Sensors and Materials, Vol. 31, No. 11 (2019) 3583-3597 3583
MYU Tokyo

S & M 2033

Application of Supercapacitors
in Photovoltaic Power Generation System

Shing-Lih Wu,' Shin-Shiuan Li,? Feng-Chang Gu,>
Po-Hung Chen,? and Hung-Cheng Chen®”

'Department of Electrical Engineering, National Taitung Junior College
No. 889, Jhengci N. Rd., Taitung 95045, Taiwan (R.O.C.)
2Department of Electrical Engineering, National Chin-Yi University of Technology
No. 57, Sec. 2, Zhongshan Rd., Taiping Dist., Taichung 41170, Taiwan (R.O.C.)
3Department of Electrical Engineering, St. John’s University
No. 499, Sec. 4, Tam King Road, Tamsui District, New Taipei City 25135, Taiwan, (R.O.C.)

(Received April 20, 2019; accepted September 5, 2019)

Keywords: photovoltaic power generation, supercapacitor, maximum power point tracking converter,

power quality

In view of the intermittent and unstable output voltage of the photovoltaic power generation
module, a supercapacitor is designed as the control system to improve the power quality and
power supply continuity of the photovoltaic power generation system. The whole circuit
includes a maximum power point tracking converter, a boost converter, a Hall element, a
waveform recorder, and a supercapacitor bank. Because the output current of each solar
photovoltaic module is very important for the control of the solar power generation system with
a supercapacitor bank, a sensing circuit for accurately detecting the output current and current
change rate of the solar power generation system is presented. When the sunshine is sufficient,
the control system dispatches the output current of the solar photovoltaic module and provides
power to the supercapacitor bank and the load terminal; when the sky is cloudy, the control
system discharges the energy stored in the supercapacitor as an uninterruptible power source
and provides power to the load such that the load terminal voltage is stable. The measured
results show that the control system can effectively suppress the output voltage fluctuation
of the photovoltaic power generation module, improve the power quality, and enhance the
reliability of load power consumption.

1. Introduction

With the progress of civilization, traditional petroleum energy is consumed daily, and
the demand for energy is increasing gradually. However, international petroleum energy
has been in short supply, the price is rising daily, and the excessive use of petroleum energy
and exploitation will cause the earth’s greenhouse effect. Because of the above reasons, the
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development and demand for renewable energy will increase daily.!> Among the different
types of renewable energy, photovoltaic energy is undoubtedly the ideal green energy for
sustainable development. Because of the advantages of endless sunlight, inexhaustible use,
pollution-free and simple setup, no labor exploitation, easy expansion of power generation
capacity, high reliability, and emergency power supply suitable for remote areas as backup
capacity, photovoltaic energy is suitable for ecological conservation, environmental protection,
and carbon dioxide emission suppression. Thus, the world is actively developing photovoltaic
energy.(6’7) Photovoltaic power generation is a new type of renewable energy, which creates
a new life form for human beings and makes human beings enter an era of energy saving
and environmental pollution reduction. The supercapacitor is a type of physical secondary
power supply with superstrong energy storage capacity and strong pulse power. It is a new
type of energy storage device between the storage battery and the traditional capacitor. The
supercapacitor is developed according to the electrochemical equilibrium theory. The state of
the electrode is idealized. Its surface charge will attract anisotropic ions in the surrounding
electrolyte solution and make these ions adhere to it. The electrode and the electrolyte surface
form double charges to form double-layer capacitance. Because the distance between the two
charge layers is very small and the special electrode structure is adopted, the surface of the
electrode is increased, resulting in a great capacity. The supercapacitor can achieve energy
storage by polarization.® 'V 1t is an electrochemical element, but its energy storage process
does not require a chemical reaction and is reversible. Moreover, as a new energy storage
element,1?1) the supercapacitor has clear advantages over a storage battery and an ordinary
electrolytic capacitor, such as high power density, long cycle life, fast charging and discharging,
low leakage current, small resistance, safety, and environmental protection.(6-2%

