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Abstract—Optimal capacitor allocation in distribution syseem  Such zero-one decision and discrete steps make the
has been studied for a long times. It is an opttiin problem capacitor placement problem as a nonlinear and non-
which has an objective to define the optirsides and locations of differentiable mixed integer optimization problem.

capacitors to be installed. In this works, an oiewof capacitor The objective function of the capacitor placemeratbfem
placement problem in distribution systems is byiéfitroduced. The . .
objective functions and constraints of the probkm listed and the is usually formulated as follows:

methodologies for solving the problem are summdrize
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I. INTRODUCTION j=1
HE application of shun_t capacitor in distributiomeflers Min F = > (kT ]PL]) +C, 3)

has always been an important research area [l It i=1

because a portion of power loss in distributiontesys could ] _S o b

be reduced by adding shunt capacitors to supplgraqs the Min F ‘jzzll(keT PL)+Cc + kP (4)

reactive power demands [2]. For this reason, tlwecsoof the

system does not necessarily to supply all reacposver \ynere =
demands and losses. Consequently, there is a pibg<ib
decrease the losses associated with the reactiwerpow )
through the branches in the distribution systemsiak been T! = time duration for the-th load level

= the value of the desired objective function
S = number of load levels

realized that the benefits of capacitor placememtistribution P! = power loss at thgth load level
systems are power factor correction, bus voltagmilagion, i per unit cost of energy loss at
power and energy loss reduction, feeder and systgracity ke = the j-th load level

release as well as power quality improvement. Ttteng of C. = investment cost of capacitor

=~

the aforementioned advantages of capacitor placemen .

depends on how capacitors are allocated and ctaunahder p = Perunitcost of peak power loss

possibleloading conditions This means that the optimization PP = power loss at peak load level

problem, namely, capacitor placement problem shdagd

formulated with the desired objective function (swes loss

minimization) and various technical constraintg(¢he limits ~ The aim of (1) is to minimize the total energy s a day

of voltage levels and power flow). After that, tppeoper Whereas the target of (2) is to keep the cost efgnlosses as

Solution techniques ShOUId be app“ed to Simu'taﬂbo minimum. The ObjeCtiVe fUnCtiOn in (3) minimizeEtBUm Of

determine the optimal number, location, type, siad control €Nergy loss cost and the investment cost required f

settings at different load levels of the capacitorbe installed. capacitors allocation. Finally, the desired objegftiunction in

(4) is to minimize the total cost due to energyslasst, peak

Il. FORMULATION OF CAPACITOR PLACEMENT PROBLEM power loss cost, and the investment cost of cagracit
Becausecapacitor sizes and locations for allocation are In addition, the study of Sallam et al. [3] defirte® news

discrete variables, this makes the capacitor placéproblem ObJ.eCF'Ye functions. The. first one conS|ders thestcof
as a combinatorial nature. The problem is a zemdrtision reliability (ECOST) and investment cost while thecsnd,

with discrete steps of standard bank size of cégadh some Eﬁ%ﬁl&ﬁsztfﬁzlcﬁsnes and the investment costnateded in
cases, each step of the capacitor bank size haffeacnit ) . : . . .

installation cost. For the technical and func_tlonal constraints of (thp_ac_ltor

placement problem, the optimal solution should hgsfed

power flow equations, bus voltage limits (to maimtdhe

voltage profile within the upper and lower), limitnn of
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occurrence of harmonic parallel resonance from ineat
devices and loads.
It should be noted that early studies on capagitacement

whose reference is the substation voltage. Itéslus find the
buses where the voltage drop is higher [15].
C.Tabu Search

problem [5]-[6] assume that the systems are bathnce Tabu search (TS) [16] is one of the meta-heurisithods

distribution feeders under balanced loads. Threes@h
unbalanced distribution systems containing feedeiith
missing phases, unevenly loaded feeders were shpacitors
on single or double phase feeders are later stunigd-[8].

