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Uncertainty Evaluation of a Supercapacitor
Equivalent Circuit Parameters

Mauro Zucca™, Senior Member, IEEE, Melika Hassanzadeh™, Davide Signorino™, and Umberto Pogliano

Abstract— The accurate simulation of the behavior of a super-
capacitor (SC) and its control in an electronic system cannot
be achieved by a simple one-branch circuit. A correct simulation
requires the use of more complex equivalent circuits, with at least
two or three branches. These equivalent circuits guarantee a good
reproduction of the device’s behavior. The effectiveness of an
equivalent circuit is linked to the limits of the circuit parameter
identification, which is commonly achieved by means of the
voltage and current measurement of charge and self-discharge
cycles. The uncertainty in the identification of these circuit
parameters is dependent on the accuracy of the measurement
instrumentation and on the repeatability of the SC. A cycle for
determining the parameters can extend over a few hours for
larger SCs, also considering the time needed by the software
algorithm for the parameter identification. Therefore, having a
large set of cycles including the determination of the parameters
is a time-consuming procedure. In this study, an efficient method
for the repeatability and uncertainty assessment of the equivalent
circuit parameters is proposed; this approach relies on a limited
set of experimental data and on a single parameter identification
process. The analysis presented in this article highlights how
the limited repeatability of the device is an important source
of uncertainty for the identification of the equivalent circuit
parameters, but it is not the main one for all parameters.

Index Terms— Least-squares approximations, mathematical
models, measurement, parameter estimation, supercapacitors
(SCs), uncertainty.

I. INTRODUCTION

HE availability of supercapacitor (SC) equivalent circuits

is useful for several reasons: it allows the correlation
of circuit parameters with other quantities, such as the state
of charge (SoC) or state of health (SoH), and allows the
modeling of SCs in complex electronic circuits. This approach
for SC characterization that occurs in the time domain is not
the only possible one; other approaches based on techniques
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in the frequency domain, such as electrochemical impedance
spectroscopy (EIS), can provide equally useful parameters for
the determination of SC behavior and correlation with SoC
and SoH.

Currently, state-of-the-art techniques do not provide a lead-
ing technique for the characterization of SCs, and all adopted
techniques have intrinsic limitations. For example, EIS implies
a linearization of the behavior of the SC (which by its nature
is nonlinear); to date, EIS has no traceability for capacitances
above one farad, even if strong efforts are being made in this
direction [1], [2], [3], [4], [5]. However, the determination
of the equivalent circuit relies on traceable measurements of
the current and voltage, but it can be more time-consuming
and does not provide immediate frequency behavior. Both
techniques depend on the repeatability of the device.

This study focuses on time-domain techniques for the deter-
mination of capacitance parameters, electrical series resistance
(ESR), and other equivalent circuit parameters, especially
because time-domain measurement techniques are considered
by international reference standards [6], [7].

The identification of an equivalent circuit through measure-
ments is not a trivial process and a wide number of papers have
been published in the literature [8], [9], [10], [11], [12], [13],
[14]. However, to the best knowledge of the authors, there are
not many references describing the evaluation of uncertainty in
the determination of parameters, including repeatability. Most
studies have discussed the ability of a model to reproduce an
SC voltage terminal.

The novelty of this study is the proposal of an effective
and general method for evaluating the uncertainty in the
determination of circuit parameters, which has been validated
for two-branch or three-branch models [15]. This is done by
extending the conference paper [16] dealing with repeatability.

This article is organized as follows. Section II briefly
describes the modeling approach. Section III highlights how
the same relative variations of each circuit parameter have a
different effect on the voltage at the SC terminals. Section IV
discusses the uncertainty term due to the repeatability of the
measurements. Finally, Section V discusses the uncertainty
terms obtained from the measurements, which are necessary
for identification, and an overall assessment of the uncertainty
in the estimation of the circuit parameters is carried out.

II. MODELING

Four families of models are available for simulating the
behavior of SCs: 1) electrochemical models [17]; 2) fractional-
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order models [18], [19], [20], [21], [22]; 3) equivalent
circuit models (ECMs) [23], [24], [25], [26], [27], [28]; and
4) machine-learning-based models, often combined with one
of the previous models [29].

This study deals with ECMs, focusing on two- and three-
branch models. A discussion of the existing circuit models in
the literature is also reported in [15].

