Pomiary Automatyka Robotyka, R.19, Nr3/2015, 49-54, DOI: 10.14313/PAR_217/49

Influence of the Operation Conditions on
the Supercapacitors Reliability Parameters
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Abstract: This paper presents the results of tests connected with measurements of capacitance
and equivalent series resistance of supercapacitors, depending on value of charge/discharge current.
Special circuit and algorithm for carrying out measurement procedure, to determine dependency

of value of designated equivalent parameters of supercapacitor on value of current, based on

which such parameters are estimated, have been prepared for this purpose. A supercapacitor of
capacitance 1200 F has been used for the tests. Its equivalent parameters have been determined
within the range of currents from 5 A to 20 A. Reliability assessment has been carried out directly
based on changes of values of these parameters. Complete testing procedure has been prepared in

MATLAB/Simulink environment using xPC toolbox.
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1. Introduction

Supercapacitors are electronic components that have been
recently introduced into operation. Special properties distin-
guishing them with respect from the other types of capacitors
are very high capacitance and relatively small dimensions.
First major applications were voltage maintenance circuits
for semi-conductor memories in the microprocessor systems.
Currently they are increasingly used in power supply systems
as circuit improving properties of energy sources in supply
circuits using batteries or accumulators. Connection of super-
capacitor in series to the battery or accumulator allows decre-
asing internal dynamic resistance of power supply circuit what
is especially important for equipment requiring high value of
current during start-up e.g. starters of combustion engines
2, 5, 8].

High charge that can be accumulated by the supercapaci-
tors enables low current consumption for a very long time or
supplying of high value of current to the load for short period.
In turn short charging time allows using supercapacitors in
energy recovery and storage systems e.g. in mechanical vehic-
les during braking process.

Supercapacitors are characterized by high capacitance, high
power density per volume and weight, very long operation
period (even up to 20 years), high number of allowable charge
and discharge cycles as well as almost maintenance-free ope-
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ration. Furthermore, due to use of chemical substances based
on coal and organic compounds for construction they are
almost inert for the environment, what allows their disposal.
The other increasingly used application is use of the superca-
pacitors in emergency power supply circuits for on-board sys-
tems in the passenger airplanes and in uninterruptable power
supply systems for computers. Such applications of the super-
capacitors set the very high requirements within the scope of
reliability and correctness of operation [2, 8].

Numerous tests and observations of the supercapacitors
had indicated that during their operation there are processes
causing gradual degradation of their operational features. It
manifests especially by decrease of capacitance and increase
of value of series internal resistance. Degradation processes
are dependent on such major factors as: operation tempera-
ture, value of charge and discharge current, number of charge
and discharge cycles.

To ensure correct operation of the equipment using super-
capacitors as energy source it is necessary to get familiar with
all factors influencing values of their parameters. Therefore,
it is important that parameters of the given type of superca-
pacitors should be precisely measured before it is used and
that they should be checked on a continuing basis during its
operation [9].

Wide range of capacitance values of the supercapacitors
from fractions of Farads to several thousands of Farads and
value of series equivalent resistance from fractions of m{2 to
several dozens of €2, and specific properties of materials used
for construction of supercapacitors require use of unusual cir-
cuits and methods of carrying out of the measurements as
well as calculations of values of the parameters important for
the given application.

This paper describes circuit for charging and discharging of
supercapacitor with relatively high capacitance and influence
of such process on value of series capacitance and resistance.
Such operation conditions of supercapacitor can be encoun-

49



Influence of the Operation Conditions on the Supercapacitors Reliability Parameters

tered in uninterruptible power supply systems, where often
decays of network voltage, voltage dips and so-called flicking
phenomenon, are present.

Prepared test setup allows carrying out charging and
discharging processes of supercapacitor based on voltage or
current source with various efficiency and frequency of repe-
tition.

2. Supercapacitor Construction

Supercapacitor construction is similar to construction of typi-
cal capacitor containing two electrodes and dielectric mate-
rial located between them. Supercapacitor electrodes are
made of aluminium strip covered with activated carbon and
separated with thin insulation layer so-called separator. Acti-
vated carbon used, mainly in form of carbon nanotubes, cha-
racterizes with very high active area exceeding several tho-
usand square meters at 1 gram of mass. Both electrodes
are galvanically isolated by thin porous membrane, so-cal-
led separator, made of plastics. Separator is not a dielec-
tric material as in case of traditional capacitors, but it only
precludes electric shorting of both electrodes by the activa-
ted carbon. Electrodes and separator are additionally soaked
with electrolyte (organic compound). Contact area between
conducting electrodes and electrolyte are acting as a dielec-
tric material and ions accumulated on this area are separated
between each other on very small distances. Isolating layer
created in this way precludes direct flow of charge to electro-
des. Limit voltage value that does not cause damage of die-
lectric layer and separator is called decomposition voltage.
Exceeding of this voltage results in breakdown and there-
fore shorting on border of the electrode and electrolyte what
means almost irreversible damage of the capacitor. Value of
this voltage depends mainly on temperature of the superca-
pacitor [1].

