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This paper proposes a new simple technique to detect and discriminate the abnormal states of the grid-connected
photovoltaic (PV) solar system based on the rate of change of voltage and current trajectory. The design of the PV
system is developed by implementation of only one diode in every PV string. The diode prevents the reverse
direction of the fault current in case of faulty strings. On the other hand, the installation of a diode reduces the
ability of faults detection and diagnosis depending on currents in each string. The proposed technique depends
on the rate of change of voltages and current trajectory during the fault transient period. The proposed algorithm
can detect various fault cases such as cell-to-cell and string to string faults in addition to partial and full shadow
faults. Also, the algorithm differentiates between high and low fault cases for each fault types. Moreover, the
proposed technique is characterized by high sensitivity for internal abnormal states within certain array with
high security level for the external abnormal conditions and normal load changing. The proposed technique is
applied for a four-array PV system, which has a power rating of 400 kW connected to an AC grid. The simulation
results and validation of the proposed technique are implemented by MATLAB/Simulink toolbox. The proposed

technique is experimentally applied for a small PV system of a rating of 1.25 kW to prove its validity.

1. Introduction

Photovoltaic (PV) power resources are free-pollution resources of
electrical power energy because they do not generate any exhausted
contamination [1]. The power generated from the PV systems reached
about 300 GW at 2016 (around, 2% of all-over the world generated
power), which reached about 627 GW at 2019 (around, 3% of all-over
the world generated power) [2-4]. The high initial cost and low effi-
ciency of the PV systems are their two main drawbacks [5]. However,
the initial costs are decreased todays compared to the first PV system
and the PV system efficiency is enhanced to reach up to 40%, especially
when connected to AC grid systems [5].

Connections between PV system and AC-grids are carried out by
inverters. The PV system modules are directly aligned to the sun di-
rections to obtain maximum power. The orientation of PV system
modules to the sun’s direction is carried out by solar trackers, which
adjust the PV system to be vertical with sun’s lights during daytime.
Also, the maximum power tracking approach is used for extracting
maximum power from the PV modules [6-8]. Furthermore, grid-
connected PV systems are used to reduce both distribution and
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transmission losses.

Monitoring the PV systems today is very essential due to their rapid
expansion for different purposes and applications. Monitoring the PV
system is used to detect their faults, which affect operating states and
performance [9].

Some published works suggested different algorithms to monitor and
detect the PV system faults [10-27]. In [10-16], fault detection algo-
rithms are built based on PV system parameters. The electrical data and
temperature for the algorithm presented in [10] are collected by energy
balance equation to determine the PV system fault based on PV system
parameters. The model in [11] is built based on the signal of irradiation
and temperature sensors to reduce the signal required for fault detection
model, while the effect of partial shadow on the array voltage and
current with the power losses is used as an indicator to determine the PV
system fault types as expressed in [12]. In [13], a fault detection model
is built based on the evaluation of parameters that characterize the V-I
curve of the PV system. The model developed in [14] is built based on
measured irradiation and the PV array temperature model are used to
check the measured data to enhance the presented fault detection
model. In [15], the ratio between measured and theoretically-calculated
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PV system output power and the voltage ratios are used as indicators of
fault types in grid-connected PV systems, while in [16], the digital twin
concept is used to build the PV system fault model. The twin model is a
physical model that is used to estimate, in real time, the PV system
characteristics.

Some researches built their detecting fault algorithms depending on
the artificial neural systems, fuzzy logic and neuro-fuzzy approaches
[17-20]. In [17], a Neuro-fuzzy model is built based on six I-V charac-
teristic PV module curves. The status of the PV system is determined
based on the comparisons between the norms parameter values and the
threshold values. The model presented in [18] is built based on a
probabilistic neural network. The model is trained by the predicted and
classified faults normalized datasets with high predicting accuracy. In
[19], the fault model for predicting the PV system fault is based on a
convolution neural network (CNN). The CNN model is built based on
four-layer structure module. It identifies the different PV fault types with
high detecting accuracy. In [20], the presented model is built based on
two classification approaches (neural pattern recognition and bagged
tree ensemble methods) and utilizing two diodes at the two ends of each
string. The two proposed models have high predicting fault accuracy,
especially the neural pattern recognition networks.

Different published researches predicted the PV system faults based
on machine learning algorithms [21-26]. In [21], the detecting model is
constructed based on the kernel based extreme learning machine
(KELM). The different detected faults are open circuit faults, short circuit
faults, partial shading conditions and degradation faults with high
detecting accuracy. The presented model in [22] is built based on
wavelet combined with support vector machine. The model has a fast-
time predicting accuracy with different PV system faults. In [23], a
machine learning model based on Gaussian process regression (GPR) is
built to detect the PV system faults. It fastly detects various faults for
different PV systems. The model in [24] represents a reduced Kernel
Random Forest technique for fault prediction and classification of grid-
connected PV system. It has two stages; the first is a feature reduction,
while the second stage is a fault classification. It has a high fault pre-
dicting accuracy with fast detecting time. In [25], a PV system fault
detecting model is built based on a stacked autoencoder (SAE) model.
The presented model has a very high detecting accuracy for single fail-
ure and multiple failure faults compared to other machine learning
approaches. A hybrid artificial bee colony with semi-supervised extreme
learning machine algorithm is presented in [26]. The model uses a small
amount of data, which reduces costs and detecting time.

The main drawback of most recently published works regarding
grid-connected PV systems for fault detectionsis the dependency on
artificial intelligence or machine learning methods, which requires
large-case studies and time for training and testing the suggested
models. Therefore, a simple detecting approach for grid-connected PV
faults is very important to facilitate the detecting process without the
requirements of complicated processes or classification methods.

In [20], an approach is constructed by inserting two diodes in each
PV string. The prevention of high array currents during faults is the main
target of diodes’ installation. For each string, only one diode at the upper
terminal is enough to accomplish this target. The only function of the
down diode is the differentiation between the cell-cell and cell-negative
terminal faults. In addition, the detection of the string faults is achieved
by using two artificial intelligence (AI) approaches in additional to
neural pattern recognition techniques with bagged ensemble trees.
These techniques are complicated and need large training samples for
good training performance, while (276 cases) are used for training
process, which is not enough for adequate training.

Some researchers introduced PV fault diagnosis based on waveform
shapes [27-29]. In [27], a voltage-based protection algorithm is pre-
sented to classify different string faults and shadow faults. It depended
on measuring the voltage across upper and lower cells of each string
besides measuring the inverter terminal voltage in the PV array side. The
model suggested some conditions of each fault type. The model
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successfully detects different PV fault types and shadow faults but there
are some drawbacks of this model. The model requires several con-
straints to differentiate between the partial shadow and array faults that
represents a model complexity. Consequently, additional constraints are
needed to classify the different array fault types. The suggested model in
[28] is built based on the normalized super-imposed component of the
array power to predict the internal faults of the PV array and the partial
shadow. Two steps are required for the fault detection process. In the
first step, the fault disturbance is detected while, in the second step, the
classification of a fault condition and partial shadow is distinguished.
The main shortages in this work are the complexity of the suggested
model, there are no distinctions between different internal faults of the
PV system and the small size of the used PV system. In [29], a sensorless
predicting model is suggested depending on the current decrease be-
tween the two sampling instances of maximum power point tracking
(MPPT). The suggested model has less fault detecting time with high
accuracy. The main shortages of this work are the complexity of the
suggested model and neglecting the distinction between low and high
cell-to-cell and string-to-string fault types. In addition, string-to-the
ground (pole to pole) faults are not implemented.

