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5 3 Optimal Capacitor Placement in Unbalanced Loading
s Z Distribution System with Nonlinear Loads by Adaptive
3 lQ ) Particle Swarm Technique

O}"/r%alg S. Auchariyamet and S. Sirisumrannukul

Abstract— A capacitor placement problem in an unbalanced loading distribution system with the presence of nonlinear
loads is formulated in this paper. The objective function of the problem is to minimize the total annual cost comprising
the costs of energy loss, peak demand loss, and capacitor investment. This objective function is subjected to power flow
equations, bus voltage limits, voltage distortion constraint, and also maximum capacitor kVAr to be installed at each
bus. An adaptive particle swarm optimization (PSO) is proposed to search for an optimal or near-optimal solution. This
adaptive technique appropriately activates the last obtained solution to seek for better solutions when a fixed number of
iterations are reached or when no improvement solution is observed over the course of iterations. A radial distribution
system of Provincial Electricity Authority (PEA), Thailand, which consists of 28 buses and 19 load points with a two-
step load pattern, is studied to demonstrate the effectiveness of the proposed methodology. Test results indicate that the
obtained optimal solutions give a saving in the total cost while satisfying all the specified constraints. In addition, the
effects of unbalanced loading and nonlinearity of load on the optimal solutions are investigated. It is found that
increases of these two factors introduce more total loss in the network and more total capacitor KVAr required for
reactive power compensation, and therefore the saving in the total cost is decreased due to more investment cost for
capacitors.

Keywords— Capacitor placement, Nonlinear loads, Particle sarm optimization, Unbalanced distribution system.

capacitors introduce both series and parallel rason
1. INTRODUCTION frequencies to the networks. Due to the resonant

lectrical f | . e conditions, the total harmonic distortion can be
Electrical energy from power plants is transmit magnified greater than the permissible level. The

end-use customersoby transmission and_ distributio apacitor placement problem, therefore, should take
systems. Around 13% of power generated is CONSUMEq 3 monic constraint into account to assure that the

as power loss at the distribution levels [1]. Tewpr — ohqineq optimal solution does not result in anessbve
loss is determined as function of square of branchent harmonic distortion

which consists of real and reactive component. Ripo The practical aspects of distribution system should
of power loss in distribution systems, produced by 550 pe considered when the capacitor placement

reactive current, could be diminished by capacitor oroniem is formulated. The actual distribution feed
placement which is one of the most effective anefuls .. |nbalanced because of the existence of sifhgleep
methods. and two-phase line segments as well as the thraseph

W'_t(;‘ Zhunt cgpacnors, reactlc\j/e power lcompensaﬂorII unbalanced loads and the mutual coupling amongephas
provided to reduce power and energy loss, to régula ., ciors [2]. With wunbalanced conditions, the

bus voltages, to improve power quality, and to asée eneration and propagation of harmonics are more

fededers andd systgm cz;pacﬂy. The extentl (zt];;hes omplicated [3]. Furthermore, the inclusion of syst
advantages depends on how capacitors are pladee N npajances increases the dimension of the capacitor

distribution system. For this reason, it is necgs$e@  acement problem because all three phases hake to
solve capacitor placement problem to simultaneously,qsijered instead of the single phase balanced
determine the optimal locations, sizes, and typés orepresentation

capacitors. The capacitor placement problem is a zero-one
Special attention should be paid to capacitor pil@s# e ision with discrete step of standard capacitamkb

when nonlinear loads appear in the distributionys ;6 “each step of which has a different instaifatiost.
ovv_ing_ to widely used_power electronics-base deViceS_Such zero-one decision and discrete steps make the
This is because 00”"”3"” Ioadg behave as harmon'ﬁroblem as a nonlinear and non-differentiable mixed
current sources. Sizes and locations of shunt dapac integer optimization problem. In addition, the smnos
are significant factors that response to harmonide to be analyzed generally increase with the size of

combination of harmonic sources, system reactaame, distribution system. The capacitor placement probis

therefore, a hard and large-scale combinatoriablpro,

where most of conventional optimization tools fiitd
S. Auchariyamet (corresponding author) and S. @mannukul are difficult to search for the optimal solution.
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in herd of animals (e.g. bird flocks or fish scrg)ollt
was first introduced in 1995 [4]. Many advance$BO
development extend its abilities to handle difficul
optimization problems in science and engineerialf§.
Key attractive advantages of PSO are its simpligity
concept and implementation, less computation tiamel,
inexpensive memory for computer resource.

