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Abstract

In the last years, energy storage systems are increasingly involved in applications in which they are
required to deliver or adsorb significant charging or discharging currents in short intervals of time, typically
a few seconds. Thanks to their high specific power, supercapacitors may represent one of the most promising
technologies for this kind of applications. However, one of the main concerns regarding their operation is the
accurate estimation of their state of charge; the most common technique, based on ampere-hour counting,
typically requires some correction mechanisms, since it implies a significant loss of accuracy over time, due

to the accumulation of measuring errors.

In the present paper, a novel algorithm to assess the state of charge of supercapacitors is described and
implemented. The algorithm is based on the evaluation of the parameters of an equivalent electric circuit of
the supercapacitor, and on the consequent use of a Luenberger-style technique for the runtime evaluation of
its state of charge, based on the measure of current and voltage at supercapacitor’s terminals. The algorithm
estimates the cell open circuit voltage while the current is highly variable, as typical in power-oriented

applications, hence the corresponding state of charge.

Keywords: Luenberger-style technique; power-oriented application; runtime evaluation; state of charge;

supercapacitors.



1 Introduction

Energy storage systems are increasingly required to deliver or adsorb very high currents in short intervals
of time, typically few seconds or tens of seconds. This kind of performance is commonly described saying
that the considered storage device is “power oriented”. Several case studies may be cited. As an example,
hybrid vehicles are moved by at least two energy sources, one of them fuel-powered, the other composed by
a storage system. Typically, as described in [1] [2] [3], the first meets the average load, while the storage
system delivers or absorbs the ripple around the average value of requested power, thus providing energy
during acceleration, while recovering energy during braking. Usually, acceleration and braking phases last

seconds or, at most, tens of seconds, thus requiring high currents.

Another case study of interest is oriented to railway applications, in which there is the need to recover
braking energy of trams or trains. Several studies have investigated tramway systems [4] [5] [6]. Depending

on the considered case study, the energy storage system provides current peaks for about 10-20 s.

One of the most promising technology for this kind of applications is constituted by supercapacitors
(SCs), typically characterised by high power and low energy density. Furthermore, due to the absence of
electrochemical reactions during charging and discharging processes, supercapacitors are also suitable for
workloads characterised by hundreds of thousands charging and discharging cycles, without significant aging
phenomena, and very fast dynamic, up to some Hz. However it’s worth noticing that in some applications

modern high power lithium batteries could be just as competitive and effective, as demonstrated in [7][8][9].

One of the most pressing concerns of designers and users of supercapacitors is how accurately assess the
state of charge (SOC) of the energy storage system. The easiest technique is to evaluate SOC based on
ampere-hour counting, i.e. integrating the current at the supercapacitor’s terminals. Nevertheless, if specific
correction mechanisms are not adopted, the accuracy of this technique is jeopardized by the accumulation

over time of unavoidable measuring errors.

The most common technique to correct this drift is the so-called OCV-SOC correlation, which requires
the supercapacitor’s current to be kept at zero for a while; at the end of this phase, the voltage measured at

capacitor's terminals corresponds to the open circuit voltage (OCV) of the supercapacitor. The need for a



time interval in which the current is null is however a clear disadvantage of this technique, especially in

power oriented applications, in which the current typically varies continuously over time.

This paper is aimed to show and discuss a novel algorithm for the evaluation of the state of charge (SOC)
of a supercapacitor, even during transients with highly variable currents. The existing scientific literature
significantly lacks about this topic. In fact, most of the literature about supercapacitors is focused on the
evaluation of their performance, investigates aging phenomena [10] [11] or analyzes technical improvements
like the use of new materials for electrolytes [12] or electrodes [13]. Contrary to the case of batteries, very
few studies are focused on supercapacitors’ SOC evaluation; a technique based on a Kalman filter is for

instance proposed in [ 14].

The possibility of adapting to supercapacitors some SOC evaluation algorithms widely tested and used for
batteries is far from obvious; in fact, in the case of supercapacitors, currents are significantly higher, so the
errors due to current integration are a major concern. In particular, the Luenberger-style algorithm described

in [15] for the SOC estimation of batteries was never adapted to be implemented and tested on SCs.

