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Abstract—This paper presents the analysis of over-current 

relay coordination and the safety of the distribution system after 

the addition of a photovoltaic (PV) system and wind turbine 

generation (WTG) as intermittent distributed generation (DG). 

The coordination and security were assessed using ETAP 

simulation for 20 kV distribution network with 20 buses. In this 

study, power flow analysis and short circuits were conducted for 

relay settings and selectivity analysis. The analysis was carried 

out before and after the addition of a PV system and WTG. The 

results showed that the protective relays are coordinated 

appropriately, and the security of the system runs properly 

before the addition of the intermittent DG. However, after the 

addition of intermittent DG at a certain percentage of load 

power, the protective relays are uncoordinated and, under 

certain conditions, the security of the system is faulty. This 

condition was resolved by resetting the existing relays and by 

adding new relays at the intermittent DG bus. The study 

concludes that the addition of overcurrent relay close to DG 

location can improve distribution system security and make the 

over current relays coordinated. 

Keywords— intermittent distributed generation, relay 

coordination, and security assessment 

I. INTRODUCTION 

Solar and wind power plants have been given attention as 
renewable energy generation worldwide [1]. Such attention is 
reasonable given that these natural resources are widely 
available, low cost of generation and environment-friendly, 
which is in line with the world's commitment to reduce 
greenhouse gas emissions [2]. However, the intermittent 
characteristic of solar and wind resources presents its own 
challenges, especially in integrating large-scale intermittent 
distributed generation (DG) into the electricity system, which 
constantly requires a balance between the generator supply 
and the load. In addition, intermittent generators have their 
characteristics of supply current and fault current. 

Apart from that, the important thing that needs to be 
considered after the construction of a power plant is the 
availability of protective equipment. One of the most common 
problems in power system protection is a short-circuit fault 
current. Short-circuit fault current can interfere with the 
operation process of distributing electrical energy, damage 
existing equipment in the system, and endanger the existence 
of living things around it. Therefore, it is crucial to develop 
systems that can deal with the impact of the disturbance. One 
of them is by coordinating the relay such that the disturbances 
can be isolated, and, as a result, the continuity of electrical 
energy can be maintained.  

In the presence of PV systems and WTG  in the radial 
distribution network, it is important to ensure the coordination 
of protection systems runs properly and securely [3]. Several 
studies related to the analysis and use of over-current relays 
for distribution systems protection with DG have been carried 
out [4]. For example, over-current relay coordination for the 
protection of offshore wind power grid with high-voltage 
direct current (HVDC) connection report in [5]. Another 
researcher used directional over-current protection 
coordination for Microgrid and was investigated by 
employing LabVIEW simulation  [6] and artificial intelligent-
based method [7]. The research on dual setting directional 
over-current relays is proposed to protect meshed distribution 
systems with DG [8].  

Other studies have discussed related to overcurrent 
protection for distribution systems with DG integration using 
directional elements [9][10]. This study, however, used phase 
overcurrent relay coordination without directional elements 
and was tested by using typical of the Indonesian 20 kV 
distribution system. Indonesia is located in an area that is 
crossed by the equator. It has a tropical climate, which has 
wind and solar energy potential of around 4.8 kWh/m2/day on 
average [11]. These types of generators will be added to the 
20 kV distribution system network in Indonesia. Therefore, 
optimal coordination and security assessment of distribution 
feeders with intermittent renewable generation are important. 
This paper reports the optimal coordination and security 
assessment of a 20 kV distribution feeder with a PV and WTG 
distributed generation. 

This study is organized as follows: section II, the data 
description and methods are explained. Section III describes 
the finding result and some discussion. This section shows the 
coordination and security assessment of distribution feeder 
with intermittent renewable generation. Finally, section IV 
concludes the paper. PV system and WTG are likely to be 
installed in the distribution system in near future, with the 
different characteristics between the two generators, it is 
necessary to evaluate the protection system operation. 

II. DATA DESCRIPTION AND METHODS 

A single line diagram is a diagram that connects the electric 
power system from the utility grid to load in one phase. A 
single line diagram serves as a test simulation on the system 
before it is applied in the field and controls the system. The 
single line diagram used in this study was a 20 kV radial 
distribution system as shown in Fig. 1. The test systems were 
modeled and simulated using the ETAP software. The peak 
load average solar irradiance and average wind speed have 

been used in the simulation. 
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Fig 1. Single line diagram of 20 kV radial distribution system 

 

According to the IEC 60255-3 standard [12], the operating 
time of the over current protection relay was calculated using  
(1). 

