module: mass ~16 kg, length ~70 cm including terminals. ** test not performed for thermal limitations.

Note that, in the identification procedure for the models, the measured ESRccey (Ren in
the datasets) was taken as the value of the first attempt (starting value). This quantity was,
however, included as an unknown in the optimization and identification process and was
generally retained by the model identification and optimization process in the cases 1 F,
10 E 25 F and 60 F. On the contrary, in two cases, the initial ESR was significantly modified
to improve the fitting over a wide time span, namely in the 130 F and 400 F cases.

The SC samples that were analyzed for model identification are the only sample 130 F,
sample #2 400 E, sample #3 60 F, sample #1 25 F, sample #1 10 F, and sample #1 1 E.

4.2. Three-Branch Model Identification and Results

The identification process described in Section 2.2 was applied to the six SC samples
representing six different sizes. The process, based on the charge and self-discharge mea-
surement, allows for the identification of the circuit parameters included in the equivalent
ECM for the simulation of the same cycles used for identification. The simulations were
performed with the LTSpiceTM software (version 26.0.1), and the identified parameters
used for the simulations are reported in Table 4.
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Table 4. Parameters of the equivalent three-branch ECM of the different SC sizes. The circuit is
reported in Figure 2. Comparison of charge and self-discharge cycles is reported in Figure 11.

Cap R;/mQ Cio/F Ci/FV-1 R4/Q C4/F R,/ C,/F Riea * I /A **

1F 120.0 0.767 0.073 169.3 0.039 29931 0.023 2.0 MQ 0.50
10F 21.00 5.490 1.028 21.78 0.626 1538.5 0.128 40 kQ 2.50
25F 14.0 14.03 2.534 22.69 0.945 340.7 0.261 53 kQ 3.50
60 F 8.50 33.05 6.682 14.66 2.182 204.4 2.488 32k 5.00
400 F 4.09 260.3 29.04 8.225 10.47 3339 4.710 5.0 kQ 10.0
130 F 12.78 103.5 0.374 117.6 1.274 1511.2 0.986 0.5 kO 80.0

* The leakage resistance was introduced as an unknown in the identification process, and the estimate includes
the open circuit impedance of the generator used in the measurements. ** The last column shows the magnitude
of the constant charging current.

Regarding the 130 F module, it is important to note that, in this study, the purpose of
the identification performed is to consider the module as a whole, obtaining the behavior of
an equivalent SC. Clearly, this approach differs from that of other studies, whose goal is to
develop a model of the module based on the characterization of the individual cells. In our
case, when the behavior is repeatable and we have verified that, the interaction between
individual cells within the module can be ignored in the overall simulation.

The comparison results are shown in Figure 11 in six diagrams, one for each analyzed
sample. The figures contain two graphs each: the comparison diagram and the relative per-
centage error graph, computed as the relative percentage difference between the measured
and simulated terminal voltage, referred to as the rated voltage. As can be seen from the
figures, the relative error in the regions of maximum discrepancy does not reach 60 mV
(2%) for the 1 F, 25 F and 400 F samples, while it does not reach 75 mV (2.5%) for the 10 F
and 60 F samples; in the other regions, it is much lower. In the case of the 130 F module, it
does not exceed 1.5%.

It can be noted that the error distribution has a similar trend for all SCs. The identifica-
tion process occurs by minimizing the model results with respect to the measurement of a
charge and self-discharge cycle performed on the preconditioned SCs. The measurement of
this cycle does not differ significantly as the capacitance increases, except for a variation
in charging times on the order of seconds or tens of seconds. This does not substantially
alter the identification process, which is influenced by other factors, such as temperature,
measuring noise, or the parameters chosen for the convergence of the identification algo-
rithm. In the case study with measurements in a controlled environment, the temperature
is constant, the measurement noise is minimal and essentially constant, and the parameters
for the optimization algorithm are verified by the good convergence of the algorithm itself.
This explains why there are no substantial differences in the distribution of the relative
error. Only in the 130 F module do we observe a reduction in the amplitude of the relative
error, which may be due to the higher rated voltage compared to that of the other SCs.

