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 Power System Protection is very important in electrical power system as it 
minimizes power supply interruption to customers, and also prevents 
damages to electrical equipment. Lately, renewable energy (RE) penetration 

in power system helps to support and fulfil the increasing demand of 
electricity to customers. However, the contribution of power from RE such as 
solar photovoltaic (PV) will increase the fault level and lead to reverse power 
flow; thus, it will affect power system protection reliability. This paper 
focuses on evaluating the reliability of differential protection relay during 
steady state, internal and external faults conditions when the power system is 
without and with solar PV penetration. Steady state and three-phase 
symmetrical line fault will be simulated in IEEE 39 bus test system using 
Power System Simulation for Engineering (PSS®E) software. 
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1. INTRODUCTION  

Power system is a combination of equipment, protection scheme and policies in order to ensure that 

the system is in a healthy condition despite of a fault occurrence [1]. Among the combination, protection 

scheme is the most essential element as it helps in fulfilling the demands needed by the customers.  

Protection scheme of a transmission line consists of unit protection and non-unit protection [2].  

Unit protection is also known as differential protection which protects a specific electrical equipment such as 

a transformer, feeder and generator [3]. The principle operation of a differential protection scheme is based 

on Kirchhoff‟s current law, which is comparing the currents at all ends of the protected equipment [4, 5].  

The philosophy of unit protection is to compare the difference in the transformed current by the current 
transformers (CT) at the incoming and outgoing terminals of the protected equipment [6]. Furthermore, in 

any power system protection, the main characteristic of differential protection is fast isolation of the faulted 

area in order to sustain power supply to consumers [6-10]. 

 

 

2. LINE DIFFERENTIAL PROTECTION RELAY 

Line differential protection is also known as current differential protection. This type of protection is 

normally used as the main protection for transmission network system. Figure 1 shows the flow of secondary 

current in a differential protection relay. For ideal current transformers, the current difference is zero during 

steady state and external fault conditions. However, practically some amount of differential current will exist 

during steady state condition due to the charging current of a transmission line and mismatch in  
the characteristics of the CTs at both ends [11]. Hence in this situation, the relay is set to remain stable by 

having a bias setting  
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Figure 1. Circulating current system and bias protection characteristics [12] 

 

 

Referring to Figure 1, when an external fault occurs, the transformed current at End A and End B with 

negligible difference will be flowing around the loop, thus the protection relay will not operate [13]. 

Nevertheless, when an internal fault occurs in the system, the interconnection between End A and End B will 

have some different impedance causing a deviation from the ideal case. Hence, this will increase the differential 

current flowing through the operating element of the protection relay [14]. Furthermore, the current at End B 

changes its direction; as a result, it establishes a significant differential current to operate the relay.  

The minimum tripping current is usually defined by the minimum relay tripping threshold and is set to be between 

20-50% of the rated CT secondary current [15]. Current differential relay can be classified into: current ratio plane 

characteristic and biased differential plane characteristic [16]. The objective of both characteristics is to define an 
operating region when respond to all types of internal faults, excluding steady state and external fault.  

Biased differential characteristic is defined by calculating the bias and differential currents from the 

currents transformed at both ends of the transmission line. The bias current, IBIAS is obtained as half of the 

scalar sum of the currents at the two ends. The bias current of a transmission line can be calculated using in (1) while 

the differential current, IDIFF is the magnitude of the vector sum of the two end currents as shown in (2). Referring to 

Figure 1, IDIFF is the difference in current transformed by the CTs at End A and End B [17]: 

 

       
|  |  |  |

 
 (1) 

 

      |      | (2) 

 

where; 
IA is the local-end current; 

IB is the remote-end current 

Power flow is normally unidirectional from the source to consumers [18-20] with conventional 

generators. However, lately there is an overwhelming RE penetration such as solar PV in power system [19-22]. 

As a result, it is a challenge to power system protection since most of the protective relaying design is based on  

the assumption which is radial in nature. Therefore, due to the impact of RE to power system behavior [17-21, 23-25], 

the reliability of differential protection scheme needs be analyzed when the power system network is without and 

with RE penetration such as solar PV. 

 

 

3. RESEARCH METHODOLOGY  

IEEE 39 bus test system is modelled using PSS®E software as shown in Figure 2, which consists of 10 
conventional generators, 11 power transformers and 19 static loads. Figure 3 shows the overall methodology of this 

research work in analyzing the reliability of differential protection relay, which is being installed at each of 

the following selected lines:  

a) The strongest line, between Bus 7 and Bus 8 

b) The weakest line, between Bus 16 and Bus 19, and  

c) The bottleneck line, between Bus 20 and Bus 34.  
 