This paper introduces a new simple protection technique for grid-
connected PV system using the rate of changes of voltage (AV/At) and
current (Ai/At) and mapping them in special phase plan (trajectory).
The proposed technique detects all abnormal states and faults in each PV
string assisted with only one diode. The proposed approach essential
contribution is the installation of only one diode for each PV string
installed in the upper terminal of each PV string and monitoring the grid
connected PV system without any complicated processes or machine
learning approaches. This diode is installed to avoid the inverse of string
current direction throughout the fault periods and enable the recogni-
tion of faults depending only on the string current and voltage of each
string as well as the overall array current and voltage. Based on the
diode effect on the faulted PV array, the developed technique de-
termines the types of string faults, such as: cell-to-cell, string-to-string,
positive-negative terminal faults as well as the partial and total array
shadow as abnormal states. The PV system and the proposed fault
detection technique are implemented by MATLAB/Simulink package.
The proposed fault detection technique is tested experimentally on
various types of abnormal conditions to emphasize its effectiveness to
detect and classify them.

2. System description and modeling

The proposed model is developed to simulate a 400 kW grid-
connected PV system [20,30], which contains four arrays connected to
a 25-kV AC grid via DC/AC inverter and transformer of 0.260/25 kV.
Fig. 1 illustrates the construction block diagram of the studied grid-

DCDC
Converter |

DCDC
Converter | 4

DCAC
Inverter

DC/DC il
Converter

AC grid

=,
™
™
™
™

DC/DC
Converter ||

Fig. 1. Block diagram of the PV system assisted with one diode per each string.
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connected PV system. Each array is connected to the main DC bus
through a DC/DC converter of boost type. The proposed technique is
applied on array number three from the top which is expanded as in
Fig. 1. The array consists of 68 parallel strings, while each string is
assisted by one diode in the upper side. Each string consists of five series-
connected PV-cell of type SunPower SPR-315E. For analysis purposes,
each cell has a certain number from one to five and the counting started
from bottom cell to the top cell. The study measurements are extracted
from the first three strings of the array expanded in Fig. 1 The arrays
operate according to maximum power point tracking technique (perturb
and observe) under any operating condition [30].

This study investigates the system performance under different
operation states including steady-state, changing irradiation case,
shadow case and different faults regarding cell-to-cell faults, string-to-
string faults and positive to negative terminal faults with different
values of fault resistance.

The proposed technique depends on the measurement of the current
and voltage of each string in additional to array current and voltage. It
should be noticed that the string voltage is measured across the PV
module excluding the diode. For generalization, the string and array
currents and voltages are normalized as in the following equations:

iy M
famy =1 @
v, = V&j’ ©)
Vi = W% “@

where i is the string number j normalized current of measured current Ij,
I, is rated array current, Ny, is the total number of array strings, which
equals 68 for the studied system, iqrqy is the normalized total current of
the array, Iyrqy is the measured total current of the array, V; is the
normalized string voltage of the measured voltage V(;,);, Vi is the rated
string voltage and Vgrqy is the normalized overall array voltage of the
measured array voltage V(mqrqy- In this research, the rate of change of
normalized currents and voltages represent the key factor to investigate
the system abnormal state. The rate of change of each quantity is
calculated by dividing the difference between two sampled quantities at
sample number k and k + 1 by the time interval between these samples
At. Therefore, the rate of changes of the normalized quantities calcu-
lated in (5)-(8) can be given as follows:

Ai =k

=y J 5
At At Q)
Aiarruy _ lZ:r(]u B i‘acrray (6)
Ar At
Ay, _ vt -y -
At At
K+l _ ik
AVarsy _ Viray = Yoy ®
At At

where the superscript (k and k + 1) of each quantity means the two
successive sample number.

The installation of the diode in the system results in different system
performance conditions according to the diode state. The diode may
operate in ON or OFF state according to the voltage difference across its
terminals. In normal state of operation, the diode works in ON state,
while the values of V; and Vgrqy are approximately identical. In some
abnormal cases, the diode is in ON state. These cases are characterised
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by moderate values of voltage rate of change. In this study, these
abnormal states are called “low current states” with abbreviation “low +
(the abnormal case name)”. On the other hand, the abnormal states turn
the diodes into OFF state that are called “high current states” with
abbreviation “high + (the abnormal case name)”. These “high” states are
characterised by extreme values of voltage rate of change.

According to Table 1, the states are designated as 0, 1, 2, 3, 4, 5, 6, 7
and 8 for healthy system, high and low cell-to-cell faults, high and low
string-to-string faults, high and low shadow states and high and low
pole-pole fault, respectively. Generally, the term “high” is used for low
fault resistances, whereas “low” is considered for the high fault re-
sistances in case of fault states. For shadow, “low” indicates small shaded
area of the array, while “high” means wide shaded area. Fig. 2 illustrates
the different abnormal states in accordance with Table 1. It should be
noticed that cell-to-cell and string-to-string faults may happen with
different combinations not only such as in Fig. 2. The figure illustrates
only one cell-to-cell connection between cell number 2 and cell number
4 and illustrates only one string-to-string connection between the second
cell in the second string and third cell in the third string. All possible
faults connections are conducted in this study. The following section
deals with the investigation of the studied system under different
operating conditions to conclude the system tendency under different
abnormal states.

3. Investigation of system performance under abnormal
conditions

The developed detection techniques are modelled using MATLAB/
Simulink toolbox [31] for the PV system to determine the system status,
which is one of the abnormal states mentioned in Table 1. The perfor-
mance accuracy of the proposed protection algorithm is determined for
various conducted operating statuses. The diagnosis and investigation of
various abnormal conditions are carried out by the detection of the
voltage and current variations in each string and in the overall array.
The trajectory of voltage and current change enables to distinguish be-
tween various abnormal states as in the following study.

3.1. Cell to cell fault

Fig. 3 shows the voltage and current of the first and second strings
and of the overall array when High cell-to-cell fault with 0 Q fault
resistance is applied between the first and third cells of the first string. A
cell-to-cell solidly fault is applied between cells 1 and 3 of the faulted
(first) string at 0.2 s. The rate of change of voltage and current for the
first and second strings and overall current of array for this state are
shown in Fig. 4. As shown in these figures, the voltage of the faulted
string is sharply changed from 1p.u. to near zero and, then, slightly
increased to settle down around 0.5p.u. On the other hand, the voltages
across the healthy string (string 2) and the array (positive to negative
terminals) as well as the remining strings are slightly decreased. This is
due to the excited diode in the upper terminal of each string, which
causes an isolation to the faulted string. This solidly fault causes the
anode voltage to be less than the cathode voltage (the diode is in OFF

Table 1
Healthy and abnormal conditions states.

