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Abstract—In presentation of distributed generations in 

distribution networks, there are concerns about coordination of 

protection facilities such as overcurrent relays. Indeed, 

occurrence of short circuit causes severe changes in power 

electric, power angle, and consequently the speed of synchronous 

generator that if these disturbances aren’t eliminated before 

reaching critical clearing time, synchronous generator is out of 

synchronism with the network. In this paper, for creating 

coordination among overcurrent relays at the instant of 

occurrence of fault and improvement of transient stability of the 

power system, a resistive superconducting fault current limiter 

(RSFCL) is used, and the optimal selection of this type of fault 

current limiters has been done, using genetic algorithm. For this 

purpose, an objective function is defined so that in addition to 

selection of minimum value for the size of fault current limiter 

and satisfying the purpose of decreasing costs, the summation of 

coordinated operating time of relays for different faults will 

reach minimum possible value. Also, this objective function 

selects the size of fault current limiter using Equal Area Criterion 

so that critical clearing time according to different locations of 

faults will be at maximum possible value. 

Keywords-Distributed generation; Transient Stability; 

Synchronous generator; Fault current limiter 

I.  INTRODUCTION  

In the electric networks which were usual in the past, using 
large and centralized power plants was very important, 
according to economics issues and reduction of production 
costs. Today, regarding enhancement of electricity need, major 
changes in electricity industry can be seen. A part of these 
changes in power production is distributed generation (DG) 
[1]. DG is defined as every electricity production technology in 
small sizes which supplies electricity needed in consumption 
places or around areas [2]. Willingness to produce and transmit 
electricity with less costs, to enhance systems output and also 
to reduce environmental pollution are among the major causes 
in creation of DGs concept in electricity industry [3]. 
Connection of DGs such as synchronous generators to the 
distribution networks has a lot of advantages, but due to change  

of power flow direction and amount in normal utilization of the 
network, and change of short circuit currents at different points 
of the network, there are some problems in coordination of 
protective devices of the distribution network [2],[4]. 
Furthermore, happening sudden changes and disturbances such 
as short circuit in power networks, make severe changes in 
electric power, power angle, and consequently speed of 
synchronous generator rotors. In case of not removing these 
disturbances before reaching the network critical clearing time 
(tc), synchronous generators of the network lose their 
synchronization with the network, causing some problems. For 
this purpose, the size of Fault Current Limiters (FCL) must be 
chosen so that besides reducing economics costs and improving 
power network transient stability [5], it makes coordination 
between primary and backup relays and leads them to operate 
before forereaching (tc). 

In this paper, firstly, when absence of synchronous 
generator, the overcurrent relays present in the sample meshed 
network are set, after that the evaluation of different fault 
effects on the synchronous generator stability and overcurrent 
relay coordination is carried out. 

II. SYSTEM INFORMATION 

A. Overcurrent relay characteristics 

Overcurrent relays utilized in this paper are Inverse Time 
Overcurrent Relay with the following time curve: 

(1 )              
( ) 1Csc

pickup

t A
B

ITSM

I

 



 

In which ISC is the short circuit current flowing through a 
relay for fault at front of the main relay, Ipickup is the relay 
setting current, TSM is its time setting, and coefficients A, B 
and C are constants equal to 0.0515, 0.114, and 0.02 
respectively. The method used in this paper to coordinate 
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relays is the one proposed in [6] which is done using Genetic 
Algorithm (GA), considering Critical Time Interval (CTI) 
equal to 0.2. 

B. Case study 

The network studied in this paper is a meshed network 
including: one main source, two feeders connected to an 
infinite bus, six consumer loads, eight directional overcurrent 
relays, and one transformer. The utilized DG is a synchronous 
generator which is connected to the bus A, through a 
transformer. This network is shown in Fig. 1, and its features 
are given in Table I. 

C. Modeling Resistive Superconducting Fault Current 

Limitter (RSFCL) 

The simple structure of a resistive (noninductive winding) 

SFCL unit is shown in Fig. 2. The unit includes three 

elements: the stabilizer resistance of the k-th unit, 

called ( )KsR t ; the superconductor resistance of the k-th 

unit ( )KcR t , connected to ( )KsR t in parallel, and the coil 

inductance of the k-th unit, kL . The subscript K indicates the 

number of units connecting to each other in series [11]. The 

values of ( )KsR t and ( )KcR t in the pre-fault state are 

considered zero since the quantity of ( )KsR t is too small for 

considering the power system stability in a pre-fault state. 

Nevertheless, these quantities turn to non-zero, during a fault, 

depending on their unique characteristics. The value of kL is 

identified by the coils wound to have very low inductance.  

