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Abstract: In mature electric power systems, growth in generation/demand, integration of renewable energy, and system ex-
pansion may elevate short-circuit levels beyond rating of existing components. Thanks to technological advancements in ma-
terials, superconducting fault current limiters (SFCLs) can effectively alleviate excessive fault currents without affecting normal
operation of power systems as they are invisible in non-faulted conditions. However, due to their rather high prices, SFCL
optimal placement (SOP) comes to attention. The effectiveness of SOP depends on optimally sitting of SFCL resistive/inductive
types, which vary in transmission and distribution networks due to different X/R ratios. In this paper, a SOP is proposed to
determine optimal locations and types of SFCLs taking into account short-circuit level of buses. In addition, a complex-valued
artificial bee colony (CABC) algorithm is introduced to efficiently solve complex-valued optimization problems such as power
system applications including SOP. The proposed SOP with CABC is examined on transmission and distribution test cases to
evaluate its effectiveness. It is found that by employing the proposed complex decision vector (CDV), the CABC algorithm
exhibits an enhanced exploration capability and convergence rate due to halving decision vector length and considering mu-
tual effects of real and imaginary parts of decision variables.

Index terms — Complex artificial bee colony (CABC), complex decision vector (CDV), superconducting fault current limiter
(SFCL), SFCL optimal placement (SOP), short-circuit level.

Nomenclature X@ex  Maximum allowable reactance of SFCLs (pu).
NB Number of buse ngper,  Optimal number of SFCLs.
NG Number of generatol ep,ex Threshold values for resistive/inductive SFCLs (pu)
NL Number of lines re,im Real and imaginary operators for complex variables.
Z9 .~ Entry mn in the impedance matrix before install ducti
SFCLs (pu). 1. Introduction
SL . . . -
zz»  SFCL |mp(.edance-|n series WIFh linen (pu).. - 1.1. Motivation and Aims
ZPL  SFCL equivalent impedance in parallel with line
(pu). ) o ) _ Nowadays, fault current levels in power systerssdase as
AZ7™ Change in entryij of impedance matrix due to in- g result of adding new generators and lines dpewer system
stalling SFCL on linenn (pu). expansion, emerging new interactive loads in sngaids,
zG°%  Series impedance of generakofpu). changing from radial to meshed configurations fghbr relia-
ZSG  SFCL impedance in series with generatdpu). bility, and introduction of distributed generatida$, [2]. A so-
; ; - : lution to cope with these challenges is to upgraste/ork com-
PG
Zk :':;:ul; equivalentimpedance in parallel with gene ponents such as switchgears, circuit breakers (@Rs)cables,

a measure that needs huge investments. An altegragiproach

k . .. . . .
AZj; Change in entryj of impedance matrix due to in-js 1o imit fault current levels to comply with theterruption

stalling SFCL on generatér(pu). capability of components by employing superconahgcfault
Z;, Z;; Entryij of impedance matrix before and after placecurrent limiter (SFCL) technology, which is much ra@ost-
ment of SFCLs, respectively (pu). effective than upgrading the system components LSEEt as
I, Bus: fault current after placement of SFCLs (pu). invisible devices in normal operation since thelgibit a nearly
Ime=  Tolerable fault current at bugpu). zero impedance, but they present a higher impedahee ac-

maz  Maximum allowable resistance of SFCLs (pu). tivated by short-pircuifu currents [3], [4]. SFCLseaus_uaIIy
manufactured using high temperature supercondu¢Hi)



components, which are immersed in a liquid nitrobath re-
frigerated by a closed-circuit loop system [5]. Tighest tem-
perature of the HTS components at the normal attteagnd of
fault conditions is one of key parameters in SF€kign; a typ-
ical value is 65 K and 370 K at the normal operatiod at the
end of faults, respectively [5].

Although SFCLs are emerging devices for future $nais-
sion and distribution systems, their installatioaiintenance
costs are high. In addition, their required spa@miissue espe-
cially in urban areas [1]. Therefore, SFCL optirpllcement
(SOP) which deals with determining optimal locatamd size
of SFCLs is becoming increasingly important [6]isTis more
vital in meshed power systems, where there arewsslterna-
tives to install SFCLs. SOP can be formulated wiifffierent
objective functions such as minimization of the tvem of
SFCLs, total size of SFCLs that is proportionakdtal cost,
protection costs, and fault current level [1].

There are three types of SFCLs including resistiRE in-
ductive (X), and resistive/inductiveR{ + jX) [3]. Some utili-
ties have installed SFCLs; for example, a 9 KVRMA resis-
tive SFCL has been installed in 2012 as the finstia Italy [7];
a 220 kv/300 MVA inductive SFCL has been instaile@012
in China [7]. Depending on diverse parameters uiolg the
network X/R ratios and load power factors, one tgp&SFCL
for a candidate branch best satisfies designatgattdle func-
tions. That is, a collinear SFCL may not be optichaé to dif-
ferent X/R ratios of branches in different locasoiherefore,
a SOP problem should determine the optimal typation, and
size of SFCLs. Also, the network should be modeli#d com-
plex (resistive and inductive) impedances to adely&valuate
the effect of SFCLs on fault current levels. Howeweost lit-
erature works have assumed a purely resistive duciive
SFCL without considering network complex impedances

