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Abstract: To select the type and value of the impedance of fault current limiters (FCLs) for power network designers, we intro-
duce a new method to calculate the optimum value of FCL impedance depending on its position in the network. Due to the com-
plexity of its impedance, the costs of both real and imaginary parts of FCL impedance are considered. The optimization of FCL 
impedance is based on a goal function that maximizes the reduction of the fault current while minimizing the costs. While the 
position of FCL in the network has an effect on the calculation of the optimum impedance value, the method for selecting FCL 
location is not the focus of this study. The proposed method for optimizing FCL impedance can be used for every network that has 
symmetrical and/or asymmetrical faults. We use a 14-bus IEEE network as an example to explain the process. The optimum FCL 
impedance used in this network is calculated by considering the vast range of costs for both real and imaginary parts of FCL 
impedance. 
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1  Introduction 
 
Increasing the fault currents has been a big 

challenge in power systems (Nagata et al., 2001; 
Hongesombut et al., 2003; Kovalsky et al., 2005; 
Teng and Lu, 2010; Javadi, 2011; Abramovitz and 
Smedley, 2012; Fotuhi-Firuzabad et al., 2012; 
Alaraifi et al., 2013). To decrease the fault current 
level, one method increases Thevenin’s equivalent 
impedance by splitting bus ties of substations or by 
adding series reactors to the network. However, this 
process increases the system loss and can also 
decrease the voltage and the stability of the network 

(Kovalsky et al., 2005; Javadi, 2011; Abramovitz and 
Smedley, 2012; Fotuhi-Firuzabad et al., 2012; 
Alaraifi et al., 2013; El Moursi and Hegazy, 2013; 
Naderi et al., 2013). 

Another method uses a fault current limiter (FCL) 
to reduce the fault current as a result of adding 
impedance to the system. The FCL impedance in 
normal conditions is nearly zero, but when a fault 
occurs in the network, the impedance changes to ZFCL 
(Mukhopadhyay et al., 1998; Kovalsky et al., 2005; 
Cvoric et al., 2010; Javadi, 2011; Abramovitz and 
Smedley, 2012; Fotuhi-Firuzabad et al., 2012; 
Shahriari et al., 2012; Alaraifi et al., 2013; El Moursi 
and Hegazy, 2013; Naderi et al., 2013). Fig. 1 shows 
the FCL configuration before and after fault 
occurrence. 

Depending on the mechanism and the time of 
adding or removing FCL impedance, there are many 
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FCL types such as superconductor FCL (SFCL) 
(Nagata et al., 2001; Hongesombut et al., 2003; 
Kovalsky et al., 2005; Stemmle et al., 2007; 
Yamaguchi and Kataoka, 2007; Alaraifi et al., 2013; 
El Moursi and Hegazy, 2013; Didier and Lévêque, 
2014), series or parallel resonance FCL (Javadi, 2011; 
Naderi et al., 2013), magnetic FCL (Mukhopadhyay 
et al., 1998; Cvoric et al., 2010), and solid state FCL 
(Abramovitz and Smedley, 2012; Shahriari et al., 
2012; Hossen Heidary et al., 2015). In these types of 
FCL, the impedance can be resistance (RFCL), 
inductive reactance (XFCL

L), capacitive reactance 
(XFCL

C), or a complex value that is a combination of 
any or all of them (Hossen Heidary et al., 2015). 

During fault occurrence, the FCL impedance can 
be either a fixed value or a variable value. For the 
FCLs with variable impedance, such as SFCLs, 
impedance increases rapidly until it reaches the 
maximum value (Nagata et al., 2001; Abramovitz and 
Smedley, 2012; Alaraifi et al., 2013; El Moursi and 
Hegazy, 2013; Didier and Lévêque, 2014). In such 
cases, the maximum value of FCL impedance is 
important for calculating optimum impedance 
(Nagata et al., 2001; Didier and Lévêque, 2014). 
 