The strongest and weakest lines are determined using voltage stability index (VSI): fast voltage 

stability index (FVSI) and LQP index [26]. On the other hand, the bottleneck line which is also known as 
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congested line is determined through percentage of line loading. External and internal faults are applied at the 

chosen lines to investigate the behavior of power system and the reliability of differential protection relay. 

Figure 4 demonstrates the time line event of fault simulation: line fault is applied to the test system at 1s; the 

fault is cleared by tripping the faulty line at 1.10s; the simulation ends at 10s. 

 

 

 
 

Figure 2. IEEE 39 bus test system 
 

 

 
 

Figure 3. Overall methodology 
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Figure 4. Simulation time line event 

 

 

Simulations of three phase symmetrical fault are carried out for cases with and without solar PV 

penetration at the chosen lines. Based on Malaysia Energy Commission for large solar scale (LSS),  

the maximum solar PV penetration in a network is 50MW; hence, the capacities of solar PV penetration in 
this research work are 20MW and 40MW, which are within the allowable amount for LSS [27].  

The magnitudes of fault current during the sub-transient and transient fault conditions at the faulted and 

neighboring lines are calculated for all the following scenarios:  

a) Scenario 1: Without solar PV Penetration at the Strongest Line 

b) Scenario 2: 20MW and 40MW of PV at the Strongest Line 

c) Scenario 3: Without solar PV Penetration at the Bottleneck Line 

d) Scenario 4: 20MW and 40MW of PV at the Bottleneck Line 

e) Scenario 5: Without solar PV Penetration at the Weakest Line 

f) Scenario 6: 20MW and 40MW of PV at the Weakest Line 

 

4. RESULTS AND ANALYSIS  

This section elaborates on the results of the research work; PSS®E simulation results are presented 
based on the fault simulation scenarios at selected lines. All the currents at the neighboring lines are 

monitored during steady state, external and internal faults conditions. Furthermore, the reliability of  

the protection relay installed at the strongest, bottleneck and weakest lines is analyzed respectively based on 

the transient current taken at 1.04s of the simulation event. This is taking into consideration that 40 second is 

the time taken for 87PWR a differential relay to operate and send a signal to trip the faulted line [28]. 

 

4.1. Scenario 1 and scenario 2-analysis at the strongest line-line 7-8 

Table 1 shows the bias and differential currents of a protection relay installed at Line 7-8,  

the strongest line for scenarios with and without the presence of solar PV for three different conditions.  

At steady state condition, bias current decreases with solar PV penetration in the system. Power supply in  

the system is less dependent on conventional generators with an increment of solar PV penetration. Figure 5 shows 
the flow of real and reactive power feeding into the fault during the occurrence of an external fault at Line 8-9 

without the presence of solar PV. The negative value in differential current reflects the direction of power 

flow in the system due to the occurrence of external fault. Nevertheless, the relay remains stable at steady 

state and external fault conditions since the differential current is minimal. During an internal fault condition 

at Line 7-8, the values of differential and bias currents increase when solar PV capacity is 20MW compared 

to without solar PV penetration; however, both the currents decrease when the capacity of solar PV is increased to 

40MW. This consequence is due to the changes in direction of power flow in the power system network;  

the import and export power from one area to another change as solar PV injection increases, which depend on  

the load demand in the connecting areas. Despite of inconsistent in the direction of power flow, the differential 

current value is significant to operate the protection relay and isolate the fault from the rest of the system.  

 
 

Table 1. Differential and bias currents in the protection relay installed at the strongest line-line 7-8 

Power System Condition 

Bias Current, IBIAS  (A) Differential Current, IDIFF  (A)  

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Steady State 0.6448  0.5518  0.5419  0.0035 0.0035 -0.0035 

The Most Severe External Fault 

(Line 8-9) 
5.9735  5.8783   5.8765  -0.0181  -0.0185  -0.0191   

Internal Fault (Line 7-8) 9.0825  9.2702  9.2695  18.1652 18.5404 18.5390 
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Figure 5. Power flow during external fault at line 8-9 without solar PV penetration 

 

 

4.2. Scenario 3 and scenario 4-analysis at the bottleneck line-line 16-19 
Figure 6 shows the real and reactive power flow through the bottleneck line, which is Line 16-19 

feeding into the external fault at Line 16-24. The differential and bias currents of the protection relay 

installed at this bottle neck line are monitored for scenarios with and without the presence of solar PV 

penetration in the system and tabulated in Table 2. Referring to this table, at steady state condition without 

and with solar PV penetration, the line is heavily loaded with line loading almost hundred percent.  

