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Abstract

This paper assesses different energy loss estimation methods using the supercapacitor model
parameters extracted from the electrochemical impedance spectroscopy (EIS). Two energy loss
estimation methods are applied to two similar supercapacitors from different manufacturers operating
under constant power charge-discharge cycling. The simpler loss method uses only the impedance data
that corresponds to the cycle frequency and the instantaneous current data whilst the more complex
method uses the detailed impedance vs frequency dependency and the corresponding current
harmonics available from the FFT. The experimental loss data (the benchmark) uses integration of
instantaneous power processed by the supercapacitor. By comparing the difference between the
estimated and the experimental losses, the performance of each method is assessed and the factors that
influence the accuracy of the two loss estimation methods as well as their limitations are highlighted.

Introduction

Supercapacitors (SC) or electric double layer capacitors (EDLC) energy storage devices possess long
life cycles (< 1,000,000 cycles) and high charge-discharge cycling efficiency (>90%) when subject to
high power stresses. They are usually employed in a hybrid arrangement together with batteries to
improve the performance of existing energy storage systems in terms of power response and
efficiency. In practice, however, the real SC efficiency and its life cycle is typically different than
stated in the datasheet. The reason is that SCs are very complex devices which may behave quite
differently if the actual operating conditions are only slightly different from the datasheet testing
conditions. Factors that affect SC efficiency are min/max SC operating voltages over a cycle, the
power level or current level, temperature, charge-discharge cycling period [1-3] and the SC
regenerative phenomenon [4,5]. Some of these factors which are not always stated in the datasheets
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(i.e. changes in impedance with temperature or bias voltage) may have a positive effect (when it
reduces) on the losses of a given SC technology/manufacturer but may have a negative effect (when it
increases) on another since each manufacturer uses different device structures/electrolyte/electrode
materials. Therefore, it is important to perform a full SC characterization under various/relevant
testing conditions to ensure that the SC efficiency can be maximized before they are deployed in a
given application as part of an energy storage system (e.g. hybrid vehicle).

In the research literature, there are two common approaches used in SC characterization, which are
small-signal and large-signal. For the small-signal approach, the SC impedance versus frequency is
first determined using the electrochemical impedance spectroscopy technique. Then the SC impedance
information can be used to determine the SC detailed equivalent models [1,6] and/or used directly to
estimate SC power loss and efficiency [3,7,8]. For the large-signal approach, high current/power is
applied to SCs directly in charge-discharge cycling pattern [6] and by calculating the SC in&out
energy over a single charge-discharge cycle, SC efficiency and energy loss can be determined. To
validate a given SC model, two independent approaches are usually employed and their results are
cross evaluated for consistency. In [7,8], the SC efficiency and energy loss is estimated from the SC
voltage obtained during the charge-discharge cycling test and the SC impedance from the EIS test.
However, this method cannot determine SC energy loss precisely (>10-20% overestimate) since its
formula is limited to use of a single set of RC parameter that correspond to the frequency of the
charge-discharge cycling period. In addition, the minimum/maximum voltages across the bulk
capacitance that correspond to the end/beginning of SC charge-discharge cycling used in the formula
cannot be measured directly since they are subjected to voltage drop due to the series resistance. In
[3], the SC efficiency and energy loss is estimated from the SC current during the charge/discharge
tests and the SC high-order equivalent model obtained from the SC impedance modeling process. The
errors that appear are due to the curve fitting algorithm required in the modeling process and the error
due to the impedance versus frequency measurement and interpolation. Since a typical application
requires the SC to charge-discharge over a relatively fixed duration of tens of seconds, the order of the
SC model can be reduced to account for the relevant frequency range of the SC impedance, therefore
the fitting algorithm can be simplified with reduced loss of accuracy. The simplified SC RC model is
preferred in [6], which uses this approach to calculate an equivalent resistance that is highly dependent
on the harmonic content of the SC current and the frequency and therefore cannot be used for
generalized load conditions. The variation of the SC resistance with bias voltage was not considered.