1.2. Literature Review and Research Gaps

In [1], a SOP is proposed using an iterative teghaj where
one inductive SFCL is installed at each iterationorder to
evade converting the network impedanceuéf matrix into a
variable. However, SFCL locations and sizes atiptevitera-
tions are assumed constant when the current eréigoing
on. This technique may lose the optimal solutiorsiit does
not locate all SFCLs simultaneously. That is, sghset itera-
tions can affect optimal solutions of previousatens. In [8],
the search space of SOP is restricted by a sdhsiinalysis.
Although it improves solution speed, the sensitidanalysis
may be valid only for a given operating point. B],[a two-
stage SOP is proposed. In the first stage, thenapliocations
of SFCLs are obtained to reduce search space, adhéreghe
second stage, the optimal size of SFCLs is deteuiny a par-
ticle swarm optimization (PSO) algorithm. Howeuis two-
stage SOP might lose the optimal solution. A SOpraposed
in [9], where the SFCL optimal locations are reséd by a sen-
sitivity analysis and a network reduction is alsed to speed
up the SOP. Although short-circuit currents are eted while
installing SFCLs, the power network model is natlided in
the problem. In addition, sensitivity analysis armetwork re-
duction may introduce some approximations into 8@P,

which is a planning problem where the executioresof meth-
ods may not be a primary concern compared to tberacy of
the solution. In [2], SFCLs are used in networlordiguration
in series with tie switches to make loops in rhdistribution
systems for a reduced power loss and higher rétiabihe op-
timization problem is solved by the exhaustive skeawhich
may be intractable in large-scale systems.

In [10], SOP is addressed to control the shortuiilevel of
buses in distribution systems after installing O&ysminimiz-
ing the operation times of relays and the numbeSBCLs.
However, neither the power network is modeled heritnped-
ance matrix changes caused by adding SFCLs ansdhtbre-
circuit levels are considered. In [11], the optimpiEcement of
resistive SFCLs is addressed to retain existingyrebordina-
tion when new distributed generations (DGs) artailes in a
distribution system. In [12], the minimax regredtetion is used
for SOP with the objective function of minimizinget impact
of SFCLs on the operating times of overcurrenty®lalt-
hough these works try to optimize relay settingbefere DGs,
the cost of relay re-coordination is much smahantSFCL in-
stallation cost and relay re-coordination may beedtn assure
efficient protection performance. Furthermore, siB&CL cost
is not modeled in the problem, in some cases, preggthe
original relay settings may force to employ mor&€gg leading
to higher costs. In addition, location of SFCLs&termined
using exhaustive search, which may be inapplictdyléarger
power systems. Also, a fixed size is assumed f@L.SRvithout
obtaining their optimal sizes for each candidatnbh.

In [4], resistive SFCLs in SOP are used to enhaénedran-
sient stability of a multi-machine system using semsitivity
analysis of angular separation of machines witlpees to
SFCL resistance. However, no optimization algoritisnpre-
sented and the model may be solvable only for spoalier sys-
tems. In [3], a SOP with resistive type SFCLs idradsed to
optimize short-circuit currents, angular stabilignd voltage
stability using the PSO algorithm. In [13], an opdl power
flow (OPF) is proposed where fault current levets@ontrolled
by placement of inductive SFCLs. In [14], SOP igrialated;
however, the expected values as used in the fotiomlenay
not be known before solving the problem.

In above-mentioned works, complex impedance of agkw
branches and SFCLs are not modeled. When we pRC&sS
(resistive, inductive, or resistive/inductive), Wwave to update
the Zsus matrix after installing SFCLs to calculate faultr¢
rents. The fault currents are complex values watl and im-
aginary parts. In order to properly updat®s]its updating pro-
cedure should be formulated using real and imagiparts of
Zgus and SFCL impedances.

A limited number of literature works considered qex
impedances in SOP. In [15], resistive/inductive EREopti-
mally placed using a PSO algorithm. However, thdatipg
procedure of gus is not formulated. Also, the number of con-
trol variables of the PSO algorithm is doubled esistive and
inductive parts of SFCLs are considered; this featuay limit
the tractability of the method in large-scale systeMoreover,
the number of SFCLs is not optimized, an uneconahfiéature
that might result in placing SFCLs on almost adirarhes.

In fact, if we aim to formulate SOP as a mixed-g&enon-
linear programming (MINLP) problem to update the&s¥ma-



trix with complex impedances of branches and SF@iesop-
timization constraints turn into highly nonlineasfrtonvex
terms. It happens due to modeling the effect of [SF@ith
complex-valued impedances on the network. Becaladigh
level of nonlinearity/nonconvexity, the MINLP preph of
SOP may become intractable even for small powdegys On
the other hand, evolutionary algorithms, whichwswaally pro-
grammed with MATLAB scripts, exhibit good perforntamnin
handling such problems due to built-in functiondVtATLAB
for complex numbers. Out of the evolutionary algoris, the
artificial bee colony (ABC) is easy to implemenéxible, and
robust against initialization. It also needs fewentrol param-
eters and works well with discrete variables [16Dbffers an
effective search process for highly complex proldenith a
low risk of premature convergence [17]. The AB@riaviously
applied to power system applications [18], [19]u$han en-
hanced version of ABC with the ability of procegstomplex
variables, i.e. the complex ABC (CABC) algorithns, pre-
sented in this research work to solve the prop&ee prob-
lem, which is highly nonlinear/nonconvex, includgéiscrete
variables, and is sensitive to initialization.

