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 الملخص
و أجهضة أػادة التىصيل التلقائى (Fuses) لاستؼادة التٌسيق بيي الفيىصاث   (FCL)يتن استخذام هحذد التياس       

(Recloser)  تتضوي أكثش هي دالت هذف كل  هحذد التياسفى شبكاث التىصيغ فى وجىد التىليذ الوىصع. هشكلت استخذام

يادة فى تياس الخطأ ًتيجت إضافت هٌها هختلفت ػي بؼضها لزللك توثل كذالت غيش خطيت هتؼذدة الأهذاف راث قيىد لتقليل الض

هحذد اللاصم لحل الوشكلت.يتن حل هشكلت استخذام  هحذد التياسوحجن  Faultاًخفاض الجهذ ًتيجت  ,وحذاث التىليذ الوىصع 

ػٌذها تن التطبيق ػلى أكثش هي ًظام وجذ .Multi  objective Particle Swarm Optimizationباستخذام   التياس

هذف واحذ حيث تن تقليل التياس ألى حذ كبيش الالوشكلت راث  ػي الٌتائج  فىػٌذها تكىى الوشكلت هتؼذدة الأهذاف أفضل أًه 

باستخذام أقل ػذد هي هحذداث التياساث كوا تن التخفيف بشكل هلوىط هي هشكلت اًخفاض الجهذ حيث تطلب استخذام 

صيغ. بالإضافت الى رلك فاى سؼت الوىلذاث الوىصػت وهىقؼها هحذداث تياس راث حجن صغيش فى كل جضء هي ًظن التى

 .هحذداث التياس الوستخذهت وًىػها وشكل الشبكت يىثش فى قين
 
 

Abstract 
     In this paper, the fault current limiter (FCL) is used to restore the coordination between the protection devices 

in distribution systems with high-level of DG penetration. The FCL allocation may be described as an 

optimization problem involving multiple objective functions which are contradictory and of different 

dimensions. So, it is formulated as a multi-objective constrained nonlinear programming problem. The 

interaction among different objectives gives rise to a set of compromised solutions, largely known as the Pareto-

optimal solutions. The objectives are to simultaneously minimize: the increase in fault current levels due to the 

penetration of DG, voltage sag, and the total cost (size) of required limiters. The optimization problem is solved 

using Particle Swarm Optimization (PSO). The method is applied to two distribution test systems. Effects of 

different operating factors are assessed and comparative analysis of results is provided.  
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I. Introduction 
Distributed generation (DG) is small 

generation units, integrated to low or 

medium voltage distribution systems. DG 

can provide emergency energy source, 

mitigate voltage violations, improve service 

continuity, reduce power losses, and lessen 

undesired gas emissions [1]-[4]. Distribution 

protection system incorporates relays, 

reclosers and fuses. Reclosers are usually 

installed on main feeders with fuses on 

laterals. Reclosers lower service 

interruptions because about 80% of faults 

that occur in distribution systems are 

temporary.  A recloser can clear a temporary 

fault before allowing a fuse to blow. 

Operation coordination of fuses, reclosers 

and relays is a crucial issue [5].  

DG integration to a distribution network 

causes changes in fault current. So, the 

coordination between the protection devices 

is not assured. Many factors, such as size of 
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DG, location of DG, and type of DG (static 

or rotating machine), would influence the 

share of DG in total fault current [2]. The 

impact of DG on overcurrent protection 

devices in radial distribution systems is 

investigated in [6]-[15]. Many problems 

occur because of DG integration. They 

include fuse fatigue, nuisance fuse blowing, 

and recloser-fuse mis-operation.  

Several methods have been proposed to keep 

coordination of protection devices in 

presence of DG [6]-[9]. Ref. [6] determines 

the maximum capacity of DG that would 

assure coordination between the recloser and 

fuses on a feeder. But this method limits the 

size of DG connected to a system blocking 

other operational benefits of DG. In [7], 

Brahma and Girgis discussed a 

microprocessor-based reclosing scheme to 

keep recloser-fuse coordination on a feeder 

with a high penetration level of DG. A 

method to modify recloser characteristics to 

achieve coordination is also described. The 

method assumes that DG will be 

disconnected before the recloser operates at 

the first time, which means that the DG 

status must be continuously monitored. Also, 

disconnecting the DG at every fault 

occurrence may degrade service reliability 

and quality because the faults on distribution 

feeders may be frequent and temporary. In 

[8] discussed Coordination of Voltage Sag 

and Overcurrent Protection in DG System. In 

[9] Brahma and Girgis discussed the 

development of adaptive protection scheme 

for distribution systems With high 

penetration of distribution generation. 

