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PHYSICAL AND TECHNICAL ENERGY PROBLEMS

CAPACITANCE AND LEAKAGE CURRENT BALANCING
FOR SUPERCAPACITIVE ENERGY STORAGE SYSTEM
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In the paper, the problem of voltage imbalance in supercapacitor bank caused
by different capacitances and leakage resistances is considered. The authors propose
capacitance balancing in combination with passive resistor voltage balancing as an
efficient method for decreasing the cell voltage imbalance and increasing the effective
energy capacity of supercapacitor bank. The efficiency of the method is demonstrated
theoretically and verified experimentally on eight supercapacitor cells.
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1. INTRODUCTION

In recent years the use of supercapacitors (SCs) has become widespread.
Due to the excellent power capability and extremely high cycle life SCs are used in
variety of applications, such as consumer electronics, uninterruptible power supply
devices, electric transport to store braking energy and battery assist, solar and wind
stations, etc. [1].

SCs are low-voltage devices with a typical maximum voltage of 2.7 V;
exceeding this value shortens the expected lifetime of SCs [2]. To meet the
requirements of higher voltage applications, SCs must be connected in series. For
example, the onboard energy storage system (ESS) in a Tatra T3A tram may
contain a supercapacitor bank with two parallel branches, each containing
180 series-connected SCs [3]. However, during the charging process of series-
connected SCs, the SC with the smallest capacitance will be the first to reach the
voltage of 2.7 V, which means that charging at this point must be terminated. Since
only one SC at the end of a charging process is fully charged, the total energy
capacity of the SC bank is not effectively utilized.

Another cause for inefficient utilization of the SC bank energy capacity is
different self-discharge currents of SC cells. As the voltage of SCs with lower self-
discharge currents decreases slower, during their prolonged use they will be the
first to reach the maximum voltage in the charging mode.

For more efficient utilization of the SC bank energy capacity it is necessary
to eliminate the voltage imbalance between the cells. In the literature and in
practice this problem is solved using passive or active voltage balancing methods;
however, the main disadvantages of these methods are the cost and additional
energy losses [4].



In this work, it is proposed to improve the SCs voltage balancing by
combining the passive resistor method with the capacitance balancing. By
measuring SCs capacitances, the modules of two capacitors connected in parallel
are arranged in such a way that the capacitance dispersion of the former is
minimized. Connection of these modules in series reduces significantly the voltage
imbalance.

The capacitance balancing method is theoretically analyzed for the onboard
ESS application example. The efficiency of the method is verified experimentally
on eight SC cells.

2. THEORETICAL ANALYSIS

To study the voltage imbalance, an example for the tram onboard ESS with
2x180 3000 F SCs [3] is chosen. For theoretical analysis it is necessary to know
the SCs capacitance distribution. Maxwell in BCAP3000 supercapacitor datasheet
gives only the capacitance tolerance (—0%/+20%); however, no distribution
function is provided. According to the manufacturer research [5], SC capacitances
for BCAPO0O08 (1800 F, £20%) are normally distributed with standard deviation
o = 1% of mean (C, = 1920 F) value. Therefore, we assume that the capacitances of
BCAP3000 are also normally distributed (¢ = 2%, C, = 3300 F).

To analyze the voltage imbalance effect on ESS energy capacity, 360
capacitance values shown in Fig. 1 are generated using the Matlab randn function.
The actual distribution mean value C,=3304F and the standard deviation
o = 2.05% are obtained.
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Fig. 1. A: theoretical capacitance dispersion, B: randomly generated 360 capacitance values.

The theoretical energy capacity of these SCs can be calculated as

360C ... 2
Wess = 2 % (1)
n=

where C, isthe capacitance value of n-th SC;
Vinax 1S the maximum SC voltage (2.5 V).
In this case the energy capacity is 1.03 kWh.
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To match the application power and energy requirements, SC bank can be
arranged either in series/parallel (Fig. 2a) or parallel/series (Fig. 2b) configuration.
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Fig. 2. Supercapacitor bank arrangement in series/parallel (a) and parallel/series (b).

2.1. Series/parallel supercapacitor arrangement

Previously generated 360 capacitances are randomly arranged in two parallel
branches of 180 SCs each (Fig. 2a). The resulting capacitances of these capacitor
branches are 18.346 F and 18.348 F, correspondingly, which means that the
currents in both of them will be practically equal. Thus, the effective energy
capacity of SC bank can be calculated as

2
WESS — Cmianax 3%) Cmin ’ (2)
2 n=1 Cn

where C,, isthe smallest capacitance connected in series.
In this case the energy capacity is 0.92 kWh, which is 89% of the theoretical
maximum.

If capacitances of both branches are not equal, we have to calculate the
energy capacity of each branch to obtain the total effective energy capacity of the
SC bank. The branch in which the smallest capacitance will first reach 2.5V is
determined based on the following relationship:
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where Cin1.Cminz are the smallest capacitances of each branch;
Crin ' Vo, aT€ the voltage across Cying , Crying;

Cis.Cos are the total capacitances of each branch.

