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ABSTRACT

Photovoltaic energy is the one amid the other non-conventional energy resources extensively
used. The convenient conversion process makes it more advantageous. The unusual situation like partial
shading and faults are major cause for limiting the power below maximum possible power from the
photovoltaic array. In order to operate and maintain a photovoltaic plant safely, effective fault detection and
diagnosis are essential. Recent advances in fault diagnosis have been made through the use of machine
learning methods. Although, some limitations remain such as feature extraction depends on expert
expertise and is not automated. The second problem is that artificial characteristic extraction ignores some
features that could be useful. Third, shallow network structures can't be used to learn the nonlinear
characteristics of current-voltage curves. These issues are addressed by applying supervised deep learning
methods that can automatically extract features, but a lot of categorized data is needed. This article
proposed a fault detection scheme based on the voltage and current parameters. The voltage and current
ratios are introduced to measure the threshold values according to various faults behaviour. This technique
requires less data to detect the fault and also characterise the faults automatically. The wavelet packet
transform is used to analyse and measure the energy and standard deviation (STD) of the proposed PV
fault parameters. The simulated results have also been analysed using wavelet packet transform (WPT).
The performance evaluation and the testing of proposed fault detection scheme is done using 4x4 PV array
of 1596 W in MATLAB/Simulink.

Keywords: Fault Detection, Fault Diagnosis, Photovoltaic Array, Partial Shading, Wavelet Packet
Transform.

Introduction

In recent years as well as in current time, the photovoltaic systems are best method to utilize the
solar energy directly and in coming years it will become more popular due to new technologies,
unavailability of conventional sources and reduction in material cost [1]. In the solar power plants, the
fault analysis is the primary concern of the researchers to increase the output energy, system reliability
and also to maintain the safety. The lack of protection may cause the photovoltaic system faults which
results the breakdown in photovoltaic module, wires, etc. Photovoltaic have current-limiting and non-
linear output characteristics due to which under some special cases the over current protection devices
are not able to clear the faults in photovoltaic array. Such faults may lead to risk of dc arcing and fire [2].
The fire hazard occurred because of ground fault on multiple points in a 383 kW solar system in
Bakersfield, California in 2009. One more fire hazard was reported, it occurred due to line-line faults in
photovoltaic array in a solar power system in California [2]—[4].
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According to U. S. National Electrical Code, the conventional fault protection devices are arc-
fault circuit interrupters, over current protection devices (OCPD) and ground fault protection devices
(GFPD) [5]. These devices are capable of remove the faults and disconnect the system from the faulty
sub-systems. But these protection devices operate only in case of large current flow due to faults [6], [7].
Basic reason of faults in aquatic PV module like open-circuit faults due to damaged PV cells and joint
failure, short-circuit faults due to line to line and/or line to ground connections are reported in [8].
Independent of the PV module interconnections, the I-V curve is used in [9] for the performance
evaluation of PV array under different fault conditions. A data driven technique for detection of fault and
its classification has been proposed in [10], where |-V curve has been used to evaluate the normal and
faulty conditions of PV module. Degradation causes the mismatch of photovoltaic module and partial
shading of photovoltaic module causes power losses and black spots on module reported in [11]-[16].
Different array reconfiguration procedure reported in [17], [18] to minimize the power losses during partial
shading. Also, a new reconfiguration procedure has been proposed called two phase array
reconfigurations. According to literatures, artificial neural network and fuzzy system are commonly used
techniques for detection of fault due to PV array shading [19], [20]. The abnormal conditions occurred in
photovoltaic system like various faults and shading on PV cells are major cause to minimization of
maximum power available at the PV terminals. Based on ensemble learning, a fault diagnosis technique
is proposed in [21]. Only two types of faults (short-circuit and partial shading) can be detected using this
technique. Solar irradiation, cell temperature, ambiance temperature and output power of PV array are
required to diagnose the faults.

In this research work, a novel algorithm has been proposed to detect and diagnose the three
different types of the electrical faults that usually occur in a PV array. The proposed algorithm is based on
three parameters like solar irradiation, voltage and current of the PV terminal. The energy of the different
fault indicators is also analysed using wavelet packet transform (WPT).

Further this paper is organised as follows: The PV array under various fault conditions, different
fault detection scheme and a novel fault detection and characterization technique are presented in
section 2, 3 and 4 respectively. In section 5, the results of proposed technique are discussed for different
fault conditions. At last, in section 6, the research work is concluded.