States Status

Healthy system

High cell-to-cell fault
Low cell-to-cell fault
High string-to-string fault
Low string-to-string fault
High shadow

Low shadow

High pole-pole fault

Low pole-pole fault
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Fig. 2. States of abnormal conditions as in Table 1.
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Fig. 3. Voltage and current of the first and second strings and their overall
array for first string (High cell-to-cell fault) with 0 Q between the first cell and
the third cell.

Stringl - - Stringz - - Arn\y3
0 -
0
- PN
2 2 -1000
3 -1000 3
& £ -2000
= 2000 >
§ < 3000
-3000 4
< < 4000
-4000
-5000
0.199 0.2 0.201 0.202 0.199 0.2 0.201 0.202
Time (s) Time (s)
T T T T T
0
2
3 1000
2
= -2000
g
= -3000
<
-4000
-5000 . I . . . L . . | L .
-5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0

Ai/ At (p.u./s)

Fig. 4. Rate of change of voltage and current of the first and second strings and
overall array for first string (High cell-to-cell fault) with 0 Q between the first
cell and the third cell.

state). This is achieved because the faulted string current is sharply
changed from 1p.u. to zero, while the heathy string and array currents
are slightly changed around 1p.u. In Fig. 4, the rate of change of voltage
and current can be observed due to the suddenly change occurred. The
lower part of Fig. 4 represents the relation between the rate of changes of
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voltage and current. It is concluded that the rate of change of voltage
and current are very high for the faulted string, while the healthy strings
and overall array are slightly changed around the zero. The maximum
values of voltage rate of change for faulty string, healthy string and
overall array are —4459.4, —94.9 and —94.9p.u./s, respectively. The
maximum values of the rate of change of current for faulty string,
healthy string and overall array are —5273.8, 79.24 and —3.7p.u./s,
respectively. These values are occurred simultaneously after 0.2 ms from
the fault instant. This requires a very fast detection technique.

Figs. 5 and 6 illustrate the voltage and current and their rate of
change of the first and second strings and of the overall array when Low
cell-to-cell fault with 50 Q is applied between the first cell and the
second cell of the first string. As shown in these figures, contrary to the
previous state, the voltage of the faulted string is changed slightly
around 1p.u. Also, in the current state, the healthy string (string 2) and
the voltage across the array as well as the remining strings are slightly
decreased. From these figures, all strings voltages and their rates of
change are approximately equal to the faulted one. This reason of this
tendency is that the excited diode in the upper terminal of the faulted
string will remain in the ON state. As mentioned in this state, the fault
occurs with high resistance (50 ), which doesn’t affect the anode
voltage. The maximum values of voltage rate of change of the faulty
string, healthy string and overall array are the same and equal to
—7.79p.u./s as shown in the lower part of Fig. 6. Consequently, the
faulted string current is sharply changed from 1p.u. to around 0.94p.u.,
while the heathy string and array currents are slightly changed around
1p.u. In this state, the rate of change of the overall array current is
positive contrary to the previous state which is negative. The maximum
values of current rate of change of faulty string, healthy string and
overall array are —469.05, 7.62 and 0.321p.u./s, respectively. It is
concluded that the rate of change of current is very high for the faulted
string, but the change of voltage is small, while the healthy strings and
overall array are slightly changed around the zero.

3.2. String to string fault

Figs. 7 and 8 demonstrate the voltage and current and their rate of
change of the first and second strings and overall array. The fault is
considered as high string-to-string fault linking between the first cell of
the first string and the third cell of the second string with 0 Q. Here in
this state, as shown in these figures, the voltages of the faulted strings
are decreased but with different values. The string which has the lowest
number of faulted cells from the negative terminal has a lowest value of
the voltage related to the other string. However, the healthy strings and
the array voltages are slightly decreased. The maximum values of

String — — — . String, ~ — — . ArrayJ‘
1.004 ! T T T T
1.002 [ |
2
> 0.998 B
[ ~ B
L
0.994 . . . . .
0.199 0.1995 0.2 0.2005 0.201 0.2015 0.202
1.05 , T T T T
< 1r .
=
=
T 095 g
0.9 . . . . .
0.199 0.1995 0.2 0.2005 0.201 0.2015 0.202
Time (s)

Fig. 5. Voltage and current of the first and second strings and overall array for
(Low cell-to-cell) fault with 50 Q between the first cell and the second cell of the
first string.
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Fig. 6. Rate of change of voltage and current of the first and second strings and
overall array for (Low cell-to-cell) fault with 50 Q between the first cell and the
second cell of the first string.
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Fig. 7. Voltage and current of the first and second strings and overall array for
(High string-to-string) fault with 0 Q between the first cell of the first string and
the third cell of the second string.
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Fig. 8. Rate of change of voltage and current of the first and second strings and
overall array for (High string-to-string) fault with 0 Q between the first cell of
the first string and the third cell of the second string.
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voltage rate of change of the first and second strings and overall array
are —719.7, —429.7 and —90p.u./s, respectively. Accordingly, as shown
in Figs. 7 and 8, the current rate of change of the string, which has the
lowest number of faulted cells, is positive because the current is
increased. This is due to the snubber circuit excited across each diode.
Two string diodes are turned off at the end of this state. The current rate
of change of the other faulted string is negative as well as the overall
array current. The maximum values of the rate of change of current of
the first and second strings and overall array are 280.2857, —5155 and
—3.9p.u./s, respectively.

Figs. 9 and 10 illustrate the results as the previous state but the fault
occurred with 50 Q resistance (Low string-to-string). In this state, volt-
ages of the faulted strings are changed slightly around 1p.u and are
equal to each other. In addition, the healthy strings and array voltages
have the same value with the faulted strings. The maximum values of the
rate of change of the voltage of the first and second strings and overall
array are the same and equal to —21.6 p.u./s. As shown in Figs. 9 and 10,
the rate of change of the current is similarly as the previous state with
different values. Two string diodes are turned on for this state. However,
in this state, the change of the array current is positive contrary to the
previous state, which is negative. The maximum values of the rate of
change of current of the first and second strings and overall array are
121.7708, —1385.9 and 0.9261p.u./s, respectively.

3.3. Shadow abnormal case

Figs. 11 and 12 present results for a shadow on overall strings (High
shadow). From these figures, the voltages of all strings are changed
identically from 1p.u. and then exhibit oscillations and then settle down
around 0.5p.u. Consequently, currents of all strings are changed from
1p.u. to around 0.9p.u. This state can be defined by the changes of
voltages and currents of multiple strings and overall array with high
negative values.

On the other hand, in state of low shadow, the shadow can be
occurred over one cell to one string. As shown in Figs. 13 and 14, all
voltages are changed around 1p.u. Also, all string currents are increased
around 1p.u and overall array current is decreased around 1p.u., but the
faulted string current is changed from 1p.u. to around 0.5p.u., where
this value depends on the shadow value.