Ref[16] discuss technique  for recloser-fuse 

coordination in distribution systems with 

distributed generation.   

Fault Current Limiter (FCL) has emerged as 

an active and effective way to limit fault 

currents [17], [18].  It provides a sudden 

extra impedance in the way of the fault 

current. Examples of FCL devices are 

explosive limiters, solid state FCL, and 

superconducting FCL [17]. In general, a FCL 

provides a small impedance under normal 

system operating conditions and a large 

impedance during fault conditions. FCLs 

may lower system reliability, increase cost, 

and increase operational complexity [19]. 

Application of FCLs for keeping protection 

coordination is analyzed in [18]-[20]. The 

merits of FCLs greatly depend on their sizes 

and locations [21]. In [15], a genetic 

algorithm is used to find the optimal FCLs to 

minimize fault current under DG integration. 

The same is done in [22] using Particle 

Swarm Optimization (PSO).  The method is 

applied to a small-scale simple test system. 

Usually, locations of FCL are assumed. 

Then, a simplified single-objective 

optimization problem is solved to get the 

size of FCL. The cost of FCLs is generally 

high as it typically involves power 

electronics or superconducting devices [17]. 

The FCL cost depends on the resistive and 

inductive elements sizes (values). The total 

size of determined FCLs might be 

prohibitively large that limit the economic 

feasibility of applying FCL. So, special care 

should be given to FCLs size when FCL 

installing is studied to reduce stress on 

power network equipment or to maintain 

protection coordination. Hence, if the 

planner main objective is to achieve 

protection devices coordination by FCLs, 

another crucial objective must be minimizing 

the size of the required FCLs. Besides, 

voltage sag accompanies the occurrence of 

faults. It can cause tripping of critical loads 

leading to serious consequences. Voltage sag 

is mitigated by proper setting and 

coordination of overcurrent protection 

devices [8]. So, if overcurrent protection 

devices coordination is concerned on one 

side, the voltage sag level must be 

considered on the other side. Allocation of 

FCLs can be done in such a way that it 

optimizes average voltage sag in the 

network.  Nonetheless, optimizing FCL 

cost and voltage sag level are not tackled in 

the reported FCL planning studies.   

In this paper, FCL is used to restore the 

recloser-fuse coordination without 

disconnecting DG. The FCL allocation 

problem involves multiple objectives which 

are contradictory and of different 

dimensions.  
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The novel aspects in the paper are: 

 The FCL allocation problem is 

formulated as a multi-objective 

constrained nonlinear programming 

problem. The objectives are to 

simultaneously minimize: the 

increase in fault current levels due to 

the penetrating of DG, average 

voltage sag level, and the total cost 

(size) of the required FCLs. 

 Both the FCLs locations and sizes are 

searched. The FCLs locations are not 

assumed in advance like other studies. 

This results in much reduced total 

size of FCLs. 

 Effects of DG size, location, type, 

network configuration and FCL type 

are investigated.  

The proposed method is applied to both 

small-scale and large-scale test distribution 

networks. Comparative analysis of results is 

presented. The interaction among different 

objectives gives rise to a set of compromised 

solutions, known as Pareto-optimal solutions 

[22]. The optimization problem is solved 

using Particle Swarm Optimization (PSO).  
 

 

II. Protection Coordination 
      Fig.1 depicts the protection scheme in a 

typical distribution network. Fuse must 

isolate permanent faults of the lateral feeder. 

Recloser has two modes, fast mode that trips 

the circuit for temporary fault before the fuse 

operates, and slow mode that serves as 

backup protection when a fuse fails to blow 

up. The breaker is used as the entire backup 

protection when both the recloser and lateral 

fuses fail to isolate a fault on the feeder. A 

fuse has two characteristics: “Minimum 

Melting (MM) and Total Clearing (TC)”. 

Breakers and reclosers are normally 

equipped with reverse-time overcurrent 

relays having the characteristics given in (1) 

[13]. 
 

 ( )    (
 

     
  )                             (1) 

 

where A, B and p are constants for particular 

curve characteristics; t is operating time of 

device; M is ratio of  
 

       
 (Ipickup is the 

relay current set point) and TD is time dial 

setting. The characteristic of fuses is similar 

to reverse-time overcurrent relay 

characteristic. General equation of fuses 

follows (2) [13]. 
 

log (t ) = a log (I ) + b                              (2) 
 

where t and I are the associated operating 

time and current, and the coefficients a and b 

are calculated from curve fitting. 
 