The capacitor placement problem is a combinatorial

optimization problem

that features a multimodal

X, = set of buses for fixed and switched
type capacitor placement

k., k = investment cost for fixed and

cf ' 'CS
switched type capacitor
($/kVAr, Baht/kVAr )
Q]_cf ,st:s = fixed and switched type capacitor

installed at bug (kVAr)

landscape of locally optimal solutions scattering Power lossP,, in Equation (1) is the summation of
throughout the search space. In some cases where thosses from all branches in the system being censiti
globally optimal solutions are slightly differentofm
locally optimal solutions, the use of a conventioR&O
algorithm would get trapped at local optimums. Huos
reason, the conventional PSO algorithm requiresesom

Since branch loss is determined from loss in edcs®
of that branchP, , therefore, can be written as [5]:

variations to remedy this drawback. This paper ges P = i“kif R, (2
an adaptive PSO technique to seek for an optimal or k=1 '
near-optimal solution at some other regions instharch
space. The key of the approach is a modificationhen ~ where P, = power loss for load level (kW)
last obtained solution with the proper number of L — number of branches in the svstem
activations during the computational process. The B y_ _
effectiveness of the proposed methodology is ilatet [l ;] = three-phase rms current matrix in
by test results of an 85-bus distribution system. branchk for load leveli (A)

The objective function of capacitor placement peofl R,] = three-phase resistance matrix of

in unbalanced loading distribution system connedted
nonlinear loads is to minimize the total annualtcos
comprising the costs of energy loss, peak demassl lo
and capacitor investment. This objective functian i
subjected to power flow equations, bus voltage tmi
voltage distortion constraint, and number of disere
capacitors to be installed at each bus. A 28-bus
distribution system with a two-step load pattern of
Provincial Electricity Authority (PEA), Thailands iused

to investigate the effects of unbalanced loading an
nonlinearity of load on the optimal solutions.

2. PROBLEM FORMULATION

The objective function of the capacitor placement
problem is to minimize the total annual cost due to

branchk (ohm)

[1,,]Jand[R, ]in Equation (2) are expressed as:

nh | A.h 2
h=1| ki

mh | 8,2 (3)
h=1| ki

nh |C’h 2

h=1| ki

1=

koo Tk
R = [r2* 2 5 (4)

energy loss cost, peak power loss cost, and theWhere h — maximum harmonic order
investment cost of fixed and switched type capagitti n B _ _
can be stated as: ‘I lfh‘ = current magnitude of phagein
5|
branchk for load level at
nl .
min F Q ke TP+ KoPy harmonic ordeih
i:(l k, QM) +( Y keQ®) @ P = {AB,C}
+ S)+ )
j% «Qi 1%3 =Qj A BB cC = self resistance of conductor phas

where

92

total cost ($, Baht)

number of load levels

cost of energy loss for load level
($/kWh, Baht/kwWh)

= time duration for load level (hr)

power loss for load leval (kW)

cost of peak power loss
($/kwW, Baht/kw)
= peak power loss (kW)

A, B, C of branchk (ohm)

= mutual coupling resistance between
phase conductor of brandéh (ohm)

The objective function is subjected to the follogvin
operational constraints.

* Three-phase power balance

fundamental frequency.
» Bus voltage and voltage distortion contraints:

equations  at
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2 h 2 Vit +D = w (1) +c r Oy, (1) — x4 O]
Vinin < \/T\/J’,)i’l‘ * Eileﬁ’h‘ < Vinax (5) ‘ ‘ . mA i ‘ (8)
+Cyl g OV (1) = x4 (1]
nh T‘/'p’h‘z N _
THD jp’i (%) = 100x h#1] Ji <THD (6) where x = position of particle

velocity of particle

pl
Mi ‘ v

w = inertia weight
where }\/jpi'l‘ = voltage magnitude in phage of c,.C, = positive acceleration constants
' busj for load leveli at ra'fog = uniformly distributed random valu
fundamental frequency in the range [0,1]
}\/_p_,h‘ = voltage magnitude in phase of y = personal best position
g busj for load leveli at y = global best position
harmonic ordeh [ = i" particle
nh = maximum harmonic order d — d™ dimension
Vi = minimum limit of bus voltage i - particlei in dimensiond
V ax = maximum limit of bus voltage N . N
THD iji — total harmonic distortion of voltage Position update is the last step. The new positibn

