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1. Introduction  

   Nowdays, the generation of electrical energy  

using solar systems is very important. Therefore, it 

is necessary to identify and diagnose possible faults 

in these systems in order to increase the stability and 

reliability. 

Yong et al. presented an effective method for partial 

shading (PS) recognition and fault severity diagnosis 

in photovoltaic (PV) arrays. The proposed 

methodology encompasses current-voltage (I-V) 

data preparation, PV array modelling, and 

diagnosing of PS fault. The data preparation phase 

composes of pre-processing and conversion 
procedures for I-V curves, ensuring a reliable data 

source for subsequent analysis [1]. [2] developed a 

data-driven technique with high repeatability for 

extracting I-V curve parameters and distributed this 

method as an open-source package. This technique 

is able to characterize the large volumes of PV 

module I–V data. Mingyao Ma et al. investigated the 

I-V curve of various faulty modules and proposed a 

 

A B S T R A C T 

Line-to-line fault (LLF) is one of the most important fault occurring in photovoltaic 

(PV) systems. necessitating comprehensive investigation and analysis to develop 

optimal fault detection methodologies. This study focuses on analyzing a specific LLF 

variant known as intrastring line-to-line fault (ISLLF), wherein one or more modules 

within individual strings are short-circuited. The power-voltage (P-V) and current-

voltage (I-V) curves of PV systems contain extensive data valuable for fault detection. 

Thus, exact analysis of these curves to extract various features is essential. The 

extremum points of P-V curve indicate the severity of occurred faults in PV system. 

In this paper, different states of triple and quadruple ISLLF are simulated and 

according to the obtained result, mathematical equations are presented for extremum 

values. Additionally, the performance of the maximum power point tracking (MPPT) 

controller is evaluated, and the requisite constraints for optimal power selection using 

MPPT across different states of the P-V curves are presented. The derived equations 

suggest insights into accurately determining the severity and location of LLF 

occurrences. 
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new method for diagnosing different faults based on 

obtained data. Also, the exponential function was 

used to amplify the fault characteristic value [3]. A 

fuzzy logic based on MPPT method was employed 

in  that used the PV curves. In this method, a new 

parameter was applied to increase the MPPT 

precision [4]. Authors in  [5] evaluate the PV panel 

performance using I-V polynomial function. The 

obtained model has an applicable performance in 

tracking the maximum power points in partial 

shading condition. [6] proposed a new method for 

tracking the global peak (GP) in power-voltage (P-

V) curves of PV systems. This method can be 

applied in uniform irradiance and PS conditions. The 

method tracks all the local points and selects the 

maximum power point among them as GP. Different 

MPPT algorithms were reviewed in [7] and the 

authors investigated the advantages and 

disadvantages of each method in different conditions 

and also introduced appropriate ones. [8] proposed a 

MPPT algorithm with high accuracy in PS 

conditions. The experimental results confirmed the 

good performance of this method compared to 

perturb and observe (P&O) algorithm. Huang et al. 

designed a novel method for diagnosing different 

faults in PV systems based on I-V curve. Also, fault 

features are optimized and then extracted by 

analyzing the I-V curves in faulty conditions [9]. 

[10] proposed a new intelligent method for detecting 

and diagnosing different faults in PV arrays. This 

method used a new deep network model with 

extracting features from I-V curves in different 

irradiation levels and ambient temperatures. Authors 

in [11] proposed a numerical approach in order to 

create a function for I-V curve fitting. For this 

purpose, the least square algorithm was used for 

determining the equation parameters and also the 

Newton– Raphson method was applied for solving 

the obtained equations. The fitted model has low 

deviation in comparison with measured data.  

A novel method was proposed in order to extract 

five key parameters of PV module including series 

and shunt resistances, photo current, reverse 

saturation current density, and diode ideal factor. In 

this method, five equations were presented 

considering the relation between the I-V curves and 

aforementioned parameters. In [12], the measured 

data validated the equations in different irradiation 

levels and temperatures. Gude and Jana used a 

technique called cuckoo search optimization (CSO) 

and also modified (MCSO) and improved (ICSO) 

type of this method in order to extract the PV cell 

parameters. The obtained results from these 

algorithms were compared with experimental data 

[13]. Qais et al. presented a new PV model 

considering three-diode circuit. For this purpose, the 

coyote optimization algorithm (COA) was applied 

for extracting some parameters of PV module. This 

algorithm considered the root mean square (RMS) 

current error between the calculated and 

experimental values [14]. In other literature, two 

algorithms such as Rao-2 (R-II), and Rao-3 (R-III) 

were used in order to estimate the required 

parameters of PV module. The experimental results 

validated the accuracy of the proposed methods in 

comparison with statistical ones [15]. Also [16] 

discussed a new algorithm namely hybridized 

interior search (HIS) in order to estimate the 

essential parameters of PV module. To assess the 

algorithm performance, RMSE has been used as an 

index for comparison between the calculated and 

empirical values. The proposed method has been 

validated by comparing the one with other methods.  

