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Abstract

The paper presents a proposal of using additional statistical parameters such as: standard deviation, variance,
maximum and minimum increases of the observed value that were determined during measurements of
temperature fields created on the surface of the tested electrochemical capacitor. The measurements were
carried out using thermographic methods in order to support assessment of the condition of electrochemical
capacitor under classic durability tests based on methods of determination of capacity and equivalent series
resistance. The possibility of using some statistical parameters in assessment of the electrochemical capacitor
quality was illustrated. The applied measurement methodology and the results of research associated with
the classic methods of supercapacitors’ assessment are presented. The obtained results indicate that the
variability of some statistical parameters of temperature fields can be directly related to changing the values
of standard parameters describing electrochemical capacitor, which are capacitance and equivalent series
resistance.
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1. Introduction

Measurements of properties of elements and devices by using thermographic imaging are
currently used in many fields of science. These tests are included in the group of non-destructive
tests. The paper presents the results of noise data analysis techniques applied to examination of
fluctuations of electrochemical capacitors’ temperature fields [1]. The techniques used in noise
measurements were introduced to support the methods of data analysis employed in assessment
of the electrochemical capacitor construction quality [1, 2]. As a result, it enabled to present
the obtained data in more detail and to indicate the areas in which the phenomena determining
the durability of a given structure occur most intensively. All works were performed under the
project entitled: “Mechanism of charging/discharging processes at the electrode/electrolyte phase
in supercapacitors”, whose primary purpose is to develop methods of evaluating electrochemical
capacitors, basing on analysis of both noise and thermal phenomena. To facilitate evaluation
of the developed structures there were used not only traditional parameters, such as capacity
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(C) and equivalent series resistance (ESR). In addition, the performed observations seem to be
a perfect example showing that in the absence of fluctuations, it would be difficult to analyse
the state-of-health of the object under examination (specimen). In such a situation we would
deal with a homogeneous system exhibiting no differences. On the other hand, in the performed
measurement process, a number of various fluctuations of an interfering nature appeared, which
were associated with the observations. They are related to the applied measurement system,
the observed specimens, the environment and the processes occurring in the examined objects.
It should also be noted here that the measurement methodology presented in the work, which
is based on the use of thermographic measurements, is characterized by lower accuracy in
determining the temperature value than the calorimetric methods described, among others, in
[3, 4]. The mentioned methodology enables to acquire much more accurate information about the
temperature distribution on the surface of observed objects. Thus, in a non-destructive and non-
interfering way, the conclusion regarding the condition of the tested specimen and a more precise
characterization of the examined object is possible to be reached by analysing temperature field
fluctuations. The basis for the thermographic evaluation applied in this paper are the results of
research on the phenomenon of electromagnetic radiation within the range of infrared radiation
emitted by any object located at temperatures above 0 K. The fundamentals and principles
of thermographic measurements are described in more detail, among others, in [5-7] which
describe basic conditions that should be taken into account in such a type of research. Performing
thermographic measurements requires considering a number of various factors, which may have
an impact on the recorded values of temperature fields, resulting not only from different types of
non-homogeneities occurring in the structure but also from the physical properties of materials.
The essential factors, which may have a significant impact on the recorded values of temperature
fields, include, among others, the following:

a) properties of the observed surface of the tested specimen, which include the type of material,

the manufacturing method, colour, surface texture;

b) changes of ambient temperature;

c¢) variability of processes occurring in the tested specimen.

The key factors presented above usually occur together. Additionally, it should be remembered
that specimens of electrochemical capacitors can be classified as the so-called complex structures,
comprising two metal electrodes of rectangular shape enabling the charge flow between the
terminals. The electrodes are covered by a carbon layer preserving the charge inside the pores.
The space between the electrodes is filled with a separator and electrolyte solution. The current
flowing between the terminals is distributed over the rectangular metal plate and the emitted heat
depends on the resistance of the carbon layer and the resistance of the contact between the metal
plate and the carbon layer. The structure was sealed in a pouch protecting the electrolyte from
interacting with humidity.

In our studies we present a description of the constructed setup and the algorithm used to
estimate statistical parameters of the observed temperature fluctuations in the tested specimens.

2. Measurement setup
Figure 1 presents a schematic diagram of the measurement setup [8]. In the research a thermal

imaging camera VIGOcam v.50 I was used. The basic technical parameters of the camera are
given in Table 1. The tested specimens IV are protected from external fluctuations of temperature
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fields by a casing II. In order to force charging/discharging processes, an Atlas — Sollich V power
supply and measurement module was used (performing both the power supply and measurement
functions, enabling at the same time to register the current test conditions).
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Fig. 1. A schematic diagram of the applied measurement system.

Table 1. Relevant parameters of VIGOcam v.50 camera [9].

