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Abstract

In this paper, a method to compute optimum impedance of fault current limiter (FCL) is presented.
The type of FCL impedance based on its resistance, inductance and capacitance has an effect on the
amount of short circuit current reduction. Therefore, for an optimum result a complex parameter is
selected for the FCL impedance. In addition, magnitude of short circuit current is also affected by
location of FCL and the amount of system parameter. Due to the cost difference of real and imagi-
nary components of FCL impedance, this calculation is based of sensitivity analysis, such that while
minimizing the cost of impedance parts for FCL, reduction in fault current is maximized. Moreover,
based on the maximum allowable current constraint and using a developed computer program, an
optimum FCL impedance for a wide range of prices for real and imaginary components are comput-
ed. These analyses were applied on a 11 bus test system with using a specified single location of
FCL.
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1. INTRODUCTION

The Short circuit current has always been one of
the biggest problems of power systems that af-
fects the electrical networks and corresponding
equipment in power systems [1]-[9]. The basis of
the procedure is reducing the short circuit level
per increasing the network Thevnin impedance
from the fault location. By opening the station’s
bus using some transformers with high imped-
ance and adding series of reactors to the network,
the network Thevenin impedance will increase
and short circuit current will decrease. These
kinds of methods cause network losses and also
voltage drop in network’s normal state and even
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can endanger network stability [1]-[3], [7]-[12].
In another method, by using some equipment
called fault current limiter (FCL) in fault instant,
a series of impedance are added to the network to
decrease the short circuit current amplitude. Im-
pedance operation mechanism and entrance and
exit time cause the difference between types of
FCL. Supper conducting FCL [2]-[5], [11], [13]-
[15], parallel and series of resonance FCL, [9],
[10], magnetic FCL [6], [16], solid state FCL [8],
[17] and hybrid FCL [18] are some of the differ-
ent types of fault current limiter. FCL impedance
can be resistive, inductive, capacitive or a mix-
ture of them. One of the important problems for
network designers is how to choose the type and
amount of FCL impedance [6], [9], [14], [15].
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In papers [1], [4], [5] FCL impedance is con-
sidered to be a pure inductive reactance and then
a cost function is represented which is consisted
of the number and the sum of FCL impedance.
Through a computerized algorithm, FCL imped-
ance has been determined in such a way that cost
function is the less and short circuit current of all
bus bars is no more than allowable cut of power
switches.

In references [2], [15], [19] super conducting
resistive and inductive FCLs are used. The num-
ber and amount of FCL impedance are deter-
mined in a way that while system stability is in-
creased, the limitation of bus short circuit current
is resolved. The effect of the pure inductive and
resistive impedance on decreasing of system fault
current is also compared. Hence, resistive type
has gain more attention.

In [20] the impedance of a pure resistive FCL
is determined by taking into account the trans-
former irruptive current and the rate of FCL volt-
age drop. Also a coefficient has been determined
to make these two parameters, irruptive current
and FCL voltage, comparable.

The main goal of installing FCL in this paper is
to reduce irruptive current and reducing the fault
current of bus bar which was not considered. In
the mentioned papers, FCL impedance is consid-
ered as to be only pure resistive or inductive
while the impedance generally is a mixture of
resistance, inductance and capacitance. Also ref-
erences [11], [13], [14] showed that the fault cur-
rent value is decreased in the form of a homo-
graphic function by increasing the FCL imped-
ance. So, for big value impedance, fault current
will import to the saturation region and the rate of
reduction became slow. In these cases, choosing
the FCL impedance based on the maximum toler-
able current cannot be necessarily optimum.

In this paper, the impedance of FCL is as-
sumed to be a complex value. Then, depending
on the network configuration, a new method is
proposed such that by considering the saturation
effect and also construction cost for real and im-
aginary parts of FCL impedance, the optimum
value for FCL impedance is determined at certain

location of network. The results are then verified
using a computer program developed for 11-
buses network. It should be mentioned that the
FCL positioning is not the main goal of this paper
and it can be taken into account in the future
studies.

