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The normal operation of a photovoltaic (PV) system is undermined by Line-Line (LL) faults. A LL fault, which establishes an 

unintentional current path between two points of different potentials, can cause malfunctions and even fire hazards to the PV systems. 

Although the overcurrent protection devices such as fuses are utilized to terminate the LL faults, the maximum power point tracking 

(MPPT) controller, partial shading, and blocking diodes are affecting the fault currents and they may be lower than the rated current 

of the fuse. Therefore, it is necessary to develop an effective LL fault detection technique for PV systems. In this paper, a LL fault 

detection technique based on the string-current behavior and current sensing is proposed. The characteristics of LL faults and the 

string-current behavior under the various fault conditions were analyzed to develop the algorithm. The proposed technique could 

determine the occurrence, type, location, and percentage of the LL faults. It was verified that the fault detection algorithm and current 

sensors in specific locations could detect the LL faults effectively despite the effects of MPPT, partial shading, and blocking diodes.  

 
Index Terms—Current sensing, line-line fault, photovoltaic systems, string-current behavior.    

 

I. INTRODUCTION 

HOTOVOLTAIC (PV) systems play an important role in 

renewable energies. At the end of 2019, the cumulative 

global capacity of PV systems estimated to reach 650 GW 

which is capable of generating approximately 4 % of the 

worldwide electricity demand [1]. However, the safety, 

reliability, and efficiency of a PV system are susceptible to 

electrical faults. In PV arrays, an unintentional current path 

between two points with different potentials is defined as a 

line-line (LL) fault. Undetected LL faults may induce 

catastrophic failures and lead to fire hazards [2]. Currently, the 

overcurrent protection devices (OCPDs) are commonly used 

to terminate the LL faults. Nevertheless, the LL faults cannot 

be eliminated by the OCPDs or other conventional protection 

devices due to the effects of maximum power point tracking 

(MPPT) controller, partial shading, and blocking diodes [3]. 

Therefore, a competent LL fault detection technique is 

essential for ensuing PV systems to operate reliably. 

Although current-voltage (I-V) characteristics of PV 

modules can be used to diagnose the faults in a PV system [4, 

5], it is difficult to obtain the I-V curves of PV modules during 

the operation of a PV system and the indicators depending on 

the operation points are not reliable. The operation points may 

be the same in LL faults and partial shading conditions since 

the MPPT keeps tracking the operation points to output 

maximum power. This problem also impacts the MPPT-based 

method for LL faults detection [6], and it is complicated to 

calculate the expected operation points for comparing with the 

real-time operation points under various conditions. The LL 

faults and partial shading can be differentiated by utilizing the 

array voltage, current, and irradiance [7] by the predefined 

thresholds which may vary with PV systems. Besides, they 

can be diagnosed by comparing the expected voltage, current, 

and power with the actual measurements [8]. However, it is 

difficult to acquire the percentage and location of LL faults. 

Additionally, a health evaluation method is developed based 

on Gaussian mixture models and empirical mode 

decomposition to reflect the performance of PV systems [9] 

and computational complexity may be enlarged. There are 

fault diagnosis methods based on statistical analysis [10, 11], 

but numerous sets of data are required which incur extra costs 

in capturing and computing the data. The machine learning 

tools have been applied to classify and detect LL faults in PV 

systems [12-14], however, emulations of each fault conditions 

in the PV systems are obliged to attain the training data. To 

identify and locate the faults, a digital twin approach has been 

developed which requires an estimator in each PV module 

[15]. Though sensors are adopted in each PV module to detect 

and locate the faults [16], modifications of the systems are 

incurred. Thus, a cost-effective technique that is capable of 

detecting and locating LL faults in PV systems is demanded. 

Furthermore, most of the previous research works have not 

considered the cases with blocking diodes which provoke 

different fault current and they are extensively used in PV 

systems to avoid the back-feeding current. In this paper, the 

effects of MPPT, partial shading, and blocking diodes on LL 

faults in PV systems are modeled and investigated with 

Simulink. A string-current behavior and current-sensing based 

technique is proposed for diagnosing and locating LL faults. 