 

 
 
 
 
 
 
 
 

 
The FCL impedance increases when the cost of 

FCL rises (Nagata et al., 2001; Hongesombut et al., 
2003; Teng and Lu, 2010), and the level of fault 
current decreases until it levels off, if the FCL 
impedance increases (Stemmle et al., 2007; 
Yamaguchi and Kataoka, 2007; El Moursi and 
Hegazy, 2013; Didier et al., 2015). In the power 
network, the fault current of buses should be less than 
the maximum allowable current (Im) of circuit 
breakers and other components of the network 
(Nagata et al., 2001; Hongesombut et al., 2003; Teng 
and Lu, 2010; Dam et al., 2013). The selection of the 
value and the type of FCL impedance is a big 
challenge for network designers. 

In previous work (Nagata et al., 2001; 
Hongesombut et al., 2003; Teng and Lu, 2010), the 
impedance of FCL was selected based on the lower 
value of FCL impedance, providing that the fault 
currents of all buses of a network are equal to or less 
than Im. However, this approach inevitably cannot be 
the optimal option because if the fault current can be 
further reduced, it can have a positive effect on the 
network. For example, it can reduce the failure 
probability of the network components and increase 
the system reliability (Dam and Meliopoulos, 2006, 
2007; Haghifam et al., 2009; Kim et al., 2010, 2011, 
2012; Dam et al., 2013; Yousefi et al., 2016). It can 
also reduce the level of electro-mechanical and thermal 
tensions on network components (Hongesombut et al., 
2003; Cvoric et al., 2010; Abramovitz and Smedley, 
2012; Fotuhi-Firuzabad et al., 2012). Therefore, the 
ability to reduce fault current can be an important 
criterion in the selection of FCL impedance. 

In other cases (Nagata et al., 2001; Hongesom- 
but et al., 2003; Seo et al., 2010; Teng and Lu, 2010; 
Alaraifi et al., 2013), the FCL impedance has been 
simply chosen to be purely RFCL or purely XFCL

L, and 
then the optimum value of FCL impedance is 
determined. The FCL impedance can be generally a 
complex value, consisting of the real and imaginary 
parts (Guo et al., 2001; Matsumura et al., 2001). 
Therefore, different costs of the real and imaginary 
parts of FCL impedance can affect the selection of the 
value and type of FCL impedance. 

In this study, an approach is proposed to 
calculate the optimum FCL impedance for power 
networks. To be neutral, the FCL impedance can be 
assumed to be a complex value consisting of RFCL, 
XFCL

L, and XFCL
C. Depending on the network data and 

the type of fault (three-phase-symmetrical (3ph) or 
single-line-to-ground (1ph)), the fault currents are 
calculated. By considering both the higher fault 
current reduction and the lower cost of FCL, the 
optimum value of FCL impedance is determined at a 
certain location in the network. The results are then 
verified using a computer program developed for the 
14-bus IEEE system. 

Note that FCL positioning is not the main goal of 
this study, but it can be taken into account in future 
studies. In addition, the mechanism of FCL operation 
is not the objective of this study and only the FCL 
impedance value after fault occurrence is considered. 

Pre-fault Post-fault

ZFCL ZFCL

 

Fig. 1  Circuital representation of the fault current limiter
at pre- and post-fault periods 
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2 Fault current before and after FCL 
installation 
 

Generally, different kinds of faults in a system 
include 3ph, line-to-line, double-line-to-ground, and 
1ph faults. 3ph and 1ph faults are of great importance 
in network study (Stemmle et al., 2007; Dam et al., 
2013). 

2.1  Fault current before FCL installation 

Assuming that the fault impedance is Zf, 3ph 
fault currents (If

3ph) and 1ph fault currents (If
1ph) are 

calculated by (Saadat, 1999) 
 

3ph +
f f f ,f fI V Z Z                         (1) 

1ph 0
f f f f f3 3 .f f f fI V Z Z Z Z                 (2) 

 
Vf is the voltage of bus f before fault 

occurrence, 0
f ,fZ  f ,fZ   and ffZ   are Thevenin’s 

impedance of zero, positive, and negative sequences 
to be achieved from the impedance matrix of the 
network, respectively. To calculate the worst fault 
current, Zf is assumed to be zero. 