Recloser

   Fuse           Fuse  

                  
            Fuse 

   
           Fuse

Main Feeder
Breaker

Lateral feeders Lateral feeders

Substation

 

Fig.1 Typical radial distribution feeder 

 

A. Breaker-breaker mis-coordination 
     Fig. 2 shows a distribution system with 

two radial feeders. When a fault occurs at the 

upper  feeder, the circuit breaker at this 

feeder must operate. But the circuit breaker 

at the lower feeder may operate because the 

DG feeds a fault current and it may lead to 

unnecessary electricity interruption on this 

healthy feeder. The solution for the false 

tripping on healthy feeders is using a 

directional overcurrent relay for the circuit 

breaker. Another solution for this problem is 

using same or similar circuit breakers for 

both feeders [13]. 
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Breaker

     Breaker  

+

DG

IF,Sub

IF,DG

Recloser

Recloser
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Fig.2 Problem of breaker-breaker mis-coordination 
 

B. recloser-fuse mis-coordination 
     Fig.3 presents the time-current 

characteristics of the recloser and the fuse, as 

well as the short-circuit current across the 

fuse before and after connecting DG. The 

penetration of DG will cause mis-

coordination between fuse and recloser. 

When a fault occurs at the lateral feeder (see 

Fig.1), the recloser at fast mode operates 

(opens) first to isolate the presumed 

temporary fault. If the fault still remains 

when the recloser closes again after a 

specific time, the fuse at the lateral feeder 

should blow up to isolate the fault that is 

actually a permanent fault. If the fuse fails to 

operate, the recloser at slow-mode will 

operate as a backup protection. To obtain 

this sequential operation, the fault current 

must rest between the minimum and 

maximum currents shown in Fig.3.  

To illustrate the problem, a connected DG is 

assumed at the downstream end of a main 

feeder.  If a fault occurs at a lateral feeder 

downstream the recloser, the fault current 

seen by the recloser will be lower than that 

seen by the fuse because of the fault current 

fed from DG. Fig.3 shows the fault currents 

flowing through the recloser and the fuse for 

this case. With these different fault currents 

seen by the fuse and recloser, fuse blowing 

may occur before the recloser acts that 

means loss of recloser-fuse coordination. To 

restore coordination, utilities can replace the 

protective devices with higher rating devices 

to fit the extra fault current from DG. This 

may not be a good solution because the cost 

of replacement and setting are considerable 

compared to the economic benefits from DG. 

Alternatively, DG fault current that impacts 

the existing protection coordination must be 

limited to a specific margin [13]. From Fig.3 

, one can write: 
 

I fuse, margin =I S +Imargin                                (3) 
 

Where, 

IS is fault current from utility substation; 

Imargin is margin for DG fault current; 

Ifuse,margin is current seen by fuse with Imargin 

from DG.  

To ensure that the recloser in fast mode will 

operate before fuse in MM mode, the fault 

current from DG must be lower than Imargin, 

that is: 
 

IDG < Imargin                                                                       (4) 
 

where IDG is the fault current from DG. 
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Fig. 3 Sample coordination of breaker, recloser, and 

fuse 
 

 

III. Problem Formulation 
     Two configurations are defined for a 

distribution network: 

Configuration A: Grid with all DG 

disconnected. 

Configuration B: Grid with all DG 

connected. 

Configuration A represents the base case for 

which the settings of protective devices are 
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designed. The short circuit currents of this 

configuration will be used as the reference 

values for configuration B. The optimization 

problem is formulated such that the changes 

in fault currents passing through main and 

backup protective devices are minimized by 

optimal allocation of FCLs. Meanwhile, the 

cost of the required FCLs is to be minimized. 

Assuming the same cost for the per unit 

inductive impedance and the per unit 

resistance, the p.u cost of FCLs is the same 

as the p.u size. The increased fault current 

level after DG integration causes higher 

voltage drop on feeder sections and 

increased voltage sag at most of nodes. This 

is a severe power quality problem that results 

in loss of productivity due to undesired load 

tripping. Hence, it is targeted herein to 

minimize the average voltage sag of the 

system nodes. 