In order to assess if a SOC estimation algorithm originally deployed for batteries may be used also for
SCs and how effectively it works, it’s worth remembering that these techniques require the formulation of
proper mathematical models. The accurate identification of the model’s numerical parameters on real case
studies, the right setup of the SOC estimation algorithm, and the experimental validation of the quality of
both the model and SOC estimation algorithm are described in the following. Since the model’s numerical
parameters may depend on SOC itself, a discussion about the definition of SOC is also reported in the
section that describes the model formulation. Assuming a realistic case study, the SOC estimation problem is
firstly approached with an Ampere-hour counting technique, with the simple addition of a voltage-based
compensation; subsequently, the Luenberger-style technique is implemented, compared and experimentally

validated.



2 Model formulation

2.1 Equivalent circuit representation

The models of SCs described in the literature are usually based on an equivalent electric circuit able to
represent the voltage/current profile when a current/voltage profile is imposed to its terminals. Two general
approaches are commonly followed: the first one is based on a time-domain analysis [16]-[19], validated by
experimental laboratory tests [20] or in real existing applications [21]. The second one is performed in the

frequency domain [22]-[24].

Both approaches show a general uniformity of models, basically based on the equivalent circuit depicted
in Figure 1 [22]. This general model is able to fully represent the dynamic behavior of the device.

Furthermore, it is described by a small number of independent parameters, easy to be determined.
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Figure 1: General model of a SC

The model shown in the previous figure is composed by three branches:

e The first branch consists of the series connection of the resistance Ry, of the main non-linear
capacitance C(Vo), and of n parallel R-C blocks; this branch accounts for the frequency response of the

device in the frequencies ranging from 107 to 10° Hz.

*  The second branch consists of the series connection of the resistance R and the capacitance Cs; it
represents the dynamics of the device for frequencies between 10 and 10 Hz, corresponding to the

redistribution of the electric charges on the electrolytic solution.



*  The R branch takes into account the self-discharge of the device, whose effect becomes evident for

frequencies below 10 Hz.

If the slow dynamics of the device is not under investigation, the second and the third branches of the
model can be neglected [22]. This latter configuration, characterised by the presence of a single branch with
a generic number of R-C blocks, is reported in Figure 2. It must be observed that, as specified before, this
approach is normally considered also for batteries [25] [26]. According to this model, the voltage across the
main capacitance is Voc, also commonly named OCV (Open Circuit Voltage), which corresponds to the

voltage that appears at the supercapacitor's terminals after transients settle down.
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Figure 2: Selected model for SC

The number 7 of R-C blocks has to be chosen as a compromise between the ease to use (lower values)
and the desired accuracy (higher values). In order to avoid excessive complexity of the model and of the
procedure required to evaluate the numerical values of model’s parameters, it is normally assumed n=1 or

n=2.

Since the transients simulated by the R-C blocks have time constants around one or tens of seconds,
whenever only the very first part of the capacitor's dynamic response is of interest, »=0 can be assumed. In
this case, the first branch is simply composed by the capacitance C(Voc) with the resistor Ry. Naturally, the
correspondent precision is expected to be low, but also the procedure to obtain the parameters from
experimental tests is simplified. Finally, although some papers show that the dependence of C on Voc is not

negligible [27], often a constant value of C is typically assumed.



2.2 SOC definition

The State-Of-Charge (SOC) is very commonly used in electrochemical batteries as an indicator of the
level of charge stored into the device: it is assumed to be 1 and 0, respectively when the battery is fully
charged and totally discharged. This indicator is also commonly used for supercapacitors, although its
definitions are not always perfectly corresponding. For instance, in [28] [29] the following definitions (1a)

and (1b) are used, respectively:

V2 _Vrrzlin

SOCer :V(QCfVZ, (la)
V _Vmin

SOqu :% (1b)

The first definition, SOC,, associates the SOC to the supercapacitor's energy content (which is reflected
in the subscript “e”); the second one, SOCy, is related to the stored charge. Although the second definition
corresponds closely to the literal meaning of the SOC acronym (State-Of-Charge) and is more directly
related to the equivalent concept of batteries, some researchers consider the first definition more useful, since
what really matters is the energy content of the storage device.

We added to both definitions the subscript “r”, standing for relative. In fact, two alternative absolute

definitions (2a) and (2b) can be used as well:

V2

soc,, =~ (2a)
1

soc,, = Vﬂ (2b)

max

The absolute definitions have the advantage that in this case the SOC never falls below zero; when the
relative definitions are adopted, this can happen in special cases, since Vmin is just a rough indication and

supercapacitor's voltage normally can decrease below Vimin by limited amounts without any damage.