Cmin 2012

minlCZZ
calculated as

If >1, the effective energy capacity of the 1% and 2™ branch is
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calculated as:

If <1, the effective energy capacity of the 1% and 2™ branch is

Cmin 2V
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2.2. Parallel/series supercapacitor arrangement

Arrangement of SCs in a parallel/series connection (Fig. 2b) reduces the
series-connected capacitance dispersion [6]. Theoretically, the standard deviation
of these capacitances in comparison with the standard deviation of individual cell
capacitances is reduced by J2. Randomly pairing individual SC capacitances, we
have obtained the capacitance values as shown in Fig. 3.
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Fig. 3. A: theoretical capacitance dispersion, B: random realization of capacitance pairing.

Number of supercapacitors

0

The actual values obtained are C,=6608 F and o=1.5%. The energy
capacity for such capacitance distribution is 0.94 kWh.

2.3. Capacitance balancing

To evaluate the influence of SC arrangement on the effective energy
capacity of an SC bank, the 360 supercapacitors (exemplified in Fig. 1) were
100,000 times randomly arranged in the series/parallel and parallel/series
connections. As can be seen in Fig. 4, SC bank energy capacity for series/parallel
connection varies from 88% to 89.5%, while for parallel/series connection it is
from 88.7% to 95%.

The parallel/series connection gives in most cases a larger effective energy
capacity compared to the series/parallel connection. To maximize the effective
energy capacity it is necessary to find the optimal combination of SC parallel/series
arrangement. According to Eq. (2), a larger energy capacity is obtained for equal
series-connected capacitances.



A simple way to achieve the best arrangement in most cases is by pairing the
largest SC with the smallest, the second largest with the second smallest, and so on.
At symmetrical distribution of the SC capacitances in an SC bank it would be
possible to pair SCs in such a way that the series-connected modules’ capacitances
are equal, and the total effective energy capacity is 100%.

The effect of capacitance balancing is demonstrated using the same 360 SCs
(the result is depicted in Fig. 4). It is obvious that the capacitance balancing method
gives much better results. While the average effective energy capacity at
series/parallel and parallel/series connection is 88.5% and 92%, respectively, the
capacitance balancing method gives 99%.
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Fig. 4. Comparison of series/parallel, parallel/series and capacitance balancing method.

2.4. Leakage current

Another factor that affects the voltage balance of an SC bank is variation in
the SC leakage currents. Although this current is a function of voltage and
temperature [4, 7], for simplicity we will assume (as done in [4]) that the SC
parallel leakage resistance is linear. Calculation of the parallel leakage resistance
for the leakage current of 5.2 mA at 2.7 Vin BCAP3000 datasheet results in the
value of 2.7/0.0052~500 (Q) with a standard deviation of 20% [7].To demonstrate
how different leakage resistances affect the SC bank voltage balance, a simplified
supercapacitor bank is used, which consists of two series-connected SC modules
with equal capacitances (6000 F) but with different leakage resistances (Fig. 5).

Fig. 5. Equivalent circuit of a simplified SC bank.

The SC banks used in electric transport are charged and discharged with
high currents within voltage range [Vmin, Vmax]- Since the SC self-discharge cycle is
much shorter than the charge/discharge cycle, for the analysis it can be assumed
that to the bank the voltage equal to the average in the charge/discharge cycle
(Vav = (VmintVmax)/2) is applied.



The imbalance of SC bank reaches the maximum if the currents in all SCs
drop to zero. In this case, the voltage of an individual SC module is proportional to
its leakage resistance.

Since the SC self-discharge time constant is approx. 17 days, the voltage
imbalance will asymptotically approach its maximum value in about two months of
the ESS operation time.

The simplest way to improve the voltage balance is by using the passive
resistor balancing method, in which high-precision resistors with a resistance value
one order of magnitude lower than those of leakage resistances are connected in
parallel to the SCs.

For example, if we assume for the SC bank shown in Fig.5 the self-
discharge resistances to be R;=225Q and R, =275Q, and Vg =(2.5+5)/2 =
= 3.75 (V), the voltage imbalance in the first 100 days will increase as displayed in
Fig. 6. As can be seen, the imbalance asymptotically approaches the theoretically
calculated value of 0.375V. When 25 Q balancing resistors are connected in
parallel to each module, the difference of self-discharge resistances decreases from
the initial £10% to approx. £1%. The effect of parallel resistors is shown in Fig. 6
for the time interval 100-120 days. The voltage imbalance becomes negligible
already within 5 days and approaches 0.0405 V.