A. Equivalent Circuit Identification

Regardless of the modeling approach, the identification
of an equivalent circuit in the time domain is obtained by
dynamic driving cycles [13] charge and discharge (or self-
discharge) cycles, with or without the integration of EIS
measurements [24], [28]. The temperature effect is often
considered [14], but the repeatability effect is generally dis-
regarded, even if in some papers, measurement noise is
introduced as an identification parameter (e.g., [24]).

It should be noted that discharge and self-discharge are
two different phenomena. The discharge of an SC occurs
when a load current is applied to the SC, which can be
easily simulated by a two-quadrant generator. In this case,
a discharge occurs, which is normally controlled at a constant
current. Self-discharge occurs when no load is applied to the
capacitor; therefore, the device does not supply any current.
The self-discharge appears due to internal mechanisms within
the SC that cause leakage of charge (internal leakage currents,
surface and interface effects in the dielectric, and so on),
resulting in a reduction of the stored voltage and energy.

In this study, the temperature effect is neglected, and iden-
tification is considered at a constant temperature; however, the
repeatability effect is specifically considered in the second part
of the identification process. The circuit model is identified
through a charge and self-discharge cycle. In the charging
phase, a time constant that governs the charge up to the
nominal voltage can be identified. When the rated voltage
is reached, the current is suddenly set to zero in a few
tens of milliseconds at maximum. The current goes to zero
and the voltage drop on the series resistance (R;) is also
subtracted from the terminal voltage, which is the vertical drop
in Fig. 1. From that moment, at the end of the vertical drop,
the self-discharge phase begins and it is possible to identify
at least a second-time constant. Depending on the considered
time window and size of the SCs, a third-time constant can
be identified.

Fig. 1 shows three charge and self-discharge cycles for three
SCs: 100 F with a nominal voltage of 3 V and charged with
a constant current of 10 A, 400 F with a nominal voltage of
2.7V and charged with a constant current of 20 A, and 1500 F
with a nominal voltage of 2.7 V and charged with a constant
current of 50 A. The diagram shows the normalized terminal
voltage as a function of time. The three capacitors are charged
at a constant current until they reach the nominal voltage and
the current stops; at the same time, a voltage drop occurs,
which provides the typical “tooth” to the curve; then, the self-
discharge begins.

It is interesting to compare the self-discharge curve of the
1500-F SC and that of the 100-F SC. As highlighted in
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Fig. 1.  Normalized charge and self-discharge terminal voltage for the

different SCs: 100 F (rated voltage 3 V), 400 F (rated voltage 2.7 V),
and 1500 F (rated voltage 2.7 V). Charge is performed at constant current.

the inset, after the peak, the green curve clearly shows two
different slope areas (double time constants), whereas the blue
curve can be approximated by a curve with a single time
constant. In other words, the small 100-F capacitor, as well as
the 400-F one, can be simulated using a three-branch circuit,
while the 1500-F capacitor can be simulated using a two-
branch circuit. The type and value of the equivalent circuit
parameters also depend on the chosen time window. For this
study, we limited the identification of an equivalent circuit
with a self-discharge time window of no longer than 2 h.

B. Mathematical Model

Modeling in this study refers to two-branch or three-branch
models. The identification is performed by including the model
in a procedure that minimizes the difference between the
measured terminal voltages in a charge and self-discharge
cycle and the simulation results. The procedure is described
in detail in [15] and the main steps are described as follows.

The state equation vector can be obtained with reference to
the circuit shown in Fig. 2 as follows:

v =Av+ By (D

where v is the vector representing the state variables, which

are the capacitor voltages (2); and v is the time-derivative

vector (3). A (4) is the state matrix; B (5) in linear systems

is the so-called input vector; and y is the input equal to

the difference between the imposed and the leakage currents,

which is a scalar function in this case: y = i —ije,, the leakage

resistance being known

R4

vV = Vd (2)

L Vi

- dv,
dt
dvy
dt
dv;

L dt

3)
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Equation (1) is nonlinear because the matrix of coefficient A,
the input vector B, and the leakage current depend all on V;.

The efficient nonlinear minimization procedure applied to
this problem is the conventional trust region reflection (CTRR)
method [30], [31]. In [15], it is reported schematically how
the optimization is implemented for the identification, through
minimization, of the circuit parameters, starting from the initial
trial values. The only parameter that is defined offline is the
leakage resistance Ry, [15], which determines the leakage
current ije,.

