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Abstract: This paper proposes a method to detect disconnection faults and their exact location in
PV systems. The proposed method injects multiple frequencies into a PV system with a transmitter
and detects the injected signal using a receiver. The signal detected by the receiver exhibits different
frequency characteristics on a disconnection failure. Based on this characteristic, a disconnection
failure can be detected. In addition, by detecting the frequency radiated through the disconnection
point, the exact disconnection point can be detected.

Keywords: disconnection failure; failure detecting; PV system; multiple frequency injection

1. Introduction

The international community has agreed to submit to the Long-Term Low Greenhouse
Gas Emission Development Strategies (LEDS) to the United Nations (UN) by 2050 in accor-
dance with the Paris Agreement. Accordingly, countries globally have established plans
to achieve net zero carbon dioxide emissions to control climate change. The International
Energy Agency (IEA), in a special report, proposed to achieve net zero emissions by 2050;
however, it did not consider how energy is produced, transported, and used globally. The
report predicted that by 2050, the global energy demand will decline by approximately 8%
compared to today; however, the economy will be double in size and the population will
grow by 2 billion people. More than 90% of electricity generation comes from renewable
energy sources, and when wind and solar power are combined, it will account for nearly
70%; therefore, the PV system is predicted to be the most important energy source in the
future [1].

In a PV system, the characteristics of the PV module (or solar cell), system design, and
installation method (slope, direction, string configuration, etc.) have a decisive effect on its
energy production. In addition, environmental factors, such as shade, pollution, soiling,
and snow, also have the same effect on PV systems [2].

Electrical disconnection of PV arrays is a common problem in all PV systems [3]. It
may occur due to the fact of electrical connection failure and related problems owing to
cable or connector damage, connector corrosion, or poor mechanical connection. A ground
fault occurs when a PV system is disconnected causing power loss of an individual PV array
or the entire system [4]. A PV system is composed of several PV modules connected in
parallel or in a series, and the performance degradation and failure or connection problem
of the modules constituting the PV system cause overall power loss [5–9]. Therefore,
detecting and finding these defects due to the electrical differences is an important factor
in the reliability of PV systems [10].

Various methods are used to detect string errors and disconnections in PV systems.
Current and voltage monitoring can warn of string problems, but it is difficult to detect
the disconnection [11]. Infrared imaging techniques, such as electroluminescence [12,13],
visual inspection, and unmanned aerial vehicles [14], are useful for identifying damage
to the module itself but are unable to confirm problems in cable connections behind the
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module [15]. In addition, time–domain reflectometry (TDR) and spread-spectrum time–
domain reflectometry (SSTDR) methods for finding problems, such as disconnection, using
frequency have been proposed. These methods can detect disconnection and changes in
electrical characteristics; however, to determine the exact location of disconnection, it is
necessary to know in advance the frequency variation characteristics of the measuring
device and the characteristics of the PV system such as impedance, length of string, and
number of modules [16–18].

In the electrical equivalent circuit of a solar cell under AC, the solar cell has an internal
parallel capacitor. The capacitor is an open circuit for DC, but it has a reactance value that
varies with the frequency in the AC [19–29]. This paper proposes a method for detecting
the disconnection failure and failure position of a PV system using these characteristics of
the solar cell. In this study, multiple frequencies were simultaneously injected into both
terminals (i.e., positive and negative poles) of a PV system, and disconnection failure were
detected according to the characteristics of the injected frequencies. When a disconnection
fault occurs in the PV system, the disconnected part radiates a signal, similar to a radio
transmitter [30]. This signal is detected by the receiver, and the disconnection fault is
determined by the size and pattern of the detected signal. Via the method proposed in
this paper, the characteristics of a transmitter and receiver using the PSIM were simu-
lated, the transmitter and receiver designed and created, and its validity proved through
experimental results.

This paper presents the configuration of the electrical characteristics and failures
of PV systems in Section 2; PV system disconnection, fault detection, and fault point
detection using multiple frequencies in Section 3; the simulation and experimental results in
Section 4, and the conclusion in Section 5.