Parameter Value/Function Description
Detector type Non-cooled bolometric matrix
Spectrum range 8+14 um
Image resolution 384 x 288
Thermal resolution < 0.065°C (for temperature 30°C)
Field of vision 15°C x11°C

The recorded data make possible to determine the parameters describing the state-of-health
of an electrochemical capacitor (capacity C and equivalent series resistance ESR). Additionally,
a reference field III was introduced into the camera observation area. Such an approach, how-
ever, does not provide full protection from fluctuations in the environmental temperature field
as the estimated uncertainty of the determined temperature increment is at a level of 0.21°C.
Both surfaces of the tested electrochemical capacitors IV and the inside of the casing were
covered with a graphite layer [10]. The coating was used because one of the main problems
that may occur during thermographic measurements is variability of the emissivity coefficient
(&) of the specimen, which is due to its physical properties (including colour, surface texture,
temperature). The aforementioned properties may significantly change the emissivity coefficient
(&) in the analysed area. At the same time it is known, for instance, that the emissivity de-
pends on the temperature and — in the case of metals — it increases with raising temperature,
whereas in the case of non-metals — it decreases [5, 11, 12]. Normalizing the surface of the
tested specimens with the use of the graphite coating enables to obtain the emissivity coefficient
value ¢ = 0.8. Fig. 2 shows a typical specimen of electrochemical capacitor with a graphite
coating.
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Fig. 2. A photograph of a tested electrochemical
capacitor specimen with a graphite coating.

3. Measurement algorithm

The general methodology of the research assumes that during the trials the following stages
of measurements should be kept:
pre-conditioning of tested electrochemical capacitors in order to bring a specimen into
thermodynamic equilibrium without performing thermographic measurements;

— stage 1 — thermographic measurements without power supply;

— stage 2 — thermographic measurements during charging/discharging processes;

— stage 3 — thermographic measurements during cooling to the ambient temperature.

Due to the nature of charging/discharging processes occurring in electrochemical capacitor,
the measurements were divided into long-term and short-term ones. The long-term tests were
carried out within a measurement period 7 = 60 sec, enabling to record thermo-grams from
stages 1 to 3 and were not limited in terms of the number of acquired images. The short-term
measurements, due to the construction of the camera, are limited to acquiring a maximum of 400
thermo-grams. They were carried out for stage 1 and stage 2 subsequently within a measurement
period T = 0.5 sec. The recorded data containing thermographic images of tested specimens
were analysed later. The data analysis was carried out in accordance with the algorithm presented
in Fig. 3. Assessment of the condition of the tested specimen consisted of evaluation of basic
statistical parameters, which were obtained from the thermo-grams, in relation to the accepted
criteria of changes in the capacitance (C) and ESR. This approach enabled to link statistical
parameters with standard methods used in assessment of the electrochemical capacitor state-of-
health.

During the thermographic measurements, thermographic images (B) showing the observed
surface were obtained. The recorded measurement series consists of N images acquired within
a fixed period of measurement 7. The recorded image is an N matrix containing 388 x 288
temperature data. The variability of registered records enables to determine selected statistical
parameters. To assess their usefulness, the following basic statistical factors were selected:

1. average and maximum temperature increments;
standard deviation;
variance;
kurtosis;
skewness;

. spectral density.
Figure 3 presents the applied algorithm.

vk
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Fig. 3. A graph of the algorithm used to determine thermal parameters [8].

4. Specimen measurement results

Typical results obtained from analysis of the thermo-grams are in correlation with the basic
parameters describing the degradation processes represented by the change in capacity or increase
in ESR. Standard methods of assessment of electrochemical capacitors’ quality assume that the
tested specimen is treated as degraded if either its capacity decreases by at least —30% or ESR
increases by 100% in relation to its initial values [13, 14].

The voltage during the current cycling and temperature increment changes (AT) of electro-
chemical capacitor as functions of time are presented in Fig. 4. The waveforms illustrate tem-
perature fluctuations during charging/discharging processes on specimen P1 during short-term
measurements.

Voltage (V)
ATuax (°C)

Time (s)

Fig. 4. Observed maximum temperature increments (red) on the surface of specimen P1 accompanying
the electrochemical capacitors charging/discharging processes (at the charging voltage of up to 2.7 V
and current of 290 mA) for stage 2, short-term measurements.

The next figures show statistical parameters that were considered useful in terms of data
analysis. Fig. 5 shows the variances of temperature for stage 1, when the examined specimen
is not powered (the moment corresponding to the beginning of the test is presented in Fig. 4).
The obtained variance image for step 2, when the charging/discharging process is carried out is
shown in Fig. 6.
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Fig. 5. A variance image of the observed surface of tested electrochemical capacitors
without performing the charging/discharging processes.
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Fig. 6. A variance image of the observed surface of tested electrochemical capacitors
while carrying out the charging/discharging processes for specimen P1 (U = 2.7V,
I =290 mA), stage 2.