2.2  Fault current after FCL installation 

If there is a need to install an FCL in bus i of a 
power network, bus i is divided into two parts as 
buses iA and iB, and the FCL is placed between them. 
Components A and B are equivalent to components 
connected to buses iA and iB, respectively, in Figs. 2a– 
2c. 

In this case, the impedance matrix for an n-bus 
network after separating buses and before FCL 
installation is represented by Eq. (3), and the 
impedance matrix after FCL installation is 
represented by Eq. (4). Each matrix element in Eq. (4) 
is calculated by Eq. (5) (Saadat, 1999). 
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If bus f is the goal of fault current calculation and 

an FCL is installed between buses iA and iB, a general 
form of If

3ph and If
1ph for bus f is represented by Eqs. 

(6) and (7), respectively: 
 

3ph FCL
f

FCL

,
Z B

I A
Z C


 


                      (6) 

2
1ph FCL FCL
f 2

FCL FCL

,
Z EZ F

I D
Z GZ H

 
 

 
             (7) 

 
where variables A, B, C, D, E, F, G, and H are 
calculated by Eqs. (8)–(15) using the elements driven 
by the impedance matrix of zero, positive, and 

negative sequences, with j equal to 1 . 

 

f 1 2j ,f f AA V Z A A A                 (8) 

A A B B A B 1 22 j ,i i i i i iB Z Z Z B B              (9) 

A B A A B B f 1 22 j ,fi fi fi i f fi i f fC B Z Z Z Z Z Z Z C C             (10) 

 
 

Fig. 2  Bus i before separating the bus (a), after separating 
the bus (b), and after FCL installation (c) 
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0
f f 1 23 2 j ,f f f DD V Z Z D D D          (11) 

1 2j ,E L N E E                      (12) 

1 2j ,F LN F F                         (13) 
0
f f 1 2( ) ( 2 ) j ,f fG E K M Z Z G G          (14) 

0
f f 1 2( ) ( 2 ) j .f fH F KN ML Z Z H H     

 
  (15) 

 
In Eqs. (12)–(15), the elements of K, L, M, and N 

are expressed by 
 

A B A B

0 0 0 0( )( ),fi fi i f i fK Z Z Z Z            (16) 

A A B B A B

0 0 02 ,i i i i i iL Z Z Z                    (17) 

A B A B
2( )( ),fi fi i f i fM Z Z Z Z             (18) 

A A B B A B
2 .i i i i i iN Z Z Z                       (19) 

 

ZFCL is called FCL impedance. According to  
Eq. (20), it includes a real part RFCL and an imaginary 
part XFCL. RFCL is FCL resistance and is always 
positive, but XFCL is FCL reactance and can be either 
positive or negative, depending on XFCL

L or XFCL
C. 

 

FCL FCL FCLj .Z R X                    (20) 

 
The current magnitude of 3ph fault (|If

3ph|) and 
the current magnitude of 1ph fault (|If

1ph|) for bus f can 
be calculated by Eqs. (21) and (22), where O, P, T, 
and U are expressed by Eqs. (23)–(26): 

 
2 2

3ph FCL 1 FCL 2
f 2 2

FCL 1 FCL 2

( ) ( )
,

( ) ( )

R B X B
I A

R C X C

  

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     (21) 

2 2
1ph
f 2 2

,
O P

I D
T U





                     (22) 

2 2
FCL FCL FCL 1 FCL 2 1,O R X R E X E F         (23) 

FCL FCL FCL 2 FCL 1 22 ,P R X R E X E F            (24) 
2 2

FCL FCL FCL 1 FCL 2 1,T R X R G X G H       (25) 

FCL FCL FCL 2 FCL 1 22 .U R X R G X G H          (26) 

 
 

3  FCL impedance locus and its cost function 

3.1  FCL impedance locus regarding Im of buses 

The fault current passing through the components 
of the network should be equal to or less than the 

maximum total allowable current (Im) of the network 
components. The FCL impedance locus is the 
acceptable range of FCL impedance, which causes the 
fault current magnitude of a given bus to be equal to 
or less than Im for the same bus on that network. 