In this paper, two SC current-based loss estimation techniques are evaluated. First, the SC
characteristics of two devices similar in performance but from different manufacturers are determined
using the electrochemical impedance spectroscopy (EIS). The two devices are then subjected to a
charge-discharge constant power cycling (CPC) test but the result related to the accuracy of the
estimated losses are inconclusive. A second set of tests is conducted, subjecting the device to pulse
like stresses, which are more likely to mirror stresses from real applications. The more elaborate loss
estimation technique is now proving more accurate. The SCs used in this evaluation are the Maxwell”
BCAP100 100F 2.7V that will be referred as M-SC and the Toxus® RSC2R7107SR 100F 2.7V SC,
which will be referred as I-SC. Their specifications are shown in Table I.

Table I Specifications of the supercapacitor devices under test

Parameters Manufacturer | Maxwell® SC (M-SC) | Ioxus” SC (I-SC)
Specific energy (Wh/kg) 4.6 5.1
Usable specific power (kW/kg) 2.7 10.2
Capacitance (F) 100 100
Resistance at DC (mQ) 15 -
Resistance at 1kHz (mQ) - 3.6
Voltage (V) 0-2.7 0-2.7
Maximum contmu(.)us curreltt (A) 11/ 45 13 /20
per temperature increase (" C)
Operating temperature (°C) -40 to 65
Diameter and Height (mm) 22 & 45




Device Characterization using the electrochemical impedance spectroscopy
(EIS) method

The EIS method applies a very small sinusoidal voltage signal to a single SC cell (e.g. 10 mV) and the
current response signal is recorded. Both the voltage and the current information are used to extract
the SC impedance change over a range of testing frequencies. The technique is very useful as it can be
applied at various fixed bias voltage levels and at various fixed-temperature conditions [1,2]. From the
SC impedance-frequency profiles, the SC equivalent models can be derived, which can be used to
estimate efficiency and energy loss in corresponding to any given current and power profiles [3]. In
this work, the Bio-logic SP-150 Potentiostat/Galvanostat machine equipped with a 20A current
booster is used to perform the EIS tests, which has an impedance accuracy of <1% as stated in its
specification. The EIS method is applied to M-SC and I-SC at various bias voltage and temperature
conditions. The impedance results of both SCs are represented by using a single series-connected RC
model are shown in Fig. 1 and Fig. 2 where ESR is the equivalent series resistance and ESC is the
equivalent series capacitance.

Fig. 1(a) shows that as the bias voltage increases from 0V to 2.7V, the M-SC ESR@10mHz decreases
from 13.3mQ to 12.5mQ (-6.2%) and its ESC@{0mHz increases from 78F to 107F (+31%). When
compared to the OV bias parameters, these variations mean that as the device charges, the power
circulation causes less loss due to lower ESR and also the capability of the device to store energy
increases due to higher ESC. At 2V bias, as frequency increases from 10mHz to 100mHz, the ESR
reduces to 72.5% (11.9mQ@10mHz/8.6mQ@100mHz). On the other hand, from Fig. 1(b) shows that
as the bias voltage increases from 0V to 2.7V, the [-SC ESR@10mHz increases from 10mQ to 11mQ
(+10%) and its ESC@10mHz decreases from 96F to 89F (-7.5%). At 1.5V bias, as frequency increases
from 10mHz to 100mHz, the £SR reduces to 54% (10.4mQ@10mHz/5.6mQ@100mHz).