3.4. Pole-pole faults

Finally, the fault is assumed to be at positive-to-negative terminals
(pole-pole) either solidly or with fault resistance. This fault is occurred
at the cathode terminal of the diode to the negative pole. As shown in
Figs. 15 and 16, all string voltages go to zero and all currents strings
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- 1+ =
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=
= R N 4
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e e e e e e T - ———C
1+ \ i
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209 \ .
- \
\
0.8 \ §
e e e e e m e ———— = o
0.7 . . . . .
0.199 0.1995 0.2 0.2005 0.201 0.2015 0.202
Time (s)

Fig. 9. Voltage and current of the first and second strings and overall array for
(Low string-to-string t) fault with 50 Q between the first cell of the first string
and the third cell of the second string.
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Fig. 10. Rate of change of voltage and current of the first and second strings
and overall array for (Low string-to-string) fault with 50 Q between the first cell
of the first string and the third cell of the second string.
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Fig. 11. Voltage and current of the first and second strings and overall array for
shadow (irradiation change from 1000 to 800 W/m?) on the overall array
(High shadow).
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Fig. 13. Voltage and current of the first and second strings and overall array for
shadow on one string (Low shadow).
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Fig. 12. Rate of change of voltage and current of the first and second strings
and overall array for shadow (irradiation change from 1000 to 800 W/m?) on
the overall array (High shadow).

reach the rated short circuit values. At the fault instant, the array current
is changed with high value sharply and then goes to zero. This state can
be classified as “High current fault”. On the other hand, Figs. 17 and 18
present the same fault but all values are occurred with lower levels
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Fig. 15. Voltage and current of the first and second strings and Overall array
for (High positive- to-negative terminals) fault with 0 Q.

because the fault resistance between positive-to-negative terminals
equals 50 Q (Low pole-pole).

3.5. Summery of the different fault cases

Table 2 summarizes the rate of change of voltage and current for
strings 1 and 2 and the overall array for different fault cases. Accord-
ingly, each state has special trajectory of changed voltage and current
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Fig. 16. Rate of change of voltage and current of the first and second strings
and overall arrayfor (High positive- to-negative terminals) fault with 0 Q.
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Fig. 17. Voltage and current of the first and second strings and overall array for
(Low positive- to-negative terminals) fault with 50 Q.
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Fig. 18. Rate of change of voltage and current of the first and second strings
and overall array for (Low positive- to-negative terminals) fault with 50 Q.

for each string or for their overall array.
4. The proposed protection technique

As investigated in the previous section, each state of abnormal con-
dition has its own trajectory of voltage and current change. By detecting
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the values of system states during the transient period after the occur-
rence of the abnormal state, the type and location of the abnormal state
can be determined. Fig. 19 illustrates the flowchart required to classify
the abnormal states, which occurred on the PV system according to the
proposed measurements. The algorithm starts by the reading of voltages
Vj and currents i; where j is the string index. Also, the overall current of
array iqrqy is measured. Therefore, the voltages and currents are
measured at sample number k and k + 1. Then, the rates of change of the
measured values over one sample time are calculated. All detected
changes in the specified rate of changes should be ranked according to
their absolute value. According to the maximum value of change, the
discrimination decision is activated.

The first decision is the determination whether the system is in
normal state or a certain abnormal state has occurred. This decision is
achieved by the continues monitoring of rates of change of voltages and
currents to identify whether they exceed a certain threshold value Vg
or not. Here, this value is assumed to equal a certain pick-up value,
which initiates the detection algorithm of the abnormal state. If there is
not significant change for both currents and voltages, the algorithm
indicates “State 07, which means healthy system. If the system is in
abnormal case, the states of the system are classified into two main
groups “High” and “Low” current of the abnormal case. This classifica-
tion is achieved by the detection of each string voltage and deciding if it
has lower rate of change under certain value Vryp. If the voltage rate of
change is less than the predetermined value, then the system is in high
current abnormal state, else, the system is in low current abnormal state.
In the “High current state”, if the changes are in only one string, then the
system is in “State 17, i.e., cell-to-cell fault with low resistance. If the rate
of change of all currents are more than zero, then the abnormal state is
high positive-to-negative terminals fault “State 7”. On the other hand,
for “High current state”, if rate of change of all currents are less than
zero, the system is in “State 57, i.e., High shadow. If some rates of change
of currents have negative values and some have positive value, the
system is in “State 3”, i.e., string-to-string fault with low resistance.

The states with “Low current levels” are mainly determined ac-
cording the rate of change of voltage if it is higher than Vry. Then, if one
rate of change (n) of current is less than zero and some rates (m, g) are
positive, while these rates aren’t equal (the negative rate and the highest
positive rate indicate the faulted strings), then the system is in “State 4”,
i.e., string to string fault with high resistance. Else, if the overall array
rate of change of its current is more than zero, then the system is in
“State 8, i.e., low positive-to-negative terminals fault. Else, if the
overall array rate of change of its current is less than zero, then the
system is in “State 67, i.e., low shadow state. Else, the system is in “State
27, i.e., cell-to-cell fault with high resistance. To differentiate between
the internal positive-to-negative faults on a certain array and the
external DC bus fault or external three phase fault in AC grid, the
techniques applied for each array should be coordinated. The coordi-
nation detects whether the rate of change of voltage has big negative
value for all arrays simultaneously or not. Therefore, it means that the
abnormal state is global for all arrays and, consequently, there is an
external fault on the main DC bus or external fault in AC grid.

5. Threshold determination for the proposed technique

According to the proposed technique, three thresholds should be
determined. The first and second thresholds are the Vr5y; and Iry,
respectively, which distinguish between the healthy and the abnormal
conditions. The proposed technique is sensitive for any abnormal con-
ditions occurred in the adopted array, and it should be stable for the
external faults and the normal conditions as well as normal variations.
The third threshold Vg3 is used to discriminate between low-and high-
level states. These cases are summarized in Table 3.

The solidly pole-pole fault at any other array represents an abnormal
condition, which is an external fault and the proposed technique should
be stable against it. The second column of Table 3 shows the rate of

o
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Table 2
Summary of different fault cases occurred at 0.2 s.
State 1 2 3 4 6 5 7 8
Stringl Cell1-Cell2 String1 String1 Cell1- String2 Cell3 Shadow Stringl Shadow all Array3 Pole-Pole Pole-Pole
Cell2-Cell3 Celll- Cellsl &2
String2
Cell3
Ry 0 50 Q 0 50 Q - - 0 50
AVy /At —4459.4 -7.79 —719.70 -21.6 —-12.8 —2218 —-502.7 —82.29
Aiy /At —5273.8 —469.05 280.29 121.77 —849.1 —770.5 362 70.48
AV, /At —-94.9 -7.77 —429.70 -21.6 -12.77 —2218 -502.7 —82.29
Aiy /At 79.24 7.62 —5155.00 —1385.9 12.6 —608 360 70.48
AV /At —-94.9 -7.77 —90.00 -21.6 -12.77 —2218 —-502.7 —82.29
Ai /At -3.7 0.312 -39 0.93 —4.08 —616.1 31,572 0.23
D.T. 0.2 ms 0.1 ms 0.1 ms 0.1 ms 0.4 ms 0.2 ms 0.1 ms 0.1 ms

* D. T. is the detecting time.