Photovoltaic Array under Various Faults

A PV array with combination of four parallel and four series module is modelled in
MATLAB/Simulink for the further fault detection and characterization. The electrical specification of single
PV module is given in table 1.

Table 1: Nexpower Technology NH-100 UT_4A solar panel electrical specification at STC

Parameter Value
Maximum output power 99.75 W
Voltage at MPP (Vmp) 375V
Current at MPP (Imp) 2.66 A
Open-circuit voltage (Voc) 50.5V
Short-circuit current (lsc) 3.3A
Temperature coefficient of (Vo) -0.306 %/ °C
Temperature coefficient of (Isc) 0.09 %/ °C
Shunt resistance (Rsh) 77.04 ohm
Series resistance (Rse) 2.74 ohm

In the solar power plants, faults may be classified as the permanent and temporary faults. The
permanent faults in photovoltaic plants are line-line fault, line-ground fault, mismatch fault and open-
circuit fault. These faults lead to the reduction in generation of PV power permanently. Partial shading of
PV array is the example of temporary faults in photovoltaic plants. Among these faults, line-line and line-
ground fault happens due to causeless connection between line to line or one or more line of photovoltaic
array and ground i.e. short circuiting of two nodes of different potential [23]. Various faults in PV array is
shown in figure 2. Fai and Faz are the LL fault with one and two module mismatched respectively. Fb1
and Fbz are LG and LLG faults respectively. Fc1 is open-circuit fault in first column and Fc2 is open-circuit
fault in second column. Partial shading condition is shown in figure 2 (d) and two sample of shading
pattern is given in table 2 and 3.

Based on the data in Table 1, a PV array of 16 PV modules (4x4) has been modelled in
MATLAB/Simulink. The array maximum output power at standard test condition (STC) is 1596 W.
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Table 2: Shading pattern for PSC 1
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Table 3: Shading pattern for PSC 2
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(d) Figure 2: (a) Line-line fault, (b) Line-ground fault, (c) Open-circuit fault, (d) Partial shading



Abhishek Kumar Gupta, Rajveer Singh & Sanjiv Kumar: DC Side Fault Detection and
Proposed Fault Detection Scheme

..... 43

In this paper, several faults like, line-line fault, line-ground fault, open-circuit fault and shading of

the photovoltaic array of proposed PV generation system (shown in figure 3) are considered for the faults
detection and diagnosis algorithm.
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Figure 3: Block diagram of a PV generation system with various fault conditions

For the purpose of detection of faults, the voltage ratio (a) and current ratio (8) are introduced.
The ratios a and 8 are defined as:

-V 19

(Z—V—OC ( )
I

B=i (20)

Here, V and | are the terminal voltage and load current respectively; Voc and Isc are the voltage

and current parameters at no-load and short-circuit conditions respectively. The Voc and Isc can be
obtained by [24]:

ISCSTC

lie = Np [ 3506 + k(T = Tio)| @1)
Isc/ Ny
Voc = Ng[Vocsre + ko (T — Torc) + Vi In T ] (22)
ScSTC

The PV output parameters are lesser dependent of temperature variations compared to
irradiation variations [25], so equations (21) and (22) can be rewritten as:

ISCSTC
fse = Ny [1000 G] @9
I,./N
Voe = Ny[Voesrc + Ve In < - ”)J 24)
scSTC

From equation (19) and (20), if the PV system is operating in healthy condition, then the voltage
and current ratios can be written as:

v
U =~ (25)
oc
I
B =1 (26)
sc
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In a healthy PV array, the Vmpp and Impp can be obtained as follows [25]:

ImpSTC
brpp = Np [ 1000

Isc = Impp Voc Impp
(15 (2 o) (35 ) ) L,
Isc N,

Determination of Threshold Values

The two proposed variable a and B (in section 3) used to define the threshold values. In this
section, threshold values for various faults in PV array like line-line fault, line-ground fault, open-circuit
fault and partial shading conditions have been discussed.

o Line-Line and Line-Ground Faults

In a grounded system, the behaviour of short-circuit fault and line-line fault is same. Also the PV
parameter variations are same for LL and LG faults [2], [26]. When a line-line fault occurred in a PV
string, then the decreased value of output voltage depends on the mismatch level (i.e. the number of
module mismatched). Similarly, for line-ground faults it depends on the voltage of module between the
fault point and ground. In such faults condition the voltage ratio can be obtained by:

1 ) Vinop

aLL/Le = (1 N VL = Yom (29)
S oc

—1_21
Where, y =1 S

s

Hence, the threshold value for the detection of faults in case of LL/LG faults is given by:
Th'LL/LG =yamte (30)
Where, ¢ is the percentage threshold range, € = £2%.