2. Electrical Characteristics and Failure of a PV System
2.1. Electrical Characteristics of a PV System

A PV array is generally composed by connecting several PV strings, and each PV
string connects several PV modules in a series. When PV modules are connected, the
overall I–V characteristics are determined by the interactions among the PV modules, and
the module or string with the lowest performance has the greatest influence on the overall
characteristics [5,31,32].

Figures 1 and 2 show the electrical characteristics of the series and parallel connections
of the PV modules. Figure 1a shows a case when all modules with the same electrical
characteristics are connected, and Figure 1b,c show the case in which the characteristics of
voltage and current are different. In a series circuit, each voltage is added, but the current
flowing inside must be the same. In Figure 1b, although the value of the voltage is different,
the current flow is the same, so the output of the entire module is equal to the sum of the
outputs of each module. However, Figure 1c shows that the value of the voltage is the
same, but the current flow is different. In this case, the current flowing is the current of
the PV module with the lowest current depending on the characteristics of the DC circuit.
Thus, only 19 W, which is 27% of the total capacity of 69 W, will be available. In particular,
the capacity of Module 3 in Figure 1c is 45 W (9 V, 5 A), but only 9 W (9 V, 1 A), which is
only 20%, is used.

Figure 2 shows the electrical characteristics of the parallel connections of the PV
modules. Figure 2a shows a case where the characteristics of all PV modules are the same,
and Figure 2b,c show a case in which the voltage and current are different, respectively. In
a parallel circuit, currents are summed despite being different; however, the voltages must
be the same. When the voltages are different, the voltage of the parallel circuit becomes the
voltage of the lowest PV module. Therefore, the total output for Figure 2c with the same
current and different currents is the sum of the outputs of each module; however, for the
case of Figure 2b with different voltages, the total voltage becomes the voltage of Module
1, which is the lowest voltage, and the total output becomes 27 W (3V × (3A + 3A + 3A)),
which is 47% of the available 57 W (9 W + 21 W + 27 W). In particular, the output capacity
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of Module 3, which has the highest voltage, has the lowest efficiency because it is lowered
to 9 W, which is 33% of the maximum output of 27 W.

Figure 1. Electrical characteristics for a series connection of PV modules: (a) PV modules in a series
with the same characteristics; (b) PV modules in a series with different characteristics (i.e., voltage);
(c) PV modules in a series with different characteristics (i.e., current).

Figure 2. Electrical characteristics for parallel connection of PV modules: (a) PV modules in parallel
with the same characteristics; (b) PV modules in parallel with different characteristics (i.e., voltage);
(c) PV modules in parallel with different characteristics (i.e., current).

A PV system is configured by connecting PV modules and arrays in a series and
parallel for a required output; however, an electrical difference among PV modules may
cause unexpected power loss. Electrical differences among PV modules and arrays may
occur because of the characteristics, shadows, and failures of the PV modules. Therefore, it
is important to reduce the differences in electrical characteristics.
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2.2. Failure of PV Systems

The failure classification according to the equipment constituting the PV system can
be expressed as follows (Figure 3).

Figure 3. Classification of failures according to the equipment in PV systems.

Figure 4 shows the mean time required to repair each failure. The repair time of the
solar field in Figure 3 was longer than that of another failure. Therefore, a fast and simple
method to detect disconnection faults is required [33].

Figure 4. Mean time to repair failures in PV systems.

3. Proposed Method (Multiple Frequency Injection Method)
3.1. AC and DC Characteristics of Solar Cells

Figure 5 shows the equivalent circuit of a solar cell for DC and AC. Figure 5a,b are an
equivalent circuit for DC and AC, respectively. In DC circuits, capacitors are in an open
state, so they are omitted from DC circuits, but in AC circuits, the reactance component of
the capacitor changes according to frequency, so it is included in the equivalent circuit to
show the effect [34–44].