[17] approximated the unknown parameters of PV 

module using a new optimizer namely sine cosine 

algorithm (SCA). Also, this algorithm has been 

improved by the opposition-based learning scheme 

and the Nelder-Mead simplex.  Qais et al. exploited 

the sunflower optimization (SFO) in order to design 

PV parameters. To assess the proposed algorithm, 

the validation of I-V and P-V curves was performed 

with measured data in different weather conditions 

[18]. Authors suggested a fast and accurate method 

namely MADE for estimation of PV parameters. 

This method used the success-history and the 

Nelder-Mead simplex for the global and local 

searches, respectively [19].  A comparative study on 

parameter extraction of PV module has been 

presented in [20]. For this purpose, eleven 

differential evolution (DE) algorithms are compared 

to achieve the accurate PV models. [21] applied the 

slime mould algorithm (SMA) as a new method for 

estimation of PV parameters. This method is able to 

treat the non-linearity of PV curves. Also, this 

method has been compared comprehensively with 

present methods and the results demonstrated the 

accuracy performance of the proposed approach. In 

order to predict the performance of PV system, 

modeling of the I-V curve for PV module is 

important. The authors in [22] combined the 

Lambert-W function and an iterative process. The 

proposed method achieved good results for 

experimental I-V curves obtained in various 

irradiation levels and temperatures. Zhicong Chen et 

al. proposed a new black-box modeling approach for 

PV modules. They used one-dimensional deep 

residual network (1-D ResNet) and the measured I-V 

curves as the train data. Also, the datasets of I-V 
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curves in partial shading condition were considered 

in this method. A comprehensive comparison has 

been presented between the proposed method and 

other artificial neural network algorithms in order to 

validate the accuracy and reliability of 1-D ResNet 

[23]. In order to obtain an accurate model of PV 

module, an improved Lozi map based chaotic 

optimization algorithm (ILCOA) was proposed [24]. 

This algorithm estimates the critical parameters of 

PV panels. The proposed method has a good 

performance in comparison with other similar 

algorithms. In other study, a differential evolution 

algorithm was proposed for estimation of PV model 

parameters. This algorithm is based on self-adaptive 

ensemble. To assess the proposed algorithm, it was 

applied for three PV models and the results validated 

its capability [25]. Hao et al. suggested a new 

approach in order to identify the PV module 

parameters in different operating points of PV 

curves. Also, an objective function was applied for 

reaching to optimum parameters. For this purpose, 

five critical points of I-V curves were considered 

[26].  

A two-step method was suggested by authors in [27] 

for designing an accurate model of PV array. In the 

first step, they extracted the model parameters and 

obtained the MPP of P-V curve in the second step. 

Then, random forest classifiers (RFC) were used in 

the fault detection process. 

A new simple method was proposed for detecting 

and diagnosing the faulty states for grid-connected 

PV system. The rate of variation of currant and 

voltage trajectory in I-V curve was considered in 

this method. The proposed approach is able to detect 

different faulty cases and also determine the severity 

of them [28].  

An artificial neural network (ANN) was used in 

order to detect and diagnose different types of faults 

in PV system. The input data is including irradiation 

levels and ambient temperatures and also the voltage 

and current values at GMP in healthy conditions 

were considered as targets. Moreover, a second 

ANN was designed for fault classification [29].  

Authors in [30] proposed two algorithms for PV 

fault detection and identification. The first algorithm 

presented a method for thresholding and the second 

one is designed based on fuzzy logic classification. 

Li et al. suggested a sensorless approach for 

detecting different faults in PV system. This method 

also exploits the inflection point of I-V curve in 

order to distinguish PS conditions precisely. Also, 

the proposed method is efficient in fault localization 

and determining the mismatch level [31]. Finally, an 

intelligent method was proposed for diagnosing the 

PV faults. This method utilizes the I-V curves and 

also variable predictive models. In this method, the 

I-V curves were investigated in various operating 

conditions at STC and key points have been 

extracted from these curves. The mentioned points 

were used as input data of proposed algorithm after 

normalization [32].    
In this paper, two types of LLF in different states are 

investigated. For this purpose, the impact of these 

faults on P-V curves are discussed. In order to 

evaluate these curves, mathematical equations are 

presented for maximum and minimum points. 

Theses equation can be applied for different sizes of 

PV arrays.  The results of this study are used for 

detecting of faulty strings and determining the 

number of short-circuited module precisely.  
Section 2 analyzes the P-V curve of triple ISLLF 

and presents the mathematical equations for 

extremum points. The other type of ISLLF, namely 

quadruple is investigated in section 3. The analysis 

of results and discussion are provided in section 4. 

Finally, the conclusions are presented in section 5. 
 

2. Triple Intrastring Line-to-Line Fault  

   To show the severity of LLF in different states, an 

index called mismatch level is defined as following 

100
f

ML
m

                                                             (1) 

where m, and f are the number of modules in each 

string, and the number of short-circuited modules in 

the faulty strings, respectively. 

