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Abstract 
 

Relay coordination is one of the utmost noteworthy and tough task in Radial 

distribution system. When solar PV system is associated with radial 

distribution system to change the current profile in distribution system. It 

encounters new challenges in standard protection systems and their 

coordination in between primary and backup relays. In the new system relay 

currents and TMS settings are to be changed for the faultless relay 

coordination. In this paper a proper relay coordination has been analysed for 

the test system consisting of RDS with Solar PV system. An IEEE bus 

system has been considered for the proposed methodology and Mi-Power 

software is used for the verification and validation of the system. 

 

Keywords: Relay Coordination; Solar PV system; Relay Current and TMS 

settings; IDMT Relay. 

 

1 Introduction 
 

In present days, the interconnected distributed generations (DGs) are 

gaining quality of power among industries and consumers because simple 

installation and operation. The possible uses of renewable energies like solar 

PV systems, and their hyper efficient [1].  The PV system are interconnected  
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to the distribution system in a very centralized or distributed approach based 

on capability. The previous design is typically used for the utility scale of 

solar power plants up to a hundred megawatts capability, whereas the later 

design of solar PV system is utilized for the small capability such as 

domestics, street lights, commercial loads etc. Additionally to serving the 

native masses, the distributed solar PV systems will deliver the additional 

power to the distribution system. The extended PV system responsibility, in 

the cases generating power delivers at free of cost [2]. 

The existence of Solar PV system two protection issues are there: (i) 

protection to the PV installation opposed to electrical shock [3], lighting 

surges [4] and over-current [5], (ii) impact of solar PV system on the 

distribution system protection that's the main target of this paper. Within the 

traditional operation of the distribution system, the existence of solar PV 

systems has many advantages such as improve the quality of power supply, 

voltage profile and power losses are reduced. However the installation of 

solar PV systems, current profile are changes within the feeders in 

distribution system, to introduced new challenges  in  distribution system 

protection together overcurrent relays (OCRs) and also the coordination of 

primary & backup relays are  not preserved appropriately [6]. The main 

impact of solar PV systems in distribution network during the fault situation 

is totally dissimilar with in the traditional operation, which can interrupt the 

protection system operation. This disturbance capacity rise the short circuit 

level, modification this direction, and understanding the tripping circuit 

breakers. To essential complete distribution network protection is reconsider 

[7].   

There are 2 main ways to enhance the performance of the protection 

system to the existence of PV system. The primary scheme is separate the 

solar PV system during the fault condition, to stop the modification of 

system current profile [8]. However, it decrease the responsibility and will 

increase chance of synchronization issues throughout re association of solar 

PVs. During this strategy, can’t be used high-speed fuses and typical curves 

for relays. By adjusting the design of solar PV system via algorithms or 

limitation of PV generation, another scheme is to provide the appropriate 

operation of protection device [9]. 

Several techniques has been implemented to resolve the coordination of 

overcurrent relay problem. The coordination technique can be classified 

under following categories 1) trial and error 2) topology analysis technique 

and 3) optimization technique. The first technique does not provide strictly 

solutions. So many technique has been implemented to resolve the optimal 

coordination problem beginning from linear programming up to artificial 

intelligent techniques like particle swarm optimization, differential evolution, 

genetic algorithm and multiagent system [10, 11]. 

In this paper presents the proper relay coordination has been analysed for 

a radial distribution system with solar PV system. In this paper, Section 2  
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discusses the mathematical modelling. Section 3 explains the IDMT relay 

coordination. Section 4 contributes the proposed algorithm. Section 5 

discusses the case study and results. Section 6 concludes the paper. 

 

2 Mathematical Modelling 
 

2.1 Radial Distribution System 
 

In radial distribution system load flows are calculated by using Backward 

sweep and Forward sweep algorithm [12]. For the Radial Distribution 

System total power is 

)( iii jQPS  i=1, 2, -----n   

Where  Pi is the real power at i
th
 bus 

  Qi is the reactive power at i
th
 bus 

  Si is the complex power at i
th
 bus 
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Where j=2, 3, 4.....N, i=1, 2, 3, 4......N-1, K=1, 2, 3....N (iteration 

value) [12]. 

