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Abstract

In this paper a measurement system for determination of supercapacitor equivalent parameters is proposed.
Specific properties of materials used for supercapacitor construction require some advanced tools and
measurement procedures to be applied during tests. The measurement system allows to measure values
of equivalent parameters by both the DC and AC method whilst keeping appropriate time criteria required by
this type of devices. Furthermore, in this paper the most relevant properties and measurement capabilities
of the proposed system are described as well as some exemplary values of the supercapacitor equivalent
parameters measured experimentally are presented.
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1. Introduction

Special properties of supercapacitors result in gradual growth of their use in various
applications. The very first applications were associated with maintaining the power
of semiconductor memory of microprocessors devices. Nowadays supercapacitors more often
are used in power systems, together with batteries or accumulators. Large capacitance allows
generating a small value current for a long period time or alternatively to provide high value
current for a short period. Fast charging technology allows using the supercapacitors in
energy recovery systems, for example during a braking process in kinetic energy recovery
systems that may be used in various kind of vehicles. The main advantages of supercapacitors
is their large capacitance, high power density, extremely long life-time, large number
of charge and discharge cycles and practically maintenance-free operation [1, 2].

As mentioned before, today supercapacitors are used in many application domains,
including supply systems for memory circuits, in start up systems for combustion engines for
the purpose of reducing the battery size or in backup power systems e.g. in airplanes. In all
these applications, the requirement of high reliability and full working order is of highest
importance. However, despite their very high reliability, ageing processes and reactions
taking places inside the supercapacitors during their operation lead to degradation of their
properties. Mostly this can be observed as decreased capacitance and increased internal series
resistance. These processes are dependent on many factors such as stability of the operating
voltage, temperature and current values and the number of charging and discharging cycles.
Therefore, it is very important to perform possibly accurate measurements of all these
parameters, both before and during the operation or servicing time in order to precisely define
their health [3].

The wide range of nominal capacitance values ranging from fractions of F to several
thousand F, and equivalent series resistance ranging from mQ to tens of Q as well as the
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specific properties of the materials the supercapacitors are made of, require using very
specific measurement systems and procedures to carry out the tests.

This paper presents the properties of a developed testing system which allows measuring
basic parameters of supercapacitors as well as conducting accelerated ageing tests.
The system allows carrying out tests for charge and discharge cycles using either voltage or
current sources with different intensity and for different time parameters of the cycle.
This allows generating sine waves with different amplitude and DC offset, too. Research can
also be carried out for various ambient temperatures of a supercapacitor by placing it in a
special temperature chamber. All tests are carried out according to prepared algorithms and
are generated by a PC equipped with a data acquisition card, whilst the measurement results
are stored on a hard disc.

The article is divided into the following sections. In Chapter 2 the structure and properties
of supercapacitors and the methods of measure their basic parameters are described. Part 3
contains information on the degrading processes or failure mechanisms and the methods to
observe them. Chapter 4 describes in detail both test setup and test procedures.
Results obtained during the tests are shown and described in Section 5. Finally, concluding
remarks comprise the last part of this work.

2. Supercapacitor construction

Specific properties of the supercapacitors result from properties of the materials they are
built of. Supercapacitor electrodes are made of aluminum tape coated with activated carbon
and separated by a thin layer of a separator. Activated carbon, mainly in the form of carbon
nanotubes, has a very large active surface area, it excess of several thousand square meters per
1 gram of carbon. Both electrodes are electrically isolated by a thin porous membrane called
a separator made from plastic. The separator is not a dielectric, as in typical capacitors, it only
prevents a short circuit of the electrodes. The electrodes and the separator are impregnated
with an organic electrolyte. The surface of contact between the conductive electrodes and the
electrolyte is treated as a dielectric and ions which are accumulated on the whole surface are
a very short distance away. The insulating layer prevents the flow of charge to the electrodes.
The boundary value of the voltage which such a layer can withstand is known as the
decomposition voltage. Exceeding it leads to penetration of the electrolyte and the electrode.
The value of this voltage depends mainly on the temperature of the supercapacitor.

Although the supercapacitors belong to the group of electrochemical elements, there are no
chemical reactions/processes whatsoever involved in the process of charge collection.
The charges are collected only by the polarity of the electrolyte which guarantees reversibility
of the charge / discharge process [4, 5].