. . . each particle is calculated by [7]:
in phase at busj for load leveli

THD ax = maximum permissible limit for total Xgt+D) = x,@t)+v,(t+1) )
harmonic distortion of voltage

« Limitation of capacitor kVAr to be placed at each The step of velocity and position update is repkate
bus: and will terminate when a stopping criterion is jreety.
maximum number of iteration is reached or the chang
solution is smaller than the pre-specified toleeanc

0 < QY < Qb 7
4. THE PROPOSED ADAPTIVE PSO FOR
where Q]CI = Capacitor to be p|aced at kjus CAPACITOR PLACEMENT PROBLEM
for load leveli (kVAr) When a conventional PSO algorithm is applied taesol
Q¢ = maximum capacitor to be placed the capacitor placement p.roblem, each particle will
max at any bus (KVAT) represent the size of capacitor to be placed dt bas
for all load levels. Power flow is employed to adhte
3 THE CONVENTIONAL PSO ALGORITHMS bus voltages and power losses, while the total st

defined as a fitness value.
The PSO technique conducts the searching process Since the capacitor placement problem has
using a population of particles. Each particle espnts  multimodal of locally optimal solutions [8], if safions
a potential solution im -dimensional search space of during the iterative process of conventional PS® ar
the problem being considered. Particles changer theidetected no improvement, it may result from
positions, from current iteration to next iteratidtased  convergence to an optimal solution or from being

on theirvelocitie_s to locate agood_ optimum. Irrmgﬁs:llZ trapped at any local optimums. For the later case,
the implementation of a conventional PSO algorithm conventional PSO search algorithm should be tried t
consists of three main steps, namely, 1) genendtiali  seek for better solutions at some other regionthén

particle’s positions and velocities, 2) evaluattndss  search space. This could be done by activating the
value of each particle, and 3) update velocity andposition of particles (i.e., randomly generate wih
position of all particles [6]. uniform probability distribution) at the prespeeti
First, the positions and velocities of the inits&varm iteration instead of updating them by Equation (9).
of particles are randomly generated to allow all After activation, the process of position updatettie
particles randomly distributed across the sear@cep conventional PSO algorithm resumes as normal. i1 th
The fitness value of each particle is evaluatedh  work, the PSO algorithm combined with the activatio
second step to determine the best position of eaclyf particles is called adaptive PSO.
particle and also to reveal the particle that Heshiest The key point of the adaptive PSO technique is to
global fitness value in the current swarm. Nexg th identify the appropriate numbers of activation. Two
velocities of all particles are updated by using th methods are suggested as follows:
information from the current velocity, the bestigain
of each particle, and the best solution found keylibst
particle in swarm. The velocity update from iteoatit
to (t +1) can be expressed as [7]:

1) Activate the solution when a fixed number
iterations are reached.

93



S Auchariyamet and S. Srisumrannukul / GMSARN | nternational Journal 3 (2009) 91 - 100

2) Activate the solution when no improvem
solution is observed over the course of iterations.

The numerical results from 300 independent
experimental runs with 10-, 15-, 23-, 34-, 69- &&dbus
systems indicate that when the proposed adapti@ iPS
implemented with the proper numbers of activatiin,
can introduce an improvement in optimal solutiorichh
results in the reduction of total cost about 5-10%
compared with that given by the conventional PSO.
However, there is a probability about 0.3 that this
technique will offer worse solutions compared wvilibse
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Total cost ($)
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without the activation. For this reason, the soluti
before activation should be stored and comparedl thvé
solution after the activation. The one with a bettgal
cost will be selected as the final solution.

To demonstrate the performance of the proposed

adaptive PSO, the test results of three cases &oen

experiment with an 85-bus system are presentedalibeT

1.
Table 1. Summary of test results from an 85-bus syain
Case A Case B Case C
Loss at light load (kW) 124.37, 104.39 92.13
Loss at medium load (kW) 154.21 146.12 146.54
Loss at peak load (kW) 261.43 254.21 252.23
Total capacitor (KVAr) 7,350 6,150 5,700
Peak power loss cost ($) 31,372 30,505 30,268
Energy loss cost ($) 70,668 65,619 63,979
Capacitor cost ($) 2,595 2,198 2,018
Total cost ($) 104,635 98,322 96,265
Reduction in total cost (%) - 6.03 7.99

The solution in case A is obtained from a convargio
PSO algorithm while the solutions in cases B andr€

calculated from the adaptive PSO. For case B, the

activation point, identified by method 1, is seftatation
150, whereas the activation points in case C afieate
by method 2; that is, if the total cost remainshamged
for 30 iterations, the solution will be activatetihe
convergence characteristics for the three casegiaee
in Figures 1 to 3.