In the case when 25 Q resistors are used for voltage balancing of the
previously described tram ESS, the leakage losses will be 50 W, i.e. negligible.
Therefore, the capacitance balancing in combination with the passive resistor
balancing method can be considered as good solution for prevention of the voltage
imbalance in the SC banks used for the braking energy recovery.
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Fig. 6. SC bank voltage imbalance without balancing resistors (solid line) and
with 25 Q balancing resistors (dashed line).
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3. RESULTS AND DISCUSSION

For practical application of the capacitance balancing method it is important
to know the capacitance of each SC. Therefore, the capacitance measurements have
been performed for eight SCs, with the obtained results used for demonstration of
the method.



3.1. Capacitance measurement

Capacitance measurements were made using a constant current (100 A)
charge-discharge test bench (Fig. 7).

Fig. 7. A 100A constant current SC charge/discharge test bench: 1 — 100A current source; 2 — SCs;
3 — SC voltage indicator; 4 — current indicator; 5 — constant current discharger power circuit and
controller; 6 — load resistor; 7 — USB-4716 16-bit ADC; 8 — laptop with WaveScan 2.0
data logging software.

The SCs were charged with 100 A four times at about 1.25V to 25V
(Fig. 8).
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Fig. 8. SC cycling with 100 A.

As could be seen, the voltage is not rising linearly, which means that the SC
capacitance is voltage-dependent. The SC dynamic capacitance can be calculated at
different voltages using the following equation:

I At
C=—, 8
oy ©))
In Fig. 9 the changes in the dynamic capacitance of one SC during four
charge/discharge cycles are shown. It could be seen that the dynamic capacitance
curves for charging and discharging are not the same. These curves intersect at
about 2.1 V. The capacitance at this voltage is chosen for capacitance balancing,

since at this point the charging and discharging dynamic capacitances are equal.
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Fig. 9. Dynamic capacitance of an SC cell.
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The measured capacitances at 2.1V are summarized in Table 1. The
maximum difference in the tabulated capacitance values is 100 F.

Table 1
SCs capacitance measured at 2.1 V

SC number 1. 2. 3. 4. 5. 6. 7. 8.
Capacitance, F 2800 2730 2825 2810 2805 2770 2825 2725

The module capacitances obtained by pairing the largest SC with the
smallest, the second largest with the second smallest, and so on are shown in
Table 2.

Table 2
Balanced capacitances
Arrangement Capacitance, F
1.+5. 5605
2.43. 5555
4.+6. 5580
7.48. 5550

After pairing, the maximum capacitance difference is reduced to 55 F.

3.2. Performance test

In order to experimentally verify the efficiency of the capacitance balancing
combined with passive resistor balancing method, an SC bank according to Table 2
was made. First, all the modules were pre-charged to 2.5 V. Next, for 17 days the
SC bank was repeatedly charged and discharged in the same way as shown in
Fig. 8. At the end of workdays, the cycling was stopped when the SC bank voltage
was 10 V. The voltage measurements of each module were taken every morning
and evening except weekends. Figure 10 shows how much the voltage of each
module differs from the average for all modules. The voltage imbalance in this
figure is increasing, and in 17 days the largest difference between the module
voltages exceeds 40 mV.

On the 18" day, 56 Q resistors were connected in parallel to each module.
As seen in Fig. 10, the voltage imbalance starts to decrease. After 10 days the
largest voltage difference between modules stabilizes at 20 mV.
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Fig. 10. SC module voltage excursion from the average voltage of all modules.

4. CONCLUSIONS

The theoretical and experimental results obtained show that the capacitance
balancing in parallel/series SC connection significantly improves the effective
energy capacity of the SC bank. However, during a prolonged bank operation, due
to the difference in leakage currents, a cell voltage imbalance arises. The SC bank
voltage tends to divide proportionally to the leakage resistance of each series -
connected SC module. The imbalance can be significantly reduced if high precision
resistors with a resistance one order of magnitude lower than the leakage one are
connected in parallel to each series-connected module. The increased energy losses
due to additional leakage current can be considered negligible for an ESS which is
installed on board tram or trolleybus for recovery of the braking energy.

The capacitance balancing method requires capacitance measurement. As SC
capacitance depends on various factors, measurements must be performed in
identical conditions.

Due to the degradation of SC capacitance in the operation life, to evaluate
the efficiency of the capacitance balancing method a long-term experimental work
with large number of SCs is needed.
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KAPACITASU UN NOPLUDES STRAVU BALANSESANA
SUPERKONDENSATORU ENERGIJAS UZKRAJEJSISTEMALI

L. Latkovskis, U. Sirmelis, L. Grigans, J. Cernovs, K. Kroi¢s
Kopsavilkums

Raksta piedavata kapacitaSu balanséSana kopa ar noplides stravu balan-
seésanu ka efektiva metode, lai samazinatu superkondensatoru baterijas veidojoso
kondensatoru spriegumu disbalansu, tadejadi laujot palielinat baterijas efektivo
energijas ietilpibu. Piedavatas metodes efektivitate demonstréta teorétiski, ka ari
parbaudtta eksperimentali, izmantojot 8 superkondensatorus.
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