 

2.2 IDMT Relay 
 

Inverse Definite Minimum Time relay operational time is almost 

reciprocally proportionate to the magnitude of fault current nearby preset 

value and develops substantially constant slightly above the preset value of 

the relay. IDMT relay operating is time calculated by using these formulas 

[1]: 

Relay current at fault condition 
ratioCT

f
I

R
I   
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currentpickuplay

currentFaultlay
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Pickup Current = rated secondary of C.T*Current setting    
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K and α values taken from the Table 1. 
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Table 1 Different Types of Inverse-Time Relay 

 

Type of curve α K 

Standard Curve 0.02 0.14 

Very inverse 1.0 13.5 

Extremely inverse 2.0 80 

Long- time inverse 1.0 120 

 

The IDMT relay settings are TSM and PSM, by that required values of 

the time and current for the operational relay, these values are taken from the 

Table 2 
Table 2 Variation Ranges of PSM & TSM 

 

Parameter Minimum Maximum 
Steps in 

variations 

PSM 50% 250% 25% 

TMS 0.05 1 0.01 

 

3 IDMT Relay Coordination 
 

3.1 IDMT Relay 
 

The relay operating time is inversely proportional to the fault current. If 

current increases the fixed value then IDMT relay activates, the operating 

time be subject to up on the fault current degree [8]. If fault current is low 

then relay operating period is maximum, and higher value of fault current 

relay operating time is less possible as shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1 IDMT Overcurrent Relay Characterisitcs 
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3.2 Relay Coordination  
 

The relay coordination is done during the course of system proposal which 

is established up on level of Short circuit current.  In this process the relay 

operation sequences for several faults in power system is analysed so as to 

take minimum time to clear the faulted section [8]. The suitable relay 

coordination is required to define the Time Multiplier Settings (TMS) and 

also Plug Setting Multiplier (PSM) for each relay so that relay operating time 

is reduced. In addition TMS and PSM, plays very significant role in relay 

coordination either radial or interconnected distribution system. 

 
3.3 Primary and Back up Protection  
   

The closest relay describes main or primary protection which ensures fast 

act and discriminative clearance of fault within the bounds of the circuit. The 

mal operation or fail of primary relay then back up relay is activated. The 

Backup relay can be provided by the same CBs or may use CBs. To reduce 

complications the back-up relay is provided by lower sensitivity factor and 

also operative over a limited backup. 

Failure of primary protection device may be due to any one of the 

subsequent causes: 

 Failure of DC supply to the relay  

 Failure of relay supplied PT or CT  

 Failure of auxiliary apparatus of the CB 

 Failure of CB 

 Failure of Main protective relays. 
 

3.4 Types of Relay Coordination  
 

The three types of relay coordination are based on time, current and both 

time and current. These three types are used for an accurate relay 

coordination, but these methods follows the altered procedures from each 

other to observe the similar aim to separate the only faulty part of system and 

remaining part the system uninterrupted. 

 

3.4.1 Based on Time 
 

In this type, an appropriate time setting protection in the fault current 

level is given to every relay observing the Circuit Breakers (CB) in power 

system to ensure, the neighboring relay initially activated to the fault part. 

Relay operating time is matched to near to the source and faraway from 

source 

The overcurrent protection is done at B, C, D and E. If the fault F arises 

the relay B can have smallest operative time compared to other relays. If 

relay B is set to clear the fault there's no need of the operation of other relays,  
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however if it didn't clear the fault in a given time then the relay C can 

perform the fault clearing process, because it is the backup relay for it. Fig. 2 

represents the operation of relays based on time. 

 

 

 

 

 

 

 
 

 

Figure 2 Based on time 

 

3.4.2 Based on Current 
 

In this based on current type the operation is depending on fault 

statistics, the fault currents changes with the faulted locations, due to the 

difference in resistance values in the middle of the supply and faulted part. 

The relays dominant the an assortment of circuit breakers are established to 

work at fittingly elongated values of current such that only relay adjacent to 

the fault visits its breaker. Fig.3 shows the operation based on current. [8]. 

 

 

 

 

 

 

 

 
 

Figure 3 Based on Current 
 

3.4.3 Based on both Time and Current 
 

In this type, the time of act is indirectly relational to the level and also 

characteristics may be operated to each time and current settings. For large 

difference in fault current in the middle of the two finishes of the feeder, 

quicker operative time is attained by the relays adjacent to the supply, 

wherever the fault level is maximum. The choice of overcurrent relay 

characteristics typically starts with the selection of right characteristics to be 

used for every relay, monitored the alternative relay current settings. Finally 

arrange the limitations and thus relay time settings are determined. 
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4 Proposed Algorithm 
 

The proposed algorithm for analyzing the relay coordination in the 

distribution system with Solar is as given below in table 3: 

 
Table 3 Step-by-step Procedure of algorithm 

 

Step 

No. 
Procedure 

Step-

1 

Deliver the data. 