The three objective functions are expressed 

as: 
 

                 ∑    (               )  
 
   

∑    (           )   ∑    (      
 
   

     )                                                                            (5) 
 

Min          =∑ (     )
 
                                        (6) 

 

Min    =  
∑ ∑   

  
   

 
   

  
                                           (7) 

 

Where, IfuseBi and IfuseAi represents the fault 

current of fuse i due to a fault downstream 

the fuse with DG and without DG, 

respectively. N is the number of fuses in the 

system. The variables IrpBm and IrpAm 

represent the recloser primary operation 

current due to nearby faults downstream the 

m
th 

recloser with and without the DG, 

respectively. The variables IrbBn and IrbAn 

represent the recloser backup operation 

current for faults downstream of the n
th 

fuse 

with and without the DG, respectively. Rk 

and Xk represent the resistance and inductive 

reactance of the k
th

 FCL.  
 
 is the p.u voltage 

at bus i for a three-phase fault at bus j and M 

is the number of buses. Equ(7) is used to 

increase the average voltage at each bus for 

each fault and try to reach it to standard 1p.u. 

The above problem is solved subject to: 
 

Rmin   Rk   Rmax                                                             (8) 

Xmin   Xk   Xmax                                                            (9) 

Ih,B - Ih,A <  ε                                              (10) 
 

Where, 
 

Rmin, and Rmax are lower and upper limits of 

Ri.  

Xmin, and Xmax  are lower and upper limits of 

Xi.  

Ih,B is current of h
th 

feeder  section after DG 

connection.  

Ih,A is current of h
th 

feeder  section before DG 

connection.  

ε is tolerance error. 
 
 

Iv. Particle swarm optimization 
     Single-objective PSO (SOPSO) and multi-

objective PSO (MOPSO) are used to solve 

many power system optimization problems 

[23], [24].The decision of each individual in 

PSO depends on own experience together 

with other individuals’ experiences. The 

individual particles are drawn randomly 

toward the position at present velocity of 

each individual, their own previous best 

performance, and the best previous 

performance of their neighbors [23], [24]. 

The solution set of a problem with multiple 

objectives does not consist of a single 

solution. But, it is aimed to find a set of 

different solutions (the so-called Pareto 

optimal set). Solving a multi-objective 

problem requires maximizing the number of 

elements of the Pareto optimal set and 

maximizing the spread of solutions to make 

distribution of vectors as smooth as possible 

[22].On extending PSO to MOPSO, one must 

decide how to select particles to give 

preference to non-dominated solutions, and 

how to maintain diversity in the swarm to 

avoid convergence to a single solution [23]. 
 

 

V. Solution Algorithm 
Each FCL is allowed to have a resistive and 

inductive component. Thus, with a maximum 

of FCLs to be connected to the system in 

Fig.5. The MOPSO-based solution algorithm 

is implemented as given below. 
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1. Considering a three-phase solid fault at a 

given bus, disconnecting all DG in the 

system, the short circuit currents seen by 

each protective device are calculated. 

2. Generate an initial population of 

particles with initial velocities for the 22 

variables to be optimized. 

3. The new short circuit currents seen by 

each protective device for each particle 

with DG connected and FCL in place are 

calculated. 

4. For each particle, calculate its fitness 

value using the objective functions 

values given in (5)-(7). To evaluate the 

performance of individual particles, a 

dynamic weighted aggregating approach 

is used to construct the fitness function 

for MOPSO [25]. It is expressed as 

follows:  
 

fitness=  ∑     
 
                                   (11) 

      where, 

wi is a weighting factor such that ∑    =1. 

Fi is the value of the i
th

 objective function. 

Q is the number of objective functions. 

5. Each particle’s current fitness value is 

compared with the particle best position 

found (pbest), if the fitness value is 

greater than (pbest), change the particle 

best position with the new fitness 

function value. 

6.  Determine the current global best 

position (gbest) among all particles’ 

pbest.    Compare the current gbest 

position with the previous gbest position 

and update gbest. 

7. For all particles, update the position and 

velocity of all dimensions as in [23]. 

8. Repeat steps 1-7 until the preset number 

of iterations is completed. 

The flowchart for planning the FCL using 

PSO is shown in Fig. 4.  
 

 

VI. Application 
The proposed MOPSO-based FCL planning 

algorithm is developed in MATLAB 

environment. It is applied to two test 

systems. 

Calculate the Protective Device

 Fault Current without DG

Generate n initial Feasible 

Solutions (Particles)

 
 

 t =1

n =1

Calculate Fault Current with FCL 

for each particle

 

Calculate the particle fitness value 

n ≤ nmax  

Calculate pbest and gbest

Update the Particle position 

Display 

Solution

n = n+1

Yes

t=t+1

Yes
t ≤ tmax  

 

Fig. 4 Flow Chart of planning the FCLs using PSO 
 

A. Canadian benchmark system 
Fig.5 presents a part of the Canadian 

benchmark system as a typical distribution 

system [22].  Each feeder is protected by a 

recloser. Fuses are used to protect the lateral 

feeders as shown in Fig.5. The system 

includes two 8 MVA synchronous machine-

based DG. The DGs will feed additional fault 

current and it may cause loss of coordination 

of protective scheme. Thus, it is targeted to 

maintain recloser-fuse coordination by 

optimal placement and sizing of FCLs. The 

system data as well as the PSO data is given 

in Table I. A maximum of 11 active FCLs 

are allowed to be inserted in series to: each 

DG unit, utility source, and each feeder 

section. Each FCL is composed of a resistive 

component and an inductive component 

connected in series.  
 