2. NETWORK MODELING AND
CALCULATION OF SHORT CIRCUTT
CURRENT IN THE PRESENCE OF FCL
Generally, FCL impedance is a complex number
and consists of real and imaginary parts. The real
part of impedance, is its resistance and always is
positive but the imaginary part depending on its
inductance or capacitance can be positive or
negative.

During the occurrence of fault, FCL impedance
can be constant or variable. In FCLs with varia-
ble impedance, like superconducting FCLs, the
FCL resistance amount after fault occurrence,
reaches to its maximum amount rapidly in a short
time [2], [4], [11], [15]. Since in this paper only
the type and amount of impedance are consid-
ered, and FCL performance mechanism is not the
target of this paper, hence, according to the Fig. 1
a complex impedance is considered for modeling
the FCL that pre fault occurrence will be replaced
in series in the network. To calculate FCLs that
have variable impedance, according to references
[2], [4], [15], their maximum impedance amount
is considered.

ZFCL

g
Post Fault

Pre Fault

Fig. 1. Circuital representation of the FCL at pre
and post fault periods.

If we have a n-buses network and would like to
place FCL between equipment A and equipment
B (or combination of these equipment) and if we
assume ith bus is a connection point for equip-
ment A and B, we should first divide this bus to

two parts as i,and i;. The place of FCL is be-
tween these two buses. This concept was shown
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in Figs. 2(a), 2(b) and 2(c). In this case if the
impedance matrix for n+1 bus system before
FCL installation is represented by Eg. (1), then
the impedance matrix after the FCL installation
can be presented by Eq. (2).

Bus (i)

B+A (@)

Bus (is) BUS (i)

s i e

Bus (ig) Bus (ia)
B FCL A ©)

Fig. 2. Bus (i), (a) before installation FCL, (b) after
separating, (c) after FCL installation.
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For example, Z§" is Thevenin’s impedance

of fth bus after installing an FCL with impedance

of z__ between buses i,and i is given as follow:

(Z fiy ~ ZfiB)X(ZiAf _ZiBf) 4
i +2i —2Z,; +Zec @

inin iaig

FCL

new __
fo _fo -

Therefore, a general form for fault current, |,
at bus number f , after FCL installation with im-
pedance of z__ between buses i,and i is repre-
sented by Eq. (5). In this equation, V, voltage of

bus f, before fault occurrence is. In Egs. (5) to
(7), A, B and C are constant and function of net-
work parameters and position of FCL and j is

/1

\
=t pnZee B ®
L Zee +D
V, .
A:Z—:Ai+JA2:|A|Zt9A (6)
ff
B= ZiAiA + ZiBiB - ZZiAiB =B, +JB, (7)
2242 =242 =147, .
— + fA fB fZA Af fB E'f :Dl+ JD2 (8)
ff

Referring to Eq. (5), it can be seen that fault
current versus FCL impedance is a homographic
function. According to Eq. (9), if the FCL imped-
ance is a complex number, the magnitude of fault
current can be calculated by Eg. (10). Fig. 3
shows the variations of the fault current with re-
spect to real and imaginary parts of FCL imped-
ance for a test network. In this equation, R is re-
sistive part of impedance and is always positive
but X is the imaginary part of impedance and can
be either positive or negative depending on in-
ductive or capacitive properties of impedance
respectively.

ZFCL =R+ jX C))

'f=NxJ(R+Bl)2+(X+Bz)2 (10)

(R+D,f +(X +D,)

From Fig. 3, it can be seen that the fault current
for R-L impedance is decreased as a homograph-
ic function but it first increases and then decreas-
es for R-C impedance. When the current de-
crease, it first reaches to a minimum and then
increases and reaches to a fixed value which is
less that its initial value.
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70~

Fig.3. Ddifferentiation of fault current to FCL's
impedance in an 11 bus network.