700,000

600,000
# 500,000
2 400,000/
= 300,000-
S 200,000-

100,000

0 T T T T T
0 50 100 150 200 250

Iteration

300

Fig. 1. Convergence characteristic of total cost imn 85-bus
system obtained from Case A.
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Fig. 2. Convergence characteristic of total cost ian 85-bus
system obtained from Case B.
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Fig. 3. Convergence characteristic of total cost ian 85-bus
system obtained from Case C.

It can be seen from Table 1 that the proposegtad
PSO have lower total capacitor, peak power loss, cos
energy cost, capacitor cost, and total ctistFigure 1,
the solution of case A converges at iteration 160 &
total cost of $104,635. Case B, whose solution is
activated just only one time at iteration 150 agvehin
Figure 2, gives a total cost of $98,322. In casehg,
solution is activated three times at iterations,11G82,
and 212 as shown in Figure 3, gives a total cost of
$96,265. The total cost of cases B and C are abdut
and 8% lower than that of case A respectively.

The tests results of an 85-bus distribution system
demonstrate that with activation, better soluticare
found, indicating the effectiveness of the proposed
adaptive PSO. However, because the appropriate eumb
of activations for both methods cannot be deterthime
advance, experimental runs are still required Ibus i
worth doing so as there is a high possibility tdaab
improved solutions. Note that this proposed tealmmi@s
in many heuristic techniques, does not guarantee th
globally optimal solution,but at least this adaptive
strategy could be useful.

5. SOLUTION TECHNIQUE BY ADAPTIVE PSO

The adaptive PSO based approach takes the following
steps:

Step 1: Input the line and bus data of a distribu
system all operational constraints, the value
all the variables associated with Equation
and PSO parameters.

Generate an initial population of particles \
random positions and velocities. The dimen

Step 2:
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of each particle ism xnl, where m is the
number of buses in the system and is the
number of load levels.

Set iteration index= 0

For each particle, perform an AC thpbes:
distribution powe flow and harmonic power fic
to obtain a power losses, bus voltages, and
values for all the load levels.

Calculate the total cost of each particle u
Equation (1) and check all the constraints. If
of the constraints is violated, a pdty term it
added to the total cost. The calculated total
served as a fitness value of particle.

Compare the fitness value of each particle
the personal besfbest . If the fitness value
lower than Pbest , set this value as the curr
Pbest , and record the particle correspondin
this Pbest value.

Select the minimum value &best from all
particles to be the current global be&hest,
and record the particle corresponding to
Gbest value.

Check whether =t , wheret, is the activatio

point. If yes, all particles shoulie activated, «
else thevelocity and position of particles
updated by Equations (8) and (9).

If the maximum number of iteration is react
the particle associated with the curr@fiest is
the optimal solutionand then go to Step :
Otherwise, sett =t +1and return to Step 4.

From the optimal solution obtained in Step 9
types and sizes of capacitors to be placezhat
bus are identified.flthe sizes of capacitor for

load levels are different, then the caparcat thit
bus can be considered as switched type. O
other hand, if the sizes of capacitor are ider
for all load levels, the capacitor at this busxed
type. The capacitor size for each bus is defini
the maximum value of capacitor fourid any
load level at that bus.

Calculate energy loss cost, peak power loss
capacitor placement cost, the total cost, volt
and THD levels for all buses using the obta
optimal solution.

Step 12: Print out the results.

Step 3:
Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

6. THREE-PHASE POWER FLOW AND
HARMONIC POWER FLOW

For an unbalanced distribution system, a power flow
algorithm with complete three-phase model is rezflito
determine power losses and bus voltages at fundamen
frequency. The technique in [9], based on the bacdw
forward sweep technique and tailored for radial

All bus voltages are then computed by iterativecpss
using BIBC matrix. The three-phase bus voltagehin t

k™ iteration of power flow calculation is stated by:

V% = [v,]-[BIBCT [Zz]BIBC]IIY (10)

where [V](k) vector of three-phase bus voltages

Vol = vector of three-phase voltage at the
slack bus
[BIBC] = threephasebus-injection to

branch-current matrix
= three-phase primitive
impedance matrix

(2]

[ = three-phase vector of load currents

[vI¥and demand load at every bus are used to
calculate[11**?, so that[v]**? in the next iteration can

be evaluated. This process is repeated until tiiereince
of bus voltages between a current iteration and the
previous one is smaller than the prespecified doiee.
Note that all vectors and matrices in Equation @®@)in
three-phase format; therefore, elementgvif, [v],

and [I1® are 1 subvectors and elements [p] and

[BIBC ]are 33 submatrices.