When evolutionary algorithms are applied to powestesm

applications where we hawecomplex decision variables (such
asR + jX of SFCLs in SOP), the decision vector is assumed a

2n-sized vector containing and X of SFCLs [15]. Although

this technique models resistive/inductive SFCLasgumes no
connection betweeR andX parts of individual SFCLs. Alter-

natively, we here present the concept of complexsimn vec-
tor (CDV) which is more efficient and faster in apaching the
final solution for complex optimization problemshias power
system applications. In the CDV, we assume a detigector

with n complex entries; for instance, in the SOP problem, it con-
tains SFCL complex sizes &+ jX. The CDV not only halves
the length of decision vector implying a fasterwengence, but

also it improves the exploration capability of extnary al-
gorithms due to considering interactive effectsezfl and im-
aginary parts of decision variables. A comprehemsivmpari-
son will be presented in Section 4 of this papes hoted that
although we implement CDV in this paper with ABBgtCDV
concept can easily be applied to other evolutioméggrithms.

1.3. Contributions and Organization of the Paper
In light of literature review, the main contributi® of this

paper can be summarized as:
* An SOP model is proposed to determine the optiyys,t

location, and size of SFCLs. An optimization methsd

also presented to minimize the number and sizesis+
tive/inductive SFCLs.

» The concept of CDV is proposed for the ABC algarith

fault current of each line in order to enhancediamt sta-
bility and reliability of vulnerable branches.

The rest of this paper is organized as followsSéetion 2,
the proposed model for SOP is explained. In Sec8ipthe
CABC algorithm is introduced to solve the propoS€&aP prob-
lem. Section 4 delineates case study results andiskions. Fi-
nally, Section 5 concludes the paper.

2. Proposed SOP Model

2.1. Effect of SFCL placement on network
impedance matrix

The effect of an activated SFCL impedari&&L, in series
with line mn impedance is equal to inserting impeda# g,
in parallel with linemn impedance [8] (we denote complex
numbers in this paper with bold fonts):

 Zpn Zn + 2o

PL __
Zmn - ZSL
mn

)
The effect of inserting the SFCL equivalent pafatigped-

ance on impedance matrix entgyis reflected as [8]:

(28, 20)(2%;— 23)
Z?nm + Z'rozn - 2Z’?nn + ZﬁLn .

AZD"™ = 2
Since SFCLs are not installed on all branches &§L, =
0), we obtainZrL = oo from (1) for branches without SFCLs.
This situation generates a division-by-zero emardlculations
when handling (1). Therefore, we oL, from equations by

substituting (1) in (2):
AZZ-T;-”L =
B Zr(Zy, — Z?n><Zng - Zgj) 3
BB+ B8~ 228,7) — 280280 + 750 )

Equation (3) gives a compact expression for thexgban
Zgus complex entries considering the SFCL series impegla
Z5L on linemn.

Similarly, the effect of inserting SFCL impedangg© in
series with existing generator impedarfi&§0 is equal to in-
serting impedanc&/“ in parallel withZ<° [20]:

2820 + 259
Z5@ '

zZ© =

(4)

The change in &s complex entries due B¢ is given as
[20]:
zy. Z,Sj

AZk = % 8 5
“ Z + Z¢ ©)

leading to a new complex ABC (CABC) method. The-pro

posed CABC offers higher exploration capability aotu-
tion speed in solving the complex-valued SOP prable
* A modified procedure is presented to accuratelgutate
fault currents after installing resistive/inducti&~CLs
considering real and imaginary parts of SFCéysdmped-

ances, and fault currents. The proposed approattbea

applied to meshed/radial distribution and transioisaet-
works. Moreover, it is possible to set a differémtit for

By substituting (4) in (5) to oij,fG (to avoid division-by-
zero error), the change ine& entries considering generator
SFCL series impedancgZ© is given as:

z%.Z0.. Z3¢
AZzl‘cj:* 0 SGm (Ig) 12;0 SGH °
Zkk‘Zk - Zk: (Zk: + Zk )

(6)



The resistive and inductive impedances of SFCLsllshioe
) ompp—————— ESSoccoooioooohooaas limited to their allowable ranges:

ep Sre(Zk) < RS, . ex <im(Z5E) < X5, .(12)
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dIm/dRSFCL =+ =-—"- dIr/dRSFCL
— — — - dIm/dXSFCL -+ dIr/dXSFCL

Sen. of Im (pu)

Sen. of Ir (pu)

er <re(Z;%) < REEL , ex <im(Z9) < Xgigé, - (13)
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0 X (pu)"-l : In order to numerically stabilize the problem comence
e while numerating the number of SFCLs in (7), ordyues that
A are greater than threshalg or ey are counted as constrained
by (12)(13). The threshold is chosen a small value soithat
does not affect calculations (£@ou in our simulations).
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=T ‘ . i 2.3. Sensitivity of bus fault current with respect to
0 0.05 0.1 0.15 SFCL

Rgrer and Xgpep (pu)
Fig. 1. Sensitivity of imaginary and real parts of bus fault cur-
rentswith respect to resistive and inductive S-CL, (a): atrans-
mission system, (b): a distribution system.

Consider the Thevenin equivalent of a network atitistal-
lation point of SFCL having impedang -y, = Rgpcr, +
JjXgrcr,- The equivalent circuit before placing SFCL is ob-
tained as a voltage source in series Witj) = R,, + jX,;.