In this study, the application of a supercapacitor to a photovoltaic power generation system
is presented. Its circuit includes a maximum power point tracking converter, a boost converter,
a Hall element, a waveform recorder, and a supercapacitor bank. To solve the problem of
the unstable output voltage of the photovoltaic power generation module, a supercapacitor is
designed as an energy storage device to improve the power quality and power supply continuity
of the photovoltaic power generation system. Finally, the charging and discharging parts of the
supercapacitor bank are measured on the basis of photovoltaic energy. A single supercapacitor
is 2.7 V and 50 F, and 60 supercapacitors are connected in series and parallel to 27 V and
30 F modules. The load resistance is 50 Q. The measured results show that when the initial
voltages of the supercapacitor bank are 19.6, 19.7, and 19.2 V, and when the photovoltaic power
system is fully charged under normal operating conditions, the charging times are 76, 90, and
187 s, respectively. If the photovoltaic system is interrupted in a short time, the supercapacitor
bank can still provide energy to the load, which can maintain the load for 49, 47, and 23 s,
respectively.

2. Measurement Circuits and Testing Procedures

The application research of supercapacitors in the photovoltaic power generation system
proposed in this study includes the photovoltaic power generation module, power generation
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control system, and load. The schematic diagram of the proposed control system is shown in Fig. 1.
The power generation control system includes a maximum power point tracking converter, a
boost converter, a Hall element, a waveform recorder, and a supercapacitor bank. The output
current of the solar power generation system varies with the intensity of solar sunshine.
Because the main purpose of this study is to use the output current of the system to control the
charging and discharging of the power generation system, it is important to accurately detect the
output current and current change rate of the solar power generation system. A sensing circuit
for measuring the magnitude and change rate of each important output current and voltage in
a large number of systems is presented. The sensing data are analyzed to control the charging
and discharging actions of the solar power system in this study. This is the active principle of
the photovoltaic power generation control system: the photovoltaic power generation module
generates energy to the energy storage device and load through the maximum power point
tracking converter, the boost converter can make the load have a stable output voltage, and the
supercapacitor bank is the energy storage device in this system.
(1) Photovoltaic Power Generation Module

The photovoltaic power generation module used in this study is produced by the New Solar
Energy Technology Company in China. The model is the D6M300H3A single-crystal solar
photovoltaic module. As shown in Fig. 2, the actual size of the photovoltaic power generation
module is 1640 x 992 mm?, and it is composed of 60 single-crystal silicon cells. One of them is
listed as 6, totaling 10 rows. The maximum power output of the photovoltaic power generation
module is 300 W. Table 1 shows the specifications of the photovoltaic power generation module
provided by the manufacturer.
(2) Maximum Power Point Tracking Converter

The maximum power point tracking converter used in the system has voltage ranges
of 7-40 V at the input end and 7-29 V at the output end. To match the voltage of the
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Fig. 1. (Color online) Schematic diagram of the proposed control system.
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Table 1

Specifications of the photovoltaic power generation
module.

Rated maximum output power (Pqx) 300 W
Open-circuit voltage (Vy.) 39.39V
Short-circuit current (/) 9.78 A

Maximum output power point voltage (V) 32.09 V
Maximum output power point current ([,,,)  9.35 A

Fig. 2. (Color online) Photovoltaic power generation
module.

supercapacitor bank, the output voltage of the maximum power point tracking converter is set
to 24 V and the maximum charging current is 26 A. The system can charge the supercapacitor
and provide energy to the load with the maximum power output and voltage reduction to the set
output voltage.
(3) Boost Converter

The input voltage range of the boost converter used in the system is 12—48 V, and the output
voltage is set to 48 V. The working principle of the boost converter is that it can convert the
variable input voltage into a fixed output voltage. In this study, the boost converter is used to
increase the voltage requirement from the voltage to the load and to convert the variable input
voltage into a fixed output voltage when the supercapacitor bank discharges. The output voltage
supplies the load side to increase the action time of the load. Its internal circuit is composed of
a boost main circuit, a drive circuit, an auxiliary power supply, a signal conditioning circuit, and
a main control circuit, as shown in Fig. 3.
(4) Supercapacitor Bank