However, absolute definitions have the disadvantage that in the normal operation of supercapacitors the
SOC range is not (0+1) but (SOCnin=1). If, for instance, Vmin=Vmax/2, SOCe must be in the range 0.25+1 and
SOCg, in the range 0.5+1. This assumption comes from the fact that the typical voltage window considered

for SCs is between Vinax/2 and Vmax. At equal power request, lower values of voltage would result in very high



currents, unacceptable for the considered device or however corresponding to intolerable losses. At equal

current request, lower values of voltage would instead correspond to negligible power flows.

All the definitions reported above can be collectively referred to as follows:

SOC = f(V,.) (3)
Between the above mentioned alternatives, in this paper the definition of SOCgy has been adopted.

Therefore, in the following SOC stands always for SOCy, and its value is always between 0.5 and 1.

2.3 Experimental evaluation of parameters

After the formulation of the model, based on the single branch configuration of Figure 2 with a number of
R-C blocks between n=0 and n=2, an experimental test able to evaluate the dynamic response of the model

and the values of the elements Ry, R;, C;, (i between 1 and ») at different SOCs has been performed.

Experimental setup is composed by a charging system driven by a 60V-250A Ametek® programmable
DC power supply (Model SPS60X250-K02D). Discharging system is instead a 60V-500A Zentro-Elektrik®
Electronic Load (Model EL6000). The two systems can be fully remote controlled via a GPIB standard
interface, through a software developed in LabView®. For what concerns the measurement system, the
current is measured using a shunt, class 0.5 and full scale 150 A; the voltage and the current have been
acquired through a DAQ device (Model NI 9219), with a declared accuracy of 0.3% of reading. The device
under test is located in a climatic chamber Binder® MKS53, characterized by a temperature range -40°C to
180°C. All the tests have been executed with the climate chamber set at 22°C. The main rated characteristics

of the supercapacitor cell under test are shown in Table 1.



Table 1: Characteristics of the SC cell

Nominal capacitance (F) 3000
Maximum voltage (V) 2.85
Nominal voltage (V) 2.7
Max continuous current (A) | 130
AT 15°C

Max continuous current (A) | 210
AT 40°C

Max peak current (A) 2000
Internal resistance (m€2) 0.29
Leakage current' (mA) 5.2
Mass (kg) 0.5

The test performed, called Multiple Step Test (MST), is shown in Figure 3.
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Figure 3: Current and voltage profile measured during MST
Although the values of the SC cell parameters are in general functions of the SOC and of the cell internal
temperature, acceptable results can be obtained also without taking into account this dependence. This

approach has been followed in this paper.

Under this assumption, the SC cell was first completely charged and then, as shown in Figure 3,
subjected to three discharge pulses, interspersed by one minute rest phases, and the cell discharged. Then the
cell was charged using three other charge pulses, interspersed by one-minute rest phases, until the cell was

completely charged. How visible, last step shows a different slope compared to the others. In fact, a final

1 After 72 hours at nominal voltage, initial leakage current can be higher



constant-voltage charging phase with decreasing current is observed, when the maximum admitted voltage

value is reached.

Starting from the MST results, using numerical identification algorithms able to minimise the error
between actual and simulated voltage profile, it is possible to evaluate the OCV as a function of SOC, as well
as the trend of all the other numerical values of the circuit parameter shown in Figure 2. The error function

chosen 1is:

&= min {Z \/( Vk,actual - Vk,model )2 } (4)

k=1

where k=1, 2, ..., K are the individual values at equidistant times #, 2, tk. Figure 4 shows a comparison
between experimental and simulated voltage at the end of the discharge pulse, at SOC=76%. The voltage
response of the considered battery model to the same current depends on the number n of R-C block, and on

the numerical values of all parameters that have been determined.
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Figure 4: Comparison between experimental and simulated results
in case of 0 R-C, 1 R-C and 2 R-C



The comparison demonstrates that the configurations with one or two R-C blocks have rather acceptable
results, while the one without R-C blocks causes a clear inaccuracy. To avoid complexity and maintaining

acceptable results, the configuration with one R-C block has been then selected.

It could be argued that, at a given SOC, during charge and discharge the parameters show slightly
different values. This duality cannot be dealt by simply adopting different values when the terminal current is
positive or negative, because in case of a current with continuously variable sign the model precision would

be very low, since the voltage would experience unreal steps at each change of the current sign.