The solution of the two-branch problem is obtained in the
same way. In this case, a very large value of R; (>100 M)
is imposed so that the third branch is inactive.

C. Measurement Method

The present study utilizes current and voltage measurements
on an SC to identify and verify the proposed models. The
current measurement is performed using an LEM IT_65-S
Ultrastab transducer, with an expanded uncertainty limited to
0.1 %o in dc. Two channels of a National Instruments PCI
eXtensions for Instrumentation (PXI)-4461 board fit with a
delta—sigma analog-to-digital converter at 24 bits were used
as digitizers. The voltage is measured directly on one channel
of the board with a voltage range of +3.16 V. Measure-
ments are acquired and managed using a program created
in the LabVIEW environment. To provide constant charging
and discharging currents, an ITECH IT-6015-C bidirectional
programmable dc power supply is used in the experimental
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setup. All measurements and investigations were performed in
a temperature-controlled room (23 °C % 0.5 °C). The devices
under test (DUT) are three electric double-layer capacitors
(EDLCs): the first, is a 100-F SC (Eaton TV1860-3R0107-R),
the second a 400-F SC (Eaton XV series), the same utilized
in [16] and similar to the one (but not the same) utilized
in [15], and the third a 1500-F SC (SPSCAP SCP1500C0-
0002R7STA). The following results are obtained at constant
charging currents of 10, 20, and 50 A, for the three SCs.

ITII. QUANTITIES OF INTEREST

The dynamics of the circuit should not be new to the readers.
In summary, the resistance R; and capacitances C;y and C;i,
which are components of a linear approximation of C;(V;),
define the charging behavior of the SC. C,; and R; define
the first time constant during self-discharge (faster discharge
phase), whereas R; and C; define the time constant of the
longer self-discharge phase. The leakage resistance (Rje,) iS
considered as a constant in this analysis because discharges
longer than 2 h are not considered in this study. A discussion
of long discharging times and about the determination of Ry,
can be found in [15].

The variation in these parameters has a different effect on
the terminal voltage in terms of the amplitude and time span.

An estimation of the parameter variation effect can be
obtained by sensitivity analysis, which is not limited to the
three-branch model analyzed here.

In the n-branch SC model, the voltage at the terminals can
be expressed as

u) = f(P, P, ..., P, i(1)) (N

where u(?) is the time behavior of the voltage at the terminals,
i(t) is the time behavior of the current, and Py, ..., P, are
the generic parameters that here are the circuital parameters
in Fig. 2.

If a specific function of the measured current i,,(¢) is con-
sidered, the sensitivities of the output u(f) can be analytically
or numerically evaluated as a function of every parameter as

du(t)  of (P, P, ..., P, im(0)
0P; oP; '
In a discrete approach, by imposing a parameter variation
AP; = a;P;, where —0.1 < «; < 0.1, the sensitivity can
be expressed as

Sp(im (1), 1) = ®)

Au(t)  Au®)ly,p,
AP;
where Sp. (i, (¢),t) is the absolute sensitivity owing to the

absolute parameter variation. The sensitivity to the relative
change of parameter P; can be written as

Au(t)|a/P,-
ajP :

S, Gin (1), 1) =

(€))

Olej

SR,P,v(im(t)vt) - (10)
P
Immediate comparability among different parameters is the
main advantage of the sensitivity to the relative change of
parameter P; (10).
Because the behavior of an SC is nonlinear, the sensitivity

analysis also shows nonlinearity, although to a limited extent.
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Fig. 3 shows the sensitivity related to the parameter C,; for
imposed variations of the parameter equal to 5% and +10%.
As can be seen, the curve has a slight drift when changing the
parameter variation from —10% to +10%. In the following,
the average sensitivity curve, which is highlighted in the
same diagram for C,, is referenced without losing analysis
generality.

Figs. 4 and 5 compare the relative sensitivities of all the
parameters. As Sg of C;p and C;; is approximately one order of
magnitude higher than that of the others, it has been reported
in a separate diagram (see Fig. 4).

Sk of the leakage resistance is nearly negligible, less than
0.012 V, and has not been reported because this parameter is
determined “offline” using a separate method [15].

It can be noted that Sk of the resistance parameters has
the opposite sign to that of the capacitances, which allows the
equivalent circuit to obtain excellent measurement fitting.

Table I lists the maximum sensitivity values and normalized
percentage values to the relative change of various parameters.
These values will be useful in the discussion in Section IV.