In this study, the supercapacitors produced by NESSCAP Company are used as energy
storage components. The model is ESHSR-0050C0-002R7, and the single size is 2.7 V and 50 F.
In this study, 10 series, 6 parallel, or a total of 60 supercapacitors are used. They are connected
in series and parallel to 27 V and 30 F supercapacitors. The size of these supercapacitors is
240 x 208 mm?, as shown in Fig. 4. The specifications and performance characteristics of
the different supercapacitors are also different. Table 2 shows the specifications of a single
supercapacitor provided by NESSCAP Company.
(5) Hall Element and Waveform Recorder

To ensure the accuracy of solar panel measurement, a Hall element is used to measure the
current value of a solar panel and convert it into relative voltage. A waveform recorder is then
used to record the measured value.
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Fig. 3.  (Color online) Schematic diagram of the boost converter.

> ® o® Table 2

oo s s Specifications of a single supercapacitor.
oe®s Rated voltage 27V
dtb—td Rated capacitance 50F
& ® & Rated current 10.8 A
L X N
® & e Surge voltage 2.85V
e e Maximum current >30 A

: Equivalent series resistance (ESR) mQ

Fig. 4. (Color online) Energy storage device-
supercapacitor bank.

As mentioned above, the actual circuit appearance of the power generation control system
is shown in Fig. 5. Firstly, in this study, we make the photovoltaic power generation module
generate electricity and make the circuit operate normally under the irradiation of a solar light
source. The solar illumination is about 900 W/m? when the maximum power point tracking
converter charges the supercapacitor bank and the load output is stable. In the process, the
input end of the maximum power point tracking converter is connected to the output end of
the photovoltaic power generation module, and the boost converter is connected to the output
end first. A resistor (50 Q) is connected to the output end of the boost converter as the load
end, and then the 27 V and 30 F supercapacitor banks are connected to the output end of the
maximum power point tracking converter. At this time, the system not only maintains the
action of the load but also begins to charge the supercapacitor bank. Finally, we show the
situation wherein the power output of the photovoltaic power generation module is insufficient,
and the supercapacitor bank is discharged to the load by the maximum power point tracking
converter. When the power supply is interrupted, the photovoltaic power generation module is
disconnected first. In this case, the supercapacitor bank provides energy to the load through the
maximum power point tracking converter. The control system action flowchart is shown in Fig. 6.



3588 Sensors and Materials, Vol. 31, No. 11 (2019)

( Photovoltaic power )

Y

If power generation is
greater than load demand

A
Supercapacitor
bank discharge

With maximum power point
tracking converter

Yes

Boost converter X
EEE | |y, s 9 : Boost Supercapacitor

converter bank charge

v

Load

Photovoltaic power :
generation module }

Fig. 5. (Color online) Appearance of actual circuit. Fig. 6.  Action flowchart of control system.

The measurement process is mainly divided into two parts. The first part is to charge the
supercapacitor bank using the maximum power point tracking converter and output the load
steadily. When the photovoltaic power generation module is supplied to the supercapacitor
bank and the load, the generating energy will charge the supercapacitor bank through the
maximum power point tracking converter while simultaneously supplying the load. At this
time, to make the series current-limiting resistor of the supercapacitor bank in the system
have a larger charging current, the required current-limiting resistor is determined, and the
series current-limiting resistor can limit the charging current to no more than the charging
current specification of the maximum power point tracking converter. The second part is that
the supercapacitor bank discharges to the load through the maximum power point tracking
converter. If the photovoltaic power generation module is covered by clouds, it cannot provide
energy to the load. At this time, the energy needed by the load is supplied to the load through
the maximum power point converter to the boost converter by the discharge action of the
supercapacitor bank. Note that the experiment is performed outdoors; thus, the charging/
discharging actions of the system will change under different weather conditions.