Figure 5. Equivalent circuit of a solar cell: (a) DC equivalent circuit; (b) AC equivalent
circuit. Iph = photogenerated current, Rs = series resistance, Rsh = shunt resistance, and
Cp = parallel capacitance.
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In the equivalent circuit of an ideal solar cell, the parallel resistance Rsh is infinite, and
the series resistance Rs is zero. Various methods have been proposed to calculate Cp in the
AC equivalent circuit of a solar cell, and the capacitor changes according to the cell’s voltage,
level of irradiance, frequency, and temperature [19–29]. During the change from the reverse
bias to the forward bias voltage of the cell, there is an inflection point where the capacitor
increases gradually and then rapidly increases [19–22]. As the levels of irradiation [26,27]
and temperature [19,27–29] increase, the capacitor increases proportionally.

3.2. Disconnection Detecting Method Using Multiple Frequency Injection

This paper proposes a method to detect the disconnection failure and failure location
of a PV system using the capacitor characteristics of the AC equivalent circuit of a solar cell.
Because a solar cell outputs DC according to the intensity of solar radiation, it is difficult to
distinguish a normal signal from a faulty signal when a DC signal is used as a reference.
Therefore, this paper proposes a method to detect faults and determine the exact location of
faults in PV systems. The method proposed in this paper injects high frequencies into both
terminals (i.e., positive and negative poles) of a PV system and analyzes the characteristics
of the injected frequencies.

Figure 6 shows a transmitter that generates a frequency signal to detect the discon-
nection of a PV system. Figure 6a shows a high side circuit that sequentially generates
relatively high frequencies of 4 and 2 kHz, and Figure 6b shows a low side circuit that
sequentially generates relatively low frequencies of 2 and 1 kHz. The HighSide_Controller
and the LowSide_Controller in Figure 6a,b control the switching frequency for the high
side and low side, respectively.

Figure 6. The frequency generating circuit: (a) high side circuit in the transmitter; (b) low side circuit
in the transmitter.

Figures 7 and 8 show the output characteristics of the high side and low side in
Figure 6, respectively, and Table 1 shows the frequency change generated by the frequency-
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generating circuit. When the frequency change period is 5 ms, the high side repeats the
two frequencies in the order of 4 kHz→2 kHz→4 kHz→2 kHz, and the changing sequence
of the low side frequencies is 1 kHz→1 kHz→2 kHz→2 kHz. According to the change
order of the high side and low side frequencies, four different waveforms are created
when the frequencies of both sides overlap. Therefore, when the frequency generated by
the transmitter is injected into both terminals of the PV system under a normal state (no
disconnection failure occurs), changes in the four frequencies can be detected.

Figure 7. Frequency characteristics of the High Side of the transmitter: (a) High Side output; (b) High
Side frequency; (c) High Side FFT.

Table 1. Comparison of frequency variation characteristics.

Zone 1 Zone 2 Zone 3 Zone 4

High Side 4 kHz 2 kHz 4 kHz 2 kHz

Low Side 1 kHz 1 kHz 2 kHz 2 kHz

Overlap 4 kHz + 1 kHz 2 kHz + 1 kHz 4 kHz + 2 kHz 2 kHz + 2 kHz
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Figure 8. Frequency characteristics of the low side of the transmitter: (a) low side output; (b) Low
side frequency; (c) low side FFT.

Figures 9–13 show the characteristics of the overlapped frequencies under a normal
state. Figure 10 shows Zone 1 of Figure 9, Figure 11 shows Zone 2 of Figure 9, Figure 12
shows Zone 3 of Figure 9, and Figure 13 shows the frequency and FFT characteristics of
Zone 4 of Figure 9, respectively. As the signals overlap without disconnection failure, the
signals on the high side and low side are the same. In the FFT characteristic, the magnitude
of the injected frequency in each zone was high, as shown in Table 1.
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Figure 9. The high side and low side frequency overlap under normal state: (a) frequency variation
characteristics; (b) expansion of the frequency variation characteristics; (c) FFT characteristics.