1.Base case: complete problem with voltage 

sag 

Solving the multi-objective optimization 

problem formed in section V above, the 

results are given in Table II. The values of 

the three objective functions are F1=1.2357 

p.u, F2=2.0636+J1.4113 p.u, F3=0.6814 p.u. 
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Eleven FCLs are found necessary as shown 

in Fig.6. The biggest FCL sizes are next to 

the three power sources. Smaller FCL sizes 

are needed in feeder sections.  Table II 

presents the symmetrical fault currents 

passing through the various protective 

devices under three evaluation conditions, 

without DG, with DG but without FCL, and 

with both DG and FCLs. The fuse currents 

are denoted as IF and the relay currents are 

denoted as IR. The symbols P and B 

represent the primary and backup operation. 

It is noted that application of optimal FCLs 

can reduce fault current to be nearly the same 

as its values before DG is integrated. This 

assures that no protection mis-coordination 

occurs. Fig.7 depicts the node voltages for 

different symmetrical fault locations when 

the optimal FCLs are installed. It also 

compares the results for the case without DG 

and without FCL under DG. The FCL 

presence much improves the node voltage 

under fault conditions. This improves voltage 

sag and lessens the probability of critical 

loads tripping under fault conditions. 
 

Table I: simulation data 
 

Feeder Data 
700 MCM Cu XLPE cable with 

impedance = 0.1529 +j0.1406 Ώ / km. 

Utility Data MVAsc =500 MVA and X/R =6 

Utility Transformer T1 20 MVA, 115kV to 12.47kV, X=10% 

Base kV 12.47 kV 

DG Reactance (x%) 9.67%, 

DG Transformer 5%, 12.47kV/480V 

Maximum number of 

iterations 
2000 

Maximum number of 

particles 
1000 

 

Table II: protection device fault currents using mopso, p.u 

 

 No DG With  DG and no FCL 
With DG and 

FCL 

IF1 1.3526 2.3564 1.7402 

IF2 1.2557 2.0871 1.1876 

IF3 1.1808 1.8937 0.9428 

IF4 1.1030 1.7030 0.7775 

IF5 1.3210 2.3228 1.7340 

IF6 1.2456 2.0830 1.3176 

IF7 1.2123 1.9973 1.0265 

IF8 1.1291 1.7823 0.7835 

IR1(P) 1.4343 1.9627 1.3212 

IR2(P) 1.4343 1.9653 1.2881 

IR1(BF1) 1.3526 1.8167 1.6853 

IR1(BF2) 1.2595 1.6139 1.1535 

IR1(BF3) 1.1879 1.4673 0.9177 

IR1(BF4) 1.1119 1.3209 0.7575 

IR2(BF5) 1.3330 1.7841 1.6680 

IR2(BF6) 1.2607 1.6047 1.2808 

IR2(BF7) 1.2378 1.5418 0.9923 

IR2(BF8) 1.1655 1.3772 0.7582 

T1

12.47 kV        
R2 500m 

R1 400m

T3

DG1

DG2

450m 550m 500m

6 7 8 9

F5

500m 425m 500m

F1

2MVA

1

2 3 4 5

F6 F7 F8

2MVA 2MVA 2MVA

T2

F2 F3 F4

2MVA 2MVA 2MVA 2MVA

Fig.5 Canadian benchmark test system 
 

2. Comparative evaluation 

Using a single objective function (only F1 

given in (5)), three FCLs are found sufficient. 

Their locations are at the utility source and at 

each DG unit. Their optimal component 

values are provided in bottom cell of fourth 

column in Table III. The same results are 

almost obtained in [22]. On the other hand, 

when the proposed multi-objective 

formulation is applied considering only the 

two objectives F1, F2 (without voltage sag), 

only one inductive FCL with impedance 

0+j0.7401 p.u is found sufficient at the utility 

source. Table III presents the fault currents 

passing through the various protective 

devices without DG, with DG but with no 

FCL, and with both DG and the FCLs for 

SOPSO (F1) and MOPSO (F1 and F2) cases. 