3. Measurement Results

According to the application of the supercapacitor in the photovoltaic power generation
system proposed in this study, firstly, the supercapacitor bank is charged by the maximum
power point tracking converter, which has the function of stable output at the load, and the
supercapacitor bank discharges at the load through the maximum power point tracking converter
to maintain the stable output power at the load. The supercapacitor bank is charged/discharged
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in two parts. The current-limiting resistor used in the charging part of the supercapacitor bank
is calculated according to the specifications of the maximum power point tracking converter
used. The series current-limiting resistor is 0.92 €, which has better charging/discharging
times and a larger charging current. However, because there is no single current-limiting
resistor, the current-limiting resistor of 1 Q is used as the better testing condition. Two types
of current-limiting resistors, 1.5 and 1.9 Q, are added to the test for comparison in this study.
It is divided into series current-limiting resistors of 1, 1.5, and 1.9 Q. The measured results of
charge/discharge for the above three cases are shown in Figs. 7, 8, and 9, respectively.

The first part is the charging measurement of the supercapacitor bank using the maximum
power point tracking converter. The charging waveform of the supercapacitor bank is recorded
and analyzed by the measurement process. When measuring, the solar illumination outside is
about 900 W/m?, and the input of the maximum power point tracking converter is connected to
the output end of the photovoltaic power generation module. The output end of the maximum
power point tracking converter is connected to a 27 V and 30 F supercapacitor bank on one side,
and the current-limiting resistor is connected in series with the supercapacitor bank. On the
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Fig. 9. (Color online) Measured waveforms of series current-limiting resistor of 1.9 Q during charge/discharge.
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other side, the input end of the boost converter is connected to the output end of the maximum
power point tracking converter, and the 50 Q resistor is connected to the output of the boost
converter. As the load end, the charging waveform is recorded, and the voltage and current
signals and charging time are analyzed.

In this study, the charging action of the series current-limiting resistor of 1 Q is described
in detail. As shown in Fig. 10, the charging waveform can be divided into three intervals to
explain the changes in voltage and current, which are described as follows:

(1) Time: t <ty

The operation of this interval system only maintains the stable output of the voltage at
the load, which means that the output end of the maximum power point tracking converter
is connected only to one end of the load. At this time, the voltage and current at the load are
47.5 V and 960 mA, respectively. When only the load is connected, the input voltage of the
maximum power point tracking converter is 35 V, which represents the photovoltaic power
generation module voltage of 35 V, and the maximum power point tracking converter input
current is 2.16 A, which represents the photovoltaic power generation module current of 2.16 A.
In the measurement case, since the other output terminal of the maximum power point tracking
converter is not connected to the supercapacitor bank, it can be seen that the set output voltage
of the maximum power point tracking converter is 24 V.

(2) Time: to <t <t

When ¢ = ¢y, the supercapacitor bank is connected to the other output terminal of the
maximum power point tracking converter at the same time. The initial charging voltage of the
supercapacitor bank is 19.6 V. The voltage of the photovoltaic power generation module will
be changed to 31.6 V, the current is 6.56 A, and the supercapacitor bank current is 3.68 A when
the initial charging voltage of the supercapacitor bank is 19.6 V. At this time, the current of the
supercapacitor bank is the maximum current of the charging action. The voltage and current
of the load are still maintained at 47.5 V and 960 mA, respectively. Then, when ¢y < ¢ < 7y, the
charging waveform of the supercapacitor bank is exponential, and when the supercapacitor bank
is gradually charged to full voltage (24 V), the charging current will gradually decrease. At this
time, the load voltage and current will remain at 47.5 V and 960 mA, respectively.
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Fig. 10. (Color online) Measured waveforms of series current-limiting resistor of 1 Q during charging.
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It can be seen from the above description that when time 7y < ¢ < #;, the system action
measurement results show that the supercapacitor bank can charge and the load can also
maintain the required voltage, indicating that the photovoltaic power generation module of the
system during the experiment can generate enough energy for both the supercapacitor bank and
the load.