The FCL impedance locus for the 3ph fault is 
calculated by |If

3ph|=Im by 
 

2 22 2
1 1 2 2

FCL FCL2 2

2
2 2

1 1 2 2

2

1 1

( ) ( )
        ,

1

M C B M C B
R X

M M

M C B C B

M

    
         

   
 
  

  

(27) 

 

where M=Im/|A|.
 Eq. (27) represents a circle (Fig. 3) for a test 

system. If M>1, the loci of RFCL and XFCL are outside 
the circle area; if M<1, they are inside the circle area. 
In Fig. 3, RC is the radius of the circle and DC is the 
distance from the center to the origin. Note that RFCL 
is resistance and actually cannot be a negative value. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The FCL impedance locus for 1ph fault can be 
mathematically calculated by |If

1ph|=Im. However, for 
simplification, the calculations are not shown here. 

3.2  Cost function of FCL impedance 

The selection of FCL without considering the 
type or cost of FCL impedance cannot produce the 
optimal results. For example, regarding Fig. 3, if the 
costs of RFCL, XFCL

L, and XFCL
C are the same, then 

XFCL
L is the best selection due to the lower impedance 

−2 −1 0 1 2 3
−2.5

−2.0

−1.5

−1.0

−0.5

0

0.5

1.0

1.5

RFCL

X
FC

L

(RFCL−0.25) 2 +(XFCL+0.5)2=1

DC RC

 
 

Fig. 3  The FCL impedance locus for fault current equal to 
Im in a test system 
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value compared to other types of FCL impedance. 
However, if the cost of XFCL

L is three times that of 
RFCL or more, then RFCL is a better choice due to the 
lower cost of FCL. 

The cost of an FCL includes both the real and 
imaginary parts of FCL impedance. The cost of each 
part rises as the value of the impedance increases 
(Nagata et al., 2001; Hongesombut et al., 2003; Teng 

and Lu, 2010). If 
FCL
RCost , 

L

FCLCost X , and 
C

FCLCost X  are 

the costs of each ohm () or per unit (p.u.) for RFCL, 
XFCL

L, and XFCL
C, and |RFCL|, |XFCL

L|, and |XFCL
C| are 

the absolute values of RFCL, XFCL
L, and XFCL

C 
respectively in  or p.u., then the cost of an FCL 

( FCL
eqCost ) is obtained by 

 

L

C

FCL FCL L FCL
eq FCL R FCL

C FCL
FCL

Cost Cost Cost

Cost .

X

X

R X

X

   

     
(28) 

 

Dividing both sides of Eq. (28) by FCL
RCost  

produces the cost function of FCL (Z′= 
FCL FCL
eq RCost Cost ) as shown in Eq. (29), and cost 

factors wL and wC are calculated by 
 

L C
FCL L FCL C FCL ,Z R w X w X          (29) 

L

FCL FCL
L RCost Cost ,Xw                  (30) 

C

FCL FCL
C RCost Cost .Xw                  (31) 

 
Network designers can select the proper wL or wC 

depending on their design priorities but not the cost of 
the parts of FCL impedance. Simultaneous use of 
XFCL

L and XFCL
C is not suitable because they cancel 

each other’s effects. Therefore, the expression Z′ is 
modified: 

 
L L

FCL L FCL FCL FCL FCL
C C

FCL C FCL FCL FCL FCL

, if Z includes and ,

, if Z includes and .

R w X R X
Z

R w X R X

  
 

(32) 
 
 
4  Optimization of FCL impedance 
 

Selection of FCL impedance based on the fault 
current of buses which is equal to Im does not 
necessarily produce optimized results. It is possible to 

have impedance that greatly reduces the fault current 
and it is also economically viable. Therefore, 
depending on |If

3ph| and |If
1ph|, functions F3ph and F1ph 

are defined by Eqs. (33) and (34), respectively, which 
achieve FCL impedance based on the maximum 
reduction of fault current and the minimum cost of 
FCL. 

 
3ph 3ph0 3ph

f f ,F I I Z                  (33) 

1ph 1ph0 1ph
f f ,F I I Z                  (34) 

 
where |If

3ph0| and |If
3ph| are the absolute values of the 

fault current of bus f before and after FCL installation 
(Eq. (21)), respectively, and |If

1ph0| and |If
1ph| are the 

absolute values of the fault current of bus f before and 
after FCL installation (Eq. (22)), respectively. 