For such a system, finding an optimum value
for FCL impedance is difficult and complicated,
since the objective for optimization is to maxim-
ize the fault current reduction using minimum
value for FCL impedance and these two goals are
contradictory to each other. In addition if for ex-
ample we have to limit the fault current with re-
sistive or induction impedance, this is impossible
to obtain a minimum value for fault current and
this minimum will occur at infinite value for im-
pedance.

3.FCL IMPEDANCE LOCUS FOR MAXIMUM
TOLERABLE CURRENT OF BUS

If basis of choosing FCL impedance was based
on the maximum tolerable current of the bus (Ic),
by replacing |If|=IC in Eqg. (10), some points of
X and R obtains that in those points the short cir-
cuit current equals to Ic. According to Eq. (11) by

S I
considering M =-% the locus would be a

A
2
circle which its center is gr_B~MD
M?2-1
2
x — B2=M"D, and its radius is
M2-1
M\/(Dl_Bl)z +(D2 _Bz)2 (11)
M2 -1

e e gt

If M was a number bigger than one, the locus
of X and R that may be the answer of the prob-

lem, are located out of the circle and if M was a

(R-0.25)%+(%+0.5)%-1 = 0

15
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Fig. 4. FCL impedance locus to fix the short circuit
current constraints of a sample bus.

number less than one this locus would contain the
answers in the circle. It should be considered that
resistance is a positive number, so negative an-
swers whether in or out of the circle are not con-
sidered as the answers.

Since the target of limiting the fault current is
to reduce FCL impedance, so depending on the
location of circle center, the amount of one of the
resistive, inductive or capacitive impedance is the
best. For example, if the circle in Fig. 4 was the
locus of some R and X points that fix the prob-
lem’s terms, so choosing inductive impedance in
comparison to other impedances would have
fewer amounts, so in this view is the best.

Studies on different network shows that choos-
ing FCL impedance based on reducing the cur-
rent to Ic doesn’t necessarily lead to the best an-
swer. Since FCL impedance complex structure,
construction cost of real and imaginary parts may
be different. The cost difference also can strongly
affect the process of choosing the optimum im-
pedance. So that according to Fig. 3, for example,
if the cost of a resistive FCL was a third of the
cost of inductive FCL, choosing the resistive
FCL would be more favorable in spite of bigger
impedance amount.

Also in some cases, it’s possible to reduce the
short circuit current significantly by spending
less money and increasing FCL impedance. Ac-
cording to references [5]-[8], [21]-[24], the less
short circuit current, the less mechanical stresses
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on the equipment. This can cause equipment fault
rate reduction and system’s reliability growth.
So, the more short circuit current, especially
when spending less cost cause this reduction, the
more desirable option. So, a hew way has been
represented that the rate of short circuit current
reduction ratio the cost which is need for this cur-
rent reduction is examined.

4.0OPTIMIZATION THE FCL IMPEDANCE
VALUE

The reason for selection of optimum and more
efficient value for FCL impedance is due to this
fact that high value for this impedance will in-
crease the cost of FCL construction [1], [4], [5].

The proposed method in this paper is using
sensitivity analysis which is a complex method as
due to complex nature of impedance; we should
implement two dimension sensitivity analyses
which will be discussed in the next section. From
Eq. (9), the magnitude (|Z|) and phase (©) of FCL
impedance can be expressed by Egs. (12) and
(13) as follows:

z]=VR? + X* (12)

0= tan(;i) —-90<0<90 (13)

SoRand X can be expressed by Egs.(14) and
(15) as follows:

R =(Z|cos8 (14)
X =|Z|sind (15)

Based on this analysis if ©=-90, the FCL im-
pedance is pure capacitive, while for ©=90 and
©=0, the FCL impedance is pure inductive and
resistive respectively. For—-90° <6<0°, the im-
pedance is combination of resistor and capacitor
and for0° <@<90°, the impedance is combina-
tion of resistor and inductor.