Top = 
� ×���

����	
��
    (1) 

where: 

TMS = Time Multiplier Setting 

Top = Operation Time (second) 

PSM = Plug Setting Multiplier 
α and β = Coefficients of the time characteristic curve as 
specified in Table I. 

The plug setting multiplier was calculated using equation 
(2) below: 

PSM = 

�


��
      (2) 

where: 
Ipp = Iprimary pickup  
If = Fault current (A) 
 
The primary pickup current was calculated using the 

following equation (3): 

  Ipp = 1.2 × IN    (3) 

and the current in secondary side was calculated using 
equation (4). 

ISecondary pickup  = 

������� ������ 

����� ��
   (4) 

The characteristic coefficients for inverse overcurrent 
curves are given as in Table I. 

TABLE I.  IEC 60255-3 CONSTANTS OF TIME CHARACTERISTIC 

DEGREE 

Curve Type �   

Normal Inverse 0.02 0.14 

Very Inverse 1.0 13.5 

Extremely Inverse 2.0 80.0 

Long time Inverse 1.0 120.0 

 

The equations (1)-(4) above were used in calculating relay 
settings and ensured that the protection system was well 
coordinated. 

III. RESULTS AND DISCUSSION  

The distribution system used in this study was a radial 
distribution system, as shown in Fig. 1. This showed that if a 
disturbance took place on one of the buses, all consumers 
connected to the bus will be off. The initial step for the relay 
coordination process required the results of load flow 
simulation for nominal current (IN) and short circuit for fault 
current (If) on relay placement as shown in Table I. Based on 
the maximum load current, the results of load flow simulation 
were obtained for each of the relay's pickup current using 
equation (3). The relay operating time with normal inverse 
degrees was obtained, as in Table II. 

The selectivity analysis to test the coordination of the 
protection system at several fault locations before the addition 
of DG is shown in Table III. The coordination of the 
protection system runs properly according to the settings that 
were designed previously. In the event of a disturbance in the 
hospital feeder, if the main relay fails to work, then relay R5 
will work as a backup relay. Similar processes apply to other 
relays connected to other feeders. Therefore, the coordination 
is expected to work sequentially with a predetermined setting 
time to secure interference. 

A. Intermittent Distributed Generator Integration Scenario 

The addition of DG to the radial distribution system is 
shown in Fig.2. When a fault occurs, it will activate DG in 
supplying the fault current to the location of the fault point. 
For this condition, additional protection is needed to secure 
the system. 

TABLE II.  RELAY SETTING BEFORE INTERMITTENT DG CONNECTED 

Relay IN (A) If (kA) Ipickup (A) TMS Top (s) 

R1 9.4 4.25 11.28 0.1 0.111 

R2 8.5 4.25 10.2 0.1 0.109 

R3 37 4.178 44.4 0.1 0.147 

R4 7 4.07 8.4 0.1 0.106 

R5 61.3 4.66 77.56 0.647 0.4 

Note: CT ratio 100:1 

TABLE III.   RELAY COORDINATION AND SYSTEM SECURITY WITHOUT 

INTERMITTENT DG 

Fault 

Location 

Relay function 

Coordinated Security 
Main 

Back 

Up 

Bus 3 R1 R5 Yes Secure 

Bus 5 R2 R5 Yes Secure 

Bus 9 R3 R5 Yes Secure 

Bus 7 R4 R5 Yes Secure 

Feeder 2-5 R2 R5 Yes Secure 
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Fig 2. Single line diagram of 20 kV radial distribution system with 
Intermittent DG 

 
 First scenario: a medical bus is tested by adding a wind 
turbine to see the suitability of the relay coordination. 

At a power percentage ranging from 5% to 25%, the relay 
coordination did not work properly. It is due to the fact that 
when a disturbance occurs in one of the feeders, the relay in 
the medical bus feeder does not work. Consequently, the relay 
coordination does not run as it should. The relay on the 
medical feeder will work because of the current supply from 
WTG. This case occurs because the value of the fault current 
does not reach the setting current of the relay. 

Table IV shows the relay setting for current and fault 
current after wind turbine added. Based on this, the fault 
current on the medical bus feeder does not exceed the relay 
setting current. As a result, at a power percentage of 5% to 
25%, the relay on the medical bus feeder does not work. 
However, when the power percentage reaches 30% more, the 
relay on the medical feeder works properly. This is because 
the fault current value exceeds the relay setting current value, 
causing the relay on the medical bus feeder to work and the 
relay coordination work as it should. 