This section analysis triple ISLLF. It means three or 

more strings with three different mismatch values 

have been short circuited in the PV array. So, in 

order to demonstrate the different states of this fault, 

four samples are considered. For this purpose, 

simulation of the PV system is performed in 

MATLAB for healthy and different cases of LLF. 

The PV array is composed of eight modules 

connected in series (m=8) in five parallel strings 

(n=5) as illustrated in Figure 1. As can be seen, the 

blocking diodes have been embedded for each 

strings. These diodes prevent negative currents from 

passing through the strings. The selected modules 

for simulation are Solartech Energy ASC-6M-72C-

325-3BB model. The PV module specifications at 

standard test conditions (STC) are given in Table 1. 

In STC, the cell temperature and the irradiation level 

are 25 (℃) and 1000 (W/m2), respectively.  

The P-V curves can be used as an important criterion 

in evaluating different conditions of the PV systems 

https://www.google.com/search?sca_esv=572573644&sxsrf=AM9HkKngm46UhNQJqelu1zjXDbwxoeTMgg:1697202212286&q=Mathematical&spell=1&sa=X&ved=2ahUKEwimp-b3ivOBAxX2VEEAHWxJAZ8QkeECKAB6BAgJEAE
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 in healthy and faulty states. Figure 2 shows the P-V 

curve of healthy (fault-free) condition at STC.  

As shown, this curve has only a global maximum at 

13 (KW). Also, at global maximum power point 

(GMP), the array voltage (Va) and the array current 

(Ia) are 309.3 (V) and 42.04 (Amp), respectively. 

Also, Va is equal to is 8 times module voltage at 

GMP (Vm), and Ia is 5 times module current at GMP 

(Im).  

In the first sample, four modules from the first string 

(50% mismatch), six modules from the second string 

(75% mismatch), and two modules from the third 

string (25% mismatch) have been short circuited and 

the other strings are healthy. The P-V curve has 

seven extrema as illustrated in Figure 3. As can be 

seen, the extremum points include four maxima and 

three minima. The current, voltage, and power 

values for PV array at extremum points are 

presented in Table 2. 

As shown, the array voltage at maximum points is 

approximated as coefficient Vm. Also, the array 

current at these points is written approximately as a 

linear combination of Im and short-circuit current of 

module (Isc). The array current and voltage values at 

minimum points are correction coefficients of Isc and 

open-circuit voltage of module (Voc), respectively. 
So, the voltage values of extremum points can be 

used for determining the number of short-circuited 

modules in each faulty strings. 

The PV system is analyzed in four maxima as  

 

 
Figure 1. The schematic of PV array  

Table 1. PV module specifications at STC 

Parameter Value 

Maximum power (Pm) 325 W 

Open-circuit voltage (Voc) 46.6 V 

Short-circuit current (Isc) 9.0 A 

Voltage at MPP (Vm) 38.7 V 

Current at MPP (Im) 8.4 A 

 

 
Figure 2. The P-V curve of healthy condition at STC 

 

operating points. For this purpose, the voltage to 

current ratio of the array at each operating point is 

considered as a resistance load for the PV system 

and then the voltage and current values of modules 

are obtained. In order to justify the state of the array 

at any maximum point, the string currents for these 

points are given in Table 3. The array voltage at 

maximum points is proportional to the number of 

healthy modules in the mentioned faulty strings.  

In the first maximum, the current values of all 

strings are non-zero. As can be seen, the maximum 

current flows along the fourth and fifth (healthy) 

strings and the minimum current passes the second 

string (75% mismatch). Consequently, as the 

severity of the fault in each string increases, the 

current value of faulty strings decreases. 

In the second maximum, the current of the second 

string (75% mismatch) is zero, i.e., the faulty string 

is considered as out of the PV system. The values of 

the modules in this state are the same as when an 

open circuit fault occurred in this string, but these 

two types of faults can be differentiated. There are 

three differences between these two faulty states. 

The differences are related to the P-V curve, the 

array short circuit current, and the voltage of 

blocking diode in the faulty string.  The array short 

circuit of PV system is equal to 45 (Amp), but this 

value is 36 (Amp) in open circuit fault. This value 

decreased according to number of open-circuited 

strings. In this operating point, the absolute voltage 

value across the blocking diode in the second string 

is 72.2 (V) but this value is zero when this string is 

open circuited.  

Max 
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In the third maximum, the currents of two faulty 

strings are zero and the currents in the fourth and 

fifth strings are almost equal to Isc.  

 

 
Figure 3. The P-V curve of the first sample at STC 

 

In the fourth maximum, all of the currents in faulty 

strings are zero. Also, the voltage and current values 

of healthy modules are Vm and Im, respectively. So, 

the array power is equal to 40% of one in healthy 

state. 