Then, it can be said that the value of kL is very small and 

negligible. The total amount of resistance  ( )SFCLR t  can be 

calculated as follows, during a fault. 

( ) (1 exp( / ))SFCL m SCR t R t T    

Where mR  is the maximum resistance of the SFCL in the 

quenching state, SCT is the time constant of the SFCL when 

passing from the superconducting state to the normal state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Structure of case study 

 
Figure 2.  A simple structure of RSFCL 

TABLE I.  CASE STUDY CHARACTERISTICS 

Transformer 
T1 

Turns ratio kV 20/63 

Rated capacity MVA 100 
Impedance  0.002+0.08j (p.u)  

Transformer 

T2 

turns ratio kV 20/13.8 

Rated capacity MVA 40 
Impedance 0.002+0.08j (p.u)  

Main source 

Nominal voltage kV 63 
Rated capacity MVA 100 

ratio X/R 7 

Synchronous 

generator 

Rated voltage kV 13.8 

Rated capacity MVA 4 
Internal impedance 0.02+0.3j (p.u) 
Inertia constant  (H) 30 s 

Sent power 18.7+2j MVA 

Lines  

Impedance of lines 

BC and DC 
Ω  0.721+3.8j 

Impedance of lines 
AB and AD Ω1.3406+1.395j  

Load  Nominal power 4+1.3j  MVA 

PU Base power (Sbace) 40 MVA 

Base voltage (Vbace) 20 KV 
 

III. COORDINATION OF OVERCURRENT RELAYS IN ABSENCE 

OF DG 

Simulating the network, the amounts of load currents 
flowing through the relays are calculated, in absence of DG. 
Moreover, the amounts of short circuit currents flowing 
through the main relays, according to fault location in front of 
them are calculated, which are shown in Table II. Finally, the 
coordination among relays is carried out, using proposed 
method in the section two, and the resulted amounts of TSM 
and Ipickup are given in Table III. 

IV. EQUAL AREA CRITERION, AND CALCULATION OF 

CRITICAL CLEARING TIME  

A known method called Equal Area Criterion can be used 

to anticipate quickly a synchronous generator’s stability. In 

this criterion, the condition for a synchronous generator to be 

stable is that the decelerating (negative) area must be bigger 

than the accelerating (positive) area [10]. Equation (3) 

presents the Equal Area Criterion in presence of RSFCL [11]: 

(3)  
0 0

max

0 max( ) ( )
c

m c SFCL SS m cp p d p d p
 

 
          

 
     Where Pm is the maximum transferred power when the 

network is in normal situation, δc is critical clearing angle, δ0 

is the initial angle of synchronous generator rotor, δmax is the 
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TABLE II.  SHORT CIRCUIT CURRENT FLOWING THROUGH BACKUP AND 

MAIN RELAYS FOR FAULTS AT FRONT OF MAIN RELAYS, IN ABSENCE OF 

DISTRIBUTED GENERATION 

Main Relay 

Current 
(A) 

Backup  

Relay Current 
(A) 

Load Current 

(A) 
Main 

Relay 
Backup 

Relay 

1150 1150 370 2 1 
1153 1153 306 4 3 
7173 7173 370 6 5 
7170 7170 306 8 7 
4876 2420 306 1 8 
4876 2420 370 3 6 

12000 720 306 5 4 
12000 720 370 7 2 

 

TABLE III.  TIME AND CURRENT SETTINGS OF RELAYS, IN ABSENCE OF 

DISTRIBUTED GENERATION 

Ipickup (A) TSM (s) Relay 

Number 
577.15 0.070 1 
428.40 0.050 2 
518.10 0.078 3 
428.40 0.050 4 
444.67 0.248 5 
519.20 0.100 6 
431.94 0.234 7 
797.12 0.070 8 

 

maximum angle of synchronous generator rotor, Pss is the 

transferred power after removing a fault, and PSFCL is the 

power which was sent toward the infinite bus in presence of 

RSFCL, which can be obtained using (4) [11]:  

 

(4)  
2

2

sin 2
| || | ( cos sin ) | | ( ( ))

2
b a q b a d q

SFCL

a d q

E V R X V R X X

P
R X X


        


  

 

Where: 

()            

eRa a SFCL f

d d q

q q e

R R R R

X X X

X X X

    

  

  
 

     In (4), |E| is the generator internal voltage magnitude, |Vb| 

is the infinite bus voltage magnitude, Ra is the synchronous 

generator armature resistance, Re and Xe are the line resistance 

and reactance respectively, Rf is the short circuit resistance, 

and RSFCL is the fault current limiter resistance. In the absence 

of RSFCL, the Equal Area Criterion is presented as follows 

[10]: 