In light of these results, it can be stated that the model is extensively validated under
quasi-static conditions over a wide range of capacitances.

From the diagrames, it is worth noting that the self-discharge rate is rather limited
except for the 130 F module. This is because, according to the manufacturer’s specification,
the SCs considered in this study generally have a leakage current on the order of 2.5 nA/F
except the 130 F module, which has a leakage current that varies from 40 pA /F up to almost
1 mA/F depending on the type on the market, and we used a module of the second type.
This explains the considerable self-discharge of the module.
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Figure 11. Three-branch ECM validation for the different SC sizes: (a) 1 F; (b) 10 F; (c) 25F; (d) 60 F;
(e) 400 F; (f) 130 F. Diagrams show the computed (black lines) and simulated (dotted blue lines)
behaviors, and on the right, the red scale represents the relative difference with respect to the rated
voltage. This latter is high at the peak voltage but always below 2% and tends to zero (few mV)
during self-discharge (static situation). A high-level relative discrepancy also appears during the
first part of the charging but is always below 2%, being 60 mV for a 3 V rated voltage and 54 mV for
a 2.7 V rated voltage. To make the relative discrepancy more evident, the semilogarithmic scale is
introduced. Only in the case of 60 F and 10 F SCs does the maximum error reach 75 mV (2.5%).

4.3. Three-Branch Model Utilized to Simulate Voltammetry Cycles

For each SC sample, except for the 130 F module, three voltammetric cycles were
measured at three different scan rates. All cycles are available in the dataset. For brevity,
only the cycles at the two highest scan rates, which provide the largest area, are reported
here. The capacitance values measured at the lowest scan rate, which provides the highest
capacitance, are reported in Table 5. The table also reports the measured capacitances with
the discharge method and the energy method, Cg;s and Cep in accordance with (23) and
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(24). Concerning the 130 F module, it was not possible to measure the voltammetric cycles
up to the rated voltage of 62 V because the Biologic potentiometers are limited to 9 V. Using
a Keithley 2461 Source Measure Unit (Keithley Instruments LLC, Solon, OH, USA), it was
possible to measure a voltammetric cycle up to the voltage of 20 V, with the sole purpose of
verifying the three-branch ECM.

Table 5. Capacitances measured with the discharge methods and the energy method, C4js and Cen in
accordance with (23) and (24). The last column reports the capacitance calculated from the area of the
measured voltammetric cycles (34) with the minimum scan rate used in the measurements.

SC Size Sample Number Cgis (B Cen (F) Cey (B) *

130 F .

(80 A) #1 133.4 134.0 Not available
130 F .

w05 A) #1 133.4 134.0 Not Available
#1 364.3 366.0 3475
. # 362.6 364.3 345.0
400 F 43 369.4 3713 351.3
#4 367.6 369.6 350.9
#1 57.6 58.1 53.3
# 59.6 60.1 54.4
60F* 43 59.6 60.1 54.4
#4 57.5 58.0 54.1
#1 245 2.6 23
25F* # 24.1 243 22,0
43 245 24.6 23
#1 9.82 9.88 9.01
. # 9.63 9.68 8.90
43 9.88 9.94 9.05
44 9.58 9.62 8.92
#1 1.03 1.03 0.985
- # 1.08 1.08 1.028
#3 1.08 1.08 1.034
#4 1.07 1.08 1.025

* The evaluation of capacitance using the CV technique presented in the table is the one performed with the lower
scan rate (50 mV /s for 1 F, 50 mV /s for 10 F, 30 mV /s for 25 F, 10 mV /s for 60 F, and 5 mV /s for 400 F).