The harmonic power flow is performed under différen
harmonic orders to find harmonic voltages and haimo
losses. In this paper, harmonic power flow is based
the technique proposed in [10], where harmonicagals
are computed by:

V' = YT (11)
where [V.h] = vector of three-phase bus voltages at
I
harmonic ordeh for load leveli
= three-phase bus admittance matrix at
harmonic ordeh for load leveli

_ vector of three-phase harmonic current
at harmonic ordeh for load leveli

Y™

[

All the variables in Equation (11) are expanded to
three-phase format, so that elementwih] and [|ih] are

3x1 subvectors whereas elements [w']are 33

submatrices.

[Yih] is formulated from the feeder admittances of the
network, all load admittances, and all shunt capaci
admittances. The values of all the admittancewvaried

with harmonic order as defined in [10]. Nonlineaads
are treated as harmonic sources which inject haiamon

currents into the system. Elements[lilh] are, therefore,

distribution systems, is employed. This three-phasecalculated by:

power flow algorithm develops a “bus-injection to
branch-current matrix (BIBC)” based on the topotad)i
structure of distribution system to indicate the
relationship between load currents and branch otare

p —iOP
| ph o Play 710G

- P h(Vj’,)i’l) " (12)
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where | ph = injection current in phasp of busj Electricity Generating Authority of Thailand (EGAT)
N . :
for load leveli at harmonic ordeh PEA is not obliged to pay the cost of peak dgmand.
o _ ¥ i  load For PS_O parameters, th_e nur_nber of particles inrawar
P = nonlinear portion of loa and maximum number of iteration are 100 and 30@ Th
in phasep of bus | values of PSO acceleration constants are giverash2
PP = real power demand in pha PSO inertia weigh is Imearly d(_ecreasgd from 0.6.tbin
L(j\i) p. phage each iteration and the activation point for the piida
of busj for load level PSO technique is set at iteratidB0.
Qf(j y T reactive power demand in phage In order to examine the effects of unbalanced logdi

and nonlinearity of load on the optimal solution of
capacitor placement problem, 15 cases are invéstiga
VPhy* = conjugate of voltage in phage with different values of these two factors as shdwn
I Table 4. Case 1 represents the base case in which a
three phase loads are balanced and entirely lifear.
at fundamental frequency other case, for example in case 5, 5% unbalaneetirig
p = {A,B,C} means that the load of phase A is 5% higher thphate
B but lower than that in phase C by the same amount
= order of harmonic being considered  while 15% nonlinearity of load indicates 15% of the
loads are assumed to be nonlinear.

of busj for load leveli

of busj for load leveli

7. CASE STUDY )
Table 2. Load duration data

The distribution system of PEA, designated as Kalas :
Feeder 5, is used as the test system in this widik. Load level Load (p.u.) Duration (hr)
system has 28 buses and 19 load points. Its coafign, Off-peak 1.0 4,015
I[(ﬁ? data including feeder data are provided irufeigs Peak 12 4745

031

25[2] (©) Table 3. Operational constraints and cost data

Minimum voltage limit 0.95 p.u.
Maximum voltage limit 1.05 p.u.
Maximum THD limit 5%
- Busnumber Maximum capacitor for each bus 1,500 kVAr
s Y = Feeder length (km) Cost of energy loss (off-peak 1.1154 Baht/kWh
78 (A) = AAC185 Cable period)