The functions F3ph and F1ph include variables 
RFCL and XFCL, which can be of different values. 
Therefore, assuming |Z| is the absolute value of FCL 
impedance and θ its angle, RFCL and XFCL can be 
expressed by 

 

FCL cos ,R Z                         (35) 

FCL sin .X Z                          (36) 

 

θ can be varied between −90° and 90°. If θ>0, 
then XFCL=XFCL

L; if θ<0, then XFCL=XFCL
C. The Z′, 

RFCL, XFCL, and α are expressed by 
 

,Z Z                              (37) 

FCL cos ,R Z                      (38) 

FCL sin ,X Z                       (39) 

L

C

,cos sin ,     0 90

cos sin , . 90 0

w

w

  
    






  

  


  
      (40) 

 

Note that the function F1ph can be calculated by 
Eq. (34). However, for simplification, the process of 
further expansion is shown only for 3ph fault: 

 

2 2
3ph 1 2

2 2
1 2

2 2 2 2
1 2 1 2

2 2 2 2
1 2 1 2

2 ( cos sin ) ( )
.

2 ( cos sin ) ( )

A B B
F

Z C C

Z Z B B B B

Z Z C C C C

   
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 
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 
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(41) 
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The extreme points of function F3ph can be 
calculated when θ and α determine a fixed value and 
the derivative of F3ph with respect to Z′ is set to zero. 
The number of extreme points Z′ in Eq. (41) is 8. 
Among the calculated values of Z′, the higher the 
value of F3ph, the better the FCL impedance. However, 
the maximum F3ph is not necessarily the optimum 
option, because that impedance may not resolve the Im 
limitation of buses. If none of the selected Z′ can 
decrease the fault current to a level equal to or less 
than Im, this problem can be solved by increasing the 
Z′ according to the FCL impedance locus. The new Z′ 
(Z′new) is expressed as 

 
2 2 2

new new C C C2 cos 0.Z Z D D R            (42) 

 
So far, the achieved Z′ is calculated using the 

specific θ. However, to use various θ values, one can 
change θ at the range of −90°θ90° and repeat FCL 
impedance optimization using the new θ, which 
allows calculation of the various values of Z′. 
Therefore, the optimal Z′ can be selected by 
comparing the values of F3ph for all Z′’s by Eq. (41). 
Note that a proper θ can be selected by a genetic 
algorithm or other methods; however, for simplifi- 
cation, θ is changed by step Δθ=0.1°. The smaller the 
increase in Δθ is, the more accurate the calculations of 
optimum FCL impedance will be. However, this can 
impact the computational time. 

Finally, with the obtained values of Z′ and θ, the 
real and imaginary parts of optimal FCL impedance 
are calculated by Eqs. (38) and (39), respectively. The 
computer algorithm for the proposed FCL impedance 
optimization is shown in Fig. 4. 

With respect to Eq. (37) and by substituting α|Z| 
for Z′ in Eq. (41), we have 

 
2 2

3ph 1 2
2 2

1 2

2 2 2
1 2 1 2

2 2 2
1 2 1 2

2 ( cos sin ) ( )
.

2 ( cos sin ) ( )

A B B
F

Z C C

Z Z B B B B

Z Z C C C C



 

 

 
 


    
    

(43) 

 

The extreme points of function F3ph in Eq. (43) 
are calculated when θ is a fixed value and the 
derivative of the function F3ph with respect to |Z| is set 
to zero. When comparing the extreme points of  

function F3ph for Eqs. (41) and (43), it appears that the 
values of |Z| and Z′/α at the extreme point of the 
function F3ph are equal. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The |Z| is independent of wL and wC; therefore, 

changing wL and wC does not affect the |Z| for 
optimum FCL impedance when θ is a fixed value. 
This means that the value of Z′/α is unchanged within 
a specific range of wL and wC in a fixed θ. 

It is interesting that different ranges of wL and wC 
affect the types of optimal FCL impedance, but they 
do not affect the optimal value of impedance in each 
case. 