Figure 7 presents the temperature increment recorded during the test in which changes in

the electrical parameters of the electrochemical capacitor (C and ESR) occurred. Accompanying
changes in maximum temperature increments (ATyax, red) are observed.
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Fig. 7. Changes in maximum temperature increment (ATyjax ), capacitance (C) and equivalent
series resistance (ESR) recorded during the tests of specimen P2 (I = 306 mA andU = 2.7 V).
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Figure 8 presents statistical parameters, which were estimated during a long-term test for a
measurement period when no changes in the electrical parameters of the tested electrochemical
capacitor were recorded (a period between 25 and 100 minutes of P2 specimen test).
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Fig. 8. Changes in the determined statistical parameters for the electrochemical capacitor specimen P2 (I = 306 mA and
U = 2.7 V) for an interval between 25 and 100 min (see Fig. 7).
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Figure 9, though, shows statistical parameters calculated for a time interval when some distinct
changes in the electrical parameters of the tested electrochemical capacitor were observed (a
period between 100 and 160 min of testing specimen P2).
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Fig. 9. Changes in the statistical parameters for the electrochemical capacitor specimen P2 (I = 306 mA and U = 2.7 V)
for an interval between 100 and 160 min (see Fig. 7).
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Figure 10 shows parameters (C, ESR, ATyax) of the electrochemical capacitor specimen P3,
when no change in its parameters occurred except for those beyond the permissible tolerance
values (the tested specimen P3 was non-degraded in accordance with the previously presented
criteria). The tested specimen P3 was subjected to the long-term measurement. The tests were
carried out with current values exceeding their rated value.

ATy, (°C)

Time (min)

Fig. 10. Changes in maximum temperature increment (ATpax), capacitance (C) and
equivalent series resistance (ESR) recorded during testing the electrochemical capacitor

specimen P3 (I = 420 mA and U = 3.6 V), the specimen was not degraded.

Only after more than 25,000 cycles of charging/discharging the ESR value occurred to be
out of the accepted criterion (an increase of 100% in relation to the initial value). Changes of
parameters (C, ESR and ATyax) for specimen P3 are shown in Fig. 11.
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Fig. 11. Changes in maximum temperature increment (ATpax), capacitance (C) and
equivalent series resistance (ESR) recorded during testing the electrochemical capacitor
specimen P3 (I = 420 mA and U = 3.6 V); the specimen was degraded; ESR increased
by over 100% compared with its initial value.

Figure 12 presents statistical parameters for a specimen which exhibits no degradation, while
Fig. 13 shows a specimen that was degraded during the test.
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Fig. 12. Changes of statistical parameters recorded during testing the electrochemical capacitor specimen P3

(I =420 mA and U = 3.6 V), when the specimen was not degraded.
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Fig. 13. Changes of statistical parameters recorded during testing the electrochemical capacitor specimen P3
(I =420 mA and U = 3.6 V), when the specimen was degraded (ESR increased by over 100% compared with

its initial value).
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5. Conclusions

The observed fluctuations of temperature of an electrochemical capacitor are at least of
dual nature. On one hand, they constitute disturbances that mask the occurrence of an object in
relation to the parameter under consideration. This is clearly illustrated by the picture shown in
Fig. 5 indicating only the occurrence of fluctuation of the parameter describing changes in the
temperature field (variance) and its complete masking. The only information obtained from this
drawing is the conclusion that it is in balance with the environment (it is indistinguishable from
the background). On the other hand, if the fluctuations exceed a certain level, they enable the
object to be observed much more clearly, by means of some statistical parameters, than in the case
of classic thermographic images resulting from determination of e.g. temperature increments (e.g.
Figs. 12a and 13a). At the same time, it can be observed that, for example, imaging using standard
deviation or variance clearly identifies areas in which there are changes in the distribution of the
temperature field.

On the basis of the presented examples, general conclusions, regarding the use of thermal
imaging of the tested specimens, can be expressed by the use of such statistical parameters as
e.g. variance or standard deviation. The determined statistical parameters enable more accurate
characterization of a tested specimen by:

a) isolation of the tested object from the background even in the case of small changes in the
temperature field;
b) clear indication of areas in which there are changes in emission of the thermal energy.

They can be used to observe more closely the areas in which changes occur. Furthermore, the
obtained values of statistical parameters shown in Fig. 12 and Fig. 13 in combination with those
obtained with classic measurements (shown in Fig. 10 and Fig. 11) indicate that in the case of the
tested specimen the change in basic parameters (C and ESR) is accompanied with a significant
change in variance. The variance value changes from 0.1°C for a specimen in the non-degraded
state (C of 2.4 F and ESR of 0.8 Q) to a level of 2.5°C for a specimen in which degradation
changes occur (C of 1.9 F and ESR of 2.0 Q). At the same time, the examples presented in Fig. 8
and Fig. 9 show that changes in the distribution of statistical parameters on the observed surface
indicate the degradation processes occurring in the specimen. Unfortunately, at the present stage
of research, there is no relation between the changes in spectral density of the examined area and
the changes in values of basic parameters (C and ESR). To conclude, it can be stated that due to
the occurrence of fluctuations in the temperature field, we can characterize and describe a given
object in more detail.
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