= ACSRS50 Cable

Cost of energy loss (peak period) 2.9278 Baht/kWh
Cost of peak power loss -

Cost of fixed type capacitor 32,000 Baht/bank
Cost of switched type capacitor 43,200 Baht/bank
) Subdation Klasn Table 4. Fifteen cases
Fig. 4. Kalasin feeder 5 distribution system. Case| %UB %NL | Casg %UB YoNL
1 0 0 9 10 30
The base values for voltage and power are 2_2 kv _and 2 0 15 10 15 0
100 MVA. The power factor of all load points is 3 0 30 11 15 15
assumed as 0.85. The harmonic orders of interesbar
7,11, 13,17, 19, 23, and 25. It is assumed thypactors 4 5 0 12 15 30
are placed or replaced to each bus by discreteo$iz80 5 5 15 13 20 0
kVAr three-phase fixed capacitor or switched cagaci 6 5 30 14 20 15
bank. The reactive power from capacitors at eachifu 7 10 0 15 20 30
therefore, equally divided to install at each phiagehe 8 10 15

same amount.
A two-step load pattern, peak and off-peak peried, %UB = %Unbalanced loadingoNL = %Nonlinearity of load

given in Table 2. The off-peak duration is 11 hoanday

and the peak duration is 13 hours a day. The dpasdt

constraints and cost data are listed in Table 3e Nuat 8. RESULTS AND DISCUSSION

cost of peak power losk() is zero because from the 8.1 Results before capacitor placement

view point of PEA, who purchases electricity from At first, three-phase power flow and harmonic power
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flow algorithms are performed to obtain the budamés,

1.00

THD levels, and total losses of all cases befopacior
placement. Numerical results from case 15 (extreme _ 0.5
case) during peak period, as shown in Figures 56and 3 o o
indicate the effect of unbalanced loading and goso(f £ 5 3 2 & . 23 | . o
nonlinearity of load on voltage profile and THD wes £ BEES S 2223288428
of phases A, B, and C. As expected, the voltage and ~ 085 . S o
THD of each phase vary with its loading.

Before capacitor placement, the minimum voltage 0.80-

including maximum THD level found in any phase bf a
buses at any load levels, and total loss are grafti
summarized in Figures 7 to 9. It is found that ¢hare

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Case No.

15

Fig. 7. Minimum voltages found in all cases before

some bus voltages which are lower than the minimumCaPacitor placement.

voltage (0.95 p.u.) as shown in Figure 7 for afle=a It is
very interesting to note that with the same unhlagdn
loading, a greater nonlinearity of load result@ihigher

minimum voltage. The maximum voltages for all cases

are always at slack bus, so they are not showren t
figure.

Voltage distortions are presented in the systerthén
cases with nonlinear loads as seen in Figure 8nFhis
figure, the highest values of THD found in the eystare
violated the maximum permissible THD level (5%)yonl
in the cases with 30% nonlinearity of load (i.ese8, 6,
9, 12, and 15). The total losses of all 15 caseshown
in the bar graph of Figure 9. This figure indicatbat
more total losses are introduced due to an incr@ase
unbalanced loading, while a change of load nontihea
in the same value of unbalanced loading resulidigit
difference in the total loss.

1.10

—&—Phase A—e—Phase B—e—Phase C
1.05

1.0048

Voltage (p.u.)

13 16 19 22 25
Bus No.

Fig. 5. Bus voltage profile at peak period for Casé5 before
capacitor placement.

4 7 10 28

15

—A— Phase A—e— Phase B—e—Phase C

10 A 4

THD (%)

13 16 19 22 25
Bus No.

4 7 10 28

Fig. 6. THD values along the feeders at peak periotbr
Case 15 before capacitor placement.

15

j 10.10

101 g
?
?

THD (%)

e 4.05
] 4.50

0.00
0.00

] 439

N

9 10 11 12 13 14 15
Case No.

Fig. 8. Maximum THD values found in all caseshefore
capacitor placement.

1,450
@ NL 0% @ NL 15% m NL 30%

S 14001
i
& 1350 5555
E T 7
 wlE
e 1:15
1,250 |k i

10%
Unbalanced loading

15% 20%

Fig. 9. Total loss of all cases before capacitor mament.

8.2 Performance of the adaptive PSO

Based on the fifteen cases shown in Table 4, totat
costs can be calculated by the conventional PSCttend
proposed adaptive PSO, as illustrated in Figureltlia.
obviously seen that the solutions obtained from the
proposed adaptive PSO can offer lower total costs
compared with those derived by the conventional PSO
for every scenario appearing in the fifteen ca3é®se
results confirm the advantages of the adaptive PSO
technique in searching for better solutions.