According to the I-V curve of the PV module in 

STC, the voltage of healthy modules in each string is 

obtained for the first sample at all operating points 

as given in Table 4. Also, the absolute voltage 

values across the blocking diodes at maximum 

points are presented for this sample in Table 5.  

By applying the maximum power point tracking 

(MPPT) controller and considering the power values 

in Table 2, the third maximum (Max3) is selected as 

GMP. 

In the second sample, three modules from the first 

string (37.5% mismatch), seven modules from the 

third string (87.5% mismatch), and five modules 

from the fifth string (62.5% mismatch) have been 

short circuited. The P-V curve consists of four 

maximums and three minimums as shown in Figure 

4. The extremum values of PV array are given in 

Table 6. As can be seen, the current, voltage and 

power values at the fourth maximum (max4) remain 

constant in comparison with Table 2. 

When the MPPT controller is applied, the fourth 

maximum is selected as GMP. In this point, the 

current of all faulty strings are zero. So, the currents 

flowing the healthy strings are equal to half of array 

current. In other words, the MPPT controller ignores 

all of the faulty strings in order to select the GMP. 

Since the LLF in the first sample is more severe than 

one in the second sample, the third maximum value 

in the first sample is higher than the same value in 

the second sample. 

In the third sample, three modules from the first and 

third strings (37.5% mismatch), two modules from 

the second string (25% mismatch), and five modules  

 

Table 2. Extremum values of P-V curve for the first sample at STC 

Points Va (V) Ia (Amp) Pa (W) 

1Max  84.49 2 mV  42.34 4m scI I   3577 2 ( 4 )m m scV I I    

1Min  93.2 2 ocV  35.69 4 scI  3328 8 oc scV I  

2Max  165.4 4 mV  33.97 3m scI I   5618 4 ( 3 )m m scV I I    

2Min  186.4 4 ocV  26.61 3 scI  4960 12 oc scV I  

3Max  246.4 6 mV  25.18 2m scI I   6204 6 ( 2 )m m scV I I    

3Min  279.6 6 ocV  17.54 2 scI  4904 12 oc scV I  

4Max  310 8 mV  16.78 2 mI  5197 16 m mV I  

 

from the fifth string (62.5% mismatch) have been 

short circuited. In this sample, the fault severity of 

the first and third strings are same, so this sample is 

considered as triple LLF. In other words, the 
mismatch values of faulty strings should be three 

distinct numbers. 

Figure 5 shows the P-V curve of the third sample. It 

is observed that the second maximum (max2) is 

selected as GMP by MPPT controller. When the PV 

array is operated at GMP as an operating point, the 

string currents are obtained as 7.911 (Amp), 8.812 

(Amp), 7.911 (Amp), 8.879 (Amp), and 0 (Amp), 

respectively. As a result, the fifth string is ignored in 

process of finding the GMP. The extremum values 

of this sample are given in Table 7. 

In this sample, the comparison of maximum values 

is expressed as  

4 3 1 2max max max maxP P P P                                    (2) 

Table 3. The string currents for four operating points 

in the first sample 

Points I1 (A) I2 (A) I3 (A) I4 (A) I5 (A) 

 1Max   8.90 6.61 8.93 8.95 8.95 

Max1 

Min1 

Max2 

Min2 

Max3 

Min3 

Max4 
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2Max  7.30 0 8.87 8.90 8.90 

3Max  0 0 7.48 8.85 8.85 

4Max  0 0 0 8.39 8.39 

 

The above inequality is different for the first and 

second samples. It means that the mismatch values 

of faulty strings determine the sort of power values 

at maximum points.  

In the fourth sample, one module from the first and 

second strings (12.5% mismatch), four modules 

from the third and fourth strings (50% mismatch), 

 

Table 4. Voltage values of healthy modules at maximum points in the first sample 

Points The first 

string 

The second 

string 

The third 

string 

The fourth 

string 

The fifth string 

1Max   21.12 42.25 14.08 10.56 10.56 

2Max  41.36 46.6 27.57 20.68 20.68 

3Max  46.6 46.6 41.07 30.8 30.8 

4Max  46.4 46.4 46.4 38.75 38.75 

 

Table 5. Absolute voltage values across the blocking diodes at maximum points in the first sample

Points The first 

string 

The second 

string 

The third 

string 

The fourth 

string 

The fifth string 

1Max   0 0 0 0 0 

2Max  0 72.22 0 0 0 

3Max  60.01 15.32 0 0 0 

4Max  123.6 216.8 30.38 0 0 

 

 

and three modules from the fifth string (37.5% 

mismatch) have been short circuited. In this special 

case, all strings are faulty in triple ISLLF, but the P-

V curve has three maxima and two minima as shown 

in Figure 6. In this state, the open circuit voltage of 

the array (326.2 V) is less than one (372.8 V) in the 

previous cases. This value is calculated as following: 

 3aoc ocV m f V                                                     (3) 

where f3 is the least number of faulty modules 

among faulty strings. The power values at the first, 

second, and third maximums are 6836 (W), 5172 

(W) and 4545 (W), respectively as given in Table 8.  
 