Ill.  SUMMARY OF SOLUTION TECHNIQUES

A variety of solution techniques have been appl@®dolve
the capacitor placement problem. In the early wonkst of
the researchers used conventional analytical method
conjunction with some heuristics [9]-[10]. As thgstem size
grows, the solution of the problem will be prohimly CPU
intensive and many studies have considered faiemnative
solution procedures.

Several works have described algorithms based oristie
programming [11]-[12] to solve the problem. The fstic
algorithms are robust and do not require high cdatmnal
efforts. However, for very large systems, the duatif the
solution may be compromised.

Some methodologies for finding the optimal solutioh
capacitor placement problem are:

A.Graph

A graph is a set of nodes connected by arcs. Eade n
corresponds to a possible combination of capasittegs and
locations for a given number of capacitors to bacetl. A
separate graph is used for each possible numbeapatcitors
to be installed. The search process finds the noflasgraph
in an attempt to determine the optimal solutiongiBeing
with some minimum number of capacitors to be placad
search is performed to locate the node in thattgnahich
gives the minimum value of the objective functidh.the
maximum number of capacitors to be installed hasheen
reached, the number of capacitors to be placetcigmented
and the next graph is searched. At some point,tiaddof
another capacitor will increase the value of thgedive
function, the process is then terminated [13].

B.Fuzzy Logic

for solving a combinatorial optimization problenSTs based
on the hill-climbing method that evaluates the Ifiralution

through repeating the process of creating solutiandidates
in the neighborhood around the initial solution esedecting
the best solution in them. However, TS is an extensf the

hill-climbing method in a way that it has the ade@tmemory
called the tabu list that adjusts some attributston change.
Once a new attribute enters into the tabu listoittinues to
stay in the tabu list for a while. Afterwards, thieest attribute
is released from the tabu list after a new attabeters into
the tabu list. Each time the iteration count is atpd, a new
attribute is assigned to the tabu list.

In order to obtain optimal solution, TS use inténation
and diversification techniques. The former
intensification of the search in the neighborhoddhe sub-
optimal solution, the latter means diversificatiminthe search
to so far unexplored regions of the solution spatfe.
intensification is missing, the search becomes tanated
random sampling; if diversification is missing, f®cess may
be trapped in a sub-optimal region.

The frequency counter in the solution structunasied in the
intensification and diversification techniques. Thequency
counter denotes the times the solution (or the miawing
been visited throughout the solution process.

For example, according to the size of neighborhtmthe
searched in the capacitor placement problem, ashibié
named the frequency counter threshold is set aethhat is to
say, if the solution has been visited three or ntiones, it will
be heavily penalized and thus loose its attracégenSearch
will, therefore, be directed to dar unexplored region of the
solution space to diversify the search process. AWt
frequency counter idess than three times, intensifying the
search in the neighborhood of the sub-optimal megi®
possible. In this manner, the tabu search is eggdct be able
to find the optimal solution to the combinatorigdtionization
problem [17].

D.Simulated Annealing

Fuzzy logic allows a computational representation 0 Simulated Annealing (SA) comes from analogy of ating

heuristic knowledge about a specific problem. Is hHzeen
extensively applied in several areas of knowledgesalve
mainly control and optimization problems [14]. Topdy fuzzy
logic to solve the problem, it is necessary to iifghe main
variables that have influence on the decisionsetaatken and
quantify their values in relevance levels. A relaship
function establishes the profile of these variablggxpressing
the compatibility degree of each one of them witbvpusly
known information. According to these situationales are
established and necessary actions to a solutiodedeemined.

In the capacitor allocation problem, rules are sptto
determine whether the advantage of having a bastkllad in
a particular bus. Bus voltage and the value of abgective
function are the fuzzy variables. They are a funrctf the bus
which is being assessed to verify the practicabdit having
capacitors installed. Bus voltage is given in pait walues

of metal or crystal. SA introduces a parameter ecall
temperature that is controlled by the cooling scie@t each
iteration. As temperature cools down, the stateverges to a
solution. The state freely moves to other stateshigh
temperature while it has limitations to move toesthat low
temperature [18].

Application of SA to the capacitor placement prabley
means of general-purpose heuristic optimizatiohrgges is
proposed in [19].