Although supercapacitors are classified as the group of
electrochemical components, no chemical processes con-
nected with this do not take place inside it. Charge in
supercapacitor is accumulated only by polarization of the
electrolyte, and it causes that charging and discharging is
completely reversible process [10].

Equivalent circuit diagram of the supercapacitor is simi-
lar with respect to the construction to the model used for
typical electrolytic capacitor (fig. 1). Model includes: capa-
citance C,,, inductance L, series resistance R, and parallel
resistance R, Capacitance C,, represents main capacitance
of the capacitor between the electrodes, coil L corresponds
to the inductance resulting especially from the method of
electrodes assembly (e.g. harmonious arrangement, folded
arrangement) and inductance of leads, while series resistance
R, represents resistance of leads and resistance of ionic and
electron conduction of the dielectric material. Parallel resi-
stance R, corresponds to leakance between the electrodes.

Values of model components depends of type of capaci-
tor, its construction, capacitance and such factors are ope-
rating time, temperature, current value of voltage between
the electrodes.

Despite similarities in construction of supercapacitor and
traditional electrolytic capacitor, they have significant dif-
ferences in properties. This difference applies especially to
their capacities but also in definitely different behavior of
supercapacitor for direct and alternating currents and volta-
ges both with high and low frequencies [12].

Model of the supercapacitor (fig. 1) is the first order model
consisting of RLC components and therefore it is the same
model with simple structure what causes that it does not
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reflect completely behavior or real capacitor during its nor-
mal operation. Primarily this model does not take into acco-
unt low-frequency processes during charging and discharging
as well as influence of temperature on values of capacitance.
Detailed description of supercapacitors models with more
developed structure can be found in [3, 6, 11].

Considering use of supercapacitors in electronic and power
electronic systems it can be assumed that to assess their pro-
perties it is enough to know properties of two primary para-
meters that is equivalent series resistance ESR and capaci-
tance C, . Series internal resistance ESR is a combination of
series and parallel resistance — R and R, respectively, and
it is connected with losses of energy inside the supercapaci-
tor that are causing it internal heating.

R, Coe L
o—1 3 | kaat °
R,

Fig. 1. Simplified equivalent circuit diagram of supercapacitor
Rys. 1. Uproszczony schemat obwodu zastepczego superkondensatora

When supercapacitors are used in power supply mainte-
nance systems or directly in electronic equipment power and
power electronic supply systems, the most important parame-
ters is C, , value, because it decides about maximum supply
time. While in case when supercapacitors are used in power
supply systems characterized with high instantaneous current
consumption (e.g. starting systems of combustion engines),
the series resistance ESR is a critical parameters, which value
should be in such case as small as possible to minimize vol-
tage drop during current consumption.

Variety of applications of the supercapacitors and require-
ments resulting from this fact with respect to the more impor-
tant parameters caused that various types of supercapacitors,
differing with capacity, allowable decomposition voltage, allo-
wable range of ambient temperatures and internal resistance,
have been introduced to the marked [4, 6].

3. Failure Processes in Supercapacitor

Specific properties of supercapacitors causes that they are
more and more commonly used in start-up and back-up power
supply systems. Very high charge, low resistance, small dimen-
sions and weight and ease of maintenance and operation cau-
ses that these components are currently very important ele-
ment of such systems. However, use of the supercapacitors as
the main components of energy, imposes on them the need
to maintain very high reliability. Therefore, the key issue in
such systems is continuous assessment of their technical condi-
tion. Currently used diagnostic methods are based on measu-
rements and observation of changes in time of primary equ-
ivalent parameters of the supercapacitors that is their capaci-
tance and series equivalent resistance. These parameters can
be determined both in laboratory during diagnostics tests and
in real circuits systems during their daily operation. Value of
these parameters is determined based on drop or increase of
voltage caused by charge or discharge current. However, it
appears that parameters determined in such way are strongly
dependent on value of these current. It has special meaning
in case of operational diagnostics in normal operation condi-
tions. In such case, it is often that supercapacitors are char-
ged or discharged with various values of current and there-
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fore estimated values of equivalent parameters can significan-
tly differ from each other.