2.2. Objective functions and constraints Therefore, the equivalent circuit with SFCL is cased of a
voltage source in serieswith = Z,; + Zgper = R+ jX =

Objective functions of the proposed SOP model igkelonin- (R;; + Roper) + 3(X,;; + Xgpop,)- Without loss of general-
imization of the number of SFCLs and their totapedances i, we assume the voltage source of Thevenin edent as 1

(which are proportional to their total cost): pu. Therefore, the fault current can be expressed a
NB NB NG 1 R X
min F, = num Z5L ZSG>, 7 I = — — ) 14
1 <221 AP ) RiX mrx TR 4

NB NB NG Thus, the absolute value of real and imaginaryspaithe
min F, = abs (Z Z ZSL 4 Z Z,;SG>, (8 fault current is obtained asl,, = R/(R*+X?) and

k=1 I,,, = X/(R? + X?). The sensitivities of these currents with
respect takR gy, andX g, can be obtained as:

n=1m=n+1

where operatorabs andnum indicate the number of SFCLs

and the magn!tude of complex numbers, respectielg), th_e oI, X2 _ R2 oI, _ox

abs operator is applied to the complex-valued summatib 3 = ™ 3 = 55 - (15)

SFCL impedances. Decision variables of the optitiomgrob- Rgpep (B2 4+ X2) Xorer  (R?+ X?)

lem consist of SFCLs installed on linegJ%,) and generators ~ dI,,, =~ —2R oI,  R*—X? (16)

(Z;9). It should be noted that without consideringfirg ob-  9R,,, (R2+X2)2 = 08Xy, (R?2+X2)2°

jective function, the problem may place small SFGhslmost ) ) )

all buses, a result that is unfavorable. In view of the fact tha? and X are total values including
After placement of SFCLs in series with lines aetera- Rsrcr @ndXgpcy, the sensitivities in (15)-(16) are functions

tors, entries of &s are updated as formulated by-{(). Since ©0f SFCL impedances. In order to visualize the ¢ft#SFCL

we are interested in diagonal entries efiZto calculate bus resistive and inductive parts on the sensitivitiesy are plotted

fault currents, they are updated as: in Fig. 1. In transmission-level power systems Jtfaurrents
may have mostly imaginary parts, whereas they naag lcon-
& &8 iy siderable real parts in distribution system. In. Bi@), the var-
Z.. =29 AZT™ AZE 9 \ - ’
" w T ;; w Tt ; o ©) jation of 0I,,/0Rgrc;, is plotted versusRgp~;, and
0I,,,/0X grcy, 1S plotted versuX ¢, . Both curves represent

mmn k -

whereAZ™ andAZ;; are specified by (3) and (6), respecy g gative values implying that imaginary fault catrdecrease
tively. Bus fault currents are calculated from diagl entries of by installing SFCLs. As seen, the imaginary fautrent exhib-
the updated impedance matrix: its higher sensitivity to resistive SFCL in transgion systems.
I, =1/Z;. (10) Thatis, a mostly resistive SFCL redudgg better than an in-
o ] ductive SFCL. The sensitivities of the real pams also de-
SFCLs): they may not affect the system behavior even thdabgh pre-
abs(I;) < Imas. (11) sent_higher sensitivjties. .In Fig._l(b), the reaitpof faul§ cur-
rent is represented in a distribution test systedhthe variation

of 01,./ORgpc;, is plotted versuR gy, anddl,./0X gpor,



is plotted versus( ¢z . AS seen, the real part of fault current

has higher sensitivity with respect to inductiveC&Fin all
ranges of SFCL reactance. As a result, an induGWMEL can
better mitigate fault currents in a distributiors®m. The sen-
sitivities of the imaginary parts of fault currerdse also de-
picted in Fig. 1(b). However, since the imaginagrtp may
have a lower magnitude in distribution systemsy tmay less
affect the system behavior even though they presaigh sen-
sitivity.

2.4. Multi-objective solution approach

We assume the number of SFCLs in (7) as the maécipe
function. We employ a lexicographic optimizationthm for
multi-objective optimization [21]. In the first ga, F} in (7) is
individually minimized (without minimizingFty). The result
that is obtained from this stage represents thé dtésinable

number of SFCLs: we call it gz, . In the second stage, the 4

second objective function (8) is minimized as:

Min F, 17

s.t.
Fy < ngpey- (18)
(3). (6)~(13). 19

This approach ensures the best value for thedbgctive
function while it also optimizes the second objeetiunction.

3. Complex ABC (CABC) as the Solution Approach

In this section, the basic ABC algorithm is firsviewed
briefly and then, the proposed CABC method is hiiced.

3.1. Basic Artificial Bee Colony (ABC) algorithm

The ABC algorithm has been previously employedawer
system applications such as in [18], [19]. In ABBere are
three types of bees: employed, onlooker, and scautem-
ployed bee goes to a previously discovered foodipngsolu-
tion) area and evaluates its neighborhood nedfaifse nectar
of a new food position is higher than the previons, the em-
ployed bee memorizes it and forgets the previous &m-
ployed bees share their information by dancindvanhive. By
watching the dance, onlooker bees choose highditygézod
positions (i.e., lower cost solutions) from thoseleited by
employed bees. Scout bees are translated from arfgMoyed
bees who abandon their food position and searchdarones.

The first and second half of the bee colony corsistm-
ployed and onlooker bees, respectively. The nunobesolu-
tions is equal to the number of employed or onlodiees. Let
X, . represent candidate solution vectoat iterationt. The

pseudo-code of ABC algorithm is as follows:

1. For each solution vectar, generate initial position ran-
domly considering lower and upper bounds of denisar-
iables.

2. For all iterations, do:

3. Loop over employed bees:

Calculate new positionsX; ;. = X, , + ¢(X, , —

X, ) where¢ = a.r; X;, is a randomly selected so-
lution (j # ©); a is the acceleration factor amds a
random number uniformly generated in interval
[-1,1].