Step-

2 

Create the simulation model. 

Step-

3 

Run the load flow analysis and measure the bus voltages and 

angles. 

Step-

4 

PV System coupled at low voltage bus in Radial Distribution 

System. 

Step-

5 

Track the load flow analysis and measure the bus voltages 

and currents. 

Step-

6 

Execute the short circuit analysis and measure the fault 

current. 

Step-

7 

Attach the IDMT over current relay as per the faulted 

section. 

Step-

8 

Make the coordination of overcurrent relays. 

Step-

9 

Measure the operation time, TDS, TMS and Relay 

coordinated ratio. 

 

5 Case Study and Results 
 

In this paper, the results of IEEE-13 bus radial distribution system are 

given. This system consists of one slack bus and twelve load buses. In this 

system total load consider 12.926 MVA [13]. The entire system real and 

reactive power demand is 10.536MW and 6.002MVAr respectively, and also 

load power factor is 0.869. The simulation is carried on Mi-Power software.  

In this system slack bus is connected at bus no. 1, so voltage at slack bus 

is 1 per unit and also current is maximum. The entire system consist of 

thirteen buses, in each bus calculated voltages and current by using forward 

and backward sweep algorithms. . In this test system solar PV system 

connected at bus no. 10, because radial distribution system very low voltage 

(0.9273) at bus no. 10. The real and reactive power generation of solar PV 

system is 0.662MW and 0.218MVAr respectively. If solar system connected 

to the radial distribution system, then effected by the grid connected 

parameters. 
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The radial distribution system (without solar) total real and reactive 

power generation (conventional) is 11.173MW & 6.502MVAr and 

generation power factor is 0.864. If solar PV system connected to the radial 

distribution system at 10
th
bus, then slack bus generated real and reactive 

power (conventional) reduced to 10.425MW & 6.217 MVAr respectively, 

and also generation power factor reduced to 0.859. In this system total real 

and reactive power losses is 0.553282MW and 0.433727MVAr respectively.  

The simulation results are analysed possible coordination of overcurrent 

relays, operation Time between the coordinated relays, relay settings for 

phase faults, time multiplier setting & ratio of coordinated relays, relay 

operating time and tripping time. 

Phase relay co-ordination curves of radial distribution system with solar 

PV system as shown on Fig. 4. In this system twelve relays are consider and 

each relay coordinated with other at different operating time. In this system 

end relays are (R5, R8, R9, R11, R12) user define functions, these relays 

provides primary protection only. Remaining relays are automatic updated 

with time multiplier setting & plug setting multiplier and those relays 

provides primary as well as back-up protection. R1, R2, R3 & R4 co-

ordinated with remaining all relays and R6, R7, R10 co-ordinated with R8, 

R9, R11, R12 relays based on faulted bus. The solar PV system connected to 

distribution system then IDMT relay coordination characteristics and 

operating time are little bit changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4 Twelve IDMT Relays Coordination Characteristics of RDS with Solar 

PV System 
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The possible coordination of the IDMT overcurrent relays in IEEE-13 

bus distribution system are shown in Table 1. The back-up relay is not 

considered for the relay R1, as it is connected near to the source. If the relay 

R2 is connected nearer to the relay R1, the relay R1 as consider backup relay 

for the relay R2 and the relay R2 is consider primary relay. Similarly, the 

coordination for the remaining 10 relays connected in the system with the 

other relays are given in Table 4. 

If the two relays R1 and R2 coordinated as back-up and primary relays 

respectively. The operation time between these two relays is 0.4052 Sec. 

Similarly the coordination of remaining primary and back-up relays are 

connected in the system, their operation time between the two coordinated 

relays are listed in Table 5. The co-ordinated operation time arranged in 

ascending order. 

 
Table 4 Possible Relay Co-Ordination in IEEE-13 Bus Distribution System 

 

S.No. 
Relay 

Name 

Co-ordination of 

Relays 

1 R1 No 

2 R2 R1. 

3 R3 R1-R2. 

4 R4 R1-R2-R3. 

5 R5 R1-R2-R3-R4. 

6 R6 R1-R2-R3-R4. 

7 R7 R1-R2-R3-R4-R6. 

8 R8 
R1-R2-R3-R4-R6-

R7. 

9 R9 
R1-R2-R3-R4-R6-

R7. 

10 R10 R1-R2-R3-R4-R6. 

11 R11 
R1-R2-R3-R4-R6-

R10. 