The cost of FCL is calculated based of each el-
ement used in its impedance (resistor, capacitor
or inductor). For example the FCL cost is the cost
of resistor plus the cost of its imaginary part
which can be inductor or capacitor. Since the cost

for real part and imaginary part may be different,
we define two parameters as  and y. Based on
this definition, p and y are 1 Ohm inductor to 1
Ohm resistor costs and 1 Ohm capacitor to 1
Ohm resistor costs ratios respectively.

Also if the network designers prefer to use of
one of resistive, inductive or capacitive imped-
ance, depending to design priority and not be-
cause of cost, chooses proper B or y. For example
if from the designer point of view, he thinks that,
inductor impedance to resistor impedance has a
preference rate of 2 and inductor impedance to
capacitor impedance has a preference ratio of 8,
so he/she chooses g =0.5 and y =4.

According to Eqg. (16), the new variable Z'
consists of real and imaginary part of FCL im-
pedance.

71 {R + X, _if X _is posit_ive (16)
R—»X , if X is negative

Using Egs. (14), (15) and (16), this parameter
can be also expressed by Eq. (17). If X is posi-
tive, which means that X is an inductive reac-
tance and If X is negative, it means that X is a
capacitive reactance.

S Z|x(cos@ + Bsing) , 00 <o <90 (17)
~ |[Z]x(cos@-ysing) , 90" <O <0

Assuming « is according to Eg. (18), R and X
are according to Eq. (19) and (20) respectively.

| (cos@+ psing) , 0" <6 <90’ 18

" |(cos@ - ysing) , —90° <O <0 (18)

R Z'cosd (19)
o

X = Z'sin@ (20)
o

Substituting R and X into Eqg. (10), one can
write by Eq. (21).
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1= 27 +202'(B,cos6 + B, sin6)+ o’ (B, +B,?)
f Z"? +20Z'(D, cos6 + D, sind) + az(Dlz + Dzz)

Assuming O is constant; the sensitivity of

fault current magnitude with respect to Z' which
is defined by Eq. (22) can be expressed by Eq.
d|| f| 7'
= X —
iz " |

S:

(21)

(23). In this equation S is the sensitivity of fault
current magnitude with respect to Z’ when O is
constant.

(22)

Z"? + aZ'(B, cosé + B, sing)

27 +20z'(B,cos6 + B,sin0)+a’ (B + B,”)
Z"? + aZ'(D, cosd + D, sino)

(23)

22 +2az'(D, cosé + D, sin8) + a?(D,” + D,”)

By equating the derivative of S with respect to
Z’ equal to zero, one can calculate the extreme
points of the sensitivity. In addition at the points
in which the sensitivity is zero, the fault ampli-
tude curve has minimum and maximum which
can be the solution to our problem. Therefore by
using a computer algorithm and ding some math-
ematical calculations and assuming that © varies
for -90 to +90 degrees, one can first find candi-
dates for optimum FCL impedance. Then from
the obtained solutions and by comparing the fault
current variations to Z'ratio, we can choose the
optimum solution.

5. THE TEST RESULT OVER 11-BUSES
NETWORK

The 11-buses power system network for a power
company whose parameters are recorded at Ta-
bles I to IV are shown in Fig. 5. The fault cur-
rents are calculated for all buses and the limit
these current a FCL which is shown in Fig. 6 is
suggested. Considering the fault current for 10"
bus is maximum, optimum impedance for FCL
should be calculated for bus 10. The coefficient
A, B and D from the bus 10 point of view in the
presence of FCL are calculated according to Egs.
(6) to (8), and recorded at Table V.

2 EiE & 110

e 13¢% o
_%_ 6,

11 T3 7 9

@485{ s 1>

v 1
Fig. 5. The 11 bus network before FCL installed.

Table 1. Generator’s transient impedance in pu.