The implications of the variable parameters with bias voltage are opposite for the I-SC compared to
M-SC. Also, the variation of parameters with frequency, although in the same direction, has different
ratios for the I-SC compared to M-SC. But it can be generalized that for real industrial applications
with charge-discharge cycles that exceed tens of seconds (frequency range is 10-100mHz), the wide
variation of the ESR with frequency and also its opposite variation with bias voltage may result in
significant errors (>20%) in the estimation of power losses for a particular working cycle and if a
reasonable accuracy is required in the design stage, a more advanced methodology to enable the
decrease of power loss errors below 5% is required. As frequency increases beyond =1Hz, the bias
voltage affects both SC ESRs differently. From Fig. 1(a) and 1(b), M-SC ESR@100Hz decreases as
the bias increases, whilst for I-SC, the bias voltage affects its ESR for across the entire frequency
range. Even though both SCs are classified as supercapacitor-type energy storage with similar
specifications (100F 2.7V), their parameter variation with the bias voltage are different.
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Fig. 1: ESR and ESC versus frequency at various applied bias voltage and room temperature (25°C) of
(a) M-SC (b) I-SC



From Fig. 2(a) and 2(b), the effect of the operating temperature increase from 25°C to 40°C on both
M-SC and I-SC ESRs reduction, 4ESR, are =1% maximum across the entire frequency range. The
effect of temperature change on both SC ESCs is also small (<1%) for the frequency less than =1Hz.
As the frequency increases beyond 1Hz, M-SC and I-SC ESC reductions, AESC, are 4% and 9%
maximum. The ESR and ESC information collected via EIS at ambient temperature and at a bias
voltage similar to the average cycle test voltage will be used in the SC loss estimation algorithms
where the devices under test will be subject to constant power cycling.
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Fig. 2: Change in ESR and ESC versus frequency at 2V constant bias voltage under various
temperatures in comparison with room temperature (25°C) of (a) M-SC (b) I-SC

Estimating the power losses under constant power cycling method based on
SC voltage and current measurements

The constant power cycling (CPC) method is originally used in aging tests [4,5,8,9] to study SC
degradation. The authors have adopted this method for evaluating the SC round-trip efficiency and
loss [8] based on direct measurement of SC power in and power out, allowing the direct measurement
of energies in and out and direct calculation of the energy loss over a cycle. This is why the results
based on this method will be referred as experimental (EXP). To control the SC power constantly,
Dsc rep, @ current reference, isc g is adjusted according to the SC stack voltage, vse, change by isc ger
=psc re/Vsc. The vge is also monitored and used for toggling the current direction as well as the power
direction when the preset SC min/max voltage thresholds are reached. Thus, the round-trip efficiency,
Nrr, and energy loss, Ej.rr exp, 0f SCs can be determined by performing integration on a single
charge-discharge cycle of the SC power waveform as:

T, T
_J.pSCdt/J-pSCdt:_PDTD/PCTC:_ED/EC (1)

0 0
ELassRTfEXP =E.+E, 2
TCycle = TC + TD (3)

where pgc is the instantaneous power through the SC calculated from the product of current, igc, and
voltage, vsc, Pc and Pp are the average charging and discharging power, E- and Ep are the charging
and discharging energy, 7¢ and T are SC charging and discharging duration and T¢,. is charge-
discharge period. In this paper, the CPC method is performed on single cells of M-SC and I-SC by
using the Bio-logic Potentiostat/Galvanostat machine which has its technology based on a linear
amplifier. Therefore, there is no switching ripple and other high-frequency harmonics present in SC
current and voltage waveforms. The Bio-logic machine equipped with 20A Booster has 16-bit ADC,
which gives voltage and current reading resolution as small as 50V and 2mA which is very accurate.

There are two constant-power patterns applied to both SC devices, which are: continuous constant
power cycling (CCPC); at power levels of 7W and 21W and pulse constant power cycling (PCPC) at a
power level of 26W with a 30s relaxation time as shown in Fig. 3-5. Both tests are done with the same



min/max vgc setting of 1.35V/2.7V which are the SC half- and the SC rated-voltages. The selection of
SC power and min/max vsc in the test is done such that the SC RMS current and the temperature rise is
less than the rated values shown in Table 1. The total harmonic distortion, 7HD);, of the SC current is
also calculated for all experimental waveforms and included in the figures. The CCPC THD; is 56—
58% and the PCPC THDy is 124—130%, which is means significantly higher distortion than that of the
CCPC, and therefore a higher amount of loss expected to be caused by harmonic currents though the
equivalent ESRs.
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Fig. 3: The SC current, voltage and power during the 7W CCPC test of (a) M-SC and (b) I-SC
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Fig. 5: The SC current, voltage and power during the 26W PCPC test of (a) M-SC and (b) I-SC