However, acceptable results can be obtained using Voc during both charge and discharge, while using
intermediate values for the other parameters. These intermediate values can be evaluated simply as the
arithmetic mean between those obtainable during end-of-discharge and end-of-charge identification process,
or by minimising the global error, considering both end-of-discharge and end-of-charge transients. The two
techniques have revealed to produce quite equivalent results; therefore the choice can be done considering
practical issues related to the automatic determination of the numerical values from experimental tests. In
fact, since it is expected that a periodical update of these values is required to follow the supercapacitor's
aging during its life, to identify the numerical values of the model parameters it is recommended to use

techniques as easily automatable as possible.

The determination of the parameters has been finally carried out at different values of SOC by using the

error minimisation technique (4). The results obtained are summarised in Table 2.

Table 2: Identification of model parameters
as function of SOC

Voc Ry R R\C,
SCT W) | m0) | me) | (5)
0.52 | 1.43 0.51 0.11 4.2
0.76 | 2.04 | 0.50 0.10 11
1 2.85 0.48 0.09 16

These results are such that a linear dependence of Ry, Ri and R;C; on SOC can be assumed, or they could
be even considered constant, without any dependence on SOC. Using these parameters, a comparison
between simulated and experimental results can be easily made. This is for instance shown in Figure 5,

considering the behaviour of the cell in response to the current profile presented in the upper part of Figure 3



(Multiple-step test). As visible for the considered portion, the model using linearly variable or constant

parameters equally matches the experimental profile.
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Figure 5: Experimental and simulated voltage during MST, linear

dependence from SOC or constant parameters

As already noted, tests have been executed at room temperature. Several studies show how model
parameters may be affected also from temperature variation [30] [31]. Implementing parameters variations
over temperature is out of the scope of this paper, focused on SOC evaluation technique rather than on a
deep investigation of the SC model. However, possible parameter variations induced by the temperature and
calibrated as described in [30] [31] have been also tested into the model, in order to assess the robustness of

the SOC estimation procedure as explained at the end of section 4.

3 SOC estimation

3.1 The SOC estimation problem

As already mentioned, one of the most common techniques to estimate the SOC is called OCV-SOC
correlation. This technique consists in performing a simple Ampere-hour counting, with the addition of a

voltage-based compensation. This compensation is very important to avoid that the accumulation of



measuring and computing errors over time causes large errors on the calculated SOC, as shown also in [32].
Ampere-hour counting implies continuously measuring the cell current i(z), and computing the integral of it,
evaluating the charge Q. In case the measuring process was unaffected by errors, according to (2b) the

supercapacitor’s SOC would be:

; 5
soc__@ [ v, ®

It is rather apparent that pure Ampere-hour counting cannot provide a SOC measure that is valid over
time, since in real operation the current measure is affected by measuring errors that would be integrated
over time, drifting the SOC value. In addition, further errors are caused by numerical operations like
integration. Compensation of the accumulated errors can be made when the cell’s current has remained null
for a time adequate to damp transients, therefore the voltage at cell’s terminals can be assumed to be equal to
the OCV. It is indeed of interest to estimate the maximum time interval between which two OCV measures
must be taken, to avoid excessive errors on SOC produced by the Ampere-hour counting technique. To do
this analysis, the symbols shown in Table 3 have been used.

Table 3: Symbols to evaluate accumulated
error on SOC and relative description

. Example
Symbol Description P
value
Tax Maximum current the sensor can measure 2000 A
g the maximum error the current sensor can make, as a ratio to Jmaxs 0.01
maximum error on the charge exiting the cell, as obtained by numerical to be
5%0) . . .
integration of the measured current determined
c maximum allowed error on SOC estimate, before an OCV-SOC correction 0.10
s is needed i

To evaluate the error induced on gp by the errors on current measure and subsequent numerical

integration, it can be assumed that:

e time is measured with a precision that is much higher than that of current, and therefore errors on the

measure of time can be neglected.

e crrors in evaluation of the integral of current as a consequence of the numerical integration formulas are

negligible as well.



Both assumptions are reasonable, because time is actually measured very well with cheap
instrumentation, and numerical integration can be very precise at a very low cost using the computation

power of modern microcontrollers with floating-point units. Under these assumptions:

&y =&1,, At (6)

1 max

g,=—2-=—2 —¢ Loy 7
Oun V.C V..C

Assuming that time can be measured with unlimited precision, equation (6) allows eliminating & from
equation (7). This latter can be then used to evaluate the maximum time interval between two consecutive
measures to limit the error to &, assuming the instrumentation maximum error & to be known. Considering
the numerical values shown as example in Table 3 and assuming /m.x=2000 A, Vinax=2.85 V, C=3000 F, from

equation (7) we obtain Ar=43 s.