<
k k+1 -k -k+1 -k 1 . .
Read, V', Vi, 0, i, Capray and i oy j € {1:NG}

v
Calculate, AV/ At, AV e/ At, Al /At and Aigyrq,/At, according egs. (5) to (8). ‘ State 0

No

AV/At <V, of
|AG/NE > Iy

AV/At <=V,
T
AVi/At <AVarray/At

Ai/A<0 &
Aip/At >0 &
Aiy/At# Aig/At

n&nd&g €[1:Nst), g#m#n No
w .
Algrr/A1< 0
No

Yes
[ State 8 | [State 6| [State2|

Yes
[State3] [State5| [State7] [Statel]

Fig. 19. The flowchart for fault classification of the proposed technique.

Table 3
Threshold values determination for healthy and faulty Conditions and Low and High classification.
Event Healthy and faulty conditions Low and High Classification
Pole-Pole Array 1 Load increase Irrad. 1000-500 W/m? Cell2-Cell3-String1
0.5p.u Array 3
Rs(Q) 0 - - 3 2 1.5 1 0.75 0.5
AVy /At —0.26 -0.11 -8.3 -71 —84 —91.6 —95.8 -96.9 -157.7
Aiy /At 0.27 0.12 —0.33 —3954.8 —4608 —5040.5 —5160.9 —5160.1 —5162.5
AV, /At —0.26 —0.11 —-8.3 -71 —84 —91.6 —-92.7 —-92.8 -92.9
Aiy /At 0.27 0.12 —0.33 58.37 67.03 71.6 72.39 72.54 72.78
AVs/At —0.26 —0.11 -8.3 -71 -84 —-91.6 -92.7 —-92.8 -92.9
Aiz /At 0.27 0.112 —0.33 58.37 67.03 71.6 72.39 72.54 72.78
AV, /At —0.26 —0.11 —-8.3 -71 —84 —91.6 -92.7 —92.8 -92.9
Ay /At 0.08 0.11 0.08 1.42 2.58 4.63 —-6.9 —6.7 -5.95
Vrm —17p.u./s Vrnz —95p.u./s
Ity 17p.u./s
change of voltage and current of the first, second and third strings and u./s.
overall array of adopted array (array3) for positive-to-negative terminal The normal variations can be represented as sudden change of load
fault at array 1. The rates of change of voltage of all strings and overall and change of the irradiation. The third column of Table 3 and Fig. 20
array have the same value, which equals —0.26p.u./s while, the rates of show the rate of change of voltage and current of strings and overall

change of current of all strings have the same value, which equals 0.27p. array for sudden increase of load by 0.5p.u. (200 kW) at the AC grid. The
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Fig. 20. Rate of change of voltage and current of the first and second strings
and overall array for sudden change of load by 0.5p.u.
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Fig. 21. Rate of change of voltage and current of the first and second strings
and overall array for change of irradiation from1000 to 500 W/m?*

rate of change of voltages and currents are small due to implementation
of MPPT. The fourth column of Table 3 and Fig. 21 show the same results
for irradiation change from1000 to 500 W/m? (0.5p.u.) at the adopted
array. As shown in this figure, the rate of change of voltages are
decreased to —8.3p.u./s and rate of change of currents are increased to
—0.33p.u./s. Then, rate of change of voltages are increased to —0.33p.
u./s, while, the rate of change of currents are decreased to —8.3 p.u./s.

Cell-to-cell fault at single string with variable fault resistance is used
to discriminate between low-and high-level states. From the different
cases, which are mentioned in Table 2 and the special case in Table 3
that is cell2-cell3 of stringl, the voltages rate of change of the faulty
string is equal to the healthy and the overall array for high resistance.
This is because the diode is in ON state, and vice versa. The rate of
change of voltage which makes the diode turns off should be larger than
—91.6p.u./s.

The thresholds Vi and Iy can be set at —17 and 17p.u./s,
respectively, which are larger than twice of maximum value either for
the external abnormal conditions or for normal variations. This gua-
rantees the stability of the proposed protection technique. The thresh-
olds Vg is set at —95p.u./s, which is used to discriminate between the
low and high states.
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6. Validation of the proposed protection technique

The proposed detection technique is tested with the other 14
abnormal cases as shown in Table 4. The validation of the detection
technique for various abnormal conditions are carried out by the
detection of the voltage and current rate of changes in three strings and
in the overall array. By using the proposed technique, each abnormal
condition (case) can be detected and classified. The bolded value/s in
each case is/are those exceed the threshold value/s. The results of the
technique indicate the faulted state by classifying its level as high or low
from the rate of change of the voltage. In addition, the rate of change of
the current of one string or more as well as of the overall current
determine which string is in a certain abnormal state. From this table,
each state is defined accurately by the proposed technique. Also, the
effect of number of faulted cells with and without fault resistance is
presented as shown in cases 1, 2, 6, 7, 8, and 9 for cell-to-cell faults. The
technique can detect the state for these cases, while the different number
of faulted cells only affects the values level. On the other hand, cases 3, 4
and 11 present string-to-string type with different number of cells in
each string. The results of these cases verify that the string with high
number of cells has negative value of the rate of change of current.
However, the lowest one has negative value of the current rate of
change.

Regarding to case 12, from the obtained measurements, it can be
noticed that there is one negative rate of change (string 1) and the other
rates are positive, while the positive values are not equal. Therefore, the
system state is state 4, which has the negative rate of change (string 1)
and the string that has the maximum positive rate of change (string 2).

Cases 5 and 13 represent states 8 and 7, which are pole-pole with
different fault resistances, high and low, respectively. The proposed
technique detects this state accurately, while the resistance value affects
the voltages and currents values but with the same trajectory.

For more validation, cases 8 and 9 in Table 4 and Fig. 22 are illus-
trated by comparing the rate of change of voltage and current trajectory
for states 1 and 2. The two cases have the same fault type but with
different fault resistance (Cell2-Cell4 of string2). The subplot (1, 2) of
Fig. 22 shows that only string 2 is faulted. The voltage and current are
changed for state 1 ‘black color’, which is enough to detect this state. On
the other hand, the current only is changed for state 2 ‘red color’. This is
required to check the trajectory of array currents, which may be positive
or negative. The subplot (2, 2) of Fig. 22 shows that the current change
goes to positive value with the red color. The other subfigures are
slightly changed without affecting the technique decision.

Furthermore, regarding cases 9 and 10, Table 4 and Fig. 23 show a
comparison of rate of change of voltage and current trajectory for states
2 and 6. The two cases have the same fault level (Low). The first case is
Cell2-Cell4 of string2 with 50 Q fault resistance, while the second fault is
a shadow on string by changing the irradiation from (1000-800 W/m?).
The subplot (1, 2) of Fig. 23 demonstrates that only string?2 is faulted.
The current is changed for states 2 and 6, which is not enough to detect
these states. For each of them, it is required to check the trajectory of
array currents, which may be positive or negative. The subplot (2, 2) of
Fig. 23 shows that the current change goes to positive value ‘red color’
for state 2. However, the current change goes to negative value ‘black
color’ for state 6. Also, other subfigures are slightly changed without
affecting the technique decision.