12 R12 R1-R2-R3-R4-R6. 

 

The possible coordination of the IDMT overcurrent relays in IEEE-13 

bus distribution system are shown in Table 1. The back-up relay is not 

considered for the relay R1, as it is connected near to the source. If the relay 

R2 is connected nearer to the relay R1, the relay R1 as consider backup relay 

for the relay R2 and the relay R2 is consider primary relay. Similarly, the 

coordination for the remaining 10 relays connected in the system with the 

other relays are given in Table 5. 

If the two relays R1 and R2 coordinated as back-up and primary relays 

respectively. The operation time between these two relays is 0.4163Sec. 

Similarly the coordination of remaining primary and back-up relays are  
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connected in the system, their operation time between the two coordinated 

relays are listed in Table 5. The co-ordinated operation time arranged in 

ascending order. Table 6 provides Phase Relay Co-Ordination Checking. 

   
Table 5 Operation Time between the Coordinated Relays 

 

S. 

No. 

Time 

(s) 

Primary 

Relay 

Back-

up 

Relay 

1 0.4114 R6 R4 

2 0.4137 R4 R3 

3 0.4151 R8 R7 

4 0.4151 R9 R7 

5 0.4151 R11 R10 

6 0.4163 R2 R1 

7 0.4265 R10 R6 

8 0.4285 R3 R2 

9 0.4365 R7 R6 

10 0.8418 R12 R6 

11 1.1526 R5 R4 

 
Table 6 Phase Relay Co-Ordination Checking 

 
Back- up 

relay 
Primary 

relay 
IfRB(A) IfTR(s) IfC(A) IfTC(s) TDS 

No R1 ------ ------ 20282.42 1.8749 0.790 

R1 R2 11970.61 2.2897 11970.61 1.8734 0.670 

R2 R3 10825.15 1.9529 10825.15 1.5243 0.540 

R3 R4 9098.96 1.6408 9098.96 1.2271 0.430 

R4 R5 8417.57 1.2679 8417.57 0.1153 0.050 

R4 R6 7522.03 1.3318 7522.03 0.9205 0.320 

R6 R7 6702.63 0.9669 6702.63 0.5303 0.230 

R7 R8 6100.83 0.5303 6100.83 0.1153 0.050 

R7 R9 5885.86 0.5303 5885.86 0.1153 0.050 

R6 R10 6865.87 0.9568 6865.87 0.5303 0.230 

R10 R11 6283.18 0.5303 6283.18 0.1153 0.050 

R6 R12 6860.71 0.9571 6860.71 0.1153 0.050 

 

If relay R1 is operated only, then close fault current is 20282.42Amps 

and their respect operating time is 1.8749Sec. If two relays operated like R1 

& R2,  
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R2 as primary relay and R1 back-up relay. These two relays are operated at 

same fault current (11970.61Amps) but operating time is different because 

primary relay operating initially, after some time back-up relay is operated, 

their respect operating time 1.8734 Sec& 2.2897Sec.  Relay R2 represents 

close in fault current (IfC) & R1 represents remote bus fault current (IfRB). 

Similarly, the coordination of remaining 10 relays are connected in the 

system, their respect phase relay co-ordination checking as shown in Table 5. 

 
Table 7 Relay Operating Time and Tripping Time at Different Fault Buses 

 

S.No 
Fault 
Bus 

Fault Current (A) 
Relay 
name 

Operating Time 
(S) 

Tripping 
Time (S) 

1 2 20282.42 R1 1.8749 1.8749 

2 3 11970.61 
R1 2.2897 4.1631 

R2 1.8734 1.8734 

3 4 10825.15 

R1 2.3906 5.8678 

R2 1.9529 3.4772 

R3 1.5243 1.5243 

4 5 9098.96 

R1 2.5875 7.5628 

R2 2.1074 4.9753 

R3 1.6408 2.8679 

R4 1.2271 1.2271 

5 6 8417.57 

R1 2.6867 7.9536 

R2 2.1848 5.2670 

R3 1.6990 3.0822 

R4 1.2679 1.3832 

R5 0.1153 0.1153 

6 7 7522.03 

R1 2.8442 9.1945 

R2 2.3073 6.3503 

R3 1.7907 4.0430 

R4 1.3318 2.2523 

R6 0.9205 0.9205 

7 8 6702.63 

R1 3.0261 10.2715 

R2 2.4481 7.2455 

R3 1.8957 4.7974 

R4 1.4045 2.9017 

R6 0.9669 1.4972 

R7 0.5303 0.5303 

Coordination of IDMT Relays in RDS with Solar PV System 10833



 