It is noted that the capacitance measured with cyclic voltammetry is significantly
lower than that provided by the other two methods. To obtain higher capacitances, it
would be necessary to use much lower scan rates, resulting in very long measurement
times. This technique is not covered by the standards as a testing technique. Here, the
analysis was primarily aimed at testing the model’s ability to reproduce this type of test.
For this purpose, the cycles were also simulated with the three-branch ECM. This latter is a
current-driven model. Therefore, the measured current was used as the input to simulate
the voltammetric cycles, and the cycles were reconstructed with the calculated voltages.

Even in the simulation, some cycles are necessary for stabilization, and the final cycles
require a translation up to the origin. In some cases, the measured and calculated cycles
are immediately superimposed; in other cases, the calculated cycles slightly exceed the
nominal voltage by a maximum of 2-3%, and it is advisable to rescale them by a factor of
1.02-1.03 at most. This factor does not significantly affect the calculated capacitance. In
fact, in agreement with (34), the area is slightly larger, but so is AV, and the ratio remains
almost unchanged.

Figure 12 shows a comparison between the measured and simulated cycles, and the
good overlap between the two is evident, in some cases almost perfect. Table 5 provides a
more detailed comparison between the measured and calculated cycles. The table shows
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the scaling factor. As can be seen, in most cases, the factor is 1, so the cycles naturally
overlap, while rescaling was necessary, in other cases, but no more than 3%. Regarding
capacitance, Table 6 shows the measured and computed capacitances and the percentage
relative difference related to the measured one. The latter, in most cases, is less than 1%; in
one case, it is 1.07%, and only in one case, it is 3.17%. Therefore, it is possible to state that the
accuracy of the model in calculating the voltammetric cycles and the related capacitances is
in line with the accuracy highlighted in the model identification reported in Section 4.2.
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Figure 12. Measured and simulated CV curves for two different scan rates for the different SC sizes:
(a) 1 F, scan rates 100 mV /s and 200 mV/s; (b) 10 F, scan rates 100 mV /s and 150 mV/s; (¢) 25 F,
scan rates 60 mV /s and 90 mV/s; (d) 60 F, scan rates 20 mV /s and 40 mV /s and (e) 400 F, scan rates
10 mV/s and 15 mV /s SCs. For the 130 F module (f), a single CV cycle was also measured at the scan
rates of 24 mV /s, but only for model validation because the instrumentation was not able to reach
the rated voltage of the device.
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Table 6. Comparison between calculated and measured voltammetric cycles. The table shows the
scaling factor (overlapping index between the measured and simulated cycle shape), the computed
and measured capacitances, and the percentage relative difference between the calculated and
measured capacitance, relayed to the measured one, in absolute value.

Scaling Scan Capacitance
. Factor Measured Computed 4 .
SC Size Rate . . % Relative
(to Overlap Capacitance (F) Capacitance (F) .
. (mV/s) Difference
Graphically)
LF 1.00 200 0.955 0.963 0.84
1.00 100 0.980 0.978 0.20
10F 1.08 150 8.652 8.700 0.55
1.02 100 8.805 8.759 0.52
5 F 1.03 90 21.55 21.49 0.28
1.02 60 21.89 21.87 0.09
60 F 1.00 40 52.93 51.25 3.17
1.00 20 52.65 52.70 0.09
400 F 1.02 15 337.5 333.9 1.07
1.01 10 340.9 339.6 0.38
130 F* 1.03 24 114.6 * 1149 0.26

* The 130 F module capacitance is not significant. The voltammetric cycle was only run up to 20 V due to
instrumentation limits. It is shown here only for comparison with the three-branch ECM.