The physical model of a supercapacitor may be very similar to the typical capacitor types,
e.g. electrolytic capacitors. Besides the capacitance between the electrodes it includes also
inductance and serial and/or parallel resistance. A simplified equivalent model is presented in
Fig. 1. It contains parasitic inductance L, mainly depending on the leads and the shape and
dimensions of the supercapacitor, series resistance Rs representing the conduction resistance
for electrons and ions, whilst parallel Rp represents the leakage current between
the electrodes.

R, Ce L
o—1 1 "
R,

Fig. 1. Simplified equivalent circuit of a supercapacitor.
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Although there are a lot of similarities between a supercapacitor and the typical
electrolytic capacitor, these two elements differ significantly from each other. This is not only
because of the difference between their capacitance, but the difference also lies in their
behavior in relation to both constant and variable signals, as shown in Fig. 2.
These differences make it necessary to carry out the measurements of their performance in
different ways.
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Fig. 2. Charge/discharge cycle of two kinds of capacitors:
a) 1 F supercapacitor, b) 3300 uF typical electrolytic capacitor.

The model shown in Fig.1 is a simplified first-order model of a supercapacitor. In fact,
mainly due to the properties of the porous material the electrodes are made of, a much more
suitable model for a double-layer capacitor is the distributed model, as shown in Fig. 3.
Such a structure of the model is the result of the very large electrode surface which affects the
ions so that they require a long time to reach all places on the electrode.

Fig. 3. Distributed elements model of a supercapacitor.

The properties of the supercapacitor are described by two parameters: equivalent series
resistance ESR and equivalent capacitance C. The equivalent series resistance 1is
a combination of parallel R, and series R resistances and is associated with loss of energy

inside the supercapacitor changing its internal temperature. In the case of using
of supercapacitors for maintaining a semiconductor memory, its value is not critical due to the
small current. However, in energy supply systems, the value of this resistance must be
absolutely as small as possible, to reduce the voltage drop during the flow of a large current.
The differences of properties of the supercapacitors for various applications are clearly visible
on their charge/ discharge cycle characteristics as shown in Fig. 4.
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Fig. 4. The charge/discharge cycle of supercapacitors:
a) 1 F capacitance and 5.5 V nominal voltage, b) 100 F capacitance and 2.7 V nominal voltage.

3. Failure mechanisms in a supercapacitor

The properties of supercapacitors change during their operation due to changes of their
parameters. Degradation processes can be observed by controlling the values of capacitance
and equivalent series resistance. Loss of capacitance is related to decrease of the active
surface of the carbon electrodes thus leading to a decrease of the amount of ions in the
electrolyte. The speed of this process depends on the operating temperature, the number
of charge and discharge cycles as well as on the operating voltage. A growing number
of charge/discharge cycles makes the adhesion processes at the collector electrodes weaker,
which also reduces the number of available ions thus increasing the equivalent series
resistance. It is assumed that a 20% decrease of the capacitance C and 100% increase of the
series resistance KSR means that the supercapacitor is damaged [6, 7].

4. Setup and measurement procedures

Complex electrochemical processes and high reliability requirements make it necessary to
use specialized measuring systems and advanced measurement methods. In order to assess
their parameters the measurements are carried out both during the manufacturing process as
well as during normal operation. The values obtained depend on the measurement methods
and the way the supercapacitor is prepared. Due to phenomena occurring inside
the supercapacitors it is necessary to carry out the measurements keeping sufficient time gaps
and during a long period of time so that the supercapacitor could reach its steady state.

4.1. Measurement procedures

The values of equivalent parameters of a supercapacitor can be measured using DC and
AC methods. In the DC method the value of the series resistance and capacitance is
determined based on the charging and discharging cycles. However, due to the very large
capacitance of the supercapacitors and necessity of migration of ions to the whole area of the
electrode, the test methods differs slightly from the DC methods used for conventional
capacitors. The supercapacitors need a long time to reach an equilibrium state because some
areas of the dielectric are very far and are very difficult to accesses for the ions. The test
procedure for the DC method and structure of the measurement system are shown in Fig. 5
and Fig. 7 respectively. According to the diagram shown in Fig. 5, the supercapacitor in the
first phase is charged with a constant current /; (CC first period) from the current source