The cycling test is performed continuously for one hour to let the SC device temperature, Tempsc, to
reach steady-state as shown in the bottom figures of Fig. 6-8. Using (1)—(3), the #zr, ELoss rr £xp and
T¢yeie of both SCs are calculated and plotted against the elapsed test time as shown in the same figures.
Fig. 6 shows that over the entire 7W CCPC test there is not a noticeable change in #zr (=96.15% for
M-SC and =96.75% for I-SC) and same applies for the E;,rr £xp (=10.15] for M-SC and =7.2J for I-
SC) since the ESR reduction effect due Tempsc increases is small (only 3—4°C increase). In Fig. 7, the
processing power is changed to 21 W, so more energy loss is produced contributing to a higher Tempgc
increase (=10°C in addition to room temperature) which causes a noticeable reduction in £ESR. The 7gr
of both devices are increased by a noticeable amount of 0.3-0.4% (91.15%—91.45% for M-SC and
93.4%—93.75% for I-SC) and their E},.rr £xp values are reduced by 0.5-0.7J (21.3]—20.8]) for M-SC
and 14.4]—13.7] for I-SC). In Fig. 8, a 26W pulsed constant power cycling (PCPC) charge-discharge
pattern with a 30s relaxation time is applied to the two SC under test. Even though the applied power
level is higher than the 21W CCPC, the Tempsc rise over the cycling test is small due to the long
relaxation, which gives average cycle losses and temperature increase similar to the 7W CCPC
condition (5°C). However, there is only a 0.2% improvement in both device 7z (87.9%—88.1% for
M-SC and 89.1%—89.3% for I-SC) due to ESR decrease and correspondingly an Ej,zr £xp reduction
by 0.2-0.4J (26.8]—26.6] for M-SC and 22.8J—22.4] for I-SC).
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Fig. 6: The SC round-trip efficiency, energy loss over a cycle, temperature and charge-discharge cycle
period during the 7W CCPC test of (a) M-SC and (b) I-SC
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In bottom graphs of Fig. 6-8, it can be seen that as Tempgc approaches its steady-state condition, 7¢yce
for both SC do not change significantly compared with their initial values (<ls change for all testing
conditions) which means that the ESR change and the associated loss is not due to the
period/frequency shift but due to the temperature change. The other parameter that would influence
the period for a given load condition, the ESC, has been shown in Fig. 2 not to change in the frequency
range 10-100mHz when Tempgc increases by 10-15°C. Next, the SC energy loss estimation methods
which use the igc data obtained from the CPC tests presented in this section will be discussed.

Energy loss estimation based on SC current and EIS equivalent parameters
Energy loss estimation using the time domain SC current (RMS method)

To estimate energy loss during the CPC test, the SC root-mean-square current, s rus, 1S calculated
from isc(t) over a single charge-discharge cycling period, T¢y.. Using this RMS current in Joules loss
formula (IZR), the RMS-based SC energy loss over the cycle, E g5t rus 18:

ELossESTfRMS = (]§C7RMSESRC,VCI€ )TCycle (4)
where ESR . is the actual SC ESR reading from the EIS result at the exact frequency corresponding
to Tcyere- In (4), only one ESR is used from the EIS result for the estimation, which makes this
estimation technique very simple to implement. However, at very low cycle frequencies (<<0.1Hz),
there are two mechanisms that can cause significant errors in the estimation of losses: first, the ESR
that is used in conjunction with the harmonic currents is constant in (4) but in reality, it decreases
significantly with the harmonic order, which would lead to overestimating the losses; secondly, very
low frequencies that have a very long corresponding cycle duration are typically performed at reduced
power/current which means that losses associated with the SC self-discharge current, which are
omitted in (4), will cause a significant underestimation of losses. These two mechanisms may have a
tendency to cancel each other, especially when the harmonic content is reduced (low THD). This was
the reason why the two types of power cycling discussed before were chosen to assess the accuracy of
the two estimation methods. To make full use of the available SC impedance information, isc is
converted to the frequency domain in the next section.