Figure 4. The P-V curve of the second sample at 

STC 

 
 

 
Figure 5. P-V curve of the third sample at STC 

 

Figure 6. P-V curve of the fourth sample at STC 

Max1 

Min1 

Max2 

Min2 

Min3 

Max3 Max4 

Max1 

Min1 

Max2 

Min2 

Max3 

Min3 

Max4 

Max1 

Min1 

Max2 

Min2 

Max3 
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Table 6. Extremum values of P-V curve for the second sample at STC 

Points V (V) I (A) P (W) 

1Max   43.16 mV  41.52 4m scI I    1792 ( 4 )m m scV I I    

1Min  46.6 ocV  35.84 4 scI  1670 4 oc scV I   

2Max  125.7 3 mV  33.62 3m scI I   4226 3 ( 3 )m m scV I I    

2Min  139.8 3 ocV  26.69 3 scI  3731 9 oc scV I  

3Max  206.2 5 mV  25.12 2m scI I   5179 5 ( 2 )m m scV I I    

3Min  233 5 ocV  17.70 2 scI  4125 10 oc scV I  

4Max  307.2 8 mV  16.91 2 mI  5195 16 m mV I  

Table 7. Extremum values of P-V curve for the third sample at STC 

Points Va (V) Ia (Amp) Pa (W) 

1Max   128 3 mV  41.77 4m scI I    5347 3 ( 4 )m m scV I I    

1Min  139.8 3 ocV  35.53 4 scI  4967 12 oc scV I   

2Max  201.2 5 mV  33.51 2 2m scI I   6742 5 (2 2 )m m scV I I    

2Min  233 5 ocV  17.22 2 scI  4012 10 oc scV I  

3Max  241.2 6 mV  16.77 m scI I   4045 6 ( )m m scV I I    

3Min  279.6 6 ocV  8.77 scI  2452 6 oc scV I  

4Max  312.1 8 mV  8.32 mI  2596 8 m mV I  

Table 8. Extremum values of P-V curve for the fourth sample at STC 

Points Va (V) Ia (Amp) Pa (W) 

1Max   162.1 4 mV  42.17 2 3m scI I    6836 4 (2 3 )m m scV I I    

1Min  186.4 4 ocV  26.36 3 scI  4914 12 oc scV I   

2Max  205 5 mV  25.23 2m scI I   5172 5 ( 2 )m m scV I I    

2Min  233 5 ocV  17.62 2 scI  4106 10 oc scV I  

3Max  273 7 mV  16.65 2 mI  4545 14 m mV I  

3. Quadruple Intrastring Line-Line Fault 

 

In the Quadruple ISLLF, the mismatch values of 

faulty strings should be four distinct numbers. The 

fifth sample is considered as this type of fault. In this 

sample, five, four, three and two modules from the 

first, second, third and fourth strings have been short 

circuited, respectively and the other string is healthy. 

The P-V characteristic of this state is illustrated in 

Figure 7. This curve consists of five maxima and 

four minima as given in Table 9. As can be seen, the  

number of maximum and minimum points increases 

by one unit compared with the triple ISLLF. the 

statues of PV system in five maxima as operating 

points are investigated as following. In the first 

maximum, the string currents are non-zero. When 

the PV system is operated in this point, the 

minimum current flows along the first string and the 

other string currents are almost equal to Isc. When 

the second maximum is selected as the operating 

point, the current in string-1 is zero. Also, the 

current through the second string is approximately 

equal to Im and the current values of three other 

 strings are almost to Isc. In other words, the MPPT 

controller selects the second maximum as GMP by 

ignoring the first string. Also, in the third operating  

 

 

point, the string currents in the first and second 

strings are equal to zero. A current approximately 

equal to Im passes through the third string and Isc 

flows the fourth and fifth strings. 

In the fourth maximum, the current magnitude in 

three strings with the highest number of short-

circuited modules, namely the first, second, and  
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Figure 7. The P-V curve of the fifth sample at STC 

 

third strings are zero and the currents of other strings 

are nearly equal to Im and Isc, respectively. In the last 

operating point, the current Im passes the fifth string 

and the other string currents are zero. 

The voltage of healthy modules and also the 

absolute voltage values across the blocking diodes in 

each string are obtained for five samples at GMP as 

given in Tables 10-11. 