Bound new positions to decision variables’ limits.
Evaluate cost of old and new positions. For eadlt so
tion vectori, if new positionX;, ,,; has a better cost
than old positionX; ,, replaceX; , by X, , ;.

Calculate probabilities for roulette wheel selectap-
proach: P, =F,/3" Fj, where F, = e Ci/C
translates cost to fitness; is the probability of selec-
tion of solutions; F; is the fitness of solutiof] C; is
the cost of solution: the cost objective functio@;
can be the number of SFCLs in (7) or total impedanc
of SFCLs in (8)C is the mean cost of solutions.
Loop over onlooker bees:

a. Select the best food source ($ausing probabilities.

b. Calculate new positionsX;,, .; = X;, + #(X;, —
X, ) where¢ = a.r; X;, is a randomly selected so-
lution (j # ©); a is the acceleration factor amds a
random number uniformly generated in interval
[-1,1].

c. Bound new positions to decision variables’ limits.

d. For each solution vectay if new positionX, , , has
a lower cost than old positioX, ,, replaceX, ; by
Xi,t+1'

5. Scout bees: if a solution stagnation time exceleesban-
donment limit, replace its position with a randorghner-
ated position.

6. Update the best solution ever found.

7. If the convergence criterion is met, stop and retbe best

solution; otherwise go to step 2.
3.2. Proposed Complex ABC (CABC) algorithm

When there are-dimensional complex decision variables in
a complex-valued application, such as phasor cationis in
power systems, literature works separate real arabinary
parts of decision variables and constitut:adimensional de-
cision vector to be optimized by evolutionary algons. This
process not only may be intractable in large-sapldications
(due to doubled length of the decision vector),disb ignores
the coupling of real and imaginary parts of decisiariables.

In developing CABC, we consider complex decisionara
bles to constitute CDV. Without loss of generalityg presume
the complex impedance of SFCLs as decision vasable
ZPL = RPL + X7 (1 is the index of lines) an& ¢ =
RS + jX7¢ (k is the index of generators). Then, the CDV
becomes:



FRSE 4 jXSLT
RL 4 jxSL
R + jX31
RYY + jx7¢
RSG 4 x50

(20

LRJS + 5 X%6 |
Based on this decision vector, the following madifions
are applied to basic ABC to derive the proposed CAB
Initial position for each candidate solution is geated
as complex numbersx, ; = f,,.(i) + jg,,(i) where

f.. (i) andg,,.(i) are random number generators with

uniform distribution in the decision variables’ lis
for bees.
New positions are updated as\;, ;= X;;+

Proposed
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Fig. 2. Non-dominated fronts of the first benchmark problem
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Fig. 3. Non-dominated fronts of the second benchmark prob-

#(X;+ — X; ) as complex vectors.
«  New complex positions are bounded to decision variem obtained by examined methods.
ables’ limits:
X1 = maX(Te(Xi,Hl)aa?m)
+ jmax (irrz,(XLHl), ﬁ:nm) (21
X1 = min(re(X; ), o)
’ + jmin(im(Xi,Hl), /))Z."m), (22

where ™™ and o"** are allowable limits for real
part of decision variablg 37" ands"** are allow-
able limits for imaginary part of decision variahle
The first and second terms in (21) set the realiemd
aginary parts of new position, respectively, toirthe
lower bounds if they violate the lower limits. Simi
larly, (22) imposes the upper limits.

complex positions that are uniformly generated r
specting decision variable limitsX; ; = f,,.(i) +
In evaluating the cost of positions, calculatiomsdat-

Scout bees: stagnated positions are replaced @ith n

st fi(z) ==, (24)
g(x27x37""'r'rn> :1+92{xt/(m_1)} ’ (25)
1=2
fo(fi9)=1—+/f1/9. (26)
Problem P2min (f;, f5) 27)

s.t. (24)-(25), (28)
folfii9) =1—=(f1/9) (29)

wherem = 30, z; € [0,1]. In fact, P1 and P2 have a convex and

concave optimal Pareto fonts, respectively [22].
To evaluate the effectiveness of our proposed robjgc-
tive method (comprising CABC and lexicographic opta-

e‘ﬁon), we compare it with multi-objective PSO (MG®),

multi-objective imperialist competitive algorithnMQ-ICA),
and non-dominated sorting genetic algorithm-1l (MSIB.
The results of running the proposed method andhitee com-

ing of impedance matrix and bus fault currents) argarative methods on the two mentioned benchmariknizat-

done using complex numbers.
By employing CDV in the CABC algorithm, we retaimet
coupling of real and imaginary parts of decisioriatales to ob-
tain a faster convergence and higher quality smhuti

4. Case Studies and Numerical Experiments

4.1. Evaluating the proposed multi-objective solution
method on standard benchmark functions

Prior to presenting the results of the proposeduotebn the
examined power system test cases, we evaluaféeitsieeness
by comparing its results with the results of sortfeep multi-
objective solution methods on two standard benchmaulti-
objective problems. These two problems, called Rérand P2,
are as follows [22]:

Problem P1min (f;, f5) (23)

tion problems of P1 and P2 are shown in Fig. 2Fkigd3, re-
spectively. To have a fair comparison, the maxinmumber of
iterations and the population size are considesetDa and 50,
respectively, for all examined methods.