Figure 10. Cont.
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Figure 10. Frequency and FFT characteristics of Zone 1: (a) frequency characteristics of Zone 1
(4 kHz + 1 kHz); (b) FFT characteristics of Zone 1 (4 kHz + 1 kHz).

Figure 11. Frequency and FFT characteristics of Zone 2: (a) frequency characteristics of Zone 2
(2 kHz + 1 kHz); (b) FFT characteristics of Zone 2 (2 kHz + 1 kHz).

Figure 12. Cont.
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Figure 12. Frequency and FFT characteristics of Zone 3: (a) frequency characteristics of Zone 3
(4 kHz + 2 kHz); (b) FFT characteristics of Zone 3 (4 kHz + 2 kHz).

Figure 13. Frequency and FFT characteristics of Zone 4: (a) frequency characteristics of Zone 4
(2 kHz + 2 kHz); (b) FFT characteristics of Zone 4 (2 kHz + 2 kHz).

3.3. Detection Method of the Disconnection Position in the PV System

Figure 14 shows the method for disconnection failure position detection. When
disconnection failure occurs in the junction box or DC wiring, the frequencies injected
from the transmitter do not overlap and each has a connected frequency value. When
disconnection occurs, the disconnection point operates like an antenna that radiates a
frequency to the outside, and this signal is converted into sound through a receiver so
that the exact disconnection fault location can be detected. In Figure 14b, the detection
area is divided into three areas based on the disconnection failure point. Detection Area
1 and detection area 2 are the sections where the high side and low side are connected,
respectively. In these sections, only each input signal is detected by the receiver. In
detection area 3, in which the disconnection occurs, the transmitter’s input signal from
both terminals of the PV system is radiated to the outside through the disconnected part;
thus, both signals are detected by the receiver. Therefore, it is possible to detect the location
at which the disconnection fault occurred.
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Figure 14. Detection method the disconnection positions in a PV system: (a) disconnection detecting
method; (b) classification of the detecting area.

4. Results of the Simulation and Experiments
4.1. Results of the Simulation

Figure 15 shows the receiver filter circuit used to detect the frequency generated
by the transmitter. To detect only the signal generated by the transmitter, except for the
frequencies used around the PV system, the receiver was designed as a band-pass filter.
The band-pass frequency of the filter circuit was set from 800 Hz to 5.3 kHz. The range of
this value was lower than the transmitter’s lowest frequency of 1 kHz and higher than the
highest frequency of 4 kHz.

Figure 15. Active filter circuit for the receiver.

Figure 16 shows the circuit used to analyze the characteristics of the transmitter and
receiver. To analyze the characteristics of the transmitter and receiver, the PV module was
connected to both terminals of the transmitter’s high and low sides, and the signal was
input into the receiver and the characteristics were analyzed. In addition, a noise input
part was added to analyze the characteristics of the receiver’s disturbance.
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Figure 16. Transmitter and receiver circuit for disconnection failure detection.

Figure 17 shows the response characteristics of the transmitter and receiver in the
normal state when there is no disconnection in the PV system. The signals from the high
side and the low side of the transmitter overlap in the normal state, and the receiver detects
this signal from the transmitter. Therefore, the frequency components of the transmitter
and receiver are almost similar in the FFT characteristics of Figure 17b.

Figure 17. Cont.
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Figure 17. Transmitter/receiver response characteristics (normal state): (a) transmitter/receiver
frequency response; (b) transmitter/receiver FFT characteristics.

Figure 18 shows the response characteristics when a single signal from the high side
or low side of the transmitter is input into the receiver owing to a disconnection in the PV
system. In the FFT characteristics of Figure 18b,d, each frequency characteristic output
from both sides of the transmitter appears in the receiver.

In the circuit shown in Figure 16, disturbances of v1 = 2 sin(2πf1t), f1 = 500 Hz,
v2 = 2 sin(2πf2t), and f2 = 10 kHz are input into the noise stage of the receiver. Figure 19
shows the response characteristics for this case.