Ig; to a nominal voltage U,,. After that, the current and voltage sources are disconnected
from the supercapacitor for the time #g. Once the current and voltage sources are
disconnected a small drop of the supercapacitor voltage takes place. In the first phase the drop
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is caused by disappearance of the charging current whilst the self-discharge process is
responsible for a very gentle drop of the voltage in the second phase. After time fg,
the constant voltage source CV is connected for 10-30 minutes and the voltage value is equal
to the measured supercapacitor voltage after time tg. The mentioned 10-30 minutes time is
required to reach the equilibrium state. After this time, a process of discharging the capacitor
with constant current 7, by a current source Ig, is started (second CC period).

cc cv cc
U,
Ue
ts t Al]ESR
\ ~80%U,
Disappearance
and charges AU
redistribution ¢
~40%U,
!\/
At,
t
I,=const 1,
Discharge
Charge t
I,=const

Fig. 5. The method of determination of the values of supercapacitor parameters
with constant current CC and constant voltage CV".

The value of the equivalent series resistance can be determined as
EsR = AUESR. (1)
I
where AU ggr is the voltage drop on the series resistance ESR due to [, current. The value
of the equivalent capacitance can be derived as
c=29 _, A @)
AU~ AU~
where AU is the voltage drop during supercapacitor discharge from 80% U, to 40% U,

and the Af. is the observation time.

In the AC method, the value of the supercapacitor impedance for a given frequency i.e.
f =1kHz is determined. The values of equivalent supercapacitor parameters are determined

based on its real and imaginary parts.

i,(t)=1,+Asin(ot)

u,(t)=U,+A,sin(ot)

7 U, Uc

Fig. 6. The supercapacitor impedance characteristic obtained by the AC method.
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The value of the capacitance C can be calculated as

1

= rm(2)f @

while the series resistance £SR can be determined as
ESR =Re(Z). “4)

where Re(Z ) and Im(Z ) are the real and imaginary parts of the supercapacitor complex
impedance Z for a given frequency f respectively.

4.2. Test setup

Fig. 7 shows the scheme of the measurement system. There are two voltage-controlled
current sources Iq; and Igy, and one voltage source Ug. Current source Ig; is used to

charge, while Ig, to discharge the supercapacitor. The current source intensities are measured
through the voltage drop across the Ry; and R, resistors respectively. All sources are
connected to the supercapacitor by relays. The Ry; resistor limits the charge and discharge

current of voltage source, while the Ryc allows to measure the supercapacitor current.

ov U

cc

Fig. 7. Test setup to measure the values of supercapacitor equivalent parameters.

The whole measurement system is shown in Fig. 8. It comprised the test setup shown
in Fig. 7 and universal I/O board - NI PCI 6259 which is built into a PC. Generated by analog
outputs (AO) signals control the current and voltage sources. All voltages are measured
through analog inputs (AI). A/D and D/A converters are of 16 bits resolution.

The switches S;, S and S5 are controlled by the I/O board digital outputs (DO).
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Fig. 8. Scheme of the measurement system to measure the values of supercapacitor equivalent
parameters and to provide the degradation processes.

The measurement procedure is carried out in accordance with the algorithm prepared in
Matlab. For this purpose the PC computer with Matlab is configured so that it would work in
Matlab’s xPC mode. The PC computer, equipped with a measurement card, works as
xPC Target, while the second computer works as the xPC Host. The advantage of such
a solution is a relatively high measurement speed. The xPC Target computer works on
a special Matlab’s operating system and can work with a time resolution up to 1 ps. Although
the changes in the DC mode are relatively slow, the high measurement speed is particularly
important for the series resistance measurement. The high sampling rate allows determining
more precisely the moment between the voltage drop across the series resistance and the start
of the discharging process of the capacitor.

All signals are precisely generated based on the functional algorithm stored in a file on
a hard drive, depending on the signal values or some other conditions, e.g. time. All measured
values with time stamps are saved on hard drive on the xPC Target computer. All control
signals and measurement data are exchanged between the xPC Host and xPC Target computer
via an Ethernet card.

The values of equivalent series resistance and capacitance strongly depend on the
temperature and for that reason the measurement system is equipped with a special
temperature chamber [8]. It allows keeping the constant temperature of the supercapacitor
in the range of +30° C to +80° C.

5. Measurement results

During the test procedure the capacitance C and the equivalent series resistance ESR were
determined for three supercapacitors and one electrolytic capacitor. The C and ESR
measurements were carried out using the AC and DC method. Furthermore the influence
of temperature on the change in capacitance and the equivalent series resistance were also
determined.