TABLE IV.  RELAY COORDINATION TESTING AFTER ADDING WIND 

TURBINE AT BUS 6 

WT Injection 

Iset(A) If (A) Coordinated 
R2  

Status (%) kW 

5 15.1 10.2 1 No Not trip 

10 30.2 10.2 3 No Not trip 

15 45.3 10.2 6 No Not trip 

20 60.4 10.2 8 No Not trip 

25 75,5 10.2 10 No Not trip 

30 90.6 10.2 11 Yes Trip 

40 120.8 10.2 15 Yes Trip 

TABLE V.  RELAY COORDINATION TESTING AFTER ADDING PV TO 

THE 6 BUS 

Load 

(kVA) 

PV 

Injection 
Iset 

(A) 

If 

(A) 
Coordinated 

R2 

Status 
(%) kW 

302 5 16.48 10.2 1 No Not trip 

302 10 29.66 10.2 1 No Not trip 

302 15 46.13 10.2 2 No Not trip 

302 20 59.32 10.2 3 No Not trip 

302 25 75.79 10.2 3 No Not trip 

302 30 92.27 10.2 5 No Not trip 

302 40 12.,9 10.2 6 No Not trip 

302 50 15.,6 10.2 6 No Not trip 

302 60 18.,2 10.2 8 No Not trip 

302 70 210.9 10.2 9 No Not trip 

302 80 240.6 10.2 11 No Not trip 

302 90 273.5 10.2 11 Yes Trip 

302 100 303.2 10.2 11 Yes Trip 

Note: CT ratio 100:1 

Second scenario: a test is carried out on a medical bus by 
adding a PV system to see the suitability of the relay 
coordination. 

At a power percentage ranging from 5% to 80%, the relay 
coordination does not work properly. A disturbance occurring 
in one of the feeders caused this resulting in the relay in the 
medicine feeder does not work. Consequently, the relay 
coordination does not work as it should. The relay on the 
medical bus feeder will work if there is current supply from 
the PV. This is because the value of the fault current does not 
reach the relay setting current. This causes the relay on the 
medical bus feeder failed to work, as shown in Table V. 

A conclusion can be drawn that the failure of the relay on 
the medical bus feeder is caused by the fault current which 
does not exceed the relay setting current. As a result, at a 
power percentage ranging from 5% to 80%, the relay on the 
medical bus feeder does not work. However, if the power 
percentage increases up to more than 90%, the relay on the 
medical bus feeder will work. This is because the fault current 
value exceeds the relay setting current value, causing the relay 
on the medical bus feeder to work and relay coordination runs 
as it should. 

Third scenario: a test is carried out on the medical bus 
feeder by adding both WTG and PV to see whether or not the 
relay coordination works. At a power percentage ranging from 
5% to 20%, the relay coordination does not work properly. 
This is caused by a disturbance occurring in one of the feeders, 
resulting in the relay in the medical bus feeder does not work. 
Consequently, the relay coordination does not work as it 
should. The relay on the medical bus feeder will work if there 
is current supply from the PV. This is caused by the fact the 
value of the fault current does not reach the relay setting 
current, which causes the relay on the medical bus feeder fail 
to work, as shown in Table VI. 

TABLE VI.   RELAY COORDINATION TESTING AFTER ADDING WTG 

AND PV AT BUS 6 

WT (kW) PV (kW)  Iset (A) If (A) Coord 
R2 

Status 

15,1 16.48 10.2 2 No Not trip 

30,2 29.66 10.2 4 No Not trip 

45,3 46.13 10.2 7 No Not trip 

60,4 59.32 10.2 9 No Not trip 

75,5 75.79 10.2 11 Yes Trip 

90,6 92.27 10.2 13 Yes Trip 
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This indicates that the failure of the relay on the medical 
bus feeder is caused by the fault current, which does not 
exceed the relay setting current. As a result, at a power 
percentage ranging from 5% to 20%, the relay on the medical 
bus feeder does not work. However, when the power 
percentage goes up to  25% or more, the relay will work. This 
is because the fault current value exceeds the relay setting 
current value, causing the relay on the Medicine feeder to 
work and relay coordination as it should.  

This also shows that the main factor that affects the 
magnitude of the fault current is the 25% addition of WTG. 
The relay will work lower than 30%. This is because of a little 
additional fault current from the PV system. Therefore, the 
relay works at a percentage of 25% WTG. After DG in the 
form of WTG and PV is added, the relay coordination comes 
with varying fault currents, showing the suitability of relay 
coordination. 