As seen from Fig. 2 and Fig. 3, the proposed meihatile
to obtain a more optimal Pareto front comparedtih@ometh-
ods. The MO-PSO method is able to catch the Péretd-as
good as the proposed method only at some valuebjettive
functions. In the next position, NSGA-II stands ahd MO-
ICA method stands at the last position.

4.2. Assumptions

In order to evaluate the performance and robustoke#se
proposed methodology in both transmission and idigion
systems, it is examined on the IEEE test systeaiading the
30-bus transmission test system [23] and the 31distisbution



test system [24]. All simulations are carried auMATLAB  Table 1. Cost details of SFCLs.

software environment on a 2.6 GHz Intel Core i3dppcom- Volt Capital |Typical rated| Typical Device cost

puter with 4 GB RAM. In the transmission test systé is as- IeVZI ?kg\?) cost[1] | power [25] | impedance (I\/II$/Q)

sumed that short-circuit levels exceed the alloabting of M$) (MW) [25] (Q)

switchgears and CBs (40 kA) as a result of systepamsion 0.4 05 5 05 1.00

including installation of new generation units apdrallel 6 05 20 1 160

branches. In the distribution 31-bus test systeis, supposed

that fault current levels exceed the allowablengatf switch- 20 05 30 8 0.30

gears and CBs (12.5kA) as a result of adding aB&@wunits. 110 1 200 25 0.48

Therefore, SFCLs are required to mitigate faultrenir levels 220 1.5 500 50 0.60

in both test systems. Here, we consider 3-phadésfas the

worst case in the SOP problem. Note that since pey&em 60 F . v v . . ]

short-circuit study is usually performed at the starase (e.g., Eﬁgz‘ nar

all generators and lines are connected), there i®eerd to con- ’1? 07 -Abf,]mey » |

sider safety margins for short-circuit levels. T®BC param- 40004 a1l 7

eters including colony size, number of onlookershed the £ 5,1 |

abandonment limit are considered 50, 50, and 1l#dspec- ©

tively by try and error. 3207 l
In order to include economic aspects of SFCLs,tahfin- =10} jI ﬂ ﬂ m”l ﬂ .

stallation) and device costs of SFCLs should beiciened. The 0 1 Pl ﬂ 1 TP P A

cost details are presented in Table 1 accordimpioinal volt- 1 4 7 10 13 16 19 22 25 28 30
ages of SFCLs. Capital costs are adopted fronFdq.the de- . Bus Number o

vice cost of SFCLS, we use the data provided bﬂh‘erX F|g 4, Bus fault currents of | EEE 30-bus transmission test Sys-
company [25] as one of SECL manufacturers. Inabedolumn  tem before SOP.

of this table, the device cost of SFCL is reporteterms of its
normalized value per impedance of SFCLs. We usethalues
in our simulations in the next subsections.

4.3. IEEE 30-bus transmission test system

In Fig. 4, bus fault current levels before SOPsrewn for
the IEEE 30-bus case study, the one-line diagramtath is
depicted in Fig. 5. Fault currents in Fig. 4 aneegiin real and
imaginary parts with their absolute values as wasltheir al-
lowable limit (40kA). As seen, the absolute valddanlt cur-
rent (as shown by blue bars) exceeds its allowiihie at six
buses. The highest fault current occurs at bustt2 §@.37 KA. SroL
Therefore, to achieve a cost-effective SOP solutibis re-  Fiqg. 5 One-line diagram of the |EEE 30-bus transmission test
quired to place the optimal value of the proper SFgpe at system.
optimal locations. As seen in Fig. 4, imaginarytpaf fault

currents dominate their real parts due to a higR Ktio in Tapje 2, Optimal location and size of SFCLs in the IEEE 30-
transmission systems. bus transmission test system obtained by the peap8©P

The optimal locations, sizes, and types of SFCles rar : .

. R . L ocation SFCL impedance (Q
ported in Table 2. As seen in Fig. 5, the prop&e® installs ! P : )
3 generator SFCLs at buses 1, 2, and 22 withonthr&FCLs. Gen. atbus 1 0.5873 +;1.2143
This result is reasonable as generator SFCLs migr biti- Gen. at bus 2 4.6011 +50
gate fault curr_ents since generators serve asuf¢au|t cur- Gen. at bus 22 2.6670 +j0.8127
rents. According to Table 2, generator SFCL atbismostly Total 7.8554+ j2.027

inductive, while it is purely resistive at bus 2rbbus 3, it is

mostly resistive. The total SFCL impedance in T@ie7.8554  gome inductive SFCLs to satisfy the objective fiorcand ob-
+52.027Q, which is mostly resistive. This happens becase ti5in |ower fault current levels. In this case stusipce a resis-
fault currents in this transmission test systemilekla higher e SECL is installed at bus 2 and this bus isnemted to bus
sensitivity to resistive SFCL than inductive oneedo their 4 (see Fig. 5), the major part of bus 1 and 2 imeayi fault
dominant imaginary component (see Fig. 4). As dised in ¢ rrents s alleviated by the resistive SFCL at huEherefore,
Subsection 2.3, the imaginary fault current exbilaithigher he optimization problem installs some inductiveC&Fat bus
sensitivity with respect to a resistive SFCL. Inldidn, a resis- 1 to further limit fault currents and keep the afijee function
tive SFCL moderates the high X/R ratios in thiswsrission |\ nder control at the same time.
system. In addition, the SOP optimization problemplys By fault currents after installing SFCLs are degldn Fig.
6. As seen, the absolute values of all fault cusréthe blue