G+ k(T — TSTC)] 27)

Vmpp = N; (28)

. Open Circuit Faults

The decreased value of output current in case of an open-circuit fault in a PV string depends on
the current of the faulty line (i.e. it reduced by current of that array). During this situation, the current ratio
can be obtained by:

Boc = (1 - N%) I’,’:’Z” = Bm €3]
Were, A=1— Nip
Hence, the threshold value for open-circuit fault detection is given by:
Thoe = Mm *+ € (32)
. Partial Shading Faults

The partial shading fault is characterised as temporary fault. Such faults are very common in PV
generation system. Less current produces by the shaded cell so the power generates from that module is
lower than other modules [27]-[29]. In such case the voltage and current ratios are obtained as:

Vmp
Apsc = (33)
PSC =y
[mp
Bpsc =T (34)

ISC
In case of partial shading the Vmp and Imp are the MPP values from the photovoltaic array with
peak irradiation (Gmp). Hence, the Vmp and Imp for partial shading can be obtained same as equation (27)
and (28) by replacing G by Gmp, Vmpp by Vmp @and Impp by Imp.
Hence, the threshold value for the detection of faults in case of partial shading faults is given by:

I
Those = (T2) £.& = fosc £ & (35)
sC

Based on the discussion about the threshold values, a flowchart have been developed, shown in
figure 4.
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Figure 4: Flow chart of the proposed fault detection technique
Results and Discussion

In order to get the results of the proposed technique of fault detection, a PV generation system
with 1596 W is developed on the MATLAB/Simulink. The structure of the modelled system is shown in
figure 3. The electrical parameters of the PV module are given in Table 1.

. Healthy (fault free) Operation

Healthy operation in the PV system is the very much desired operation. The voltage and current
parameter ratios of healthy operation are shown in figure 5 and figure 6. During this observation the test
condition taken are 25 °C temperature and 1000 W/m? irradiation. Figure 5 shows voltage ratios (a and
am), and the threshold of LL/LG faults (Thiuic). Figure 6 shows the current ratios (8 and Bm), and the
threshold of OC and PSC faults (Thocand Thesc). It can be seen in figure 5, Thuucis lower to the a,
means the PV system is operating without LL/LG faults. In figure 6, 8 exceeds the Thoc and Thesc i.e. the
PV system is free from open circuit fault and partial shading.
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Figure 6: Current ratios of Healthy Operation
. Line-Line/Line-Ground Fault Operation

Line-ground fault is special case of line-line fault. The behaviour of both the faults is identical.
The voltage and current ratios of fault case Faz (figure 2 (a)) is shown in figure 7 and figure 8. LL/LG
faults are basically the unusual connection between the two or more different potential nodes, so in such
case the voltage of the PV system decreases. The voltage of the PV string is decreased by the
summation of the voltages of the mismatched PV module. So, a is lower than the Thiue as shown in
figure 7, i.e. the PV array is operating under LL/LG fault. Figure 8 shows that the PV system is free from
the open circuit and partial shading faults.
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Figure 7: Voltage Ratios of LL/LG Fault
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Figure 8: Current Ratios of LL/LG Fault

Open-circuit Fault Operation

The open circuit fault case is shown in figure 2 (c). Fcl and Fc2 are open circuit faults in PV
string 1 and 2 respectively. The voltage and current ratios with the corresponding threshold are shown in
figure 9 and figure 10. It can be seen from figure 9, a is greater than the Thiuie during the operation. So,
the PV system is free from LL/LG faults. But as shown in figure 10, B8 is less than the Thoc and greater
than the Thesc, means the PV system is operating with the open-circuit fault in at least one of the PV
strings.
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Figure 9: Voltage ratios of open circuit fault
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Figure 10: Current ratios of open circuit fault