Energy loss estimation using the frequency domain SC current (FFT method)

This estimation method uses the Fast Fourier Transform algorithm (FFT) to convert the igc signal
obtained during the CPC test in order to analyze them in the frequency domain. By applying the FFT,
the fundamental, the harmonics and the DC components of the SC currents are extracted. Using the SC
current fundamental and harmonic parts, /;, with the ESR, at the corresponding frequency from the EIS
results, a power loss, Pgsr , of each K" frequency component can be calculated. Accumulating this
power loss up to the highest relevant frequency order, M, and combining it with the power loss caused
by the DC current component, /pc, and the average bias voltage, Vai,, the total power loss is obtained.
The estimated cycle energy loss, E},.zsr prris found by multiplying the total power loss with ¢y



M
ELmvEST _FFT [Z( EST _k ) + I VBILIS‘ jTCycle (5)

k=1
PESTfk = IIfESRk (6)

By performing the loss estimation in the frequency domain, the effect of the error due to using a single
impedance measurement point from the EIS test is minimised as more ESR measurement points at the
relevant frequencies are used. However, the limitation of this approach is that a very detailed EIS
profile is needed to improve the accuracy of the loss estimation. There may still be errors in the
method: first, the DC current component is typically very low and influenced by the error of the data
acquisition system; secondly, the average bias voltage may need to consider the variation profile and
not be just an arithmetic average of the cycle minimum and maximum voltage; thirdly, in order to save
time on the EIS characterization, a finite number of EIS data points is measured and linear
interpolation is used to derive ESR, where exact measured data points are not available.

The FFT method is applied to the M-SC and I-SC currents shown in Fig. 3-5, which produce the
corresponding current harmonic spectrums as shown in Fig. 9-11. It can be seen that the harmonic
current patterns of the CCPC test has very large fundamental component compared with the other
harmonics, which means that the RMS of the total SC current (and its corresponding loss) is mainly
determined by the fundamental component. On the other hand, the harmonic current patterns of the
PCPC test is quite different from that of the CCPC test as the 3", 5", 7™ etc harmonics become
significantly larger in amplitude which will affect the total RMS value. It can be noted that the high
order current harmonics (>20™ order) are very low and as their corresponding ESR further decreases, it
means that they would have insignificant contribution to the overall losses. However, in order to
achieve highest precision when comparing the two loss estimation methods, all harmonic currents
shown in Fig. 9-11 are included in the loss calculation.
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Fig. 9: The SC current harmonics during the 7W CCPC test of (a) M-SC and (b) I-SC
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Fig. 10: The SC current harmonics during the 21W CCPC test of (a) M-SC and (b) I-SC
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Fig. 11: The SC current harmonics during the 26W PCPC test of (a) M-SC and (b) [-SC
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Comparison of energy loss estimation

The SC cycling energy loss determined from V&I (power) data referred to as EXP (experimental) and
the two SC current based methods are applied to both devices under test during the previous tests: the
7W CCPC (Fig. 3), the 21W CCPC (Fig. 4) and the 26 W PCPC (Fig. 5). The evaluation of the losses
determined with the three methods and their relative percentage difference against the power based
method (EXP) are shown in Fig. 12-Fig. 14. The power based method (EXP) is considered the
benchmark because its error is only affected by the voltage and current measurement errors which can
be minimized by the high accuracy of the impedance spectroscopy machine. It can be seen that the
difference between the estimated loss of the SC current based methods and the power based method is
typically not higher than 5%.