 
 

5  Numerical studies 

5.1  Test system description 

To achieve optimal FCL impedance, the 
proposed algorithm can be used for each power 
network. The IEEE 14-bus system (Fig. 5) is used for 
conducting FCL impedance optimization (Christie, 
2012). The impedance data (Ra, Xd′) of the generators 
and compensators are shown in Table 1. 

Start

|If
1ph|>|If

3ph|

F=F3ph F=F1ph

θ=−90°

Z′=maximum valid 
point of F 

Z′=Z′New (from Eq. (43))

FinalF=max(finalF, 
F(Z′,θ))

θ=θ+0.1°

θ>90°

End

No Yes

Input a location for FLC
installation on network

Input the Im and the cost 
factors wL and wC

Calculate variables A, B, C,
D, E, F, and H by Eqs. (8)–(15)

Fault 
current(Z′)>Im

 

Fig. 4  Flowchart of the proposed FCL impedance 
optimization 
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|If
3ph| is calculated for all buses before FCL 

installation. The fault current of bus 2 equals 15.37 
p.u., which is the highest value of |If

3ph|. According to 
Fig. 5, an FCL is placed on bus 2. The variables |A|, 
B1, B2, C1, and C2, considering the 3ph fault 
occurrence in bus 2, are calculated by Eqs. (8)–(10) 
and recorded in Table 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Fig. 6 shows the |If
3ph| for bus 2 versus the 

different ranges of FCL impedance including RFCL 
and XFCL

L. It shows that for FCL impedance with RFCL 
and XFCL

L, |If
3ph| decreases as a homographic function 

and the minimum value of the fault current is equal to 
|A|, which will occur at an infinite value for FCL 
impedance. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 7 shows the |If

3ph| for bus 2 versus the 
different ranges of FCL impedance including RFCL 
and XFCL

C. It is shown that for FCL impedance with 
RFCL and XFCL

C, the |If
3ph| first reaches a peak and then 

decreases to a minimum. It then rises and reaches |A| 
at an infinite value for FCL impedance. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

5.2  Test results and discussion 

Depending on Im, the acceptable FCL impedance 
locus is different. The FCL impedance optimization is 
conducted for two scenarios. In the first scenario, 
Im=11 p.u. and the acceptable FCL impedance locus is 
shown in Fig. 8. In the second scenario, Im=14 p.u. 
and its acceptable FCL impedance locus is shown in 
Fig. 9. Different colors in these figures show the 
different fault current magnitudes in p.u.. 

Table 2  The variables |A|, B1, B2, C1, and C2 

C2 C1 B2 B1 |A| 

0.23 0.0031 0.3257 0.0145 10.84 
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Fig. 6  Differentiation of |If
3ph| versus FCL impedance 

(RFCL and XFCL
L) 
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Fig. 5  IEEE 14-bus test system 
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Fig. 7  Differentiation of |If
3ph| versus FCL impedance 

(RFCL and XFCL
C) (References to color refer to the online 

version of this figure) 

Table 1  Impedance data of generators and compensators 

Xd′ (p.u.) Ra (p.u.) Bus No. Component 

0.23 0 1 
Generators 

0.23 0.0031 2 

0.13 0.0031 3 

Compensators 0.12 0.0014 6 

0.12 0.0014 8 
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The costs of real and imaginary parts of 

impedance for different types of FCL can be different. 
The optimal FCL impedances for different ranges of 
wL and wC are calculated. The values of optimal RFCL, 
XFCL, and |If

3ph| for Im=11 p.u. are shown in Figs. 
10a–10c, and those for Im=14 p.u. are shown in Figs. 
11a–11c. Tables 3 and 4 summarize all the related 
values used in Figs. 10 and 11. 