For more validation, according to cases 11 and 13, Table 4 and
Fig. 24 illustrate a comparison of rate of change of voltage and current
trajectories for states 3 and 7. The two cases have the same level (High)
since the voltage rate of change is higher than the predetermined
threshold value (Viyz = —95p.u./s). The first case is stringl-string2
with 2 Q fault resistance, while the second fault is pole-pole with 6 Q
fault resistance. The subplots (1, 1) and (1, 2) of Fig. 24 show that only
string 2 is faulted ‘red color’. This is enough to detect this state, while the
trajectory of current goes to positive in stingl and to negative for string
2. This case represents the state 3. On the other hand, the trajectory of
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Fig. 25. Rate of change of voltage and current of the first and second strings
and overall array for three-phase fault at AC side.

for three-phase fault at AC side. The trajectory of this case has the same
locus of the positive-negative terminals fault with or without fault
resistance as shown in case 14 in Table 4. As mentioned in Section 4, all
arrays send a trip signal with the same fault type. Therefore, the fault is
classified as an external fault.

The proposed fault detection and classification technique can be
improved to overcome the PV parameters degradation due to aging. The
long-time operation affects the parameters of the PV panel with a certain
degradation rate [32,33]. In general, the degradation rate determines
the deviation of the current panel parameters with respect to the man-
ufacturer’s given parameters on the panel [32]. Several uncertainty
studies have been conducted to estimate the effect of PV aging on the PV
parameters [34]. The mean degradation rates are estimated in these
studies to be around 0.17%/year for the open-circuit voltage, 0.78%/
year for the short circuit current and 0.56%/year for the fill factor [32].
These rates are considered in this paper to evaluate their effect on the
proposed technique sittings. The studied system in Section 2 is tested
under parameter degradation due to aging in the operating periods of
10, 15, 20, and 25 years. Table 5 illustrates the variables required to
determine the threshold values for different years of operation. It can be
noticed that the two thresholds V7y; and Iy are adjusted as double of
maximum current and voltage rate of change under sudden normal
irradiation change from 1000 to 500 W/m?. For any studied aging level,
these two thresholds are valid to discriminate between healthy and
abnormal cases. On the other, the threshold value Vzgo, which differ-
entiates between high and low fault cases, should be adjusted due to
aging. The differentiation between high- and low-level faults is achieved
by applying cell-to-cell fault with a certain high resistance as in Section

Table 5
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5. As shown in Table 5, the value of Vg, should be changed due to the
degradation of all variables due to aging. Therefore, Vryy should be
slightly changed from —95 to —90, —88.5, —87, and —86p.u./s for aging
periods of 10, 15, 20, and 25 years, respectively. In conclusion, the
degradation due to aging does not significantly affect the performance of
the proposed technique for detection and classification, but the value of
only one threshold should be adjusted over the operating lifetime.

7. Experimental results of the proposed technique on a small-
scale PV system

For generalization, the proposed fault detection technique is applied
on different sizes of PV systems. Here, the PV array system consists of
only five parallel strings, which contain two series cells in each string.
Table 6 illustrates the data of each panel used in the experimental
validation. The simulation results and experimental validation are
applied on this system. All extracted results from this system have been
scaled to be per unit by dividing string voltages and currents by 260 V
and 0.95 A, respectively. According to Table 7 (simulation study), the
array is tested under a normal change of irradiation from 1000 to 500
W/m?,

The first threshold voltage Vry is set at —8p.u./s to differentiate
between healthy and abnormal cases. According to the detected normal
irradiation change, the current threshold Iry is set at 8p.u./s. The
classification between high and low abnormal cases is achieved by the
second threshold voltage Vg2, which is set at —17.7 V.

Fig. 26 shows the voltage and current of the first and second strings
and of the overall array when a high cell-to-cell fault with 0 Q fault
resistor is applied between the first and the negative pole of the first
string. The rate of change of the voltage and current for this state are
shown in Fig. 27. As shown in these figures, the voltage of the faulted
string is sharply changed from 1 to around 0.54p.u. On the other hand,
the healthy string (string 2) and the voltage across the array (positive to
negative terminals), as well as the remaining strings, are slightly
decreased. In Fig. 27, the rate of change of the voltage and current can be
observed due to the sudden change occurred. It is concluded that the
rate of change of voltage and current are very high for the faulted string.
However, the healthy strings and overall array are slightly changed

Table 6
PV cell (/Inventux X3-120) data used in experimental validation.

Parameters at standard operation conditions of 1000 W/m? irradiation

Maximum power 120 W
Short circuit current 1.17 A
Open circuit voltage 164V
Maximum power point current 0.95 A
Maximum power point voltage 126 V

Aging effect on threshold values determination for healthy and faulty conditions and Low and High classification.

Event Irrad. 1000-500 W/m? Low and High Classification (Cell1-Cell2-String1 fault)

Array 3
Aging 0 10 15 20 25 0 10 15 20 25
AVy /At -8.3 -7.9 -7.7 -7.6 -7.6 —95.8 -90.5 —88.8 —87.4 —86.1
Aiy /At —-0.33 -0.3 -0.4 -0.4 -0.3 —5160.9 —4757.2 —4549.4 —4354.3 —4152.1
AV, /At -8.3 -7.9 -7.7 -7.6 -7.6 -92.7 —88.7 —86.5 —-84.5 —-82.4
Aiy /At -0.33 -0.3 —-0.4 -0.4 -0.3 72.39 65 60.8 57.4 53.9
AV3/At -8.3 -7.9 -7.7 -7.6 -7.6 -92.7 —88.7 —86.5 —84.5 —82.4
Aiz /At —-0.33 -0.3 -0.4 -0.4 —-0.3 72.39 64.9 60.7 57.3 53.9
AV, /At -8.3 -7.9 -7.7 -7.6 -7.6 -92.7 —88.7 —86.5 —-84.5 —-82.4
Air /At 0.08 0.1 0.1 0.1 0.1 -6.9 -8.2 -9.1 -9.7 -10
Vim —17p.u./s Viuo
Irn 17p.u./s —95 —-90 —88.5 —87 —86
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Table 7
Summary of different abnormal cases for a small-scale PV array.
Case Setting 1 2 3 4 5 6 7
Event Irrad. 1000-500 W/m? Stringl Stringl Stringl String1-Celll String1-Celll Pole-Pole Shadow stringl Shadow
Cell1-Cell2 CellO-Celll CellO-Celll String2-cell2 String2-cell2 Cells 2 All
Ry (Q) - 125 130 0 300 0 300 200 - -
AV /At 0.10 —41.9 -17.7 —2362.9 -7.7 —2525.7 -7.7 —44.8 —3.65 —30.68
Aiy /At —3.53 —2617.7 —2589.9 —2780.8 —1089.2 2745.2 —2055.7 179.3 —325.1 —365.21
AV, /At 0.10 -17.8 -17.7 —20.2 -7.7 —2518.9 -7.7 —44.8 —3.65 —30.68
Aiy /At —3.53 71.7 71.2 85.3 31.4 —2896.5 997.9 179.4 15.55 —365.15
AV3 /At 0.10 -17.8 -17.7 —20.2 -7.7 —-4.3 -7.7 —44.8 —3.65 —30.68
Aig /At —3.53 71.6 71.1 82.1 314 18.7 314 179.2 15.55 —365.23
AV, /At 0.10 -17.8 -17.7 —20.2 -7.7 —-4.3 -7.7 —44.8 —3.65 —30.67
Ai/At -3.39 —448.3 —443.3 —471 —185.3 -18.3 —185.3 -1075.9 —50.57 —351.154
State Ity 8p.u./s Stringl Stringl String1 Stringl Pole- String2 All
Vrm —8p.u./s Cell-Cell Cell-Cell String2 String2 Pole Shadow Shadow
Vraz —17.7p.u./s High Low High Low High Low High
1 2 3 4 7 6 5
around zero. The maximum values of the rate of change of voltage and
String, - - - . String, — - - - Array current for faulty string, healthy string and overall array are shown in
12 T T T T Table 7 (case 1). These values occur simultaneously after 0.2 ms from
the fault instant. It can be noticed that the rate of change of the array
current is high with respect to the previously studied system. In the
current PV system, the contribution of one string is relatively high
because the power of one string represents 1/5th of the total array
power. Table 7 contains the measured variables of the studied system.
04 ! ! ; | I According to the flowchart in Fig. 19, the proposed technique success-
0.199 0.1995 0.2 0.2005 0.201 0.2015 0.202