During the low power (7W) CCPC test shown in Fig. 12, it can be noticed that the RMS method
produces more accurate result than the FFT method and the reason is that for this particular condition,
the two opposite error mechanisms that cause underestimation (ESR of fundamental cycle frequency
considered for high order current harmonic) and overestimation (omission of loss due to the DC
current component) are cancelling out. This is not the case in the high power (21W) CCPC test shown
in Fig. 13 where the RMS method gives highest errors. It can be seen that at the beginning of the test
when the device temperature is closest to the room temperature/EIS test condition, the absolute cycle
energy loss error (in J) between the FFT method and the power based (EXP) method stays constant for
both devices under test at about 0.15-0.2] for both power levels. As time passes, the high power test
causes warming of the device and this explains the larger drift in the estimated loss (error reaches 0.5-
0.7]), smaller for I-SC as its impedance variation is more immune to temperature variations.

In contrary, the discrepancy between the cycle energy loss of the RMS method and the benchmark
seems to vary quite a lot from less than 0.05J for the I-SC at low power to almost 1J for both devices
at high power. There is an additional reason why the error during the high power CCPC test increases
with time, which is the change of ESR with temperature that is not considered in the two SC current
based methods. The reduction in ESR is real and this is shown by the decrease of losses from 21.2J at
the start of the test to 20.8J after 2000 seconds (Fig. 13a). Further improvement of both loss estimation
techniques can be possible by integrating a mechanism to account for the device parameter change
with temperature, which can be directly measured or estimated.

The previous CCPC tests resulted in a current waveform which was very similar to a square wave,
being characterized by a fairly low THD which resulted in small differences in precision between the
two estimation methods. A third test that would result in highly distorted current shapes that would
cause higher losses due to the higher current harmonics (Fig. 11) was conducted and the results are
shown in Fig. 14. The power pulse is 26 W which is similar to the high power CCPC test. It can be
seen that the loss estimation using the RMS method shows significant differences compared to the
power based (EXP) method: 15% for M-SC and 28% for [-SC. Fig. 14-bottom shows that the
differences of the FFT method remain below 2% at the beginning of the test (M-SC device at room



temperature) and not exceeding 3.5% whilst the precision of the I-SC device remains between -/+ 1%.
The differences in losses are smaller than at high power CCPC because the pulsed nature of the test
causes lower average losses per cycle and therefore errors due to the impedance drift are lower.
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Fig. 12: The three estimated cycle energy loss and the discrepancies of the SC current based vs the
power based method during the 7W CCPC test of (a) M-SC and (b) I-SC
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Conclusion

Supercapacitos are typically used in power intense applications which means they are subject to
significant stresses that could contribute to aging and device parameter variation. Being able to
estimate accurately the losses in a device during the design stage is therefore important to ensure that
early failure of SC in the equipment is avoided. To achieve that, it is therefore important to have
available accurate tools to determine the losses in the device.

In this paper, two loss estimation methods based on the SC current and the SC impedance parameters
were evaluated on two SCs from different manufacturers with similar specification (100F 2.7V). First
a thorough evaluation of the devices under test was performed using the electrochemical impedance
spectroscopy conducted at different bias voltages and temperature to identify which factors influence
the variability of impedance data. Only the EIS data at ambient temperature and bias voltage similar to
the average cycle test voltage were supplied to the loss estimation algorithms.

It can be concluded that the FFT current based method to estimate losses provides excellent precision
in a wide range of SC powers and operating modes (continuous and pulsed power). The downside is
that it relies on high computational power to perform the FFT and a very good knowledge of the
device under test (very detailed EIS data).

The RMS method is much simpler to implement and may provide reasonable precision in estimating
the losses for some particular operating conditions. However, the SC usually operates in conjunction
to a power converter that causes a significant current ripple in the device. This will increase the total
RMS current and therefore will cause an overestimation of SC losses. In reality, the switching ripple
will be at high frequency where the ESR of the device is negligible, so the switching ripple will
contribute very little to the SC losses, therefore, a method to remove the switching ripple from RMS
calculation (e.g. low pass filter) is necessary.
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