This is a very short time, since imposing to have zero current for a time of 1-2 s (for waiting the voltage

to be stabilised) every 43 s or less, is a demanding requisite.

It would be much better if a different technique, allowing SOC to be correctly evaluated without the need
of having some time intervals in which the supercapacitor current is continuously null. This is what is done

by the algorithm described in the following section.

3.2 The proposed Luenberger SOC estimation algorithm

The principle of Luenberger-style SOC evaluation is still based on evaluating the extracted charge by
integrating the battery current and correcting the results. However, unlike the previous technique, the
Luenberger state estimator allows performing this correction continuously, as the actual and predicted
battery voltages are compared to each other and the resulting error activates a feedback on the charge
computed, requiring low computational costs as in the case described in [15]. The idea is to test how this

technique works also on a supercapacitor, giving rise to the scheme shown in Figure 6.
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Figure 6: The Luenberger SOC estimation technique applied to a supercapacitor cell

The block named “Real SC” represent the real existing device, subjected to the applied
charging/discharging current /..,, while Ve, is the actual SC voltage. The block named "SC model" contains
the model shown in Figure 2. Therefore, it receives the current /...« provided by the upper loop and calculates
Ve, 1.€. the estimated terminal voltage, and consequently the SOC.y, the latter as an algebraic function of Voc
according to (2b). The estimation mechanism is as follows. Let us consider an initial condition in which the
estimated voltage V. is equal to the actual supercapacitor voltage Vep; in this condition the voltage error e,
and the current error e; are zero. The supercapacitor model receives as an input the model current /.4

identically equal to exp.

Naturally, because of measuring errors, model uncertainties and numerical computation errors, some
difference between V. and Ve, appears. This originates a voltage error, then a current error. In this case the

current value provided by the model will be:

Imod :]exp+kﬂ)ev :Iaxp+kfb(Vexp_I/est) (8)
The presence of the signal e; tends to correct the errors on V.. and to keep well aligned Ve, with Vey,.

When this happens, the model is reproducing well the actual supercapacitor behaviour, and therefore the

model estimation of SOC,, is a good approximation of the supercapacitor SOC.

It is important to fine-tune the feedback constant kp: higher values give higher corrections. The best

operation is when the supercapacitor model well reproduces the real behaviour of the supercapacitor and the



measuring errors are small. In this case, small values of the feedback constant are acceptable. Typically, &z is

in the order of 1-10 A/V.

4 Results

4.1 Laboratory tests

The quality of the SOC estimation of the SC cell was tested based on the reference cycle shown in
Figure 7. It was conceived inside the HCV Project [33] to represent the real usage of an equivalent SC
module installed on-board hybrid vehicles. As explained in [8], wheel power varies linearly with speed and
this profile remains unchanged moving from mechanical wheels to the electric drive. Then, using a common
energy management strategy, the primary converter delivers the average power requested from propulsion,
while the storage system delivers or absorbs the ripple around that average. Additionally, the selected profile
it is also charge balanced, to allow sufficiently long tests without the need to stop due to capacitor emptying

or depletion.
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Figure 7: Reference cycle (current vs time)
for the SC under test

The reference cycle has been used in two main testing conditions: test 1, which consists in subjecting the
cell to 48 repetitions of the reference cycle shown in Figure 7. Test 2, which consists of a long rest phase of
10 hours to evaluate the SC charge redistribution and self-discharge, after a first series of 48 reference cycles

and before an additional series of other 48 reference cycles.



4.2 SOC estimation

SOC estimation has been made according to the technique depicted in Figure 6. Verification of the quality

of the proposed SOC estimation procedure has been made in three steps:

e the quality of the SC model, whose parameters have been checked by subjecting the model to the actual

cell current and verifying the matching of estimated and actual SC voltage;

e the quality of the Luenberger style technique, that has been implemented and verified;

o the long-term effects, due to long periods of inactivity (e.g. during nights), have been evaluated.

In all the considered steps, the model shown in Figure 2 was used, in which one single R-C block is

assumed and whose parameters are shown in Table 2.