(6)   
0 0

max

0 max( ) ( )
c

m c SS m cp p d p d p
 

 
           

(7)           
| || |

sinb

e

E V
P

X
 

After introducing the synchronous generator to the 

network, in order to calculation of tc using Equal Area 

Criterion, power-angle curves of pre-, during- and post-fault 

are obtained. For this purpose, all possible locations for 

occurrence of fault are considered (which are eight locations), 

then the line impedance between sending end bus (bus A) and 

receiving end bus (bus C) is calculated for pre-, during- and 

post-fault, using Star-Delta Transformation. In the next step, 

utilizing Equal Area Criterion and (3), the critical angle (δc) is 

calculated, and finally utilizing (8), tc at every possible 

location for fault is calculated [10]. 

 

(8)             
02 ( )c

c

m

H
t

fP

 






 
      In (8), H is inertia constant of the synchronous generator, 

and f is the frequency of the network. The results derived from 

using the above procedure are shown in Table IV. 

As it can be seen in Table IV, tc according to faults F4 and 

F8 are complex numbers which means the decelerating 

(negative) area is smaller than the accelerating (positive) area. 

In other words, according to faults F4 and F8, the synchronous 

generator for all amounts of δ is unstable, and δc, and 

consequently tc, cannot be defined. In the third column of the 

abovementioned table, the line impedances between receiving 

end buses and sending end buses are defined. As it can be seen 

in the table, according to faults F1 and F5 in sending end, the 

sent power toward the infinite bus is zero; consequently, the 

line reactance between bus A and bus C is infinite. The pre-

fault impedance in all cases is 0.13+0.53j (Ω). 

So, it has been showed that according to occurrence of 

some of faults, in absence of RSFCL in the network, the 

synchronous generator is unstable. 

V. EVALUATION OF OVERCURRENT RELAYS COORDINATION 

IN PRESENCE OF DISTRIBUTED GENERATION  AND ABSENCE OF 

FAULT CURRENT LIMITER 

With introducing distributed generations to a network, due 

to changes in short circuit current amounts, some changes in 

operating time of relays occur as well. The presence of 

distributed generations in the network causes, when occurring 

faults, the fault currents are supplied by these resources, 

besides being supplied by the main network; by injection of 

these currents, the amount of short circuit currents increases 

which can remove, in some cases, the coordination between 

backup and main relays. In order to evaluate this matter, the 

flowing currents through all backup and main relays in 

accordance with occurrence of fault at front of each main relay 

are calculated, using simulation of the network. Indeed, the 

operating time of relays and the differences among all main 

and backup overcurrent relays are calculated and presented in 

Table V. As it is clear, introducing synchronous generator to 

the network causes some miscoordination between main and 
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TABLE IV.  CRITICAL CLEARING TIME FOR DIFFERENT FAULTS, IN 

ABSENCE OF SFCL 

Critical 
Clearing Time 

(s) 

After-fault 
Impedance 

 (Ω) 

During-fault 
Impedance 

(Ω) 

Location 

of Fault  Fault  

0.4623 0.16+0.88j ∞ 
First of 

Line AB 
F1 

0.7692 0.14+0.89j 0.14+1.23j 
First of 

Line BC 
F2 

0.8777 0.14+0.89j 0.14+1.11j 
First of 

Line BC 
F3 

1.023+1.17j 0.15+0.78j 0.15+0.88j 
First of 

Line AB 
F4 

0.4623 0.16+0.88j ∞ First of 

Line AD 
F5 

0.7692 0.14+0.89j 0.14+1.23j 
First of 

Line DC 
F6 

0.8777 0.14+0.89j 0.14+1.11j 
First of 

Line DC 
F7 

1.023+1.17j 0.15+0.78j 0.15+0.88j 
First of 

Line AD 
F8 

 

TABLE V.  EVALUATION OF MAIN AND BACKUP RELAY COORDINATION, 
IN PRESENCE OF DISTRIBUTED GENERATION AND ABSENCE OF SFCL 

Time 

Difference 

Between 

Main and 

Backup 
Relay 

(s) 

Operating 

Time of  
Main 

Relay (s) 

Operating 

Time of 
Backup 

Relay (s) 

Main 

Relay 
Current 

(A) 

Backup 

Relay 
Current 

(A) 

Main 
Relay 

Backup 
Relay 

0.0916 0.1492 0.2408 4239.8 4239.8 2 1 
0.1051 0.1492 0.2543 4239.8 4239.8 4 3 
0.3357 0.25 0.5857 7918.2 7918.2 6 5 
0.3384 0.2086 0.5469 7918.2 7918.2 8 7 
0.2525 0.1838 0.4364 7746.9 2420 1 8 
0.2514 0.1964 0.4478 7746.9 2420 3 6 
0.0797 0.2066 0.2863 12000 1433.6 5 4 
0.0921 0.1941 0.2863 12000 1433.6 7 2 

 

backup relays. So, it was showed that with connection of 

synchronous generator to the network and in absence of a fault 

current limiter, the coordination between some of main and 

backup relays are removed, and they need to be coordinated 

again, using a method. 