Table 9. Extremum values of P-V curve for the fifth sample at STC

Points V (V) I (A) P (W) 

1Max   128.1 3 mV  41.70 4m scI I    5341 3 ( 4 )m m scV I I    

1Min  139.8 3 ocV  35.44 4 scI  4954 12 oc scV I   

2Max  167 4 mV  33.58 3m scI I   5609 4 ( 3 )m m scV I I    

2Min  186.4 4 ocV  26.35 3 scI  4911 12 oc scV I  

3Max  205 5 mV  25.19 2m scI I   5164 5 ( 2 )m m scV I I    

3Min  233 5 ocV  17.22 2 scI  4012 10 oc scV I  

4Max  240.9 6 mV  16.79 m scI I   4045 6 ( )m m scV I I    

4Min  279.6 6 ocV  8.77 scI  2452 6 oc scV I  

 

 

Table 10. Voltage values of healthy modules for five samples at GMP 

Points The first 

sample 

The second 

sample 

The third 

sample 

The fourth 

sample 

The fifth 

sample 
1

h
V  21.12 46.6 40.25 23.16 46.6 

2

h
V  42.25 38.41 33.54 23.16 41.76 

3

h
V  14.08 46.6 40.25 40.52 33.41 

4

h
V  10.56 38.41 25.15 40.52 27.84 

5

h
V  10.56 46.6 46.6 32.42 20.88 

Table 11. Absolute voltage values across the blocking diodes for five samples at GMP

Points The first 

sample 

The second 

sample 

The third 

sample 

The fourth 

sample 

The fifth 

sample 
1

D
V  60.01 74.31 0 0 27.25 

2

D
V  15.32 0 0 0 0 

3

D
V  0 260.7 0 0 0 

4

D
V  0 0 0 0 0 

5

D
V  0 167.5 61.43 0 0 

 

4. The proposed algorithm  

 

 According to the obtained results in previous 

sections, one of the maximum points depending on 

the mismatch values in faulty strings is selected as 

GMP. As shown in previous sections, the MPPT 

Max1 
Max2 

Max3 

Max4 

Max5 

Min1 Min2 

Min3 

Min4 
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controller selects the third, fourth, second, first and 

second local maxima for five samples as GMP, 

respectively. To investigate the MPPT controller 

performance for determining the GMP, some 

parameters are defined for triple ISLLF as follows: 

The mismatch index (Ni) is defined for each faulty 

string with the mismatch value,  fi  as:  

,        for 1,2,3i

i

i

A
N i

B
                                        (4) 

The numerator of this index (Ai) for each mismatch 

value is expressed as:  

 

  1 1 2 3 1
2 ( )

m sc
A m k k k n I n k I               (5)  

      

  2 2 1 3 1 2
2 ( )

m sc
A m k k k n I n k k I        (6) 

 

  3 3 1 2 1 2 3
2 ( )

m sc
A m k k k n I n k k k I        

                                                                                (7) 

 

where k1, k2, and k3 are the number of faulty strings 

with the number of f1, f2 and f3 short circuited 

 

modules respectively. 

Also, the dominator of Ni (Bi) for each mismatch 

value is defined as  

 

1 1 1
( )

m sc
B k I n k I                                               (8) 

                          

2 2 1 2
( )

m sc
B k I n k k I                                        (9) 

 

3 3 1 2 3
( )

m sc
B k I n k k k I                                (10) 

 

where B1, B2, and B3 are defined accordance to f1, f2, 

and f3, respectively. 

It can be shown that the following inequality is 

always true. 

 

3 2 1
N N N                                                        (11) 

 

According to defined indexes, the process of sorting 

the local maxima in order to select the GMP by 

MPPT controller is expressed as follows. 

Firstly, in order to compare the fourth maximum 

power with other maximum points, below 

constraints are investigated as follows: 

 

If 
4

max max
i

i i
f N P P       for i=1,2,3.               (12)  

 

If 
4

max max
i

i i
f N P P     for i=1,2,3.                (13) 

 

Secondly, in order to determine the most value 

among the first, second, and third maxima, the 

relative mismatch value index called fij is defined 

between two faulty strings with different number of 

faulty modules fi and fj  as follows:  

 

max maxi j

i i j j

ij

i j

B f B f

B B
f m P P





    ,   

max maxi j

i i j j

ij

i j

B f B f

B B
f m P P





    

 

 i<j,     for i, j=1,2,3.                                             (14) 

 

According to the simulation results in the previous 

sections, mathematical equations for extremum 

points are generalized as following. For this purpose,  

it is assumed  f1, f2, f3, …, and fp modules in different 

strings have been short circuited by the number of  

k1, k2, …, and kp strings, respectively. Extremum 

points of the P-V curve are obtained assuming below 

constraints as given in Table 12. 

 

1 2 11 ...p pf f f f m                                 (15) 

 

1 2 ... pk k k n                                                  (16) 

 

Also, the mismatch index in its general form is 

defined as: 

 

,        
j

j

j

A
N

B
  for j=1, 2,…, p.                           (17)      

 

Generally, the equations (5)-(10) are rewritten for 

j=1,2,…,p as: 

 

1 1

p j

j j i m i sc

i i

A m k n k I n k I
 

       
    
    
    

                

(18) 

1

j

j j m i sc

i

B k I n k I


 
     

 
                              (19) 

 

where kj is the number of strings with fj faulty 

modules.   