. Partial Shading Fault

In case of partial shading, some portion of the installed PV array is shaded for some time by any
means and the rest part get the full irradiation as shown in figure 2 (d). For partial shading of PV array the
shading pattern considered is given in table 2. It can be seen from figure 11, a is greater than the Thiuic
during the operation. So, the PV system is free from LL/LG faults. In figure 12, 8 is less than the Thoc as
well as Thesc, means the PV system is operating with the partial shading fault.
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Figure 12: Current ratios of partial shading fault
Table 4: PV Parameters under different Fault Conditions
Type of fault a Om B Bm Thine Thoc Thesc
Fault free 0.7425 0.7425 0.8060 0.8060 0.5568 0.6050 | 0.5210
LL/LG fault 0.5022 0.7425 0.8113 0.8060 0.5568 0.6050 | 0.5210
Open-circuit fault 0.7393 0.7425 0.5700 0.8060 0.5568 0.6050 | 0.5210
Partial shading fault 0.7373 0.7425 0.3842 0.8060 0.5568 0.6050 | 0.5210
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The simulation results of fault variable is discussed and presented in table 4. The analysis of
fault variable (a&pB) using wavelet packet transform is given and discussed below. The fault detection and
classification technique proposed in section 5 and figure 4 are tested using MATLAB/Simulink software.
The simulated data of signal a and 8 gone through the WPT so that STD and energy are measured. The
measured energy is shown in figure 13-20 for different PV operating conditions and STD and energy is
summarised in table 5. The mean value of energy signal during fault free operation is much lower than
the mean value of energy signal during faulty operation.
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Figure 23: Energy of a during healthy PV operation
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Figure 34: Energy of B during healthy PV operation
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Figure 45: Energy of a during LL/LG fault
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Figure 56: Energy of B during LL/LG fault
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Figure 209: Energy of B during partial shading fault
Table 5: STD and energy of different fault conditions using WPT

Types of fault Fault Variables STD Mean

Fault free a FF 0.001214 0.000326
B_FF 0.001073 0.000299

a LL/ILG 0.002722 0.006332

LL/LG fault B LL/ILG 0.001308 0.003234
Open-circuit fault a_0OC 0.001217 0.003091
B_OC 0.002743 0.006312

Partial shading fault a PSC 0.001278 0.003097
B_PSC 0.002922 0.006323
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Table 6: Comparison with the recent PV faults detection techniques

53

Reference Fault Type Method Parameters Fault Accuracy | Complexity
Required Classification
[30] Permanent fault, Difference V, I, G 2 High High
Partial shading Measurement
[31] PV module fault, Difference V,I,G, T 3 Low High
Partial shading, Measurement
MPPT Fault
[32] Short circuit, Open | Machine V,I,G, T 4 High High
circuit, Partial Learning
shading,
Degradation
[33] LL fault, Partial Signal V, I, G 2 High Low
shading Processing
[34] LL fault, Partial Machine V,I,G, T 3 High High
shading, Abnormal | Learning
aging
[35] LL fault, Partial Machine V, 1, G 4 High High
shading, Learning
Degradation,
Bypass diode fault
Proposed | LL/LG fault, Open Difference V, 1, G 4 High Low
Technique | circuit fault, Partial | Measurement
shading

Different PV fault detection techniques have already been discussed in section 1. In Error!

Reference source not found., some recent techniques are compared with the proposed technique.
The comparison is being evaluated on many parameters like type of fault, method of fault detection,
parameters required to detect the faults, accuracy, and complexity of the technique. Based on these
parameters, it can be concluded that the proposed technique is comparatively simple and efficient and
require less data to detect and diagnose the faults in the PV array.

Conclusion

The various faults have been considered and employed for the fault analysis, detection and its
identification. A fault detection technique has been proposed in section 4. This technique is based on the
voltage and current ratios. The proposed flowchart (figure 4) is useful to identify the types of faults
occurred at PV array such as LL/LG (short-circuit) fault, open-circuit fault and partial shading. The energy
signal of various voltages and current ratios have also been analysed using WPT and results are
summarised in table 4 and 5. This fault detection algorithm is applied to the modelled PV generation
system and found that the proposed fault detection technique is able to detect and identify the fault. The
proposed PV fault detection technique has also been compared with the various PV faults detection
techniques available in literature as shown in table 6 and found that the proposed PV fault detection
technique is simple, efficient and require small amount of data comparatively.
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Abbreviation

Vmpp = voltage at MPP of healthy PV array
Impp = current at MPP of healthy PV array
Impstc = Impp @t STC

a = voltage ratio

B = current ratio

am = voltage ratio at MPP

Bm = current ratio at MPP

Osc = short-circuit voltage ratio
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Thune = threshold value for LL/LG fault

Thesc = threshold value for partial shading fault

Vi = thermal voltage of photovoltaic module

Ns = no. of PV module connected in series

Np = no. of PV module connected in parallel

Ki = temp. coefficient of Isc

Ky = temp. coefficient of Voc

G = effective irradiation for PV module

T = temperature of PV module

WPT = wavelet packet transform

STD = standard deviation
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