Table 2 shows a comparison of the input and output values of the receiver for the
disturbance input. On comparing the receiver input and output for injected disturbance
frequencies of 500 Hz and 10 kHz, the receiver output for disturbance was reduced by 61%
and 68%, respectively, by the bandpass filter. This value exceeded the cut-off standard
of 50%.

Table 2. Input/output characteristics of the receiver against disturbance.

500 (Hz) 10 (kHz)

Receiver Input(A) (V) 1.98954 1.98548

Receiver Output(B) (V) 0.78144 0.63505

Damping Ratio (%) = ((A − B)/A) × 100 61 (%) 68 (%)

Figure 18. Cont.
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Figure 18. Transmitter/receiver response characteristics (disconnection state): (a) high side frequency
characteristics; (b) high side FFT characteristics; (c) low side frequency characteristics; (d) low side
FFT characteristics.
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Figure 19. Response characteristics to disturbances of the receiver: (a) frequency response character-
istics to disturbance; (b) FFT characteristics for disturbance.

4.2. Result of the Experiments

Figure 20 shows the experimental devices used to detect disconnection faults in PV
systems. The devices used in the experiment were PV modules, an oscilloscope, a function
generator, a power supply, a transmitter, and a receiver. Table 3 lists the specifications of
the devices used in the experiment.

Figure 20. Devices used in the experiments.
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Table 3. The experimental equipment’s specifications.

Experimental Equipment Specification

PV Module

Model: EP30W
Manufacture: EcoPower
Maximum Power: 30 W

Open Circuit Voltage: 21 V
Optimum Operation voltage: 17.5 V

Short Circuit Current: 2 A
Optimum Operation Current: 1.7 A

Oscilloscope

Model: DPO 3034
Manufacture: Tektronix

Number of Channel: 4 Ch
Bandwidth: 300 MHz

Function Generator
Model: FG-8002

Manufacture: EZ Digital
Frequency Range: 0.02 Hz~2 MHz

DC Power Supply

Model: GPC-3060D
Manufacture: GWINSTEK

Rated Power: 375 W
Maximum Voltage: 30 V
Maximum Current: 6 A

Figure 21 shows the transmitter’s frequency generation circuit for detecting the dis-
connection of the PV system, and Figure 22 shows the transmitter composed of PIC16F884
and 2N7002 (MOSFET). The red cable is the high side, outputting 4 and 2 kHz; the white
cable is the low side, outputting 1 and 2 kHz; the black cable is a GND.

Figure 23 shows the receiver designed using the active filter of Figure 15. The active
filter in the receiver used the LM741 OPAMP.

Figure 24 shows the process in which the injected signal of the transmitter is radiated
at the point where the disconnection fault occurred. Because the signal of the transmitter
injected into the PV string and the disconnection point are parallel connections, the signal
radiated at the disconnection point is shifted to the magnitude of the open circuit voltage
of the PV string. Therefore, the signal injected from the transmitter radiates the frequency
signal of the input transmitter regardless of the number of module connections.

Figure 21. Frequency generator circuit for the transmitter.
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Figure 22. Transmitter for disconnection detection.

Figure 23. Receiver for disconnection detection.

Figure 24. Multiple frequency injection and radiation process.

Figures 25 and 26 show the characteristics of the PV module that passes the signals of
the transmitter under changing numbers of PV modules in the PV string and operating
conditions. For this experiment, the number of PV modules changed from one to three,
and the operating conditions were good irradiation (outdoor) and bad irradiation (indoor).
The high side and low side of the transmitter were connected to the positive pole terminal
of the PV module, and the output of the negative pole terminal was measured using an
oscilloscope. CH1 is the signal input into the PV module through the transmitter, and
CH2 is the signal passed by the PV module. The red line shows the FFT characteristics
of the CH2. In the results shown in Figures 25 and 26, the values measured with the
oscilloscope were similar when the number of modules and operating conditions were
changed. Therefore, it can be confirmed that the frequency signal input from the transmitter
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passed the PV module owing to its capacitor factor, regardless of the number of PV modules
and the operating conditions.