In the first step, the quality of the model has been first checked by submitting the test current to the model
and comparing model’s and experimental voltage. The result is displayed in the upper part of Figure 8: the
quality of the model is acceptable, as for the MST test shown in Figure 3, but the global trend indicates, as
expected, that some voltage drift occurs over time. As noticeable, the voltage changes within a limited range.
This is effectively representative of the real usage in power-oriented applications [34], in which the storage is
requested to deliver or adsorb very high currents in a very short time, corresponding to a rather small energy

content.

The voltage drift is expected to be corrected by the feedback algorithm proposed in Figure 6, and used in
the second step. The algorithm was run with different values for the feedback constant: the final choice has
been made using k=10 A/V, which allows the error to be totally offset, as shown in the middle part of

Figure 8.

The third step refers to the long term stability, i.e. the ability of the proposed algorithm to provide good
estimations of SOC over long periods of time. Although in the case of supercapacitors this can be considered
a smaller issue since not involving their normal operation, during rest phases lasting several hours SCs show
non-negligible voltage drift, due to both charge redistribution and self-discharge. The combination of these

two aspects is also described in the literature [35] [36] [37].



No special problems are expected to occur in the long term with the proposed SOC estimation algorithm,
since during rest phases OCV is equal to the measured voltage, and therefore actual OCV is a direct
consequence of the measured voltage according to the SOC definition itself (5). Therefore, at the end of the
rest period a valid SOC estimation is immediately available as the ratio of Voc and Viax, according to (2b).
This means that if the SOC estimator is left in operation during long rests, it remains aligned with the real

SOC.

In case the SOC estimator is instead stopped during rest phases, for instance to avoid drawing the energy
during nights, it is recommended to restart the algorithm before the SC starts drawing or absorbing current,
so as to measure Voc and update SOC. Even if this initial SOC update based only on Voc is not performed,
the algorithm’s feedback operation rapidly updates the SOC value. This is shown in the bottom part of
Figure 8 that explains how the algorithm is able to recover an initial SOC error using only the kp-based
feedback. To do this, the transient of test 1, already shown in the middle part of Figure 8, is simulated
considering an initial 1% SOC error. It is roughly equivalent to the error that would be induced by the rest
phase of 10 hours of test 2, which shows a total voltage reduction of 27 mV (1% of the nominal voltage of
the SC). The bottom part of Figure 8 is also obtained using ks equal to 10 A/V and clearly shows that the 1%
error is rapidly recovered, confirming the algorithm’s robustness. As noticeable, after a transient of 600 s, the
Ves, 1.€. the estimated terminal voltage, perfectly matches the actual voltage V.., according to the
nomenclature depicted in Figure 6. On the right axis of Figure 8 (bottom), the voltage error between

estimated V., and experimental V,y, is also shown.
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Figure 8: Simulated model (red) and experimental SC voltage (blue)
without feedback algorithm (top), with feedback algorithm (middle),
with feedback algorithm and initial error offset (bottom)

To further assess the robustness of the proposed technique, also taking into account possible parameter
variations inducted by thermal effects [30] [31] or capacitance variations as described in [27], the algorithm
was tested with a different set of parameters. Their variations were calibrated according to the cited
literature, to verify if the initial error offset is rapidly corrected in analogy to what already shown in Figure 8
(bottom). More in detail, the internal resistance was changed by 10% as suggested by the extreme case of
temperature dependency shown in [31], while the capacitance was modified by 20% assuming a strong
dependence on voltage as discussed in [27]. We obtained that the time in which the drift is recovered was
substantially unaltered, without any need to adapt k. This gave further confidence in the robustness of the

proposed technique.



5 Conclusions

This paper proposes and discusses a technique that is able to accurately measure the SOC of
supercapacitors whose state of charge cannot be effectively evaluated using Ampere-counting and
OCV-SOC correlation. This technique, originally conceived for batteries, has shown to be adequate also to

evaluate SOC of supercapacitors subjected to high variable charging-discharging currents.

A suitable mathematical model was developed. Different configurations have been considered, analyzing

the model complexity and the accuracy of results. Final choice was using one single R-C block.

Model numerical values were calibrated based on experimental results. Different parameter techniques
have been tested, showing how constant or linearly variable parameters allow to correctly matching the

experimental voltage profile.

A Luenberger state estimator has been proposed, described and validated. It completely avoids drifts on
the measured SOC and allows fast recovery of initial errors, using both current and voltage measurements.

The tuning of the algorithm parameters, as shown, is extremely fast and easy to perform.
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