8.3 Effects of unbalanced loading and nonlinearity of
load on the optimal solutions

The effects of unbalanced loading and nonlineaoity
load are investigated using the optimal solutions
determined by the proposed adaptive PSO approach.
The summary of constraint satisfaction, fixed and
switched type capacitor kVAr to be placed, and the
comparison of total loss and total cost betweermigef
and after capacitor placement are presented inegabl

to 7. Figures 11 to 13 graphically show the total
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capacitor kVAr required for reactive power Table 5. Summary of constraints satisfaction for opmal

compensation, as well as reduction in the totas kmsd solution in all cases
total cost respectively. Min. Max. Max. | Max. capacitor
Case | voltage | voltage THD |placed at any bus
14 0
= @ Conventional PSO m Adaptive PSO (p.-u.) (p.u) (%) (kvan)
§ 1 0.9546 1.000 0.00 1,200
g 124 2 0.9541 1.0012 3.43 1,500

= 3 0.9750 1.0060 4.81 1,500

e 4 0.9504 1.0000 0.00 1,500

8 107 5 0.9546 1.0009 411 1,200

£ 6 0.9695 1.0125 4.99 1,500

. g 7 0.9505 1.0009 0.00 1,500

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 8 0.9519 1.0055 3.96 1,200
Case 9 0.9648 1.0178 4.99 1,500
Fig. 10. Comparison of total cost between convential PSO 10 0.9503 1.0061 0.00 1,500
and adaptive PSO 11 0.9521 1.0123 3.18 1,500
12 0.9633 1.0238 4.88 1,500
It can be seen from Table 5 that the obtained adtim 13 0.9501 1.0099 0.00 1,500
. . . o 14 0.9502 1.0121 3.24 1,500
solutions of 15 cases satisfy all the constrainegiin
. 15 0.9676 1.0231 4.75 1,500
Section 2, namely, bus voltages, THD levels, and
maximum capacitor kVAr for each bus. Table 6 inthsa _ _ _ _
that the total capacitor kVAr associated with théamed Table 6. Fixed and switched type capacitors requiretbr
optimal solution vary with the change of unbalanced optimal solution in all cases
loading and nonlinearity of load. It is also foumd Fixed type | Switched type

i i i 3 ; . Total KVAr
Figure 11 that the increasing of these two factpves Case capacitor capacitor
the more total capacitor kVAr required for (KVAN) (KVAD) (kVAr)
compensation.

The optimal capacitor placements introduce the ; 2’388 421,21388 E’ggg
reduction in total loss and total cost compared whiat 3 5’100 12’ 000 17’100
before capacitor placement as listed in Table 7e Th ’ ; '

. . . . 4 5,700 6,300 12,000
percentage in reduction of total loss is slightiffedent 5 7800 6.300 14100
regard to the variation of unbalanced loading and ¢ 10.200 7500 17.700
nonlinearity of load as shown in Figure 12. It isund 7 8,100 5,700 13,800
33-37% for all cases. On the other hand, the pé&agen 8 6,300 9,000 15,300
in reduction of total cost is decreased with inseeh 9 7,800 10,500 18,300
unbalanced loading and nonlinearity of load as saen 10 7,800 7,800 15,600
Figure 13. This is expected as an increase of these 11 10,200 6,000 16,200
factors needs more investment on capacitor. The 12 7,500 11,700 19,200
maximum reduction in total cost of about 28% isetak 13 4,200 12,300 16,500
place in case 1 with entirely linear and balanceald| 14 6,900 10,500 17,400
connected to the network, while the minimum redrcti 15 8,700 11,100 19,800

of total cost of around 17%, is given in case 15.
The above observations are evidences for the sffect Table 7. Total loss and total cost before and afterapacitor
of unbalanced loading and load nonlinearity on the placement

optimal solution of capacitor placgment problemr Fo Total loss (kW) Total cost (Baht)

this reason, both unbalanced loading and the pcesen Case

of nonlinear loads should be considered when the Before After Before After

optimal location and size of capacitors are deteeuhi 1 | 132276\ 829.02| 13,530,285 9,675,243

Otherwise, a solution without concerning these two 2 1,334.10| 841.01| 13,543,364 10,072,660

factors is a non_optima' solution. 3 1,33883 857.28 13,589,995 10,821,851
4 1,336.61 837.99 13,570,495 9,896,125
5 1,337.94 857.76 13,583,569 10,337,989
6 1,342.67 896.14 13,630,200 11,107,645
7 1,348.15 845.06 13,691,338 10,179,085
8 1,349.49 870.24 13,704,392 10,631,717
9 1,354.22 905.06 13,751,025 11,271,614
10 1,367.47 855.68 13,893,610 10,579,519
11 1,368.81 882.86 13,906,634 10,709,031
12 1,373.54 925.72 13,953,268 11,506,100
13 1,394.68 881.21 14,178,653 10,996,677
14 1,396.01 891.79 14,191,634 11,154,244
15 1,400.75 940.96 14,238,271 11,801,461
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20,000
@NL 0% @ NL 15% m NL 30%

517,5007 2
5 E;E;
£ 15,000 ;;;;
2 .
jé 12,5001
2 ;E;E
:{:{
10,0004 B

5% 10% 15%
Unbalanced loading

20%

(1]

Fig. 11. Total capacitor kVAr required for optimal solution
for all cases.