Experimental CV cycles of EDLCs in Figure 12 show tilted or delayed shapes even
in the absence of redox reactions. This behavior arises because real EDLCs are not ideal
capacitors and exhibit internal resistance. Porous carbon electrodes lead to a distribution of
relaxation times due to ion transport in pores of different sizes. As a result, electric double-
layer charging is not instantaneous. lon diffusion limitations further distort the ideal
rectangular CV shape, especially at high scan rates. These effects may resemble slow redox
kinetics but remain purely capacitive. A three-branch equivalent circuit can successfully
reproduce the tilted and delayed CV response. The values of the voltage-dependent
capacitance and ESR are intrinsically linked to the porosity and pore distribution on the
electrode surface. So, the model captures the distributed capacitive and resistive behavior
of EDLC electrodes [62].

5. Validation of Dynamic Behavior

Evaluating the dynamic behavior by applying a pulse train to the SC requires the
use of a generator compliant with the generation of a clean signal. We tested several
current-controlled voltage generators that showed conspicuous distortion limitations in
generating the current signal; finally, we successfully tested the use of a transconductance
current generator, the Clarke Hess model 8100 (Clarke-Hess Communications Research
Corp, Medford, NY, USA) with a 40 ppm short-term stability, 0.04% accuracy in DC, and
0.10% accuracy in AC.

The signal for the transconductance amplifier was generated with a signal generator
GW-Instek AFG-2012 (Good Will Instrument Co., New Taipei City, Taiwan), while the
voltage and current were acquired using two synchronized Fluke 8588 A multimeters
(Fluke Corporation, Everett, WA, USA), whose basic accuracy is better than 200 ppm for AC
voltages up to 10 V and better than 1000 ppm for AC currents up to 10 A. The connections
to SCs were formed with the four-terminal principle, like in all the other measurements.
For the SCs cc and cv charging and discharging, we used Biologic BCS 810 or 815 modules
and then inserted a switch to perform dynamic measurements with the system described
above. A scheme of the generation and measurement system is shown in Figure 13.
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Figure 13. Scheme of the generation and measurement to combine static and dynamic tests.

The dynamic behavior was evaluated on a subset of the previously analyzed SCs,
specifically 25 F, 60 F and 400 E. Current pulse trains at various frequencies were applied on
each SC. The pulse’s amplitude was held constant for all the measurements at about +1 A.
The examined frequency range spanned from 0.1 Hz and 100 Hz, including 1 Hz, 10 Hz,
and 40 Hz. The sampling time chosen for the measurement was 500 us for the frequencies
0.1 Hz, 1 Hz, and 10 Hz, while it was 50 ps for the higher frequencies 40 Hz and 100 Hz.

Each SC underwent a charge and self-discharge process to verify whether it matched
the three-branch ECM identification. This is because, for some SCs, dynamic measurements
were performed a few weeks after identification.

After this verification and subjecting the SC to further charging, if necessary, the
equivalent circuit parameters shown in Table 4 were used. The measurements required
preliminary charging of the SCs. This is because, otherwise, during dynamic measurements,
an important and misleading voltage drift would be observed, which is limited if a stable
terminal voltage is achieved after a recovery phase [63]; we call the stable voltage Vtart in
the following. For this purpose, the SCs were charged to the nominal voltage with cc charg-
ing, then subjected to 10 min of cv charging, and then discharged to a voltage close to the
half of the rated voltage to perform the dynamic tests. An example is shown in Figure 14.

The circuit was simulated as follows. With the LTspiceTM software, the ECM of the
SC was replicated with the corresponding parameters (Figure 15). Two generators V1 and
V; are added to the circuit. Generator V; provides the SC with the starting test voltage
terminal Vtart, as recorded by the measurements. Generator V, controls the switch S; and
is set as follows: Vinit = =1V, Von =1V, Ton = Tstart — Tperiod /2, Where Tperiog is the period
of the pulses, that is, the inverse of the frequency Tperioq = 1/f.