Nevertheless, the differential relay remains stable during steady state and external fault conditions 

irrespective of without and with solar PV interruption. In contrast, during internal fault conditions,  

the differential current increases with the increased in solar PV penetration, thus causes the relay to operate 

irrespective of without or with solar PV penetration.  

 

 

 
 

Figure 6. Power flow during external fault at line 16-24 without solar PV penetration 

 

 
Table 2. Differential and bias currents in the protection relay installed at the bottleneck line-line 16-19  

Power System Condition 

Bias Current, IBIAS  (A)  Differential Current, IDIFF  (A) 

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Steady State 0.9897  0.9839  0.9897  0.0414 0.0017 0.0414 

The Most Severe External Fault 

(Line 16-24) 
1.6370   1.6321  1.6336  -0.0112 -0.2645 -0.0117 

Internal Fault (Line 16-19) 1.7350  1.7527  1.7529  3.4699 3.5053 3.5057 

 

 

4.3. Scenario 5 and scenario 6-analysis at the weakest line-line 20-34 

Figure 7 shows an external fault for a differential relay protecting the weakest line, Line 20-34; this 

line is connected to a conventional generator. Bias and differential currents of the protection relay installed at 
the weakest line without and with the presence of solar PV for the three scenarios are shown in Table 3. 
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When an external fault is cleared which means the circuit breaker at Bus 20 trips to disconnect Line 19-20 

the only tie line connecting between the conventional generator and other parts of the system. As a result,  

the generated power can only be supplied to the load at Bus 20. Referring to Table 3, the values of 

differential current is minimal during steady state and external fault conditions; hence, the relay remains 

stable. However, when an internal fault occurs at Line 20-34, the conventional generator will be isolated 

completely from the system after the fault is cleared. The magnitude of differential current is significant and 

almost double the magnitude of bias current for both without or with solar PV penetration in the power 

system. Thus, the relay will operate and isolate the faulted line, so as the conventional generator from the 

power system network. 

 
 

 
 

Figure 7. Power flow during external fault at line 19-20 without solar PV penetration 

 

 

Table 3. Differential and bias currents in the protection relay installed at the weakest line, line 20-34 

Power System Condition 

Bias  Current, IBIAS  (A)  Differential Current, IDIFF  (A) 

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Without 

PV 

With 20MW 

PV 

With 40MW 

PV 

Steady State 0.8423  0.8435  0.8424  0.0007 0.0007 0.0010 

The Most Severe External Fault 

(Line 19-20) 
1.0685  1.0588  1.0593 0.0485 0.0489 0.0488 

Internal Fault (Line 20-34) 1.2048  1.2033  1.2036  2.4096 2.4065 2.4072 

 

 

5. CONCLUSION 

This research work analyzes the reliability of line differential protection relay for a few different 

scenarios in IEEE 39 bus test system, with and without the presence of renewable energy. Three phase 

symmetrical line fault is applied accordingly at the strongest, bottleneck and weakest lines as an internal fault 

while faults at the neighboring lines are considered as external faults. The currents that flow through  

the selected lines are monitored during steady state, internal and external faults conditions without and with 

RE in the system. The results have shown that the magnitude of these currents are influenced by the direction 

of real and reactive power flow in the system, the fault location, and the capacity of solar PV penetration in 

the system. For all scenarios, as solar PV penetrates into the system, the bias currents will increase; this is 
due to the change of power flow in the system since the import and export power from one area to another 

change depending on the load demand. Therefore, it is important to monitor the line and fault currents,  

and analyze the reliability of differential protection relay through simulation especially for power system 

with RE penetration in maintaining power system stability and reliability to customers. The objective of this 

research work on evaluating the reliability of line differential protection relay during steady state and fault 

conditions, without and with solar PV penetration is achieved by simulating steady state and three-phase 

symmetrical line fault in IEEE 39 bus test system using power system simulation for engineering (PSS®E) 

software. The potential future research works are designing the specification of current transformer and 

analysis the performance of current transformer during worst case scenarios. 
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