Table VII shows that the relay coordination runs properly 
if there is a disturbance on the hospital, medical, nursing, and 
engineering buses. However, if feeder 2-5 and bus 5 are 
disturbed, the relay coordination works properly, but the 
system is not secure. This is because when a disturbance 
occurs in feeder 2-5, there is a fault current still flow from DG, 
causing system security to not work properly. In such a case, 
additional relays are needed on DG location in order that 
interference from DG can be isolated. 

B. Added over current relay  at bus close to DG location 

 In this part, the new protective relay added at bus close to 
DG location were tested and analyzed.  Before the relay 
added, the system safety still has problem, a disturbance is not 
yet isolated in the medical feeder. To resolve this, additional 
relays are needed by adding an over current relay near the 
medical bus transformer and between the primary and 
secondary medical bus.  

 The new setting of the additional relays R6 and resetting 
of other relays follows the equation (1), (2), (3) and (4), have 
been obtained and show in Table VIII. The primary pickup 
current, time multiplayer setting as well operating time of 
protective relay all cases were shown in the table.  After 
setting the additional relays and resetting the other relays, the 
coordination of the relay and system safety is shown following 
the addition of DG in the form of wind and solar power plants, 
as shown in Table IX.  

Based on Table IX after resetting (R1-R5) and a new 
setting for relay R6, the relay coordination runs properly, and 
so does the system security, when the fault occurs at feeder 2-
5, also works well. The reason for this is that the disturbance 
is protected by relay R6, which serves as a reserve if relay R2 
fails to work. The fault current from PLN grid and the 
injection fault current from DG in downstream both isolated 
by R5 and R6 operated. 

TABLE VII.  RELAY COORDINATION AND SYSTEM SECURITY BEFORE 

RESETTING 

Fault 

Location 

Relay function 
Coordinated Security 

Main Back Up 

Bus 3 R1 R5 R2 Yes Secure 

Bus 5 R2 R5 - Yes Not Secure 

Bus 9 R3 R5 R2 Yes Secure 

Bus 7 R4 R5 R2 Yes Secure 

Feeder 2-5 R2 R5 - Yes Not secure 

 

TABLE VIII.  RELAY SETTING AFTER INTERMITTENT DG CONNECTED 

 Relay 
PV 

Ip (A) TMS Top (s) 

R1 11.28 0.1 0.111 

R2 4.32 0.1 0.094 

R3 44.4 0.1 0.147 

R4 8.4 0.1 0.106 

R5 66.24 0.41 0.647 

R6 8.64 1.21 1.147 

Relay 
WT 

Ip (A) TMS Top (s) 

R1 11.28 0.1 0.111 

R2 8.64 0.1 0.106 

R3 44.4 0.1 0.147 

R4 8.4 0.1 0.104 

R5 71.64 0.72 1.147 

R6 8.64 1.108 1.147 

Relay PV+WT 

 Ip (A) TMS Top (s) 

R1 11.28 0.1 0.111 

R2 6.96 0.1 0.102 

R3 44.4 0.1 0.147 

R4 8.4 0.1 0.106 

R5 69.24 0.405 0.647 

R6 6.96 1.122 1.147 

 

TABLE IX.  RELAY COORDINATION TESTING AFTER ADDING NEW 

OCR AT INCOMING BUS 5 

Fault  

Location 

Relay function 
Coordinated/ 

Secure 

Main Backup   

Bus 3 R1 R5 R2 R6 Yes/secure 

Bus 5 R2 R5 - R6 Yes/secure 

Bus 9 R3 R5 R2 R6 Yes/secure 

Bus 7 R 4 R5 R2 R6 Yes/secure 

Feeder 2-5 R 2 R 5 - R6 Yes/secure 

IV. CONCLUSIONS  

 The addition of DG in the form of a wind turbine, PV, or 
both WT and PV may cause a change in relay coordination. 
This is because the value of the fault current does not exceed 
the value of the relay pickup current setting. As a result, the 
relay R2 in the feeder, with added DG, does not work and the 
relay coordination does not match properly. The size of DG 
gives impact on the system security, especially for WT, which 
produces considerable fault current contribution compared to 
PV DG added. The addition of a new relay R6 on the bus 
adjacent to the DG location can solve the security problem 
mentioned above. If a fault occurs on feeder 2-5, additional 
protection is needed in the form of an OCR to secure the 
interference from DG if relay R2 fails to work. Therefore, the 
addition of an OCR at a location close to DG enables a secured 
interference on the medical bus feeder.  Accordingly, if a 
disturbance occurs, the security of the system also improves. 
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