X°d Ra Number G
0.2 0 1
0.15 0 10
0.25 0 11

;71 2 T

@—BS\ 5ot

v v

1113 7 8 9

B —mar

\4
Fig. 6. Thellbus network after FCL installed.
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Table 2. Lines and transformer data.

1/2BL, pu XL, pu RL, pu To Bus Number From Bus Number
0 0.06 0 2 1
0.0004 0.30 0.08 3 2
0.0002 0.15 0.04 5 2
0.0005 0.45 0.12 6 2
0.0005 0.40 0.10 4 3
0.0005 0.40 0.04 6 3
0.0008 0.60 0.15 6 4
0.0009 0.70 0.18 9 4
0 0.08 0 10 4
0.0003 0.43 0.05 7 5
0 0.48 0.06 8 6
0.0004 0.35 0.06 8 7
0 0.10 0 11 7
0 0.48 0.025 9 8

Table 3. Load data.

Load MV Ar Load MW Number
0 0 1
0 0 2

120 150 3
0 0 4
60 120 5
90 140 6
0 0 7
90 110 8
50 80 9
0 0 10
0 0 11

Table 4. Generator data.

MVAr Limits Min MVAr Limits Max Generation Vpu Number
180.0 1.040 1
120.0 0 200.0 1.035 10
120.0 0 160.0 1.030 11
120.0 0 160.0 1.030 11
140 T
—0=-90
Table 4. A, B and D parameter for FCL from the e _gz:igf
bus 10 point of view. 100 — o=s60]l
FCL is between G2 and T2 s
6.9 A —
0.0077653 B1 60 /
0.30648 B2 20
0.0077653 D1 ‘
0.15648 D2 *L |
O0 0.2 0.4 0.6 0.8 1

2
Fig. 7. Alterations of fault current to Z’ for
—-90" <@ <60.
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Fig. 9. Alterations of fault current to Z’ for Fig. 12. Alterations of S sensitivity to Z” for
-50<0<-10 0°<e<40
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%) 06 ‘67 ] - 10
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Fig. 10. Alterations of S sensitivity to Z” for Fig. 13. Alterations of fault current to Z’ for
-50<0<-10 500 <8 <90
o T
0.02 \ — 0=50]]
\ —— 0=60
woon \ —0=70]]
0.08 \ —6=80]]
0.08 v—\ 0=90T]
0 01— 1
0.12 7‘ /A
0.14 v\ //
016 \ e ;,/
0.18 N——
02, 0.2 0.4 0.6 0.8 1

Fig. 14. Alterations of S sensitivity to Z’ for50° <6 < 90°
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The fault current and its sensitivity with re-
spect to Z’ for bus number 10 are depicted in
Figs. 7 to 14. The value for  and y are assumed
to be unity which means all resistive, inductive
and capacitive impedances have equal cost per
Ohm. The various values for © shown in the fig-
ures represent the impedance type for FCL (Ca-
pacitive, inductive and resistive).

The results show that FCL with any impedance
type such as pure inductive, pure resistive and
pure capacitive or even their combinations can
have an optimum solution, however as the net-
work is inductive, the sensitivity of fault current
for capacitive FCL is much higher than that of
resistive and inductive. Therefore, using a capaci-
tive FCL with proper impedance, the fault current
can be significantly reduced to a desirable value.
Since the fault current for R-C impedances is first
increased with increasing Z’ and then reduced,
we can conclude that the sensitivity curve for
these impedances has few extreme points. How-
ever for R-L impedances, the fault current curve
will decrease with increasing Z’ and therefore the
sensitivity has only one optimum point.

Based on the analysis performed in the pro-
posed method, the optimum impedance of FCL
for—90° 39390°’ Osﬂszand Os;/£4.5have
been calculated and shown in Figs. 15 to 20.