The characteristics of LL faults and the string-current behavior 

are critical for developing a reliable fault-detection algorithm, 

For the first time, they are studied and analyzed under various 

fault conditions in this paper, leading to the development of a 

LL fault-detection technique that is applicable across PV 

arrays of different configurations. This technique based on the 

string-current behavior and current sensing has the unique 

advantage over the traditional techniques that the occurrence, 

type, location, and percentage of the LL faults can be 

determined in a convenient and low-cost manner. The cost-

effective and compact magnetic sensors such as 

magnetoresistive (MR) sensors can be applied to measure the 

string current non-invasively [17, 18]. The proposed LL fault 
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detection algorithm is validated with the simulation results. 

Hence, a convenient technique is developed in a low-cost and 

real-time manner to detect LL faults in PV systems despite the 

effects of MPPT, partial shading, and blocking diodes. 

This paper is organized as follows. In Section II, the effects 

of MPPT, partial shading, and blocking diodes on LL faults 

and string-current behavior are elaborated. In Section III, the 

fault detection scheme is illustrated. In Section IV, the 

simulation and validation of the proposed technique are 

presented. The conclusion is drawn in Section V. 

II. PRINCIPLES OF LL FAULT AND ANALYSIS OF STRING-

CURRENT BEHAVIOR 

A. Characteristics of LL Fault 

To investigate the performance of a PV system in fault 

conditions, the PV system consisting of three strings in which 

each has four series-connected modules (1STH-215-P, 

1Soltech) is developed on Simulink. The MPPT controller 

with a boost converter is adopted. The potential faults in a 

string and between strings are depicted in Fig. 1. The LL1, 

LL2, and LL3 are 25 %, 50 %, and 75 % intra-string (IS) LL 

faults respectively. The LL4 and LL5 are 25 % and 50 % 

cross-string (CS) LL faults. The current of the PV string 1 

(IPV1) when 25 % and 50 % IS LL fault accidentally occur in 

the PV string 1 (PVS1) at 0.5 s is shown in Fig. 2 (a) 

respectively. The back-feeding current appears when OCPD is 

used in the string, but it can be inhibited by blocking diodes. 

The OCPD can terminate the back-feeding current when it is 

larger than the rated current of OCPD which is 2.1 times the 

short circuit current (ISC) of PVS1 [3]. However, the back-

feeding current is lower than the 2.1 × ISC at the 25 % IS LL 

fault which may cause malfunction of the system and 

accelerate the degradation or even damage the PV modules. 

Thus, the blocking diodes are widely used in PV systems to 

suppress back-feeding current and considered in this paper.  

The partial shading of 300 and 100 W/m2 at the last module 

of PVS1, IS LL faults in PVS1, and CS LL faults between 

PVS1 and PVS2 are examined as shown in Fig. 1. The I-V and 

power-voltage (P-V) characteristics of the PV system under 

the three cases are shown in Fig. 2 (b), (c) and (d) respectively. 

Though the MPP varies with the partial shading and fault 

conditions, there are cases that the MPPs are the same 

resulting in difficulties to determine the type and location of 

faults. For example, the MPPs at partial shading of 100 W/m2, 

25 % IS LL fault, and 25 % CS LL fault are approximately the 

same. Besides, the MPPs of 50 %, 75 % LL faults, and 50 % 

CS LL fault are almost the same. Consequently, it is necessary 

to further analyze the characteristics of fault string current 

with the effects of MPPT, partial shading, and blocking diodes 

to develop a comprehensive algorithm for LL fault detection. 

B. String-Current Behavior 

The single IS LL faults and CS LL faults are researched to 

derive the string-current equations in each condition. In this 

way, the type, location, and percentage of a LL fault can be 

determined by using the string current. The single IS LL fault,  

 
Fig. 1.  The potential LL faults in the PV array with OCPD or bypass diode. 

 
Fig. 2.  The string current, I-V, and P-V characteristics of the PV system in 

fault conditions. (a) IPV1 at LL1 and LL2. (b) The effects of partial shading. (c) 

The effects of IS LL faults. (d) The effects of CS LL faults. 
 

double IS LL fault, and single CS LL fault are considered. The 

multiple LL fault conditions such as double CS LL fault, 

which cause apparent fault current and ISC in numbers of 

strings for detection, are different from the partial shading. 