0.1995 0.2 0.2005

Time (s)

0.201 0.2015 0.202

Fig. 26. Voltage and current signals during solidly cell-to-cell fault on string 1
for simulation of a small-scale PV system.
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Fig. 27. Rate of change of voltage and current during solidly cell-to-cell fault
on string 1 (state 1) for simulation of a small-scale PV system.

fully detects this case as a state 1 (High-cell-to-cell) fault.

Figs. 28 and 29 illustrate the voltage and current and their rate of
change of the first and second strings and of the overall array when a low
cell-to-cell fault with 300 Q is applied between the first cell and the
negative pole. As shown in these figures, contrary to the previous sys-
tem, the voltage of the faulted string is changed slightly around 1p.u.
Also, in the current system, the healthy string (string 2) and the voltage
across the array as well as the remaining strings are slightly decreased.
From these figures, all strings voltages and their rate of change are
approximately equal to the faulted one. The maximum values of the rate
of voltage change of the faulty string, healthy string and overall array
are the same and equal to —7.7 p.u./s as shown in Table 7 (case 2) and
Fig. 29. Consequently, the faulted string current is sharply changed from
0.525p.u. to around 0.31p.u., while the healthy string and array currents

‘ StringI - - String2 - - Array‘
1.01 T T T T T
2
=
> ----------- T ~ N
Ir S~ ~ - .
0.995 ! L : : :
0.199 0.1995 0.2 0.2005 0.201 0.2015 0.202

03 I I | L I

i). 199 0.1995 0.2 0.2005 0.201 0.2015 0.202

Time (s)

Fig. 28. Voltage and current signals during cell-to-cell fault with 300 Q resis-
tance on string 1 (state 1) for simulation of a small-scale PV system.



iranpaper

=1 Downloaded from https://iranpaper.ir

H.A. Abd el-Ghany et al.

AV/At (p.u./s)

Alio (il (gawass dey

o ol

https://www.tarjomano.com

International Journal of Electrical Power and Energy Systems 133 (2021) 107248

String, — — - . String, — - — . Array‘
4000

1000

2000

-1000 0 -

Ai/ At (p.u./s)

-2000 -2000
A

-3000 -4
0.199 0.2 0.201 0.202

Time (s)

0.201 0.202

Time (s)

000
0.199 0.2

1000

String1 - - Stringz = = = Array

5 500
= I 0 -
3 0 3 \~
g &
- -500
g 3
> 5 3
< < -1000

-10 -1500

0.199 0.2 0.201 0.202 0.199 0.2 0.201 0.202

Time (s) Time (s)

5 T T T T T T
)y
3 oof 1
]
-
d
> 5f 1
<

10 | 1 | I 1 I

-1200 -1000 -800 -600 -400 -200 0 200

Ai/ At (p.u./s)

Fig. 29. Rate of change of voltage and current during cell-to-cell fault with
300 Q resistance on string 1 (state 1) for simulation of a small-scale PV system.

slightly changed around 1 p.u. In this state, the rate of change of the
overall array current is negative. The maximum values of the rate of
change of current of the faulty string, healthy string and overall array
are —1089.2, 31 and —185p.u./s, respectively. It is concluded that the
rate of change of current is very high for the faulted string, but the
change of voltage is small. However, the healthy strings and overall
array are slightly changed around zero.

According to the flowchart to determine the abnormal case, it is
difficult to distinguish between low cell to cell state and low shadow
state. This difficulty is due to the negative value of rate of change of the
total array current (—185.3p.u./s). This phenomenon is due to the low
rating of the overall system. Therefore, the contribution of one shaded
cell is similar to low cell to cell fault. But the proposed technique is valid
for large-scale PV systems.

In the state of low shadow over one cell as shown in Fig. 30, all
voltages are changed with the same pattern. The rate of change of cur-
rent for both total array current and shaded string are negative. The
current rate of change of healthy string is positive for a small period. The
detected values enable the detection of the system state as low shadow
state.

Figs. 31-34 illustrate the rate of change of voltages and currents of
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Fig. 30. Rate of change of voltage and current for shadow over one cell (Low

shadow) for simulation of a small-scale PV system.
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Fig. 31. Rate of change of voltage and current during (High string-to-string)
fault with 0 Q between the celll-stringl and cell2-stirng2 for simulation of a
small-scale PV system.
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Fig. 32. Rate of change of voltage and current during (Low string-to-string)
fault with 300 Q between the celll-stringl and cell2-stirng2 for simulation of
a small-scale PV system.
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Fig. 33. Rate of change of voltage and current during solidly negative to
positive pole (High-Pole-to-pole) for simulation of a small-scale PV system.
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Fig. 34. Rate of change of voltage and current during overall array shadow for
simulation of sa mall-scale PV system.

the first and second strings and overall array for high and low string-to-
string fault, pole-to-pole fault, and high shadow states, respectively.
These cases are summarized also for more clarification in Table 7. If the
proposed algorithm, as presented in the flowchart, is applied to these
cases, it can efficiently detect the system fault state as 3, 4, 7, and 5
states, respectively.

The proposed technique is applied experimentally to determine the
PV system abnormal state. Fig. 35 illustrates the experimental setup of a
small PV system installed in the faculty of engineering, Tanta University.
As mentioned earlier, the system consists of ten panels forming five
parallel strings, where each string contains two series panels. The
installed PV system is loaded by a resistive load of 96.6 Q. The MPPT is
not applied in this system.

Five cases have been experimentally conducted to test the proposed
fault detection technique. The five cases are high and low cell-to-cell,
high and low string-to-string and shadow on one cell. The measured
quantities are acquired using the digital oscilloscope and stored in a
memory installed in the USB pin/socket. Then, the MATLAB software
package is used for plotting these results.