IV. LIMITED REPEATABILITY OF THE MEASUREMENTS

Repeatability is an important parameter mentioned in the
standards that underlines how SCs need training before
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TABLE 1

SENSITIVITY TO THE RELATIVE CHANGE OF THE SEVEN CIRCUITAL
PARAMETERS FOR 400-F SC

Cio Ci Ca G Ri Rq R
|SR,max|(V)
1.470  0.543 0.105 0.067  0.120  0.041 0.068
Norm.
Semac®% 100 369 71 46 81 28 46

parameter measurements and assessments. For example, in [7],
all measurement test descriptions state that “charging and
discharging can be repeated, if necessary until the capacity and
internal resistance are stabilized,” highlighting the problem but
without going into details about its quantification.

A. Approach to Repeatability Assessment

In this work, we observed that effective training is as
follows. A charging phase is maintained for half an hour at
the rated voltage, followed by a self-discharge of 2 h, and a
subsequent complete discharge imposing a negative current.
This cycle is followed by a simple charge and self-discharge
cycle. After approximately ten complete cycles, the charge
and self-discharge cycle repeatability becomes acceptable even
for larger, new SCs or SCs subjected to long standby phases.
Fig. 6 shows the training of the 1500-F SPS-CAP SC whose
training was recorded from its state “just purchased, new.”
Its training performance is typical and similar to that of the
other two SCs. Fig. 6(a) shows the first six cycles performed
on an SC on the first day, whereas Fig. 6(b) shows the same
number of cycles performed the following day. At this point,
a reasonable repeatability is achieved, which is maintained
even after several days. Fig. 6(c) and (d) shows the cycles
repeated five and six days after the previous cycles. Fig. 6(e)
shows in full scale the set of all the cycles of all the days, while
Fig. 6(f) shows in full scale all the cycles, except for the first
ten cycles. The last figure represents the cycles suitable for
the study of repeatability and that of the training should be
discarded.

As shown in [16], there is better repeatability in the charging
phase than in the self-discharge phase. Because the cycles do
not perfectly overlap, this implies a certain variability in the
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circuit parameters. To evaluate such variability, it is necessary
to have a large group of charging and self-discharging curves,
where the equivalent circuit parameters are identified for each.
Because this process is time-consuming, once the training is
performed, it is sufficient to record a number of curves greater
than or equal to the circuit unknowns, which are seven in the
considered model. Generally, ten or 12 curves are sufficient for
an overdetermined system to assess the parameter variability.
As discussed in the next paragraph, by applying the pro-
posed method, it is possible to reconstruct the parameter
variability starting from a single identification procedure.

B. Method to Speedup the Repeatability Assessment

Starting from a set of charge and self-discharge cycles, with
at least (m + 1) measured behaviors of the current and voltage
i,,(t) and u,,(t) at the SC terminals, where m > k and k is
the number of electrical parameters, one can choose a specific
measurement as a reference, for example, the one closest to
the mean behavior. For every measurement set, we define the
voltage-difference function as follows:

Auj(t) = u_j(t) — Urer(?).

Considering n time samples t, t, ..., t, for every measure-
ment set, expressing the set of variations in matrix form,
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we obtain
Auy(ty) Ay (1)
Auy(t,) Ay (t,)
Sp, (im(t1), 1) Sp (im(t1), 1)
SP] (im(tn)» tn) SPk(im(tn)s tn)
APy AP,
x| .. (11)
APy APy,
that is,
AU =Sp - AP (12)

where AU is the matrix containing the voltage-difference
functions in the columns; Sp is the sensitivity matrix; and AP
is the parameter variation for every measurement set, which
is unknown in this investigation.

The optimal circuit parameters can be estimated only for the
reference curve (single measurement) according to [15]. The
sensitivity parameters can be computed by the equivalent
circuit of the reference curve, imposing a parameter variation
AP and checking the voltage terminal variation Au. The
distribution of the parameters around the optimal ones can be
computed by repeating the voltage measurements as follows:

Au(t) = Sp(im (1), 1) - APy + -+ + Sp (in(1), 1) - APy
(13)

By applying the least-squares principle [32], we can derive
the parameter variations for the set of measurements as
follows:

AP = (S5 .8p)7".ST. AU (14)

Here, for a specific test current, the sensitivities and matrix
(ST -Sp)~1- ST are computed only once.