Thus, they can be detected effortlessly and are not investigated 

in this research. When the single IS LL fault occurs, there are 

two possible cases that (I) the normal PV modules in the 

unhealthy string are working at voltage slightly larger than the 

voltage of MPP (Vm) and thus the current will be slightly 

lower than the current of MPP (Im), and the voltage of the 

modules in healthy strings is lower than the Vm so that all 

modules are working at operation points close to the MPP to 

ensure the maximum power output or (II) the modules in 

healthy strings are working at MPP and the unhealthy string is 

open circuit since the voltage of unhealthy string reaches the 

open-circuit voltage in this case. The PV system operates in 

the case with larger power because the MPPT controller 

ensures the system to output the maximum power. For a PV  
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Fig. 3.  The circuit diagram of the unhealthy strings in the CS LL fault. 
 

array in size of row (m) × column (n) as depicted in Fig. 3 (a), 

the following equations can be derived to attain the percentage 

of normal modules of the unhealthy string (P) to achieve a 

higher power than case II. When the unhealthy string still 

works, the normal modules are operating at the operation point 

close to MPP due to MPPT controller. Thus, the voltage and 

current of the normal PV modules in the unhealthy string can 

be regarded as Vm and Im. 

  
m m m h m m

V I m P V m P I n V I n m
    +           (1) 

where Ih is the current of the healthy string, n* is the number of 

the healthy strings and it is n-1 in this case. Hence,  

/ ( )
m m h

P I n I I n
   +                        (2) 

Since the voltage of the healthy string is lower than Vm, the 

current is close to ISC which can be determined from the I-V 

characteristics of a PV module. This can also be observed 

from the I-V curve under 500 W/m2 in Fig. 2 (b).    

h SC
I I                                 (3) 

Therefore,  

/ (( / ) 1)
SC m

P n I I n
   +                   (4) 

Similarly, when double IS LL fault happens as shown in Fig. 

3 (a), the unhealthy strings are still working when the PV 

system generates more power with the unhealthy string of 

larger P operating at MPP than the case that the healthy strings 

operating at MPP and unhealthy strings are in open circuit. 

Thus, Eq. (5) can be derived. 

2 2 1 2m m m h m h

m m

V I m P V m P I V m P I n

V I n m





   +    +    

   
(5) 

where P2 is also the percentage of normal modules of the 

unhealthy string with single LL fault (P2 is larger than P1), Ih1 

is the current of the unhealthy string with P1, n* is n-2. Thus,  

2 1
/ (( / ) / 1)

SC m h m
P n I I n I I

   + +              (6) 

Since the voltage of the unhealthy string with P1 is larger than 

Vm, the current should be much lower than Im. Therefore, 

1
0

h m
I I                                  (7) 

The unhealthy strings in the CS LL fault are shown in Fig. 3 

(b). The x is the number of modules in the first part of PVS1 

and y is the number of modules in the first part of PVS2. 

According to the configuration, the voltage of the first part of 

PVS1 (V1) equals to the first part of PVS2. The voltage of the 

second part of PVS1 (V2) equals to the second part of PVS2. 

Since x is smaller than y, the voltages of the first part of PVS2 

and second part of PVS1 are lower than Vm and thus their 

currents are approximate to ISC. The currents of the first part of  

 
Fig. 4.  The online LL fault detection scheme based on string-current behavior 

and current sensing by MR sensors. 
 

PVS1 and the second part of PVS2 can be regarded as I1. 

When the difference between y and x increases, the current I1 

decreases. The first part of PVS1 and the second part of PVS2 

become open circuit when I1 decreases to 0. When the CS LL 

fault occurs, the voltage of the modules in healthy strings is 

slightly lower than Vm due to the MPPT controller. The 

current Ih is approximate to Im. Thus,  

1 2 m
V V m V+                                 (8) 

h m
I I                                     (9) 

The I1 is non-zero only when the power generated with all 

modules in operation is larger than the power generated with 

parts of the unhealthy strings being open circuit. Hence, Eq. 