Figure 27 shows the characteristics when multiple frequencies are injected by connect-
ing the high side to the +terminal of the PV module and the low side to the –terminal. CH1
is the high side frequency, CH2 is the low side frequency, and the red line shows the FFT
characteristics. In Figure 27a, the high side outputs were 4 and 2 kHz, but when there was
no disconnection (Figure 27a, top), a 1 kHz of low side frequency was included in the high
side. In Figure 27b, in the normal state (Figure 27b, top), the 4 kHz of high side frequency
was included in the FFT of the low side. When a disconnection fault occurred (Figure 27a,b,
bottom), only the frequency components of the high side and low side were detected so
that the disconnection could be confirmed.

Figure 25. Cont.
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Figure 25. Response characteristics according to the number of PV modules and the operating
conditions (high side): (a) 1 module and good irradiation; (b) 2 modules and good irradiation;
(c) 3 modules and good irradiation; (d) 3 modules and bad irradiation.

Figure 26. Cont.
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Figure 26. Response characteristics according to the number of PV modules and the operating
conditions (low side): (a) 1 module and good irradiation; (b) 2 modules and good irradiation;
(c) 3 modules and good irradiation; (d) 3 modules and bad irradiation.

Figure 27. Cont.
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Figure 27. Frequency and FFT characteristics according to the PV system’s operational status:
(a) high side; (b) low side.

Figure 28 shows the overlapped characteristics of the high side frequency and the low
side frequency of the transmitter in the normal state where no disconnection occurred. The
frequency appeared according to the four output characteristics.

Figure 28. Cont.
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Figure 28. Disconnection detector frequency characteristics under a normal state: (a) 4 + 1 kHz;
(b) 2 + 1 kHz; (c) 4 + 2 kHz; (d) 2 + 2 kHz; (e) overall characteristics.

Figure 29 shows the characteristics when the receiver measures the frequency signal
of the transmitter’s high side. CH1 is the output of the transmitter, and CH2 is the signal
measured by the receiver. The red line is the FFT characteristic of the measurement signal
of the receiver, and the transmitter’s high side frequency (4 and 2 kHz) was the highest.
Figure 30 shows an expanded view of each frequency in Figure 29.

Figure 31 shows the low side characteristics of the transmitter and receiver. CH1 is
the low side output signal of the transmitter, and CH2 is the value measured through the
receiver. The red line represents the FFT characteristic of CH2 (receiver). The 1 and 2 kHz,
which are the frequencies of the transmitter’s low side, were the highest. Figure 32 shows
an expanded view of each frequency part in Figure 31.

According to the results analyzed in the simulations and experiments, the detected
signal was different depending on whether there was a disconnection, so it was possible to
determine the disconnection failure and the failure’s location.

Figure 33 shows the blocking characteristics of the active filter of the receiver. The
designed active filter was a band-pass filter that passed between 800a and 5300a Hz. To
confirm the cut-off characteristics, 500 Hz and 10 kHz disturbances were injected into the
receiver, and the characteristics of the injected signal were analyzed. Figure 33a shows the
characteristics for a 500 Hz input. CH1 is the signal input into the active filter, CH2 is the
signal passing through the active filter, and the red line is the FFT characteristic of CH1.
In the FFT characteristic, the magnitude of the injected disturbance was approximately
200 mV. Figure 33b shows the output of the characteristics of the receiver for a 500 Hz
disturbance. The red line is the FFT characteristic of CH2 with a size of 75 mV. Figure 33c
shows the characteristics for a 10 kHz disturbance. The red line is the FFT characteristic for
CH1, which input a 10 kHz disturbance, and the size was 175 mV. Figure 33d shows the
output characteristics of the receiver when the 10 kHz disturbance passed the bandpass
filter of the receiver. The red line is the FFT characteristic of CH2, which was a signal that
passed through the filter of the receiver, and the size was approximately 80 mV. Table 4
shows a comparison of the input and output of the active filter and the damping ratio. The
500 Hz and 10 kHz disturbances outside the passing region of the designed active filter
were reduced by 62.5% and 54.3%, respectively, exceeding the cut-off standard of 50%.
Therefore, the disturbance of the receiver was removed by the designed filter.
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Figure 29. Transmitter and receiver frequency characteristics (high side).