Table II presents the analysis of the parameter variability for
the three considered SCs. Equation (14) provides a variability
vector for each parameter whose distribution, as shown in
Fig. 7, for the parameters R; and Cy, tends toward a Gaussian
distribution. The average parameter variability, A P, is pre-
sented in Table II. The percentage parameter variation (PPV)
defined as
20p_rea

PPV = —7
PO+APavg

- 100 (15)
is computed as a function of AP,y and op_rea, Where op_req
is the standard deviation owing to repeatability. PPV and o,

are included in Table III.

C. Discussion on Repeatability

It is interesting to compare the results in Table II with
Table I and Figs. 4 and 5. The parameter C;y, which shows
the highest Sgmax at the terminal voltage, has the lowest PPV
variation. The parameter C;;, which has Sgmax about one-third
of C;o, has a PPV of about three times. The other parameters,
which have Spmax less than one-tenth of that of C;y, have a
PPV that is about an order of magnitude higher. In general,
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TABLE II
PARAMETERS AND VARIATIONS FOR 100-/400-/1500-F SCs

Param. Averaged Standard Param.
Param. Value variation deviation Percent.
P AP op variation
0 avg -rea PPV /%
100 F
Ri (mQ) 7.46 -0.38 0.25 7.06
Cio (F) 48.5 0.38 0.24 0.98
Ci (F) 12.18 0.02 0.12 1.97
Rq (Q) 6.52 0.67 0.84 23.37
Cq (F) 4.71 -0.33 0.22 10.05
Ri (Q) 262.8 3.30 18.7 14.05
Ci (F) 3.09 0.25 0.19 11.38
400 F
Ri (mQ) 8.28 -0.069 0.062 1.51
Cio (F) 260.0 -0.51 0.72 0.55
Ci (F) 36.83 0.29 0.34 1.83
Ra () 11.13 0.028 0.42 7.53
Ca (F) 13.60 0.062 0.61 8.92
Ri () 249.3 -0.51 15.49 12.4
Ci (F) 12.08 0.38 1.22 19.58
1500 F
Ri (mQ) 1.00 -0.004 0.002 0.40
Cio (F) 1352.6 -0.17 0.43 0.06
Ciu (F) 224.84 0.32 0.25 0.22
Ra (Q) 42.53 0.17 0.41 1.92
Ca (F) 27.10 0.01 0.16 1.18
8
7| Pacameter Ry 8{ Parameter €
6 i _ (»
g 2s
O3 © 4 —
1.5 10 05 00 05 10 1.5 08 0.6 04 02 00 02 04 06
Parameter variation [€] Parameter variation [F]
(@) (b)

Fig. 7. Frequency distribution obtained for the 400-F SC circuital parameters
(a) Rg and (b) Cy4, with 20 charge and self-discharge cycles.

it can therefore be stated that the parameters that show a
higher PPV have a lower sensitivity, and vice versa. Table III
shows how the product |Sg_max|-PPV produces results of the
same order of magnitude, which means that parameters with
different percentage variations owing to repeatability produce
comparable maximum variations in the SC terminal voltage.
This means that all the components of the equivalent circuit
contribute to the definition of the terminal voltage during the
charge and self-discharge process. It is also interesting to note
that the variability of the parameters decreased as the SC size
increased, as shown in Fig. 8.

V. UNCERTAINTY EVALUATION

To obtain the value of the overall uncertainty, it is important
to emphasize that the data acquisition system and current
sensor used for this application have been calibrated before
being used. The calibration of PXIe 4461 was obtained for
both the voltage and current channels with a Fluke 5730A
calibrator with a maximum expanded uncertainty of 45 uV
under static conditions, considering a rectangular distribution.

First, several amplitudes ranging from O to 3.6 V were gen-
erated by the calibrator and acquired by the acquisition board.
Starting from the experimental data, a first-order curve fit was
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identified with an associated root-mean-square error (RMSE)
lower than 200 wV. The obtained curve was adopted for
systematic error compensation when performing the measure-
ments. For each measurement point, the associated uncertainty
uyms was determined by considering the uncertainty of the
calibration and the RMSE.