E.Genetic Algorithms

Genetic algorithnfGA) is a statistical method for the
optimization. The important property of GA is itsbustness
which has a flexible balance between efficiency aadessary
features for survival in the different environmer@ne of the
main concepts in the genetic algorithm is coding@n@&ic
algorithm instead of using problem parameters oiates, it

means
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encodes them and uses the codes. The number afseisfor
encoding procedure depends on solution accuracgeraf
parameter changes and the
Chromosomes are string of bits in the encoded faifm
possible solutions (feasible or unfeasible) of pheblem. The
set of chromosomes is called population. Each steyenetic
algorithm deals with the set of chromosomes in gbarch
space. The crossover operation breaks parentshmdsmme
from one spot and displace the broken parts witth esther
[20].

For solving the capacitor placement probldive chromosome
consists of n+l bits of binary numbers where e tumber of
probable capacitor locations. The first bit is usedndicate
the location of capacitors and will be referredat location
selector. The length of the location selector ®iegual to the
number of probable capacitor locations and eachtime is
represented by a bit of the string [21].

A '1" in the bit position is used to select a lomatand a '0'
bit indicates that the location is not selectedctEaf the
remaining ' n' bits is used to indicate the kVAldueaat a
probable capacitor location. The kVAr bit for a tarlar
location may have a non-zero value when the seleddit for
that location in the location selector bit is zefte KVAr bit
in such cases is ignored while determining theefinfunction
value of a chromosome.

The operators, namely crossover and mutation apéeap
on each bit irrespective of the value of the laraselector bit
for the location. The location selector bits thwt as
switches. While capacitors are installed at eacbbgiole
location, the capacitors of those locations areneoted to the
system for which the location selector bit is 1][22

F.Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a meta heiarist

parallel search technique [23]. PSO is derivechfsimulation
of a simplified social model of swarms (e.g. bitacks or fish
schools). The interaction of particles in swarmpgLommon
evolutionary computation algorithm, guides the dil@n of
swarm towards the optimal regions of search spBloe.main
merits of PSO are computationally efficient, simojyi in
concept and implementation, less computation tiraed
inexpensive memory for computer resource. In [230 is
employed to determine the optimal solution of cépac

placement problerwith two objective functions. The first one [3]

is power loss minimization and the second objectiwretion
is cost minimization in a specified period of time

G.Ant Colony Optimization

The ant colony optimization (ACO) imitates the bébes
of real ants. Real ants can find the shortest fratm food
sources to the nest without using visual cues. ,Alkey are
capable of adapting to changes in the environmént,
example, finding a new shortest path once the ole is no
longer feasible due to a new obstacle. In additiba,ants can
establish the shortest paths through the mediumishealled
“pheromone.” The pheromone is the material depdditethe
ants, which serves as critical communication infatiom
among ants, thereby guiding the determination @f tiext
movement. Any trail that is rich of pheromone wilius

become the goal path. The application of ACO toveswl
capacitor placement problem is shown in [25].

relation between vasiable H.Harmony Search Algorithm

Harmony search algorithm (HS) is a recently metarisdc
optimization algorithm inspired by playing musit.i$ based
on meta-heuristic which combine rules and randosirtes
imitate natural phenomena. HS algorithm is inspibgdthe
operation of orchestra music to find the best hayrzetween
components which are involved in the operation ess¢ for
optimal solution. As musical instruments can beyg@tawith
some discrete musical notes based on player exyperier
based on random processes in improvisation, opihoiz
design variables can be considered certain disoratees
based on computational intelligence and random ga®Es
[26]. Music players improve their experience based
aesthetics standards while design variables in otenp
memory can be improved based on objective function.

The application of the HS for determining the optim
location and size of shunt capacitors in 9-bus aladi
distribution systems has been presented in [27].

IV. CONCLUSION

The capacitor placement problem is a quite complex
optimization problem due to its combinatorial natuMany
objective functions including technical and funotd are
formulated. A wide variety of solution techniqueashbeen
applied to solve the problem as described in tafep.
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