Strategic locations, usually next to power 

sources, can be selected for placing FCLs 

and the problem is solved to get the FCLs 

sizes. Table IV shows the fault currents 

passing through the various protective 

devices for different FCLs locations under 

DG. The FCLs components sizes are 

determined using MOPSO with two 

objectives F1 and F2 and provided in the 

bottom of Table IV. 

For both the single objective and multi-

objective formulations, the FCLs keep the 

fault current levels close to the original 

values (without DG). The small increase in 

branch fault current is always less than the 

margin allowed to maintain coordination as 

discussed in section II. Assuming the device 
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inverse characteristics as given in Fig.3, the 

protection coordination is assured even with 

the two DG units connected due to the 

inclusion of FCLs in optimal locations and 

sizes.  

  Figure.6 Components R, X of  the determined FCLs 

 

 
 

Table III : protection devices fault currents in p.u and pso results 

 

 

 

 

 

 

 

 
 

 
Without 

DG 

 

With  DG 

and no FCL 

With DG and FCL 

single 

objective 
(F1) 

Multi-

objective 
(F1, F2) 

IF1 1.3526 2.3564 1.43 1.7190 

IF2 1.2557 2.0871 1.32 1.5782 

IF3 1.1808 1.8937 1.24 1.4709 

IF4 1.1030 1.7030 1.15 1.3593 

IF5 1.3210 2.3228 1.41 1.7074 

IF6 1.2456 2.0830 1.31 1.5808 

IF7 1.2123 1.9973 1.28 1.5423 

IF8 1.1291 1.7823 1.18 1.4181 

IR1(P) 1.4343 1.9627 1.38 1.2329 

IR2(P) 1.4343 1.9653 1.36 1.2302 

IR1(BF1) 1.3526 1.8167 1.32 1.1742 

IR1(BF2) 1.2595 1.6139 1.22 1.0813 

IR1(BF3) 1.1879 1.4673 1.15 1.0098 

IR1(BF4) 1.1119 1.3209 1.07 0.9341 

IR2(BF5) 1.3330 1.7841 1.27 1.1630 

IR2(BF6) 1.2607 1.6047 1.18 1.0799 

IR2(BF7) 1.2378 1.5418 1.15 1.0558 

IR2(BF8) 1.1655 1.3772 1.07 0.9718 

Value of 

Objective 
F1 

______ 10.0126 0 0.7315 

Optimal 

FCLs 

Location (series to) 

FCL size, p.u 

single 

objective 
(F1) 

Multi-

objective 
(F1, F2) 

DG1 5+j4.13 0 

DG2 0+j5 0 

utility source 0+j0.1 0+j0.741 
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Fig.7 Node voltage for different symmetrical faults 
 

Table IV protection devices fault currents for various fcl placement strategies using mopso, p.u 

 

 

With 

source 

FCL Only 

With DG 

FCL only 

With DG 

and source FCL 

IF1 1.7190 1.5940 1.5278 

IF2 1.5782 1.4476 1.4108 

IF3 1.4709 1.3416 1.3217 

IF4 1.3593 1.2355 1.2289 

IF5 1.7074 1.57 1.5111 

IF6 1.5808 1.44 1.4064 

IF7 1.5423 1.3786 1.3712 

IF8 1.4181 1.2655 1.2700 

IR1(P) 1.2329 1.4756 1.3435 

IR2(P) 1.2302 1.4841 1.3468 

IR1(BF1) 1.1742 1.4466 1.2746 

IR1(BF2) 1.0813 1.3177 1.1805 

IR1(BF3) 1.0098 1.2237 1.1082 

IR1(BF4) 0.9341 1.1280 1.0314 

IR2(BF5) 1.1630 1.4289 1.2607 

IR2(BF6) 1.0799 1.3146 1.1768 

IR2(BF7) 1.0558 1.2611 1.1497 

IR2(BF8) 0.9718 1.1587 1.0659 

FCL 

Location 

(series to) 

FCL size, p.u 

With 

source 

FCL Only 

With DG 

FCL only 

With DG 

and source FCL 

DG1  4.2805 0.045+j2.0839 

DG2  4.48+j0.0019 0.0312+j2.1263 

utility 

source 
j0.7401  0.0086+j0.2163 

Value of 

Objective 

F1 

0.7315 1.93 0.4087 
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It is worthy noting that the proposed multi-

objective formulation results in less number 

and sizes of FCLs required to maintain 

protection coordination under DG in 

comparison to the single-objective 

formulation. This provides technical 

simplicity and economic savings to the 

distribution network operators. To reduce the 

solution time, by reducing the search space, 

one can assume the FCLs locations and 

searches only the FCLs components sizes. 