To compare the last maximum power with other 

maximum points, below constraints are checked for 

i=1,2,…,p as follows: 

 

If 
1

max max
i p

i i
f N P P



                                (20)     
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If 
1

max max
i p

i i
f N P P



                                 (21)    

 

To identify the maximum value among the 

maximum points under the assumption (i<j, 

i,j=1,2,3,…,p), the following constraints are 

investigated as 

 

max maxi j

i i j j

ij

i j

B f B f

B B
f m P P





                       (22) 

 

max maxi j

i i j j

ij

i j

B f B f

B B
f m P P





                       (23) 

Also, the number of faulty modules ( )
i

f
N  in ith  

string can be expressed as:  
i

i a D

f i

h

V V
N m

V


                                                   (24) 

where i

DV  and 
i

hV  are the absolute value of the 

voltage across the blocking diode and the voltage of 

healthy modules in the ith string, respectively.  

The above equation can accurately determine the 

number of faulty modules for each maximum 

(operating) point. 

 

 

5. Validation of Results and Discussion 
 

To validate the proposed algorithm, the obtained 

results for the first, third and fifth samples are 

investigated. For this purpose, the required 

parameters for comparison the maximum points are 

provided in Table 13. 

In the first sample, given that  f1 >N1 ,  f2 <N2 , and f3 

<N3, so, according to equations (12)-(13), the 

inequalities are expressed as follows: 

 

2 4 3 4 1 4
max max max max max max

, ,P P P P P P               (25) 

 

Also,  f12 ,  f13 , and  f23  are more than the number of 

modules in each string (m=8), according to equation 

(14),  the below inequalities are written as: 

 

1 2 1 3 2 3
max max max max max max

, ,P P P P P P               (26) 

 

The combination of equations (25) and (26) is 

written as  

 

1 4 2 3
max max max max

P P P P                                      (27) 

 

 

 

Table 12. Extremum values of P-V curve for ISLLF (general form) 

Points V (V) I (A) P (W) 

1Max   1 mm f V   1 1m sck I n k I       1 1 1m m scm f V k I n k I       

1Min   1 ocm f V   1 scn k I    1 1 oc scm f n k V I    

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

hMax   h mm f V  

1

h

h m i sc

i

k I n k I


 
  
 

   
1

h

h m h m i sc

i

m f V k I n k I


  
     

  
  

hMin   h ocm f V  

1

h

i sc

i

n k I


 
 

 
   

1

h

h i oc sc

i

m f n k V I


 
  

 
  

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

PMax   p mm f V  

1

p

p m i sc

i

k I n k I


 
  
 

   
1

p

p m p m i sc

i

m f V k I n k I


  
     

  
  

PMin   p ocm f V  

1

p

i sc

i

n k I


 
 

 
   

1

p

p i oc sc

i

m f n k V I


 
  

 
  

1PMax   mmV  

1

p

i m

i

n k I


 
 

 
  

1

p

m i m

i

mV n k I
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The values of Figure 3 and Table 2 confirm the 

validity of equation (27).  

In the third sample, since  f1 <N1  ,  f2 <N2 , and  f3 <N3 

so according to equations (20)-(21), the inequalities 

are written as  

 

2 4 3 4 1 4
max max max max max max

, ,P P P P P P               (28) 

 

According to equations (22) and (23), each of the 

parameters f12,  f13 and  f23 is compared to the number 

of modules in each string (m=8). So, the comparison 

leads to the following inequalities 

 

1 2 3 1 3 2
max max max max max max

, ,P P P P P P               (29) 

 

The following inequality is obtained from the  

combination of (28) and (29)  

 

4 3 1 2
max max max max

P P P P                                      (30) 

 

The values of Figure 5 and Table 7 confirm the 

equation (30) and the MPPT controller selects the 

second maximum as GMP.  

In the fifth sample, since  f1 <N1  ,  f2 <N2 , f3 <N3, and   

 

f4 <N4, so, the following inequalities are expressed 

based on equations (20) and (21). 

 

Table 13. Required parameters for comparison the 

maximum points 

Parameters The first 

sample 

The third 

sample 

The fifth 

sample 

A1 220.8 288.0 288.0 

A2 148.8 211.2 216.0 

A3 76.8 72.0 144.0 

A4 - - 72.0 

B1 44.4 44.4 44.4 

B2 35.4 34.8 35.4 

B3 26.4 17.4 26.4 

B4 - - 17.4 

N1 4.97 6.49 6.49 

N2 4.20 6.07 6.10 

N3 2.91 4.14 5.45 

N4 - - 4.14 

f12 13.87 12.25 8.93 

f13 11.87 6.93 7.93 

f23 9.87 4.00 6.93 

f14 - - 6.93 

f24 - - 5.93 

f34 - - 4.93 

1 5
max max

,P P             
2 5

max max
,P P     

 

4 5
max max

P P           
3 5

max max
,P P                         (31)                      

 

According to equations (22) and (23), each of the 

parameters f12,  f13, f14, f23, f24  and  f34 is compared to 

the number of modules in each string (m=8). 