bars) are limited to the allowable limit of 40kAHig. 6.
In order to analyze variation of fault currentseafplacing
SFCLs, we here define the index of total imaginameal (TIR)

for bus fault currents as: TIR:ZZ’?{z’m(Ii)}/

Zjﬁ{re(h)}. A higher TIR implies the higher dominance of

imaginary part of fault currents with respect teithreal part on
average. The value of TIR index decreases from B.84g. 4

to 3.52 in Fig. 6. This result indicates that th@PShas de-
creased imaginary parts of fault current more ttieir real

parts by placing proper types of SFCLs. The prop&@P is
able to adjust real and imaginary parts of fauftents since it
can select proper type and value of SFCLs. Astrébe pro-
posed SOP limits fault currents by the least pdsSBCL sizes
compared with the literature works.

In Table 3, the results of the proposed SOP usiegtiginal
ABC and the proposed CABC algorithms are comparid w
the results of some literature woks on the IEEbB8+est sys-
tem. It is noted that each article has its own aggions such
as allowable short-circuit level and network impadks in the
case studies. Thus, it may not be possible to gicgrhpare the
results of different SOP works in a fair manner.oM@rcome
this problem, we establish a fair framework in BaBlto com-
pare SOP results. In the second row of this tatble, total
amount of excessive fault currents is given fonathods. For
instance, for the proposed SOP method, it repressnthma-
tion of fault currents (absolute value of sum ofngbex cur-
rents) beyond the 40 kA allowable limit in Fig.®hat is, we
have 46.790 kA excessive fault currents in our teste that
should be alleviated by SFCLs. The second row dfld &
shows that our proposed SOP encounters a highessixe
fault current value than the other methods on #meestest sys-
tem. Thus, the proposed SOP should solve a moreleartest
case than the other methods. In rows 3 and 4 oleTabthe
optimal number and size of SFCLs obtained by the &@th-
ods are given, respectively. It is seen that tlpased SOP
with the CABC algorithm results in lower total SFGize than
the other methods. Taking into account this faat the size of
SFCL is a measure of its cost, a lower total SFige snplies
a more cost-effective solution. This better perfance of the
proposed SOP should be considered along with it® mom-
plex test case, which further illustrates highdeafveness of
the proposed SOP than the other methods of Talled8ed,
the proposed SOP with the CABC algorithm only ne®d4 3
Q SFCL (which is the lowest in Table 3) to mitigatecessive
fault current 46.790 kA (which is the highest inbl@3). To
better illustrate higher effectiveness of the psgzbSOP, the
index of average SFCL impedance per fault curra®iPFC)
is calculated and reported in row 5 of Table 3. &xample,
method [8] needs 42.4MSFCL to alleviate 16.551kA exces-
sive fault currents, which results in
42.47X) /16.551kA = 2.56&)/KA. That is, this method needs
2.56@2 SFCL to mitigate one kA of fault current. The ASIP
index can be considered as the efficiency of SF@acegment
methods in consuming the SFCL resource to mitigatessive
fault currents. As seen in Table 3, the propose& 8@h the
CABC algorithm leads to ASIPFC = 0.1T3/kA, which is
much better than the two other published methodi&6 better
performance than the best literature method [1])row 6 of
Table 3, total cost of SFCLs (installation and dewosts) are

40 b p-—-—-—-—-———Z-————— -]
o I Real
é 301 [ lImaginary ]
s I Absolute |
£
S 20 H B
3
B it Jlﬂﬂ a
1 4 7 10 13 16 19 22 25 28 30
Bus Number

Fig. 6. Busfault currents of | EEE 30-bus transmission test sys-
tem after SOP.

Table 3. Comparison of the proposed SOP with previous
methods in the IEEE 30-bus test system

Method
Parameter Teng Proposed | Proposed
8] Yu[l] | SOP by SOP by
ABC CABC
rTeOrff‘L‘Z}(gfesg‘c’)epf?E/';)cu&‘6.551 23419 46.790 | 46.790
Number of SFCLs 5 3 4 3
Total SFCL size() 42.47111.435 9.263 8.113
ASIPFC * (WkA) 2.566| 0.488 0.198 0.173
Total cost (M$) 27.11 9.14 9.15 7.46
Computation time (Sec) 1599 1377,92434.21 255.63

*ASIPFC: Average SFCL impedance per fault current.

T T T
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CABC
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300 400
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Fig. 7. Convergence of F; in CABC and ABC algorithms for

the |EEE 30-bus test system.

500 600

reported considering cost details that are alregen in Table
1 (we interpolate values from Table 1 for the naahwoltage
135 kV of the 30-bus test system). It is seen thatproposed
SOP provides a more effective solution from thaltobst point
of view compared to the other methods. In therlastof Table
3, execution times of methods are given where topgsed
SOP offers a faster approach. The CABC outperfdkB€ in

ASIPFC  Sthe table from the viewpoints of solution qualitydaexecution

time.

The convergence rate of the proposed SOP usingufye
gested CABC and basic ABC methods is depicteddn FiAs
seen, the CABC method achieves its solution ahtitam 52,
whereas the ABC method reaches its solution aititer 118.
The higher speed of CABC is due to the half-lerafths solu-
tion vector fi-dimensional compared witbn-dimentional of
ABC). A zoomed part of the last iterations is abown in Fig.