(2]

50

EBNL 0% @ NL 15% m NL 30%

(3]

(4]

Reduction in total loss (%)

0% 5% 10%

Unbalanced loading

15% 20%

Fig. 12. Reduction in total loss for all cases afteoptimal
capacitor placement.

(5]

50

B NL 0% @ NL 15% m NL 30%
40 4

30 -

(6]

20

Reduction in total cost (%)

10 LE

5%
Unbalanced loading

15% 20%

[7]

Fig. 13. Reduction in total cost for all cases afteoptimal
capacitor placement.

(8]

9. CONCLUSION

This paper has presented an adaptive PSO-base@)]
optimization technique to determine optimal capacit
placement in an unbalanced loading distributiortesys
connected to nonlinear loads. A distribution systeim
PEA, which consists of 28 buses and 19 load poiitts

a two-step load pattern, is used to illustrate the
performance of this proposed technique. Numerical
results from different values of unbalanced loadimgl
nonlinearity of load demonstrate that the obtained
optimal solutions introduce a saving in total cestile
satisfying all the specified constraints. The dfeof
unbalanced loading and load nonlinearity on thenogt
solution are also examined. It is found that tédak in

the network and total capacitor kVAr required for
reactive power compensation are increased when
unbalanced loading and load nonlinearity are irsrda
whereas the saving in total cost is decreased otwitige
more investment cost for capacitors.

ACKNOWLEDGMENT

The first author would like to express his sinctr@nks

to the Ministry of Science and Technology (MOST),
Thailand and Thailand
Technological Research (TISTR), Thailand for their
financial supports.

Institute of Scientific and

REFERENCES

Ng, H.N., Salama, M.M.A., and Chikhani, A.Y. 2000.
Classification of capacitor allocation techniques.
IEEE Transactions on Power Delivery 15(1): 387-
392.

Chen, C.S., Hsu, C.T., and Yan, Y.H. 1995. Optimal
distribution feeder capacitor placement considering
mutual coupling effects of conductorsEEE
Transactions on Power Delivery 10(2): 987-994.

Xu, W., Marti, J.R., and Dommel, HW. 1991. A
multiphase harmonic load flow solution technique.
|EEE Transactions on Power Systems 6(1): 174-182.
Eberhart, R., and Kennedy, J. 1995. A new
optimizer using particle swarm theory. In
Proceedings of the Sixth International Symposium

on Micro Machine and Human Science. Nagoya,
Japan. 4-6 October. IEEE Press.

Chiang, H.D., Wang, J.C., Tong, J., and Darling, G.
1995. Optimal capacitor placement, replacement and
control in large-scale unbalanced distribution
system: system modeling and a new formulation.
IEEE Transactions on Power Systems 10(1): 356-
362.

Lee, K.W., and El-sharkawi, M.A. 2008/odern
heuristic optimization techniques. theory and
applications to power system. New Jersey: John
Wiely & Sons, Inc.

Engelbrecht, A. P. 2005. Fundamentals of
computational swarm intelligence. West Sussex:
John Wiley & Sons.

Gallego, R.A., Monticelli, A.J., and Romero, R.
2001. Optimal capacitor placement in radial
distribution networkslEEE Transactions on Power
Systems 16(4): 630-637.

Teng, J.H. 2000. A network-topological-based three-
phase load flow for distribution systen&.o. Natl.

Sci. Counc. ROC(A) 24(4): 259-264.

[10]Baghzouz, Y. 1991. Effects of nonlinear loads on

optimal capacitor placement in radial feedéEEE
Transactions on Power Delivery 6(1): 245-251.

[11]Nethan, C. 2006. Optimal shunt capacitor sizing and

location on the radial distribution system with
microsoft excel solver. M.Eng Thesis. Khon Kaen
University, Khonkaen, Thailand.

99



S Auchariyamet and S. Srisumrannukul / GMSARN | nternational Journal 3 (2009) 91 - 100

100