(3) Time: t > 1

When ¢ > 1, the supercapacitor bank has entered the state of full charge, and the voltage
of the supercapacitor bank has been increased to 24 V. At this time, the current of the
supercapacitor bank has gradually decreased to 0 A. The voltage of the photovoltaic power
generation module is 34.8 V and the current is 2.32 A. The voltage and current of the load are
still maintained at 47.5 V and 960 mA, respectively.

The charging actions of the series current-limiting resistors of 1.5 Q and 1.9 Q are the
same as that of the series current-limiting resistor of 1 Q. Therefore, the measured values are
presented in tabular form. Table 3 shows the charge numerical analysis of the series current-
limiting resistor of 1.5 Q, Fig. 11 shows the measured waveform of the series current-limiting
resistor of 1.5 Q, Table 4 shows the charge numerical analysis of the series current-limiting
resistor of 1.9 Q, and Fig. 12 shows the measured waveform of the series current-limiting
resistor of 1.9 Q.

According to the above measured waveforms and analyses, when the photovoltaic power
generation module generates enough power to supply the supercapacitor bank and the load, it
can be obtained that when the system action charges the supercapacitor bank and maintains

Table 3
Charge numerical analysis of series current-limiting resistor of 1.5 Q.
Series current-limiting resistor of 1.5Q 1<ty t=to to<t<t t>1
;/PV(S;) 342‘.38 3%?6 The supercapacitor 33'24
o ’ ) bank charges ’
Vsc (V) — 197 tiall 24
Isc (A) — 3.44 exponentiatly. 0.4
Vi (V) 475 47.5 475 47.5
11 (mA) 960 960 960 960
\) @
60 7

Fig. 11. (Color online) Measured waveforms of series current-limiting resistor of 1.5 Q during charging.
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Table 4

Charge numerical analysis of series current-limiting resistor of 1.9 Q.

Series current-limiting resistor of 1.9 Q 1 <¢ t=ty to<t<t 1>
Vpr (V) 356 32.8 . 34.8
Ipy (A) 216 512 Thi S”Eerlf apacitor 2.24
Vsc (V) — 192 ank charges 24
Ise (A) - 264 exponentially. 04
V. (V) 475 475 475 475
I; (mA) 960 960 960 960

Fig. 12. (Color online) Measured waveforms of series current-limiting resistor of 1.9 Q during charging.

the energy of the load for the series current-limiting resistor of 1 Q, the initial voltage of the
supercapacitor bank is 19.6 V, and the charging time to the full voltage (24 V) is about 76
s. The series current-limiting resistor is 1.5 €, the initial voltage of the supercapacitor bank
is 19.7 V, and the charging time is about 90 s when charging to the full voltage of 24 V. The
initial voltage of the supercapacitor bank is 19.2 V when the series current-limiting resistor is
1.9 Q, and the charging time is about 187 s when charging to the full voltage of 24 V. It can
still maintain the operation of the load, and its voltage and current are maintained at 47.5 V and
960 mA, respectively.

The second part is the measurement of the supercapacitor bank discharging to the load
through the maximum power point tracking converter. The discharging waveform of the
supercapacitor bank is recorded and analyzed by the measurement process. To simulate
the power supply interruption of the photovoltaic power generation module and make the
supercapacitor bank act as a continuous power supply, the photovoltaic power generation module
is disconnected first. At this time, the photovoltaic power generation module is replaced by the
supercapacitor bank to provide energy and maintain the load action, its discharge waveform is
recorded, and its voltage, current signal, and discharge time are analyzed.

In this study, the discharge action of the series current-limiting resistor of 1 Q is described
in detail. As shown in Fig. 13, the discharge waveform can be divided into four intervals to
explain the changes in voltage and current, which are described as follows:
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Fig. 13. (Color online) Measured waveforms of series current-limiting resistor of 1 Q during discharging.