Figs. 36 and 37 illustrate the experimental values of current and
voltage and their rate of changes during solidly cell-to-cell fault. By
following the flowchart with the measured values, the rate of change of
voltage is more than the two threshold voltages. Moreover, voltage rate
of change of only one cell is less than the Vg, and, thus, the state is
classified as state 1.

Figs. 38 and 39 illustrate the experimental values of the current and
voltage and their rate of changes during cell-to-cell fault with a resistive
load of 246 Q. By following the flowchart with the measured values, the
rate of change of voltage is less than Vg but more than Vrg,. Thus, the
fault is considered as low current abnormal case. Also, there are positive

| PV Terminals Board
'~: Multi-Meter

Fault
Resistance |

Fig. 35. Experimental setup of a small-scale PV system.
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Fig. 36. Experimental values of voltage and current signals during solidly cell-
to-cell fault on string 1 (state 1).
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Fig. 37. Rate of change of experimental values of voltage and current signals
during solidly cell-to-cell fault on string 1 (state 1).
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Fig. 38. Experimental values of voltage and current signals during cell-to-cell
fault with 246 Q on string 1 (state 2).
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Fig. 40. Experimental values of voltage and current signals during solidly

Fig. 39. Rate of change of experimental values of voltage and current signals string-to-string fault between the first and second strings (state 3).

during cell-to-cell fault with 246 Q on string 1 (state 2).

and negative rate of change of currents. The positive rates of change of

String, — — — . String, — — — . Am,y‘

currents are equal. Moreover, each rate of change of strings currents is

not positive. In this case, the rate of change of the array current is 0 . “ -
negative. Therefore, it will be difficult to distinguish between state 2 and 3 ™

state 6. This is because the contribution of one string is relatively high -200 "

because the power of one string represents 1/5th of the total array

"
"
power. This result coincides with the previous simulation results.
However, with the high rating PV system, it will be easy to distinguish -300

e

u./s)

-100

Ai/ At (p.

AV/At (p.u./s)
A
S

-200

"
[ ]

4.6 4.7 4.8 4.9 4.6 4.7 4.8 4.9

between states 2 and 6. Time (s) Time (s)

-600 1

The proposed technique is stable against noise effect due to the
proper setting of the threshold values. The threshold value to detect the
system abnormal cases is adjusted to be twice the value of the maximum
normal case change. Moreover, it can be noticed that the noise affects
the measured values compared with the simulation results. However,

100 T T T T

AV/At (p.u./s)
g =]
T T
\

\
\
\
\
\
\
\
v
Vo
v
v
\ )
| |

this noise does not affect the main trajectory of the current and voltage 200 ke e -
rate of change. Also, these rates do not exceed the threshold values due PR -

) A | e 300 SO | ‘ ! ! ‘ !
to noise. Therefore, the decision of the fault detection and classification 700 -600  -500  -400  -300  -200  -100 0 100 200
is not affected by the noise attack. The deviation between the simulation AVAL (p-ufs)
results and the experimental results is due to the difference between the Fig. 41. Rate of change of experimental values of voltage and current during
weather state when the experiment is conducted. The experiment is solidly string-to-string fault between the first and second strings (state 3).

conducted when the irradiation is about 800 W/m?. This deviation does
not affect the proposed algorithm operation, where it can detect the

abnormal states successfully. Moreover, the difference in loading con- String, — — — . String, — = = « Array
ditions and mode of operation between simulation and experimental 1 T T T
presents another challenge. However, the proposed technique has stable 0.98
performance and correct decisions in most of the conducted cases. T 096
Figs. 40-43 show the experimental values of current and voltage and =
their rate of changes during the following cases: solidly string-to-string >0
fault and low string-to-string fault with 246 Q, respectively. According 092
to the obtained results, the proposed technique can successfully detect o s o s s e o
and classify the system state as 3 and 4, respectively.
Table 8 introduces a comparison between the proposed model and 0.7 : . : . .
related works in [27], [28] and [29]. The proposed model identifies and
classifies different array faults with different low and high states. The Op===cz-==- =< i
advantages of the proposed model can be summarized as follows: Zoslh S RN I
— \
\
Simplicity: the proposed model requires only three threshold levels o4y ' 1
to classify different array fault types and shadow faults. 03 . iy B S
Scalability: the proposed model does not require a training dataset 6 o8 v Ti:;ZS (s) * e “
sample. It is built based on different PV system scales.
Sensitivity: the proposed model is capable to detect and classify Fig. 42. Experimental values of voltage and current signals during (low string-
array and shadow faults with both low- and high-level states. to-string fault) with 246 Q between the first and second strings (state 4).
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Fig. 43. Rate of change of experimental values of voltage and current during
(low string-to-string fault) with 246 Q between the first and second strings
(state 4).

Table 8
Comparisons between proposed model and other techniques.

State [27] [28] [29] Proposed Model
Is high cell-cell considered? No No Yes Yes
Is low cell—cell considered? No No Yes Yes
Is high string-string considered? Yes Yes Yes Yes
Is low string-string considered? No No Yes Yes
Is high shadow considered? Yes Yes Yes Yes
Is low shadow considered? Yes Yes Yes Yes
Is high pole-pole considered? No No No Yes
Is low pole-pole considered? No No No Yes
Is inverter side fault considered? No No No Yes
Is blocking diode considered? No Yes Yes Yes
Is aging of PV system is considered? No No No Yes
Is islanded operation considered? No Yes Yes Yes
Fault detecting time (1-4, 7-8) in ms 10 27 0.2 0.1
Fault detecting time (5-6) in ms - - - 0.4

Flexibility: the proposed model is built to detect and classify PV
system faults for both grid-connected and off-grid configurations.
The proposed model takes ages of the PV system in consideration.

8. Conclusions

A developed design of grid-connected PV system has been achieved
by adding one diode in each PV string. The proposed design is charac-
terized by simplicity and ability to avoid reverse string currents during
fault periods. Although the installation of diodes in the PV system has
reduced the current levels during faults, this research has developed a
detection technique for various abnormal states. According to the rate of
changes of voltages and currents of each string and the main array, the
developed algorithm can detect and discriminate various abnormal
states at different current levels. The studied system has been tested
under various abnormal states to specify the trajectory related to each
state. Depending on the specified trajectory, the proposed detection
technique has been developed. The proposed technique can detect
various string faults such as cell-to-cell faults, positive-to-negative ter-
minal faults and string-to-string faults at different current levels. Also, it
can discriminate between the low and high levels of shadow. The pro-
posed technique has been developed to detect the state of the system by
only three predetermined threshold values, which is a low number
related to the number of states. The settings of the developed technique
have been determined for the studied system. Then, detailed validation
study has been conducted to check the proposed technique under
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different operating condition. The proposed technique with the detected
settings has provided suitable detection and discrimination results. The
proposed technique has high degree of sensitivity for internal faults with
proper degree of security against external faults. The degradation rate
due to aging has been studied to illustrate its effect on the proposed
technique sittings. The aging slightly affects only the second threshold
voltage, which differentiates between low and high faults levels. The
experimental results have proved the validation of the proposed tech-
nique to discriminate the type of the abnormal conducted cases.
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