The current pulse train is generated by two current sources, I; and I; one provides
positive pulses, while the other one provides the negative pulses. The parameters of the
two generators are: Iiow, Ihigh, Tdelay, Trises Ttall, Ton, @nd Tperiod- Liow iS zero; Ipjgp is the
measured pulse current (about —1 A for I; and about +1 A for I5); Tyise and T, can be
obtained from the measurements taking into account that, for higher frequencies (>40 Hz),
they can be different; Tperioq is 1/f, while Ton is half of the period at the specific frequency;
and Tdelay 18 Tstart for Iy and Tgtart + Ton for I>.
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Figure 14. Example of a complete measurement cycle of the dynamic measurement test: cc plus
cv, followed by a discharge to the test voltage; then, the dynamic excitation here is at 0.1 Hz. A
sufficiently constant terminal voltage Vstart is reached, which makes the voltage drift during dynamic
tests negligible. At 0.1 Hz, the drift is still present but nearly negligible in the first periods and
becomes even less significant at higher frequencies.
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Figure 15. LTSpice™ circuit for the generation of train pulses linked to the ECM of the SC.

Measurements and simulations are shown in Figure 16. The results highlight the
following. As the frequency increases, small spikes appear in the measured voltage, close
to the transition peaks. At 0.1 Hz, the simulation is very close to the measurements, with
discrepancies on the order of 17 mV, over a peak-to-peak amplitude of 335 mV, which
corresponds to a relative error of 5% or 0.62% if referring to the entire voltage range on
which the simulation was based, which is the rated voltage of the SC as shown in Figure 14.
The peak-to-peak amplitude of the voltage signal measured at the terminals, neglecting
some small spikes that sometimes appear, decreases with frequency for the same current
excitation. For the 25 F SC, the voltage peak-to-peak is from 335 mV at 0.1 Hz to 68 mV
at1Hz, 42 mV at 10 Hz, 32 mV at 40 Hz, and 29 mV at 100 Hz. Furthermore, it decreases
with the capacitance of the SCs. At 0.1 Hz, the peak-to-peak voltage goes from 335 mV
for the 25 F SC to 133 mV for the 60 F SC and to 26 mV for the 400 F SC. At 100 Hz, the
peak-to-peak terminal voltage is 29 mV for the 25 F SC, 16 mV for the 60 F SC, and 7 mV
for the 400 F SC. The reduction in the voltage signal denotes an increase in the impedance
at the frequency increase in this range and, as expected, also at the capacitance increase.
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Figure 16. Terminal voltage response to the application of a train of current pulses with a peak
amplitude of 1 A to the SCs. Three SCs were considered, with capacitances of 25 F, 60 F and 100 F.
The terminal voltage values and flowing currents are represented with different colors: the measured
voltage values are in magenta, and the calculated voltage values are in blue, while the imposed
and measured current values are in red, and the simulated ones are in green. Each row contains
the comparison for a specific frequency. First row, subfigures (a—c), 0.1 Hz. Second row, subfigures
(d—f), 1 Hz. Third row, subfigures (g-i), 10 Hz. Fourth row, subfigures (j-1), 40 Hz. Fifth and last row,
subfigures (m-o), 100 Hz.
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Some specific observations can be made.

e At0.1 Hz and 1 Hz, the effect of capacitance is greater, while at higher frequencies,
resistance plays a more significant role than capacitance. The capacitive effect changes
over time after the transition and then, after a certain period, follows the behavior
predicted by the model. Considering the derivative of the voltage as a function of
time after each transition, one can calculate the differential capacitance, which is small
immediately after the transition and approaches the model capacitance (the slope of
the simulated curve) after fractions of a second. Assuming exponential behavior, the
time constant is around 0.2 s.

e The 1 Hz curves can provide the best information on the settling time constant, even
though at higher frequencies, something similar should happen, but the transition
does not occur completely in the half-period, and the slope of the voltage curve at
constant current does not approach the slope given by the simulation.

e In the curves with frequencies above 10 Hz, especially for the 25 F and 60 F capac-
itors, a reduction in resistance is also noted (a smaller jump at the transition step),
probably due to the incomplete achievement of equilibrium in the distribution of the
electrical charges.

e  For the 400 F SC, the dynamic resistance is always lower than that obtained by op-
timizing the parameters, even though the difference becomes more pronounced for
frequencies above 10 Hz.