(10) can be derived. 

1
2 ( )

( ) ( )

m SC m h

OC SC OC h

m V I I m V I n

V I y m x V y m x I n





  + +   

   + − +  + −  
    (10) 

where VOC is the open-circuit voltage of the PV module.  

Therefore, 

1
2 ( )

m SC m m

OC SC OC m

m V I I V I m n
y x m

V I V n I





   + +   
−  −

 +  
    (11)             

According to the string-current behavior in each fault 

condition, the LL fault detection algorithm is developed with 

MATLAB based on the Eq. (4), (6), and (11). The current 

sensors can be installed on each string to measure the string 

current. In this way, the occurrence, location, and percentage 

of the LL faults can be estimated by inputting the string 

currents into the algorithm. A LL fault detection scheme based 

on this algorithm and current sensing can be developed to 

monitor the real-time condition of a PV system. 

III. LL FAULT DETECTION 

The fault detection scheme can be developed as shown in 

Fig. 4. The current sensors (MR sensors) are placed on the 

beginning and terminal of each string to measure the string 

current. For instance, the current at the beginning of PVS1 

(IS1a), the terminal of PVS1 (IS1b), the beginning of PVS2 (IS2a), 

and the terminal of PVS2 (IS2b) are attained as depicted in Fig. 

4. The I-V characteristics of the PV module are defined in the 

algorithm so that the theoretical values of string current can be 

estimated. The irradiance and ambient temperature can be 

obtained from the weather station where the PV system is 

located. By inputting the string currents, irradiance, and 

ambient temperature to the algorithm, the LL faults can be 

diagnosed by using the distinct current features in various  
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Fig. 5.  LL fault detection algorithm. 
 

conditions despite the effects of partial shading. The 

occurrence, type, location, and percentage of LL faults can be 

determined by the proposed algorithm. Since the MR sensors 

can measure the current non-invasively and they are placed on 

the surface of power cables, PV systems are not interfered. 

The harsh environment may impact the performance and 

lifetime of MR sensors. For protection, the MR sensors can be 

installed inside the PV array combiner box, where PV strings 

are merged together, to sense the current. 

The proposed LL fault detection algorithm is illustrated in 

Fig. 5. Initially, the I-V characteristics of the PV modules are 

defined. The irradiance, temperature, and string currents are 

inputted to evaluate the condition of the PV system. The PV 

system is considered in the normal operation when the current 

of the beginning and terminal of each string is the same and 

equals to Im. It is under partial shading when the current of the 

beginning and terminal of the string is the same and lower 

than Im. The partial shading could also cause asymmetric 

string current due to the current passes through the bypass 

diode when the irradiance is too low to sustain the operation of 

the PV modules. However, there is no ISC during the partial 

shading. The string current is asymmetric in the appearance of 

the CS LL fault and Eq. (11) can be used to calculate the 

number of mismatched modules. The IS LL fault can be 

detected when the current is asymmetric and ISC is induced. 

The percentage of the IS LL fault can be estimated by Eq. (4) 

and Eq. (6). The multiple IS or CS LL faults can be detected 

effortlessly since they are causing apparent fault current in 

numbers of string and these situations rarely happen. Thus, 

they are not further investigated.  

IV. VALIDATION AND DISCUSSION  

The proposed technique is validated with a PV system in a 

configuration of 8 (m) × 6 (n) which can generate power larger 

than 5 kW under the irradiance of 500 W/m2 and the 

temperature of 25 oC. In this case, the ISC, Im, Vm, and VOC can 

be obtained from I-V characteristics to be 3.93 A, 3.68 A, 

29.33 V, and 35.22 V respectively. The LL faults in various 

conditions are emulated and the string currents are evaluated 

to verify the proposed technique. It is also demonstrated that 

the LL faults can be detected despite the effects of partial  

 
Fig. 6.  The string current at the occurrence of (a) P is 87.5 % and (b) P is 

75 % during IS LL faults.  