All supercapacitors, regardless of the construction and
capacitance, as a result of operation are subject to degrada-
tion processes manifesting especially by decrease of capaci-
tance C,, and increase of equivalent series resistance ESR.
Capacitance drop is caused by decrease of active area of car-
bon electrodes and therefore with decrease of amount of ions
accumulated in the electrolyte. Process rate depends on ope-
ration temperature of the capacitor, number of charging and
discharging cycles and values of operation voltage. Adhe-
sion processes on collector of the electrode diminishes after
a time and increasing number of charging and discharging
cycles causing also decrease of amount of available ions and
therefore decrease of capacitance C,, and increase of equiva-
lent series resistance. Practically it is assumed that capaci-
tor, where capacitance had decreased by 20% with respect
to initial value or series resistance ESR increased by 100%, is
treated as capacitor that cannot be operated according to its
initial use [2, 12].

4. Test Setup and Measurement
Procedure

Supercapacitors because of their relatively very high capaci-
tance and very small internal resistance require use the other
systems and methods for measurements than in case of tradi-
tional capacitors. Precise measurements of capacitor capaci-
tance and its changes in time are especially difficult.

Measurements of capacitors parameters should be carried
out at the manufacturer’s site and in some cases, especially
when they are used in the power supply systems, where relia-
bility determines the safety, also controlled during their daily
operation.

Results of the capacitance measurements and internal resi-
stance of the supercapacitor depends mainly on method of the
measurements. The most important factors deciding about it
are time correlations between control signals and operation
temperature. Therefore, the conditions and method of car-
rying out of the measurements and evaluation of supercapa-
citors properties should be adequate to operation conditions
where the given capacitor will be used.

4.1. Measurement Procedure

Measurements of capacitance and equivalent series resistance
of the supercapacitor can be carried out using direct or alter-
nating sinusoidal currents and voltages. In case when direct
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Fig. 2. Supercapacitor voltage and current curves, based on which
the value of capacitance C, . and equivalent series resistance ESR are
determined [7]

Rys. 2. Charakterystyki napiecia i natezenia pradu dla superkondensatora,
na podstawie ktérych obliczono pojemnos¢ C,, oraz zastgpczg rezystancje
szeregowg ESR [7]
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Fig. 3. Schematic diagram of measurement system for testing of the
supercapacitor
Rys. 3. Schemat systemu pomiarowego do badan superkondensatora

currents and voltages are used the value of series resistance
ESR and capacitance C, , are determined based on the charge
and discharge cycle of the capacitor. Typical curve of charge
and discharge time cycle is presented in the fig. 2.

In the first stage, supercapacitor is charged from cur-
rent source with constant current I, until rated voltage U is
reached (the first section of time, marked C'C). When voltage
U, is reached the supercapacitor is completely disconnected
for time ¢. Sudden voltage drop occurs between ends of the
capacitor during disconnection. It is caused by voltage drop
on internal resistance ESR, while further, smooth, decrease
of voltage is caused by disappearance and charges redistri-
bution. After time ¢, voltage value on capacitor reaches value
U.. Then voltage source with voltage value equal to U, is con-
nected to the capacitor, and it is maintained for third sec-
tion of time, marked CV, that is approx. 10-30 min. All tran-
sient conditions connected with accumulation and migration
of charges should be passed inside the supercapacitor during
this time. After that, discharging process of supercapacitor
starts by constant current from current source of efficiency I,
(the fourth section of time, marked CC again).

The value of equivalent series resistance ESR is determined
based on equation

ESR = AUssn , (1)
1,
where AU, is a supercapacitor voltage drop caused by swit-
ching on the discharge current of value I, While capacitance
value C,, is determined from the formula

AQ At,
Cac = €= I, AUC )
c

(2)

where AU, is a change of voltage on capacitor caused by
discharge current I, flowing for time At While At _is a time
during which the value of voltage on capacitor changed from
approx. 80% to 40% of nominal voltage value U, [7, 9].

4.2. Test Setup

Diagram of test setup is presented in fig. 3. Tested capacitor C
is located into temperature chamber T ensuring maintenance
of constant ambient temperature during test. Supercapaci-
tor C can be charged by current I, from programmable cur-
rent source PCS , and it can be discharged by current I, thro-
ugh the programmable current source PCS,. Programmable
voltage source PVS, can be connected on input of the capaci-
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Fig. 4. Example of determination the equivalent parameters of

the supercapacitor during discharging cycle for I, = 20 A, a) the
capacity C, b) the equivalent series resistance ESR

Rys. 4. Przyktad wyznaczania parametréw zastgpczych superkondensatora
podczas cyklu roztadowania dla |, = 20 A, a) pojemnosci C, b) zastepczej
rezystancji szeregowej ESR

tor C by the relay S,. Voltage U, on the capacitor is measu-
red by use of analogue-digital converter A/D. All elements of
the measuring system are controlled by control circuit, equip-
ped with proper software including measurement procedure.