Beyond the discussion of discrepancies between computed and measured values and
their causes, it should be noted that the differences are always limited. For example, at
1 Hz and 10 Hz, we can consider the 25 F SC, while at 40 Hz and 100 Hz, we consider
the 400 F SC: in these two cases, the largest discrepancies can be noticed. In the first case,
at 1 Hz, the measured peak-to-peak voltage is 68 mV against the computed 56 mV, with
a difference of 12 mV, equal to 0.4% of the rated voltage. At 10 Hz, against a measured
peak-to-peak voltage of 42 mV, the computed one is 34 mV, with a difference equal to 8 mV
or 0.27% of the rated voltage. For the 400 F SC at 40 Hz, the measured peak-to-peak voltage
is 17 mV, while the calculated one is 9 mV, again with a difference of 8 mV or 0.27% of the
rated voltage. At 100 Hz, the measured peak-to-peak voltage is 7 mV, while the computed
one is 8.7 mV or less than 0.1% of the rated voltage.

The three-branch model is identified in static conditions with an accuracy better than
3% of the rated voltage. Under dynamic conditions, its behavior is quite good, providing a
prediction of the dynamic response better than 1% of the rated voltage.

It should be noted that the identification was performed across the entire rated voltage
range, optimizing the parameters during a full charge and long self-discharge phase. For
specific dynamic applications, with response times of milliseconds or tens of milliseconds
and limited voltage response span, it is possible to consider a specific and targeted identi-
fication to further optimize the model’s response, which, nevertheless, remains that of a
good design and control tool in electrical engineering applications.

6. Discussion and Conclusions

The results shown in this paper demonstrate a strong correspondence between the
model simulations and the experimental measurements for response in the time span from
milliseconds to hours, charging currents from 500 mA to 440.5 A, and rated voltages from
2.7 V to 62 V. This agreement is particularly relevant from an electrotechnical standpoint
because it directly affects the accurate determination of the terminal voltage as it is influ-
enced by the device’s prior charging history because different time constants are involved
in the response of the device. The identification of the ECM thus enables more effective
control of the SC, whose behavior can be reliably predicted by the model.
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This extensive validation of the three-branch model allows it to be proposed for
consideration as a standard. From it, the main parameters of an SC, such as stored energy
and maximum power, can be deduced. It also provides a tool for evaluating its voltammetric
cycles and its static and dynamic responses in energy applications, with an accuracy
certainly much better than 5%.

The dynamic analysis of the three-branch model presented here effectively addresses
the need for accurate time-response predictions for fast pulses in modern SC applications.
The model validated in this study is a reliable design tool that, differently from EIS analysis,
provides the time-response to a fast pulse excitation. The results presented here can be
further improved by performing identification tuning aimed at the voltage range and
actuation frequency required by specific applications.
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Abbreviations

The following abbreviations are used in this manuscript:

cc Constant-Current

ch-dis  Charge-Discharge

ch-sd  Charge-Self discharge

CPE Constant Phase Element

CTRR Conventional Trust Region Reflection Method
Cv Cyclic Voltammetry

cv Constant-Voltage

ECM  Equivalent Circuit Model

EDLC  Electric Double-Layer Capacitor
EIS Electrical Impedance Spectroscopy
ESR Equivalent Series Resistance

FO Fractional Order Model

FOEC  Fractional-Order Equivalent Circuit
GCD  Galvanostatic Charge-Discharge
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GCSD  Galvanostatic Charge—Self-discharge
HESS  Hybrid Energy Storage Systems

SC Supercapacitor

SoH State of Health

TLM  Transmission Line Model

UPS Uninterruptible Power Supply
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