A. Uncertainty Contribution of the Measuring System

1) Current Measurement: The inaccuracies of the instru-
mentation used for the voltage and current measurements
contributed to the uncertainty in the determination of the
equivalent circuit parameters. The uncertainty due to the
measurement of the current generated by the current generator
can be evaluated from the uncertainty of the two currents
icn(?) and i 4is(f) (charge and self-discharge currents, respec-
tively), the uncertainties of which can be considered as a
first approximation, constant in both periods and uncorrelated.
Because the discharge part is self-discharge, the discharge
current is generated by SC internal phenomena, the generator
circuit is open in this phase, and the generated current is
equal to zero. The current measurement uncertainty u; ., was
estimated during sensor calibration to be lower than 100 uA/A,
which includes the uncertainty of the PXI acquisition card.
From the variations of the charging current A/l set equal
to the absolute variation corresponding to the measurement
uncertainty, it is possible to evaluate the variations of the
resulting voltage at the terminal of the SC as AUy, which is
the vector of the variation of the terminal voltage at each time
instant obtained from the two-branch or three-branch circuit
model, by applying an excitation current variation equal to
Al The variation of the parameters AP, is obtained from
the maximum current variation A/, as

APy =

((s5-sp)" .s})T AU (16)

The results of the parameter variation estimation are shown
in Table IV.

2) Voltage Measurement: For the uncertainty of the voltage
measuring system during the charging and self-discharging
cycles, we do not know the exact behavior of the error as a
function of time, which would be necessary to determine the
variation in the circuit parameters. However, we only know its
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TABLE III
PRODUCT |Sg_max|-PPV
SC Ri Cio Ci R4 Ca Ri G
400 F 0.18 0.81 0.99 0.31 0.94 1.49 1.31
(%)
TABLE IV
OVERALL UNCERTAINTY
Param. Max.
Standard max. param.
Average deviation variation variation Overall
Param. param. due to due to due to expanded
) Value repeatab. current voltage uncert.
(Table II) uncert. uncert. (k=2)
Eqn. (16) Eqn. (17)

100 F Py + APW Op rea AP, APy s Up
Ri (mQ) 7.08 0.25 0.01 0.04 0.50
Cio (F) 489 0.24 0.01 0.06 0.49
Ci (F) 12.2 0.12 0.02 0.03 0.24
Ry (Q) 7.19 0.84 0.19 0.20 1.71
Cq (F) 438 0.22 0.02 0.05 0.44
Ri (Q) 266.1 18.7 3.12 2.97 37.73
Ci (F) 3.34 0.19 0.02 0.12 0.41
400 F PotapP Op rea APy, AP s Up
Ri (mQ) 8.21 0.062 0.01 0.02 0.13
Cio (F) 259.5 0.72 0.08 0.24 1.47
Ciu (F) 37.12 0.34 0.01 0.11 0.69
Ra (Q) 11.16 0.42 0.88 0.17 1.33
Ca (F) 13.66 0.61 0.30 0.11 1.27
Ri (Q) 248.8 15.49 8.11 16.15 37.35
Ci (F) 12.46 1.22 3.05 3.90 6.22
1500F  Po+dP Op rea APy, AP s Up
Ri (mQ) 0.996 0.002 0.001 0.01 0.01
Cio (F) 1352.43 0.43 0.19 0.97 1.43
Ciu (F) 225.16 0.25 0.03 0.36 0.65
Ra (Q) 42.7 0.41 0.06 0.84 1.27
Ca (F) 27.11 0.16 0.04 0.35 0.52

uncertainty as a function of the voltage. Different approaches
can be used to evaluate the uncertainty correctly.

1) A calculation with a statistical evaluation would require
some assumptions regarding the correlation of the error
at different time instants.

2) Hypothesizing a series of values related to the instru-
mentation error function, reported as time functions, and
then evaluating the distribution of the circuit parameter
variations, for repeatability (see Section IV).

3) A third possibility that certainly maximizes the effect
of the error is the one considered below, which uses
the maximum absolute variation of the voltage error
function, after the correction of the systematic effects
of the instrumentation, as a function of time (point by
point).

From the maximum error at any time instant, the maximum
variation of each parameter can be evaluated using the absolute
values of the matrix elements

AP = |((SF-Sp) 7"+ SE) | 1Awm)l (D)
where (APy,s) is the module of the maximum value of the
parameter variations due to the voltage measurement system
(subscript vms), and abs(Auyns) is the maximum absolute
value of the voltage error due to the measurement system as
a function of time.
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B. Overall Uncertainty

In Table IV, we report the average parameter values for each
SC as the parameter values identified with the model corrected
by the average value obtained from the repeatability analysis
(Table II). The overall uncertainty is also added for each SC,
which includes the following contributions: 1) the repeatability
standard deviation op,; 2) the parameter variation due to
a maximum current variation corresponding to the current
uncertainty, computed according to (16); and 3) the maximum
parameter variation due to voltage uncertainty related to the
measurement system AP,,s computed according to (17).