Figure 30. Expansion of Figure 29: (a) 4 kHz region; (b) 2 kHz region.
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Figure 31. Transmitter and receiver frequency characteristics (low side).

Figure 32. Expansion of Figure 31: (a) 1 kHz region; (b) 2 kHz region.

Table 4. Comparison of the response characteristics to disturbance.

500 (Hz) 10 (kHz)

Receiver Input(A) (V) 200 175

Receiver Output(B) (V) 75 80

Damping Ratio (%) = ((A − B)/A) × 100 62.5 (%) 54.3 (%)
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5. Conclusions

This paper presented a method to exactly and simply detect disconnection faults and
fault locations in PV systems using multiple frequency injection. To detect the disconnection
failure of PV systems, the method presented in this paper used the characteristics in which
the AC equivalent circuit of a solar cell had a parallel capacitor. Because the capacitor had
the characteristic of passing AC signals well, we designed a transmitter that included a high
side using 4 and 2 kHz and a low side using 1 and 2 kHz. The transmitter was connected to
the PV array or PV string, and multiple frequencies were injected into both terminals. By
analyzing the characteristics of the injected signal, disconnection faults and fault locations
were detected. When disconnection failure occurred, the disconnection point operated as
an antenna and radiated the injected signal to the outside. This externally radiated signal
could be detected by a receiver with a band-pass filter that passed only a specific frequency
band, and the exact disconnection position could be determined according to the pattern of
the detected signal.

The proposed method analyzed the frequency transmission characteristics through
the PV module, the output signal of the transmitter, and the input signal of the receiver.
With no disconnection, the frequencies’ output to the transmitter overlapped, and when
disconnection occurred, only the signals injected from the high side and low side of the
transmitter appeared. The receiver, which detected the signal injected into the transmitter,
was designed as a band-pass filter using an active filter to detect only the injected signal.
The method proposed in this paper can easily find the disconnection failure of a PV system.
However, this method injects a signal into both ends of the PV string when a disconnection
fault occurs, and the user has to find the fault point by themselves. In addition, this
paper was based on the case where there was only one disconnection fault, and additional
research is needed on the occurrence of disconnection failure at multiple points.

This method presented in this paper can be used to detect failures, such as discon-
nection and deterioration of various conductors, and we will research it can be applied to
various fields or multiple disconnection faults.
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44. Stošović, M.A.; Lukač, D.; Litovski, I.; Litovski, V. Frequency domain characterization of a solar cell. In Proceedings of the 11th
Symposium on Neural Network Applications in Electrical Engineering, Belgrade, Serbia, 20–22 September 2012; pp. 259–264.
[CrossRef]

http://doi.org/10.1016/j.rser.2016.03.051
http://doi.org/10.1016/j.rser.2016.11.205
http://doi.org/10.1063/1.4803748
http://doi.org/10.3390/en7074098
http://doi.org/10.3390/en10081213
http://doi.org/10.1063/1.3122082
http://doi.org/10.1016/j.solener.2010.02.012
http://doi.org/10.1109/TSTE.2015.2389858
http://doi.org/10.1016/j.enconman.2017.04.054
http://doi.org/10.1109/NEUREL.2012.6420031

	Introduction 
	Electrical Characteristics and Failure of a PV System 
	Electrical Characteristics of a PV System 
	Failure of PV Systems 

	Proposed Method (Multiple Frequency Injection Method) 
	AC and DC Characteristics of Solar Cells 
	Disconnection Detecting Method Using Multiple Frequency Injection 
	Detection Method of the Disconnection Position in the PV System 

	Results of the Simulation and Experiments 
	Results of the Simulation 
	Result of the Experiments 

	Conclusions 
	References