 
Fig. 7.  The string currents at the occurrence of (a) P1 is 75 %, P2 is 87.5 %, 

and (b) P1 is 50 %, P2 is 62.5 %.   

 
Fig. 8.  The string currents at the occurrence of a CS LL fault (a) x = 4, y = 5, 

and (b) x = 4, y = 6. 

 
Fig. 9.  The string currents when the first module of PVS1 is in the irradiance 

of (a) 300 and (b) 100 W/m2. 
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shading. Initially, the single IS LL faults are examined at P = 

87.5 % and P = 75 % of the PVS1. When the fault occurs at 

0.5 s with the P of 87.5 %, the IS1a is lower than Im, IS1b is ISC, 

and IS2a is Ih as shown in Fig. 6 (a). When the P is 75 %, PVS1 

is open circuit and the healthy strings are operating at Im as 

depicted in Fig. 6 (b). This is consistent with Eq. (4) that the 

PVS1 is open circuit when the P is less than 78.9 %.   

The string currents at the double IS LL fault of PVS1 and 

PVS2 are shown in Fig. 7. When the P1 is 75 % and P2 is 

87.5 %, the PVS1 is open circuit and PVS2 operates with 

current slightly lower than Im as presented in Eq. (5) and (6). 

Due to LL faults, there are currents equal to ISC. The string 

currents of healthy strings are larger than Im as depicted in Fig. 

7 (a). In the case that P1 is 50 % and P2 is 62.5 %, the two 

strings with LL faults are open circuit since they are lower 

than 75.87 % based on Eq. (6). The healthy strings are 

operating at MPP as depicted in Fig. 7 (b). The string currents 

at the CS LL fault with x = 4 and y = 5 are shown in Fig. 8 (a). 

In this case, the maximum value of I1 is 2.45 A. According to 

Eq. (11), the difference between y and x should be less than 2; 

otherwise, the current I1 becomes zero when x = 4 and y = 6 as 

depicted in Fig. 8 (b). It is confirmed that the currents of the 

second part of PVS1 and the first part of PVS2 are close to ISC. 

The healthy strings are operating at the current larger than Im 

as shown by the current at the beginning of PVS3 (IS3a) in Fig. 

8. In summary, the simulation results verify that the proposed 

model can detect and locate the LL faults. 

The characteristics of partial shading are similar to an IS LL 

fault causing difficulties to the LL fault detection. The effects 

of partial shading on the string currents are studied with the 

PV system under the irradiance of 500 W/m2. Due to the 

partial shading, the irradiance of the first module of PVS1 is 

decreased to 300 W/m2 at 0.5 s. The IS1a decreases to the 

current in partial shading (IPSa) as shown in Fig. 9 (a). In this 

case, the irradiance is still high enough to sustain the operation 

of the first module of PVS1. Therefore, the IS1b decreases to 

the current in partial shading (IPSb) which is equal to IPSa. The 

Ih is higher than Im since the voltage of the PV system 

decreases to be lower than Vm. When the irradiance decreases 

to 100 W/m2, the first module of PVS1 is unable to operate 

normally and most of the current passes through the bypass 

diode as depicted in Fig. 9 (b). The IS1a decreases from Im to 

IPSa. Similarly, the Ih is larger than Im. It can be seen that the 

string currents in partial shading are different from those under 

the IS LL fault conditions. The partial shading does not incur 

ISC. Also, the currents at the beginning and terminal of a string 

are usually the same. They are different only when some 

shaded modules are not working and the currents of unshaded 

strings are higher than Im. However, the Ih equals to Im when 

the open circuit is caused by an IS LL fault as shown in Fig. 6 

(b). Thus, it is validated that the proposed technique can detect 

the LL faults accurately despite the effects of partial shading. 

V. CONCLUSION   

The technique based on string-current behavior and current 

sensing has been developed for LL fault detection. The 

simulation results verified that the technique could achieve the 

detection of LL faults effectively despite the effects of MPPT, 

blocking diodes, and partial shading. In future work, the 

applicability of the technique will be further verified in a PV 

system with the MR sensors as the current sensors. 
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