5.1. Measurement procedures for C and ESR
The values of the equivalent series resistance ESR and equivalent capacity C of three

supercapacitors were determined, out of which one with a capacitance of 1 F and one
of capacitance 0.22 F and nominal voltage 5.5 V and one of capacitance 100 F and 2.7 V.
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To verify the test environment and the measurement procedure, the same parameters were
determined for a 3300 puF and 40 V typical electrolytic capacitor. Figure 9 shows the current
and voltage characteristic for the supercapacitor 1 F/5.5 V. One cycle consists of constant
current CC charge, constant voltage C'} and constant current CC discharge periods.
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Fig. 9. The current and voltage curve during tests of a 1 F and 5.5 V nominal voltage supercapacitor.

Assuming the charge and discharge current to be equal /; =18 mA and 7, =8.4 mA

respectively, for 1 F capacity, the values of the equivalent supercapacitor parameters
according to (1) and (2) equations can be calculated as

ESR=£—RIC:w_8'6 Q=799 Q (5)
I, 8.4 mA
and
=29 _p Aln _g4max (400-50)sec _ o po (6)
AU, AU, (3.78-0.98) V

The measured parameters for all supercapacitors are shown in Table 1.
The proposed measurement system allows also to measurement of C' and ESR using the
AC method. The characteristics /= f(U) determined during tests and the ESR value

calculated according to the equation (4) is shown in Fig. 10. The tests were conducted for
a frequency of f =1kHz.

a)1s ‘ ; w ‘ ‘ b) 48
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Fig. 10. The changes of current a) and equivalent series resistance b) as a function of operating point of a
supercapacitor of 0.22 F capacity and 5.5 V nominal voltage obtained by the AC method at a frequency of 1kHz.
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In practice for the frequency above 10 Hz there is no phase shift between voltage and current
of the capacitor and as a result for high frequencies only the value of the series resistance can
be determined. The measurements for the electrolytic capacitor were carried out at a
frequency of 100 Hz.

Table 1. Values of equivalent parameters measured for same capacitors.

Nominal values DC method AC method
No. | Type of capacitor C ESR U, C ESR C ESR | frequency
[F] [Q] [Vl [F] Q] [F] [Q] [kHz]
1 Supercapacitor 1 0.22 <75 5.5 0.194 38.7 - 37.8 1
2 Supercapacitor 2 1 <30 5.5 1.050 7.99 - 7.14 1
3 Supercapacitor 3 100 0.01 2.7 82.60 0.3 - 0.041 1
Typical
4 electrolytic 0.0033 | 0.067 40 0.0046 1.2 - 0.11 0.1
capacitor

5.2. The temperature effect

The influence of temperature on the change in capacitance and the equivalent series
resistance was also determined. The measurements were carried out according to the test
set- up shown in Fig. 11. The temperature was controlled by a PLC controller.

ov

Fig. 11. Test setup to measure the influence of temperature changes on
supercapacitor equivalent circuit parameters.

The supercapacitors were put into a temperature chamber. The temperature was then being
changed beginning from the ambient temperature up to +50°C in 10°C steps. The results
of percentage changes of the value of capacitance and resistance to the nominal values
specified at ambient temperature are shown in Fig. 12 a) and b), respectively. As one can see,
the supercapacitor of lower capacitance was less sensitive to the capacitance changes in
response to the temperature change. Similarly, the equivalent series resistance changes were
noticeably greater for supercapacitors having greater ERS. The equivalent series resistance
of 100 F supercapacitor changed about 15% while ESR of 1 F and 0.22 F supercapacitors
changed by 45% and 25%, respectively.
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Fig. 12. The percentage changes of capacities a) and equivalent series resistance b) as a function of temperature.
6. Conclusions

Some specific properties of the supercapacitors and higher reliability requirements resulted
in using more and more sophisticated measurement methods and procedures in order to assess
their technical state. The developed measuring system allows the measurement procedure to
be carried out fully automatically and in accordance with specified requirements. This allows
shortening its duration whilst guaranteeing a very high accuracy at the same time.

The described system is used not only to determine the equivalent parameters of the
supercapacitors, but also to observe how they change in time. Additionally, using the
accelerated ageing tests, various effects of degradation parameters, such as temperature,
operating voltage and number of charge/discharge cycles to their changes can be determined
faster. Furthermore, the measurement system can easily be adopted to assess the state of the
supercapacitor online, during their operation. It can also be used to control the changes
of capacitance and equivalent series resistance and signal when the limit values are reached.
In this way it allows to replace a faulty device in advance thus preventing the whole system
from damage.
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