7 for more convenience. The proposed CABC convetges
more optimal solution witlf;, = 3 compared to the basic ABC
with F; = 4 implying a lower number of SFCLs obtained by
CABC. This illustrates the enhanced explorationatéfty of
the proposed CABC with respect to the basic ABCe €h-
hanced exploration is due to the CDV modeling tuatsiders
the mutual effects of real and imaginary partsexfision vari-
ables in the proposed CABC.

4.4. IEEE 31-bus distribution test system Fig. 8. One-line diagram of the IEEE 31-bus distribution test

The performance of the proposed SOP is also exahune system.
the IEEE 31-bus 23KV distribution test system,dhe-line di-
agram of which is shown in Fig. 8. This test systems one BSlae ' ' ' ]
primary feeder and 6 lateral feeders as seen in&ifig. 9 suesebby--—-—"""""""""""""""4-
depicts bus fault currents before placing SFCLangleach < | B Real i
feeder, fault current level decreases from therbegg to the 5 Elj\l&agilnfry
end of the feeder as shown in Fig. 9. There arelfuses (1,2, 2 R
3, and 29) with excessive fault currents in FigAS.it canbe = s
observed, fault current real parts are more ndtieeanlike the =
transmission test system in the previous subsedatispecially | IIH“"H"‘_ el IIHHH
at end parts of feeders. In fact, at 18 end bubéseders, the T
real part of fault currents dominates their imagir@unterpart Bus Number
unlike transmission systems. A vivid reason is tiranches in  Fig. 9. Bus fault currents of IEEE 31-bus distribution test sys-
distribution networks exhibit low X/R ratios. Thisature also tem before SOP.
affects the optimal selection of resistive and itdke parts of
SFCLs in the SOP. The proposed SOP locates justesie- e e .t i, e . S A —
tive/inductive SFCL with the size of 0.0529/8.3180Q in se- _ B Real
ries with the main transformer at bus 1 as showRign 8. By < 107 L__] imaginary 1
interpolating for 23 kV (the nominal voltage of tBg-bus test = B Absolute
system) in Table 1, the total cost of this SFCloli¢ained as §
$0.6153M. Considering the essence of distributietworks, < s :
the reactance of this SFCL is about 6 times ofétdstance. =
According to Fig. 9, the reason is that the reaispaf fault cur- | IIH IIH
rents are tangible on average, and thus, a resistiluctive o WLLLRERRREN TP {111V 111111
SFCL with higher reactance is more effective tealite ex- 4 7 10 1?3 &6 ) 9 2 25 2 3l
cessive fault currents as confirmed by the serisitanalysis . us fumoer .
presented in Subsection 2.3. Although the four ssige cur- relr?].;f?érB&s)Eultcurrmtsof |EEE 31-busdistribution test sys-

rents in Fig. 9 are mostly imaginary, a resistivaVictive SFCL

best satisfies the SOP problem when all curremtdaden into  0.019Q/kA. This means that we need 0.00Df SECL to de-
account. After placing the SFCL, fault currents r@stricted to  crease one kA of fault current. Compared with 0.T7RA
the 12.5 kA limit as shown in Fig. 10 (blue bare #re magni- ASIPFC of the proposed SOP in Table 3 for the trassion
tudes of fault currents). - § network, the ASIPFC of the distribution networkabout 9
The value of the TIR index decreases from 1.63gn 10 times smaller. That is,® of SFCL reduces fault currents in the
1.56 in Fig. 10. This means that although the tiesiénductive jstribution network 9 times more effectively tttae transmis-
SFCL reduces both real and imaginary fault curientieclines  sjon network. This result further encourages distion net-
the real fault currents more than the imaginarysofi@is hap- york planners to use SFCLs. In addition, as showhable 1,
pens due to the higher sensitivity of real-part-th@ted fault  he ynit price of 1Q distribution SFCL is lower than the unit
currents with respect to inductive SFCLs. Stiltatomaginary e of 19 transmission SFCL due to its lower voltage and
currentis higher due /R > 1. These TIR values are smallerjngjation level. This more intensifies the usageSBCLs in
than their counterparts in the IEEE 30-bus transiomtest sys- istribution networks from economic point of view.
tem because of a smaller difference between tetdland im-
aginary fault currents in distribution systems. Héoer, the rate 5. Conclusions
of decrease of TIR after SFCL placement here ishmower
than that of the transmission system.
The total excessive fault current in Fig. 9 is édoal7.63

In this paper, a SOP model is proposed to deteroptienal
number, types, and locations of SFCLs in poweresyst By

kA. Considering the size of SFCL 8.0529 + ;50.3180| =
0.3224Q, the ASIPFC is calculated as 0.3324.7.63 kA =

analyzing real and imaginary parts of fault cursenptimal re-
sistive/inductive types of SFCLs can be locatetidth trans-
mission and distribution networks considering tiesisence and



X/R ratios. Also, a new CABC method employing coexplie-
cision vector is proposed to solve the SOP probByrnexam-
ining the proposed SOP with CABC on the IEEE 304bass-
mission and 31-bus distribution networks, it isrfduhat the
optimal type of SFCL tends to decrease imaginarispd fault

currents. Also, it has been observed that in #mesmission sys-

tem mostly resistive SFCLs can better mitigatetfautrents,
whereas mostly inductive SFCLs are more appropfa@téhe
distribution system. In addition, it has been shakat the pro-
posed method outperforms the best literature SOtRadeby
64.5% better managing SFCL resources. In addi86iGLs are
more cost-effective in distribution systems thaansmission
systems when their capability in lowering one wfitault cur-
rents is analyzed.
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