                                                                                                                  
 

 

 

8 9 6100.83 

R1 3.1926 10.8836 

R2 2.5763 7.6910 

R3 1.9909 5.1148 

R4 1.4698 3.1239 

R6 1.0084 1.6540 

R7 0.5303 0.6456 

R8 0.1153 0.1153 

9 10 5885.86 

R1 3.2610 11.0868 

R2 2.6288 7.8257 

R3 2.0297 5.1970 

R4 1.4964 3.1672 

R6 1.0252 1.6708 

R7 0.5303 0.6456 

R9 0.1153 0.1153 

10 11 6865.87 

R1 2.9862 10.1521 

R2 2.4173 7.1659 

R3 1.8728 4.7486 

R4 1.3887 2.8758 

R6 0.9568 1.4871 

R10 0.5303 0.5303 

11 12 6283.18 

R1 3.1385 10.7227 

R2 2.5347 7.5842 

R3 1.9601 5.0495 

R4 1.4487 3.0894 

R6 0.9950 1.6407 

R10 0.5303 0.6456 

R11 0.1153 0.1153 

12 13 6860.71 

R1 2.9874 9.7408 

R2 2.4182 6.7533 

R3 1.8735 4.3351 

R4 1.3891 2.4616 

R6 0.9571 1.0724 

R12 0.1153 0.1153 

 

If fault occurred at bus no. 1, then flow of fault current is 

20282.42Amps. In this case only R1 relay operated and relay operating time 

and tripping time (1.8749) is same. If fault occurred at bus no. 2, then flow of 

fault current is  
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11970.61Amps. In this case two relays (R1 & R2) operated, R2 act as main 

relay and R1 as back-up relay. Primary relay operating time and tripping time 

is same but back-up relay operating time & tripping time is different because 

primary relay operated after some time back-up relay operated. The back-up 

relay tripping time is added to the  adjacent relay tripping time and back-up 

relay operating time as shown in Table 7. Similarly the remaining fault 

buses, their respect relays operating and tripping time are listed in Table 7. 

 
Table 8 TMS and Ratio of Relay Coordination 

 

S.No. Relay Name Time Multiplier Ratio 

1 R1 0.790 18.368 

2 R2 0.670 11.828 

3 R3 0.540 11.555 

4 R4 0.430 11.253 

5 R5 0.050 149.121 

6 R6 0.320 11.040 

7 R7 0.230 34.590 

8 R8 0.050 68.506 

9 R9 0.050 230.818 

10 R10 0.230 33.292 

11 R11 0.050 45.833 

12 R12 0.050 57.680 

 

In this system end of the relays provides primary protection only, so their 

time multiplier setting are user defined function those value is 0.05 Sec. 

Remaining relays can provide back-up for all relays and their TMS value is 

updated by online as shown in Table 8. The overcurrent relay R9 

coordination ratio is very high (230.818) as compared to other relays, 

because at 10
th
bus solar PV system interconnected to the radial distribution 

system then line flow currents are reduced. From 9
th
to 10

th
bus line flow 

currents reduced to 26Amps, in-between these two buses R9 relay placed. 

When fault occurs at 10
th
bus their respect relay coordinated ratio is very 

high, because flow of fault is more as comparing to relay operating fault 

current. Table 8 provides TMS and Ratio of Relay Coordination. 

These two relays (R1 & R9) are initially coordination fault current is 

26.88Amps and final coordination fault current is 529.09Amps in between 

time these relays are coordinated with each other. At minimum fault current 

their operating time is maximum and maximum fault current rely operating 

time is minimum as shown in Fig. 5. 

 

 

 

 

 

Coordination of IDMT Relays in RDS with Solar PV System 10835



 

                                                                                                                  
 

 

 

 

 
 

Figure 5 Two IDMT Relays (R1 & R9) Coordination Characteristics 
 

6 Conclusion 
 

Radial distribution system in the existence of solar PV system to enhance 

the quality of power, increase the overall system efficiency, decrease the 

power loses and expand the voltage profile. However distribution system 

protection setting are changes, because of generator capacity added to the 

distribution system, but large fault currents flows to the fault point then 

coordination between primary and backup relays fails.  To overcome this 

problem relay pickup current is updated then relays are operated effectively, 

but relay operating time is increase. R9 relay operates quickly because less 

amount of line currents flows to this relay. In this paper to determine the 

operation time between coordinated relays, relay coordination ratio, time 

multiplier setting, and relay operating time and tripping time. 
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