Three candidate sets of FCL locations are 

evaluated as given in Table IV. The first is to 

locate a FCL after the utility source. The 

second is to locate a FCL in series to each 

DG unit. The third is to locate a FCL in 

series to each power source (the utility and 

DG). The FCL after Source is found the best 

place for FCL since the objective is achieved 

with a lower value of FCL 
 

3. Effect of FCL type 

In the above, FCL is assumed to be an 

impedance having resistive and inductive 

components. However, FCL can be made of 

nearly pure resistance or nearly pure 

inductance. The cost of FCL depends on its 

structure type. For the same conditions given 

in section A above, the problem of FCL 

planning is solved using the proposed multi-

objective formulation (with F1 and F2) 

assuming either resistive or inductive FCL. 

They both produce only one FCL at the 

utility source which is the same location as 

before.  For the resistive FCL type, the value 

of the FCL resistance is 0.735 p.u with a 

value of 0.922 p.u for the objective function 

F1. For the inductive FCL, the value of the 

inductive reactance is J0.729 p.u  with a 

value of 0.803 p.u for the objective function 

F1.  It is noted that the impedance magnitude 

of the FCL is nearly equal for both types with 

a bit better current damping capability for the 

inductive type FCL. Both types maintain 

protection devices coordination. So, the cost 

of FCL can be a decisive factor in choosing 

the FCL type.  
 

4. Effect of DG location on FCL planning 

The two DG units basically located at bus 2 

and bus 6 as depicted in Fig.5 are moved to 

other locations. The required FCLs are 

determined using the proposed multi-

objective (F1 and F2) FCL planning 

algorithm under the rest of conditions as the 

same as section A. For all examined DG 

locations, the results indicate that only one 

composite-impedance FCL is required at the 

utility source. Its size depends on the new 

DG locations as given in Table V. It is 

observed that the location of DG units in a 

radial distribution network, like the one 

shown in Fig.5, has a minor effect on the 

FCL placement and sizing.  
 

Table Veffect of dg location on fcl 
 

DG location  

FCL size, p.u 

Value of objective 

function F1, p.u DG1 DG2 

Bus 2 bus 6 J0.7401 0.7315 

Bus 3 bus 7 J0.7498 0.9501 

Bus 4 bus 8 0.0087+J0.7445 1.0027 

Bus 5 bus 9 0.0731+J0.7182 1.0041 

 

5. Effect of DG size 

The size of the two DG units located at bus 2 

and bus 6 as depicted in Fig.5 are changed. 

The required FCLs are determined using the 

proposed multi-objective (F1 and F2) FCL 

planning algorithm under the rest of 

conditions as the same as section A. Up to a 

certain penetration level of DG, the results 

indicate that only one composite-impedance 

FCL is required at the utility source. If this 

level is exceeded, more FCL units can be 

needed. Generally, FCL size depends on the 

new DG size as given in Table VI. It is 

obvious that the size of DG units in a radial 

distribution network, like the one shown in 

Fig.4, has a significant effect on the FCL 

placement and sizing. 
 

6. Effect of system configuration on FCL 

When a tie switch is closed between bus 5 

and bus 9, the system is converted from 

radial  system to looped (meshed) system. 

Table VII compares the results of optimal 

FCL of this new configuration to that of 

radial configuration shown in Fig.5 using the 

proposed  multi- objective   formulation of 

the problem considering F1 and F2 as the 

objectives of interest. It is noticed that both 

configurations require only one FCL at the 

utility source with almost equal sizes. 

However, this FCL is seen to be more 
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efficient in the looped configuration as it 

causes greater damping of branches fault 

current reflected in much less value of the 

objective function F1 compared to the radial 

configuration. 
 

Table VI effect of dg size on fcl 
 

DG size, 

MVA 
DG 

dat

a 

Utility source 

FCL size, p.u 

DG FCL 

size, p.u 

Value of 

objective 

functions 

DG

1 

DG

2 
F1, p.u 

F2, 

p.u 

1.5 1.5 [25] 0.002+J0.0684 0 0.0046 0.0704 

3.75 3.75 [25] 0.01+J0.1313 0 0.0238 0.1413 

8 8 [20] J0.7401 0 0.7315 0.7401 

0 30.4 [26] 
0.0103+J0.360

4 

0.0509+ 

J0.6664 
0.1245 1.088 

 

 

 

 

 