(1) Time: ¢ <ty

The current of the supercapacitor bank gradually decreases to 0 A when the supercapacitor
bank is charged to the full voltage of 24 V. At this time, the voltage of the photovoltaic power
generation module is 34.8 V and the current is 2.32 A. The voltage and current of the load are
still maintained at 47.5 V and 960 mA, respectively. In addition, there is a phenomenon that the
current of the supercapacitor bank decreases sharply in this region and then increases again. It
is caused by the photovoltaic power generation module being suddenly covered by clouds during
the experiment. To maintain the normal action of the load, the system will have the action of
supercapacitor bank discharge.

(2) Time: tg<t<t

When ¢ = ¢y, the photovoltaic power generation module is disconnected. At this time, the
supercapacitor bank supplies energy to the boost converter through the maximum power
point tracking converter and maintains the action of the load. The supercapacitor bank starts
discharging to the load from 24 V and 1.76 A, and the voltage and current at the load are
maintained at 47.5 V and 960 mA, respectively. Then, when #y < ¢ < #;, the region presents
the action of supercapacitor discharge bank. Its discharge waveform shows an exponential
shape. When the voltage of the supercapacitor bank decreases, its discharge current gradually
increases. At this time, because the supercapacitor bank provides energy to the load, the voltage
and current of the load are still maintained at 48 V and 960 mA, respectively.

From the above description, it can be seen that when time 7y < ¢ < 1, the system action
measurement results show that when the photovoltaic power generation module is interrupted
owing to short-term power supply, the supercapacitor bank can discharge and the load can
maintain the required voltage, indicating that the supercapacitor bank of the system in this
experiment process can act as a continuous power supply.

3) Time: 1) <t<tp

When ¢ = 11, the maximum discharge current of the supercapacitor bank is 2.64 A, its
voltage is reduced to 17.2 V, and the load can still be maintained at 48 V and 960 mA. Then,
when #; <t < 1, although the supercapacitor bank in this region is still discharging, the energy
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provided is insufficient to supply the load to maintain the action of the load, so the voltage and
current of the supercapacitor bank and the load gradually decrease, and the load is no longer
maintained on the voltage set by the system.

From the above description, it can be seen that when time #; < ¢ < ¢,, the system action
measurement results show that although the supercapacitor bank has discharge action, the
energy storage is gradually insufficient to supply the load, so the energy required at the load is
insufficient, and its voltage and current gradually decrease.

4) Time: t >t

When ¢ > #,, although the supercapacitor bank is still discharging, it cannot provide the
required energy to the load, so the voltage at the load is not maintained at the set voltage, which
means that the supercapacitor bank can no longer supply energy to the load at this time. Finally,
the waveform begins to show a pulse width modulation (PWM) switch. The switching action
of the PWM switch is to pull the voltage to the set voltage for the converter, but the switching
action of the PWM switch is presented owing to insufficient energy.

The discharge actions of the series current-limiting resistors of 1.5 Q and 1.9 Q are the
same as that of the series current-limiting resistor of 1 . Therefore, the measured values are
presented in tabular form. Table 5 shows the discharge numerical analysis of the series current-
limiting resistor of 1.5 Q. Figure 14 shows the measured waveform of the series current-limiting
resistor of 1.5 Q. Table 6 shows the discharge numerical analysis of the series current-limiting

resistor of 1.9 Q. Figure 15 shows the measured waveform of the series current-limiting resistor
of 1.9 Q.

Table 5
Discharge numerical analysis of series current-limiting resistor of 1.5 .
Series current-limiting i<t =t <<t P n<i<i (>
resistor of 1.5 Q 0 0 0 ! ! ! 2 =2
Ver (V) 34.8 o The supercapacitor o The energy
Lev (A) 224 — bank discharges o of the
Vsc (V) 24 24 ex onentiallg 17.2  supercapacitor PWM switch
Isc (A) 04  -176 P ¥ -2.56  bankis  switching action
Vi (V) 47.5 475 475 475  insufficient to
Ir (mA) 960 960 960 960 supply the load.
) @)
65 4.5
60 t0|<_ 47 _1} tlz 4
5 | I 3‘5
50 l ! 25
:Z =TSV : 2
gy T | Y =il EN AR
LR W
ig o | L lN- e iy e 8‘5
20 c_t0 J"‘= |++, ;)5
2 Vey -1.5
10 Isc_0=-1.76 I | 2
5 | 25
0 | Isc sc_t1=-2156A. 3
5 ! ! -3.5