VI. EVALUATION OF EFFECTS OF RSFCL PRESENCE IN THE 

NETWORK DURING A FAULT 

In this paper, in order to create coordination among main 

and backup relays and improvement of synchronous generator 

transient stability, one RSFCL is used in series with DG [5], 

and in the following, size selection of this fault current limiter 

and evaluation of its effects on the network are carried out. 

A. Optimized selection of fault current limitter size using 

Genetic Algorithm 

In order to select the optimized size of RSFCL, an objective 

function (OF) is defined in Genetic Algorithm (GA). The 

defined OF is (9); in which RSFCL is the resistance magnitude 

of RSFCL, ΔAi is the distinction between accelerating and 

decelerating areas for faults F1 to F8 obtained from (10), Δtci is 

() 
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0 0
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SS m c m c SFCLp d p p p d
 

 
          

 
 

the distinction between operating time of main relay and tc for 

faults F1 to F8 which is obtained from (11), ti is operating time 

of i-th relay for limited fault current which is obtained from 

(1), and Δtmb is the distinction between operating time of i-th 

main (m) and backup (b) relay which is obtained from (12): 

 

(11)        0

0.02

2 ( )0.0515

( ) 1

c
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pickup
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( ) 1 ( ) 1b m

b m
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CTI

I I

I I

 
 

 

 
 

       Coefficients α1, α2, α3, α4, β1, β2, and β3 are weighting 

factors; coefficients αi are considered equal to 1 and 

coefficients βi are considered equal to 200. The size of 

population and iteration of GA in this paper are considered 

200 and 4000, respectively. Optimization constrains 

considered in this paper are shown in (13): 

 

(13)           _ 0.2& _ 0
icALL TI ALL t  

 
 

The defined OF is considered so that: 

1) The minimum possible amount for RSFCL size, to 

minimize the costs, is calculated. With locating term RSFCL in 

OF, GA tries to select minimum possible amount for RSFCL to 

minimize the amount of OF. 

2) ΔAi  is reached the minimum possible amount, in other 

words,δc and tc reach the maximum possible amount. Placing 

the term 
2

1 iA   in OF  causes GA selects the minimum 

possible amount for iA , to minimize the amount of OF. On 

the other hand, placing the term  
2

2 1 | |i iA A     in 

OF causes, for all negative amounts of iA , the amount of 

 
2

1 | |i iA A   to be a positive number. With multipling 

this positive number to weighting factor α2 , the result is a 

positive and big number which is removed from selection cycle 

by GA, due to being big. So, GA selects amounts  for RSFCL 

so that decelerating (negative) area is bigger than 
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accelerating (positive) area; in other words, the first condition 

for synchronous generator stability  is created. 

3) The summation of relay operating time is minimum. 

With putting term  
2

2

4 5 3 | |
b bi m mt t t        in 

OF, GA selects amounts for RSFCL so that ti is minimum and 

bmt is a positive number. mbt  being positive means that 

main relays operate faster than backup relays which is a must 

for protective plan of the network. 

4) The difference between tc and operating time of relays 

is a positive number. This matter is achieved with placing the 

term  
2

3 2 | |
i ic ct t     in OF. Again, GA selects 

amounts for RSFCL so that 
bmt is a positive number. 

bmt being positive means that overcurrent relays operate 

before reaching tc, and prevent the network from getting 

unstable, with removing the faulted line. 

Posing GA to the defined OF, the size of RSFCL is 

achieved equal to 2.402 PU. All the rest amounts resulted 

from optimization are shown in Table VI. As it can be seen in 

the Table VI, with introduction of RSFCL to the network, all 

the resulted tcs are real numbers. In other words, with 

introduction of RSFCL to the network, the first circumstance 

of stability, which is the decelerating area being bigger than 

accelerating area, is obtained. 

VII. EVALUATION OF REGAINING OVERCURRENT RELAYS 

COORDINATION AND SYNCHRONOUS GENERATOR TRANSIENT 

STABILITY 

With occurrence of faults in a network, in order to maintain 

the stability of the network, overcurrent relays at ends of the 

faulted line must remove the line in a period of time which is 

less than tc. In other words, the operating time of involved 

relays for a fault should be set so that the difference between 

the operating time and corresponding tc is a positive number. 