Therefore, Consequently, the comparison yields the 

following inequalities: 

 

2 1 1 3 1 4
max max max max max max

, , ,P P P P P P                

 

2 3 2 4 3 4
max max max max max max

, ,P P P P P P              (32) 

 

The following inequality is derived from the 

combination of equations (31) and (32). 

 

5 4 3 1 2
max max max max max

P P P P P                            (33) 

 

The data presented in Figure 7 and Table 9 

corroborate equation (33). 

Also, in order to validate equation (24), the number 

of faulty modules for the first sample at four 

maximum points were calculated as given in Table 

14. For this purpose, the results of Tables 4-5 were 

used. Furthermore, Table 15 presents the number of 

short circuited modules for five samples at GMP 

using the data of Tables 10-11. The results 

demonstrate the effectiveness of the suggested 

formula in identifying the number of faulty modules. 

For additional confirmation, the obtained results 

were compared with previous ones in other 

literatures. It is worth mentioning that only a few 

studies have addressed the performance of PV 

curves in details. The authors in [33] presented 

several approximate formulas to evaluate the 

performance of the MPPT controller.  They 

considered line-line faulty conditions with low 

severity, while our method provides exact equations 

for all extrema points of the P-V curve and 

comprehensively interprets this curve under various 

faulty conditions.  

6. Conclusions  

This paper investigated different types of ISLLF 

such as triple and quadruple faults. The P-V curve of 

PV system for different mismatch values have been 

analyzed. The mathematical equations were obtained 

for extremum points and then the MPPT 

performance in order to select the maximum power 
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was evaluated based on definition some indexes. 

Finally, the general state of ISLLF was considered 

and then general formulas have been presented using 

simulation results. In order to validate the proposed 

equations, three samples were investigated and also 

the performance of MPPT controller were presented 

in selecting the MPP. The results demonstrated the 

accuracy of mathematical equations and defined 

indexes. The obtained equations are useful for 

determining the severity and location of LLF. 

Although, the simulation of PV system was 

performed at STC, but the obtained mathematical 

equations can be used for different module 

temperatures and irradiation levels.  For future work, 

the aforementioned equations can be obtained for 

various states of partial shading faults. 

 

 

Table 14. Number of faulty modules in each string at different operating points in the first sample

Points The first 

string 

The second 

string 

The third 

string 

The fourth 

string 

The fifth string 

1Max   3.999 6.001 1.999 -0.00095 -0.00095 

2Max  4.001 6.000 2.001 0.0023 0.0023 

3Max  4.000 6.000 2.001 0.0003 0.0003 

4Max  4.000 6.000 1.999 0.0002 0.0002 

 

Table 15. Number of faulty modules in each string at GMP 

Points The first 

string 

The second 

string 

The third 

string 

The fourth 

string 

The fifth 

string 

The first sample 4.000 6.000 2.001 0.0003 0.0003 

The second sample 3.002 0.002 7.002 0.0021 5.002 

The third sample 3.001 2.001 3.001 0.0003 5.001 

The fourth sample 1.001 1.001 3.999 3.999 3.001 

The fifth sample 5.001 4.001 3.002 2.002 0.0023 

 

Nomenclature 
ANN Artificial neural network  

COA Coyote optimization algorithm  

CSO Cuckoo search optimization  

DE Differential evolution 

fi Number of faulty modules in each faulty 

strings 

GMP Global maximum power point (W) 

GP Global peak (W) 

HIS Hybridized interior search 

LLF Line-to-line fault 

Ia Array current (Amp) 

Im current at MPP (Amp) 

Isc Short-circuit current of module (Amp)  

ILCOA Improved Lozi map based chaotic 

optimization algorithm 

ISLLF Intra-string line-to-line fault  

I-V Current-Voltage  

m Number of modules in each string 

MPP Maximum power point (W) 

MPPT Maximum power point tracking 

n Number of strings in PV array 

Ni Mismatch index 
i

f
N  Number of faulty modules 

Pa Array voltage 

PCA Principal component analysis  

1maxP   Power value at the first maximum (W) 

2maxP  Power value at the second maximum (W) 

3maxP  Power value at the third maximum (W) 

4maxP  Power value at the fourth maximum (W) 

5maxP  Power value at the second maximum (W) 

PS Partial shading 

PV Photovoltaic  

P-V Power-Voltage  

P&O Perturb and Observe 

RFC Random forest classifiers  

RMS Root mean square 

RMSE Root mean squared error 

SCA Sine cosine algorithm 

SFO Sunflower optimization 

SMA Slime mould algorithm 

STC Standard test conditions  

Va Array voltage (V) 
i

DV  Absolute value of the voltage across the 

blocking diode in the ith string (V) 

Vm Voltage at MPP (V) 

Voc Open-circuit voltage of the module (V) 

aocV  Open-circuit voltage of the array (V) 
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