Fig. 14. (Color online) Measured waveforms of series current-limiting resistor of 1.5 Q during discharging.
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Table 6
Discharge numerical analysis of series current-limiting resistor of 1.9 Q.
Series current-limiting

resistor of 1.9 Q 1<ty =1 th<t<t =1 Hh<t<i t>t
Ver (V) 348 o The supercapacitor o The energy
Lpr(A) 224 — bank discharges . of the
Vsc (V) 24 24 ox onentiallg 20 supercapacitor PWM switch
Isc (A) 0.4 -2.24 P Y. -2.8 bank is switching action
Ve (V) 47.5 47.5 47.5 475  insufficient to
I, (mA) 960 960 960 960 supply the load.
(W) (€Y}
60 3

Fig. 15. (Color online) Measured waveforms of series current-limiting resistor of 1.9 Q during discharging.

According to the above-measured waveforms, it can be concluded that when the photovoltaic
power generation module in the system is interrupted for a short time, the supercapacitor
bank can maintain the action of the load. Its voltage and current are maintained at 47.5 V and
960 mA, respectively, for about 49, 47, and 23 s. This also indicates that the discharge times of
the supercapacitor bank are 49, 47, and 23 s.

Finally, according to the measurement results of the charge/discharge parts of the
supercapacitor bank mentioned above, under three different current-limiting resistors in series,
for the same supercapacitor bank and load, the charging time required for the supercapacitor
bank, and the short interruption of the photovoltaic power generation module in the system,
the supercapacitor bank can maintain load-side time, as shown in Table 7. In this system,
although the discharge times of the series current-limiting resistors of 1 Q and 1.5 Q are only
2 s different, there is a difference of 14 s in charging time. Moreover, the resistance in series in
the series current-limiting resistor of 1 Q is smaller. It can charge a supercapacitor bank with a
high charging current. This means that the charging time can be shortened and the power loss
in the system can be reduced. When the series current-limiting resistor is 1 €, better charging/
discharging times will be obtained. Under the test conditions of series resistance of 1 Q
selected in this study, there will be better charging/discharging times with the same result.
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Table 7

Charging/discharging times of supercapacitor bank with different series current-limiting resistors.
Series current-limiting resistor Charging time (s) Discharging time (s)

1Q 76 49

1.5Q 90 47

1.9Q 187 23

4. Conclusion

In this study, we presented the application of a supercapacitor in the photovoltaic power
generation system. The control circuit includes a maximum power point tracking converter,
a boost converter, a Hall element, a waveform recorder, and a supercapacitor bank. Using 60
2.7 V and 50 F supercapacitors, 10 series, 6 parallel, and 27 V and 30 F supercapacitor banks
as energy storage devices, and using a boost converter and a resistor of 50 Q as the load end,
the supercapacitor bank is charged and discharged by photovoltaic energy. When the initial
voltages of the supercapacitor bank are 19.6, 19.7, and 19.2 V when the sunshine is sufficient
to provide enough load for the photovoltaic power generation system, the charging times for
the supercapacitor bank are about 76, 90, and 187 s, respectively. If the photovoltaic power
generation system is interrupted for a short time, the supercapacitor bank can still provide
energy to the load. About 49, 47, and 23 s can be maintained, respectively, and the charging/
discharging times of the series current-limiting resistor of 1 Q are the best results. The test
results show that the control system using the supercapacitor bank as an energy storage device
can effectively improve the intermittent output and voltage instability of photovoltaic power
generation, and ensure the power quality and power supply continuity of the photovoltaic power
generation system.
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