Table VII effect of system configuration on fcl 
 

configuration 
Utility source 

FCL size, p.u 

Value of objective 

functions 

F1, p.u F2, p.u 

looped J0.7403 0.4455 0.7403 

radial J0.7401 0.7315 0.7401 

 

B. 69-bus test system 
The optimal FCL component values are 

determined for the 69-bus test system 

depicted in Fig.8. The system data is given in 

[28]. This network has 7 reclosers, 68 fuses 

and 4DG units. It is desired to maintain the 

coordinated operation of these protection 

devices by installing FCLs.   Each FCL is 

composed of a resistive component (R) and 

an inductive component (X) connected in 

series.   
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Fig.8 69-bus test system 

 

Fig.9 FCLs components sizes 

L1-2 L2-3 L3-4 L4-5 L5-6 L6-7 L7-8 L8-9 L9-10 L10-11 L11-12 L12-13 L13-14 L14-15 L15-16 L16-17 L17-18 L18-19
0

0.05

0.1

 FCL Location 

R
,X

, 
p
.u

 

 

L19-20 L20-21 L21-22 L22-23 L23-24 L24-25 L25-26 L26-27 L3-28 L28-29 L29-30 L30-31 L31-32 L32-33 L33-34 L34-35 L4-36 L36-37
0

0.05

0.1

 FCL Location 

R
,X

, 
p
.u

L37-38 L38-39 L8-40 L40-41 L9-42 L42-43 L43-44 L44-45 L45-46 L46-47 L47-48 L48-49 L49-50 L50-51 L51-52 L52-53 L53-54 L11-55
0

0.05

0.1

 FCL Location 

R
,X

, 
p
.u

L55-56 L56-57 L12-58 L58-59 L3-60 L60-61 L61-62 L62-63 L63-64 L64-65 L65-66 L66-67 L67-68 L68-69SOURCE DG1 DG2 DG3 DG4
0

0.05

0.1

 FCL Location 

R
,X

, 
p
.u

X R

(a)

(b)

(c)

(d)



 

Akram. Elmitwally, Eid. Gouda, Saad Eskander, Elsayed. Adawy                                                                  E: 79 

FCLs are allowed to be inserted in series to: 

each DG unit, utility source, and each feeder 

section. Solving the multi-objective 

optimization problem formed in section IV 

above, the results are given in Fig.9. The 

values of the three objective functions are 

F1=35 p.u, F2=2.2 p.u, F3=0.44 p.u. 

Determined FCLs components' sizes at 

possible locations are shown in Fig.9. Zero 

values of both R and X at some locations 

indicate that no FCL is needed at this 

location. It is noted that the required FCLs 

are mostly resistive. Values of X are 

generally very small. A big-size FCL is 

located in series to the utility power source. 

No FCLs are required in series to DG units. 

Fig.10 presents the symmetrical fault 

currents passing through the various 

protective devices under three conditions: 

without DG, with DG but without FCL, and 

with both DG and FCLs. The fuse currents 

are shown in Fig.10a and the recloser 

currents are shown in Fig.10b. It is noted that 

application of optimal FCLs reduces fault 

currents to nearly its values without DG. This 

maintains protection coordination even when 

DG is connected. Fig.11,(a),(b),(c),(d)  

depicts the nodes voltages for different 

symmetrical-fault locations when the optimal 

FCLs are installed with DG. It also compares 

the results for the base case (without DG) 

and the case of integrating DG without FCL. 

The FCL presence much improves the node 

voltage under fault conditions. This mitigates 

voltage sag and lessens the probability of 

critical loads tripping under fault conditions. 
 

 

7. Conclusion 

     The fault current limiter is used to restore 

the recloser-fuse coordination in distribution 

system with DGs. The FCL allocation 

problem involves more than one objective 

function which are conflicting. So, it is 

formulated as a multi-objective constrained 

nonlinear programming problem to 

simultaneously minimize: the increase in 

fault current levels due to DGs, node voltage 

sag, and the total cost (size) of required 

limiters. The optimization problem is solved 

using PSO. The results obtained by the 

proposed formulation surpass those obtained 

by single-objective formulation. The former 

yields an adequate fault current damping at 

much reduced FCLs cost and tangibly 

mitigated node voltage sag.  Including 

voltage sag requires small-size FCL to be 

installed in every section in the distribution 

system. Otherwise, few FCLs are generally 

required in series to power sources. The FCL 

after Source is found the best place for FCL 

since the objective is achieved with a lower 

value of FCL.DGs sizes, locations, types, and 

network topology evidently affect the FCLs 

allocation.  
 

 
Fig.10 Primary device fault current 

 

 
Fig.11 Node voltages for different faults 
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