Control system based on PC with data acquisition card pro-
vides value of charge current I in a digital form to output of
current source PCS,. Charging process of capacitor C starts
when the relay S, is switched on. When the relay S, is swit-
ched on the measurement of voltage U, on supercapacitor by
A /D converter starts. Charging of capacitor C lasts until vol-
tage U, reaches defined maximum value U = 2.5 V. Then
current source PCS, is disconnected by opening of relay S,.
After the relay S, is switched off the voltage on capacitor is
followed for ;= 2-5 s. When this time expires, based on vol-
tage measurement, the value of voltage U, on capacitor C is
determined by the control system PC, and it is supplied in
digital form to programmable voltage source PVS,. Next the
relay S, is switched on. The time of switching on the S, relay
depends on the measurements procedure and it can lasts from
several seconds to approx. 30 minutes. When this time expi-
res, the relay S, is switched off and S, relay is switched on
connecting programmable current source PCS, to the capa-
citor C. Polarization of current I, is opposite to the polari-
zation of current [, what results in discharging of capacitor
C. Results of the measurements of voltage U, are archived in
the memory of control system PC. When the measurement is
completed results from the memory of control system PC are
sent to the external computer for further processing.
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Fig. 5. Changes of values of the equivalent parameters of the
supercapacitors depending on the value of discharge current,

a) the capacity C, b) the equivalent series resistance ESR

Rys. 5. Zmiany wartosci parametréw zastgpczych superkondensatora
w zaleznosci od wartosci pradu roztadowania, a) pojemnosci C,

b) zastepczej rezystancji szeregowej ESR
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5. Measurement Results

For the tests the capacitor with the nominal capacitance
C,=1200 F (U =2.7V, ESR_ = 300 11Q2) has been used. Values
of equivalent parameters has been determined for various cur-
rents within the range from 5 A to 20 A. Because the same
testing procedure should correspond to the real operational con-
ditions, therefore time (as is during its charging and discharging)
required for stabilization of conditions inside the supercapacitor
was limited. This time was limited to 1 minute. Values of equ-
ivalent parameters have been determined according to the pro-
cedure presented on fig. 1, that is during capacitor discharging.

Capacitance value has been determined with measurement of
voltage drop time from value U, =80% - U = 2.16 V to value
U,=40% - U =1.08 V, for current within the range from 5
A to 20 A. Voltage drop caused by equivalent series resistance
ESR, has been determined as a distance between two straight
lines, in point corresponding to time of switching on the current
source discharging the capacitor. The first line has been deter-
mined as an average value from 1500 samples of voltage prece-
ding time of current switch on. The second one, as a regression
line, determined from 2500 points of voltage U, measured
during discharging process. Measurements were carried out
with 100 Hz sampling frequency (fig. 4).

Measurements results are presented in fig. 5. It can be seen
that measurement of supercapacitor’s capacitance for higher
currents results in achieving of lower capacitance values C and
higher values of serial equivalent resistance ESR.
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6. Conclusions

Assessment of technical condition of the supercapacitors, espe-
cially carried out “on-line” during their operation, is very pro-
blematic. Measurement of equivalent parameters values based
on various values of charge or discharge current value generates
significantly different values. It can lead to making incorrect
decisions corresponding to their real technical condition. There-
fore, supervisory systems — operating online — should take into
account conditions of the process and decisions should be made
correctly taking them into consideration.

Temperature is also important factor deciding about value
of equivalent parameters. During tests it was maintained on
the constant level what ensured repeatability conditions for the
measurement but its influence is also important. The authors
currently are carrying out further measurement process works
within this scope.
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Wptyw warunkow pracy na parametry niezawodnosciowe

superkondensatorow

Streszczenie: w artykule przedstawiono wyniki badan zwigzanych z pomiarami pojemnosci
i szeregowej rezystancji zastepczej superkondensatorow w zaleznosci od wartosci natezenia
pragdu tadowania i roztadowywania. W tym celu przygotowano specjalny uktad pomiarowy
oraz algorytm prowadzenia badan tak, aby procedura badan byta zblizona do rzeczywistych
warunkow eksploatacyjnych. Podczas badan wyznaczono zaleznos¢ zmian wartosci
parametrow zastepczych w funkcji wartosci prgdu, na podstawie ktdrych byty one szacowane.
Do badan uzyto superkondensator o pojemnosci 1200 F. Wartosci jego parametrow
zastepczych wyznaczono w zakresie zmian natezenia prgdu od 5 A do 20 A. Ocena
niezawodnosci zostata przeprowadzona bezposrednio na podstawie zmian wartosci tych
parametréw. Petna procedura badania zostata przygotowana w srodowisku MATLAB/Simulink

z wykorzystaniem przybornika xPC.

Stowa kluczowe: superkondensator, zastepcza rezystancja szeregowa, pojemnosc zastepcza, warunki pracy, prad fadowania/roztadowania
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