The overall expanded uncertainty comes from the compo-
sition of the three terms as follows:

2
APcur : AIJ\/ms
Up=k- (ar>2+( )*( )
P P_rea ﬁ ﬁ

(18)

VI. DISCUSSION

The analysis presented in this article focuses on a
three-branch circuit identified by a charge and self-discharge
cycle and highlights several aspects.

1) The uncertainty arising from the limited repeatability
of the measurements influences parameters C;y and C;j,
which largely describe the charging phase. In this case,
the expanded uncertainty is <2%, <1.9%, and <0.3%
for the 100-, 400-, and 1500-F SCs, respectively. The
uncertainty of the measurement system has little weight
in the charging phase: <0.2%, <0.2%, and <0.1% for
the 100-, 400-, and 1500-F SCs, respectively.

2) The charging behavior is mainly influenced by parame-
ters C;o and C;; but also changes due to the initial and
the peak voltage drops on the ESR. The overall expanded
uncertainties for parameter R; are: <7%, <1.5%, and
<1.2% for the 100-, 400-, and 1500-F SCs, respectively.
The uncertainty of the measurement system is, also
in this case, lower than the ones due to repeatability.
Even though R; overall uncertainty is higher than that
of the other charging parameters, its terminal voltage
sensitivity is significantly lower (see Figs. 4 and 5).

3) The self-discharge in the initial phase is largely governed
by the parameters R; and C,, which extend their influ-
ence for minutes in smaller capacitors or tens of minutes
in larger capacitors. In this case, the uncertainty in the
determination of the parameters is <24%, <12%, and
<3% for the 100-, 400-, and 1500-F SCs, respectively,
whereas the instrumental uncertainty is <2.2%, <6%,
and <1.4% for the three SCs. For these parameters,
even a small bias (order of 1 mV) related to instrument
uncertainty has a significant influence on the identifi-
cation results. The positive outcome is that for these
parameters the sensitivity with respect to the voltage at
the terminals is reduced (see Fig. 5).

4) The effect of the bias is even more important in the
identification of the parameters R; and C;. The uncer-
tainty, term coming from the instrumentation, is of the
same order of magnitude as the repeatability term, and
even bigger for the 400-F SC. The overall uncertainty
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of the two parameters R; and C; is <15% and <12%,
respectively, for the 100-F SC, and <15% and <50%,
respectively, for the 400-F SC. In this last case (400 F),
the overall uncertainty mainly depends on the bias aris-
ing from the instrumental uncertainty and is possibly due
to the incomplete charge of the capacitance C; during
the considered charging time.

VII. CONCLUSION

The SC capacitance is treated by manufacturers as a con-
stant quantity, while it is a parameter depending on voltage.
Moreover, the datasheet delivered by the manufacturers pro-
vides only a few data. As an example, at room temperature,
for the 400-F SC Eaton declared a capacitance tolerance of
—5% to +10%, while SPS-CAP for the 1500 F declared a
capacitance tolerance of —10% to +20%. Apart from the
series resistance, manufacturers do not provide the circuit
parameters of the SC and provide just the capacitance, the
energy/energy density of the SC, the nominal and maximum
current values, the nominal voltage, the useful life cycles, and
little else.

In other words, the data provided by manufacturers are fine
for a rough sizing of storage systems but are not sufficient to
implement SCs in complex applications.

As it is written in the introduction, the availability of
SC equivalent circuits is useful for the modeling of SCs in
complex electronic circuits often with batteries. SCs have to
cope with fast charging and discharging phases [e.g., in electric
vehicles during braking and accelerations, in PV panels, and
in uninterruptible power supply (UPS)] and they must be
controlled by systems, which drive the source or the load
on the SC instead of the battery. These charge management
systems (CMSs) are an extension of the battery management
systems (BMSs), and in order to work properly, they need to
control the SC using an ECM. The parameters of the ECM
must be identified accurately, and the uncertainty of such
parameters must be estimated.

This article provided a clear knowledge about parameters
assessment and uncertainty estimation and provides guidance
on how to go beyond the raw datasheet values to implement
SCs in complex devices for applications, particularly in syn-
ergy with batteries.
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