In Fig. 15 the values © for various values of 3
and y are -90, 0 and +90 degrees. It means that
depending on these values of B and vy, the FCL
impedance can be pure capacitive, pure resistive
or pure inductive. This is an interesting conclu-
sion that for this network, using R-L or R-C im-
pedance for FCL has no superiority over pure
resistive, pure capacitive or pure inductive im-
pedance. For example, if one uses R-C imped-
ance for FCL, the fault current reduction to Z’
ratio is less than that of pure capacitive imped-
ance. Also if a R-L impedance is used for FCL,
the fault current reduction to Z’ ratio is less than
that of pure inductive or pure resistive impedanc-
es. Therefore, using FCL with R-L or R-C im-
pedances for this network is not recommended.

Gamma o o Beta

Fig. 15. Angle O for different value of f§ and y for FCL

o

oo N &

Fig. 16. Fault current for different value of f and y
for FCL

Fig 17. Changes in Z’ for different value of p and y
for FCL

Fig. 18. Changes in Z/ for different value of p and
a
y for FCL



20 Modaresi, Lesani. Determine the Impedance Value of Fault Current Limiter (FCL)...

0.25

0.2

015

0.1+

0.05

Fig. 19. R for different value of p and y for FCL

Gamma 00 Beta

Fig. 20. X for different value of B and y for FCL

Table 6. Optimized impedance value of FCL and fault current before and after installing FCL.

FCL

Kind of Impedance Resistive Inductive Capacitive
Beta $>0.9651 B<0.9651 B>(0.96* y)/2.36
& & & &
Gamma y >2.3613 v >(2.36*B)/0.96 v<2.36
ZFCL 0.2157 i0.2194 -i0.3069
ISC without FCL 13.5018
ISC with FCL 9.594 9.652 0.3563
Reducing current per cent 28.94 28.51 97.36
Reducing current per value of 18.11 17.54 42.83
impedance

There is an important point shown in Figs. 17
and 18, this is the variation of Z’ with respect to
B and y. As can be seen from these figures, alt-
hough Z’ changes with  and y but as the Z’ to
(¢ ratio for various values of B and vy is constant,
the real part of impedance in each FCL type is
unchanged with variations of  and y. Therefore
changing B and y can only affect on selecting
FCL type and has no effect on optimum imped-
ance value of FCL and fault current.

The magnitude of FCL impedance for various
ranges of B and y and also fault current for bus-10
before and after the FCL installation are recorded
in Table V1.

6. CONCLUSION

In this paper, the importance of finding an opti-
mum value for FCL impedance in a power net-
work has been pointed out. Since the fault current
versus FCL impedance is a homographic function
(fault current decrease with increasing FCL im-

pedance), therefore to have significant reduction
in fault current, the FCL impedance should be
considerably increased which in turn has direct
effect on FCL equipment. Hence, selecting the
FCL impedance value based on desire fault cur-
rent reduction is not an optimum solution. In this
paper analysis of sensitivity in term of real and
imaginary parts of FCL impedance taking into
account the cost of real and imaginary parts of
FCL impedance was proposed and an optimum
value for FCL impedance has been calculated for
11-buses network. The obtained results showed
that R-L or R-C impedance have no superiority
over pure resistive, capacitive or inductive im-
pedances for most power networks. Therefore the
optimum choice is possible if inductive, resistive
or capacitive impedance are individually consid-
ered for FCL. However since the network is in-
ductive, choice of capacitive impedance for FCL
is an optimum choice. In other hand taking into
account the different in impedance costs, we de-
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fined a new parameters  and y and the optimum
impedance was obtained by changing these pa-
rameters.

As Z'/« for various values of B and y is a

constant value, therefore the real part of imped-
ance is constant in all FCL impedances and the
variations of  and y has only effect on FCL type
selection and has no influence on the optimum
value of impedance and also fault current of the
selected FCL. This is a significant achievement
obtained by our proposed method. It is worth to
mention that for some power network, the choice
of R-C or R-L impedance for FCL may be an
optimum choice which can be a potential subject
for future researches.
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