In this section, in order to be sure of accuracy of numbers and 

evaluation of transient stability of the synchronous generator, 

the differences between tc and operating time of relays are 

calculated, and the results are given in Table VII. 

Additionally, the differences between operating time of main 

and backup relays, and relay coordination are evaluated as 

well. The obtained results are given in Table VIII. 

As it is clear in Table VII, the differences between the 

operating time of involved relays and corresponding tc are 

real, positive numbers. In other words, in presence of RSFCL 

in the network, for all different possible faults, due to on-time 

operation of relays and removing faulted line, the synchronous 

generator is stable forever. Observing Table VIII, it can be 

seen that the differences between operating time of all main 

and backup relays are bigger than 0.2 (the given CTI).  

VIII. CONCLUSION 

In this paper, it was studied a network with 4 buses and one 

synchronous generator as Distributed Generation (DG). Two 

purposes including overcurrent relays coordination and 

existence of transient stability of synchronous generator along  

TABLE VI.  OTHER RESULTS FROM PERFORMING GENETIC ALGORITHM 

Critical 

Clearing 
Time (s) 

Critical 

Angle 
(deg) 

Difference between 

Accelerating and 
Decelerating Areas (ΔA) 

Fault 

Location 

0.4623 44.673 0 F1 

0.6180 58.843 0.0156 F2 
0.6086 57.869 0.0290 F3 
0.5950 56.493 0.0244 F4 
0.4623 44.673 0 F5 
0.6180 58.843 0.0156 F6 
0.6086 57.869 0.0290 F7 
0.5950 56.493 0.0244 F8 

TABLE VII.  EVALUATION OF SYNCHRONOUS GENERATOR STABILITY IN 

PRESENCE OF SFCL 

Time Difference 

Between Critical 
Clearing Time and 

Operating Time of 
Relay 

(s) 

Operating 

Time of 
Relay (s) 

Involved 

Relays 

Critical 
Clearing 

Time 
(s) 

Fault 

Location 

0.2431 0.2192 1 
0.4623 F1 

0.0121 0.4503 6 
0.3636 0.2544 2 

0.6180 F2 
0.0156 0.6025 5 
0.4114 0.2066 5 

0.6086 F3 
0.0784 0.5302 2 
0.3371 0.2579 6 

0.5950 F4 
0.2669 0.3281 1 
0.2298 0.2325 3 

0.4623 F5 
0.0227 0.4397 8 
0.3636 0.2544 4 

0.6180 F6 
0.0556 0.5624 7 
0.4239 0.1941 7 

0.6086 F7 
0.0784 0.5302 4 
0.3786 0.2164 8 

0.5950 F8 
0.2548 0.3402 3 

 

TABLE VIII.  EVALUATION OF RELAY COORDINATION IN PRESENCE OF 

SFCL 

Time 

Difference 

Between 
Main and 

Backup 

Relay 
(s) 

Operating 

Time of  

Main 
Relay (s) 

Operating 

Time of 

Backup 
Relay (s) 

Main 

Relay 

Current 
(A) 

Backup 

Relay 

Current 
(A) 

Main 

Relay 
Backup 

Relay 

0.2034 0.2544 0.4579 1664.1 1664.1 2 1 
0.2080 0.2544 0.4625 1664.1 1664.1 4 3 
0.3454 0.2579 0.6033 7297 7297 6 5 
0.3468 0.2164 0.5632 7297 7297 8 7 
0.2171 0.2192 0.4364 5140.3 2420 1 8 
0.2153 0.2325 0.4478 5140.3 2420 3 6 
0.3048 0.2066 0.5114 12000 845.42 5 4 
0.3172 0.1941 0.5114 12000 845.42 7 2 

 

with minimization of the size of Resistive Superconducting 

Fault Current Limiter (RSFCL) were considered. Firstly, in 

absence of DG, time and current setting of all relays were 

calculated, using Genetic Algorithm (GA). Secondly, the 

effect of presence of DG on enhancement of short circuit 

current and removing overcurrent relay coordination was 

assessed. Thirdly, it was shown that for some of faults, the 

synchronous generator installed in the network was unstable, 

so, for solving this problem, introduction of RSFCL to the 
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network was proposed. After that, the optimum selection of 

the size of RSFCL was carried out, considering overcurrent 

relays coordination and transient stability of synchronous 

generator; for this purpose, an Objective Function (OF) was 

defined. Finally, the accuracy of regaining overcurrent relays 

coordination and transient stability of synchronous generator 

was verified. 
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