1. At the optimal level of FCL impedance for 
both RFCL and XFCL, the |If

3ph| is equal to Im where 
Im=11 p.u.. However, when Im=14 p.u., the |If

3ph| for 
optimal resistive FCL (RFCL) is less than Im. It shows 
that the selection of FCL impedance solely based on 
Im limitation is not necessarily the optimum solution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

2. The highest reduction of fault current occurs 
for Im=11 p.u. and Im=14 p.u. when an XFCL

C is 
selected for FCL. However, it is not necessarily the 
optimum solution due to different ranges of wL and wC. 
Note that using the XFCL

C might cause some problems 
such as sub-synchronous resonance and instability in 
the power system. Therefore, to choose the capacitive 
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Fig. 8  FCL impedance locus for Im=11 p.u. (References to 
color refer to the online version of this figure) 
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Fig. 9  The FCL impedance locus for Im=14 p.u. 
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Fig. 10  RFCL (a), XFCL (b), and |If
3ph| (c) for different ranges

of wL and wC when Im=11 p.u. 
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FCL, one should study the power system stability, 
which is out of the scope of this study and can be a 
basis for future studies. 

3. The optimal FCL impedance for different 
ranges of wL and wC is only one of the cases of RFCL, 
XFCL

L, or XFCL
C. Thus, the combination of RFCL and 

XFCL
L or RFCL and XFCL

C for this network is not 
optimized. 

4. The optimum impedance value for pure RFCL, 
pure XFCL

L, or pure XFCL
C is a fixed value for each of 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

the above cases but a different value among all of 
those cases. It means that different ranges of wL and 
wC affect the type of optimal FCL impedance but do 
not affect the optimal value of impedance in each 
case. 
 
 
 
 
 
 
 
 
 

 
Figs. 12–15 show the values of Z′ and Z′/α for 

various ranges of wL and wC for both cases including 
Im=11 p.u. and Im=14 p.u.. They show that the value of 
Z′ varies but the value of Z′/α is definite for different 
ranges of wL and wC. Thus, the optimal FCL 
impedance is a fixed value when θ is fixed. 
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Fig. 12  Value of Z′ for different ranges of wL and wC when
Im=11 kA 
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Fig. 13  Value of Z′/α for different ranges of wL and wC

when Im=11 kA 
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(c) 
Fig. 11  RFCL (a), XFCL (b), and |If

3ph| (c) for different ranges
of wL and wC when Im=14 p.u. 

Table 3  The optimal value of FCL impedance and |If
3ph| for 

Im=11 p.u. according to different ranges of wL and wC 

wL wC ZFCL (p.u.) |If
3ph| (p.u.)

>0.2795 >16.965 1.752 11 

<0.2795 >60.7wL 6.258i 11 

>0.0165wC <16.965 −0.3227i 1.725 
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6  Conclusions 
 

In this paper, the importance of FCL impedance 
optimization in a power network has been pointed out. 
The FCL impedance is a complex value and the FCL 
cost function is defined based on the costs of real and 
imaginary parts of FCL impedance. The fault current 
for each bus should be lower than Im. The locus of 
FCL impedance is defined by the fault current being 
equal to or less than Im. 

By increasing the value of FCL impedance, the 
magnitude of the fault current is reduced and the costs 

of FCL are increased. To determine the optimized 
value of FCL impedance, an objective function is 
defined to calculate the FCL impedance using the 
maximum reduction of fault current over a minimum 
cost of FCL. If the calculated FCL impedance cannot 
reduce the fault current to be equal to or less than Im, 
according to the FCL impedance locus for Im, FCL 
impedance is changed until the fault current reaches 
Im. 

The costs of FCL impedance include the costs of 
RFCL, XFCL

L, and XFCL
C that can vary for different 

types of FCL. Thus, the FCL impedance optimization 
in the 14-bus IEEE system is conducted based on 
those cost variations. 

The results show that the optimum FCL 
impedances for a different range of costs (including 
wL and wC) are different and that the FCL impedance 
can be any of pure RFCL, pure XFCL

L, or pure XFCL
C 

depending on the range of costs. Note that in the test 
system, the combination of RFCL, XFCL

L, and XFCL
C 

does not produce optimal results. 
Because Z′/α is a fixed value for various costs of 

FCL, when θ is fixed, the changes in the costs can 
affect only the FCL impedance types and have no 
influence on the optimum value of FCL impedance. 
As a result, one can select the optimum FCL 
impedance value without considering the costs of 
FCL impedance. 
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