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Abstract—A centralized reactive power compensation system is
proposed for low voltage (LV) distribution networks. It can be con-
nected with any bus which needs reactive power. The current in-
dustry practice is to locally install reactive power compensation
system to maintain the local busvoltage and power factor. By cen-
tralizing capacitor bankstogether, it can help to maintain busvolt-
agesand power factorsaswell asreducethe power cablelosses. Be-
sides, thecentralized reactive power system can beeasily expanded
to meet any future load increase. A reasonably sized centralized
reactive power compensation system will be capable of meeting
the requirements of the network and the optimization algorithm
proposed in this paper can help to find this optimal size by mini-
mizing the expected total cost (ET'C H). Different load situations
and their respective probabilities are also considered in the pro-
posed algorithm. The concept of the centralized reactive power
compensation system is applied to a local shipyard power system
to verify its effectiveness. Theresults show that an optimally sized
centralized reactive power system exists and is capable of main-
taining busvoltagesaswell asreducing the power lossesin thedis-
tribution network. A significant power loss reduction can be ob-
tained at the optimal capacity of the centralized reactive power
compensation system in the case study.

Index Terms—Capacitors, power distribution planning, reactive
power control.

NOMENCLATURE
()¢ (+) injected by centralized capacitor bank.
(x)P (*) consumed by load bus.
()¢ (*) from conventional or renewable energy.
() H (x) for high load situation.
()L (%) for low load situation.
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(x) of distribution line?.
(*) under load scenario s.
Maximum value of ().
Minimum value of ().

(x) at from end, * can be voltage V' and
current 7.

(*) at to end, * can be voltage V' and current 1.

(x) of power line which is connected from bus
¢ tobusj.

() at busi orj.

Set for al buses which are connected to
centralized reactive power compensation
system.

Set of load scenarios.

MVA flow of power line.

Step increment of reactive power compensation
capacity.

Probability of load situation.

Electricity tariff.

Admittance angle.

Probability of load scenario.

Voltage phase angle.

Annualized one-time cost of capacitor bank.
Line charging susceptance.

Shunt susceptance.

Expected total cost per hour of distribution
power system.

Combined cost of capacitors, installation and
cables.

Shunt conductance.
Current.

Index of buses which are connected to
centralized capacitor bank.

Number of distribution lines.

Capacitor’slife time.
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MC Maintenance cost of the capacitor bank.
P Active power.

Pross Power line loss.

Q Resactive power.

QC Size of centralized capacitor bank.

R Resistance.

T Interest rate.

TCPH Total cost per hour of capacitor bank installed.
TCPL Expected hourly total cost for power loss.
V Voltage.

X Reactance.

Y Admittance.

Yieries Line series admittance.

Yon Shunt admittance.

LV Low voltage.

PCC Point of common coupling.

svC Static var compensator.

I. INTRODUCTION

EACTIVE power compensation strategies in power sys-
temshelpto reduceresistive power losses, control system
voltage levels and improve power factors [1]. The static var
compensator (SVC) which relies on power electronic control
techniques for adaptive reactive power compensation has been
widely used inindustrial power systemsto compensatefor large
fluctuations in reactive power demand [2]. However, the use of
SV Ciscurrently not cost-justifiablein distribution systems. Ca-
pacitor banks on the other hand have proved [3] to provide satis-
factory cost benefitsand are commonly used for passivereactive
power compensation in low voltage (LV) distribution systems.
In the past, severa capacitor planning methodologies which
use homogeneous reactive power load distribution and uniform
conductor size along feeders [4]-{6] mainly focus on the op-
timal placement of reactive power injection. Early analytical
methods for capacitor placement are developed by Neagle and
Samson [7]. The problem is to determine the optimal location
and size of a given number of capacitors such that the system
losses are minimized for a given load level. Cook [8] extended
the problem formulation to include peak power and energy
loss reduction and proposed a method to determine the optimal
location and size of the capacitors. Grainger et al.[9] have
also conducted an extensive research in this area where they
proposed several methods including the normalized feeder/load
technique. Dynamic programming was also used by Duran
[10] to solve the capacitor placement problem. In addition,
Haghifam and Malik [11] extended the capacitor placement
problem formulation to include the optima placement of
fixed and switchable capacitors in radia distribution networks
considering time varying load and load uncertainty based on a
proposed genetic algorithm (GA) method.
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In [4], Baran and Wu devel oped a complete problem formu-
lation by modeling the power system through a set of equa-
tions with limiting constraints and incorporating an objective
function to minimize costs. The problem was then decomposed
into optimal placement and optimal sizing problems. By de-
composing the problem, the integer part of the problem corre-
sponding to optimal placement is disassociated from the con-
tinuous part corresponding to optimal sizing. Furthermore, the
problem of starting from an infeasible solution is rarely ad-
dressed. This problem is generally overcome by placing capac-
itors in the power system using the heuristic knowledge of a
system planner. In addition, renewable energy and economic
dispatch are usually not considered in the problem formulation.
Many research works have studied capacitor planning at trans-
mission and distribution voltagelevels[12], [13]. A few articles
have considered renewabl e options as part of capacitor planning
for LV distribution power systems[3], [14].

If the LV distribution power system has heavy inductiveload,
it needs a capacitor bank to maintain its power factor at the point
of common coupling (PCC) based on the utility grid require-
ment. Otherwise the consumer will be penalized by the Sin-
gapore grid operator if the power factor falls below 0.85. The
current industry practiceisto locally install a capacitor bank to
maintain the local bus voltage and power factor [15], [16]. This
paper proposes a new idea by centralizing individua local ca-
pacitor banks together to maintain bus voltages and power fac-
tors as well as to reduce the power cable loss.

It is also very costly and uneconomical to buy a capacitor
bank and install it wherever it is required especialy it is used
only for a short duration during early morning hours when
pumps for dry docks are run. The buses which require reactive
power at different time of the day are not always the same.
By centralizing all capacitor banks, the total capacity can be
shared by each connected bus. It can also help to reduce the
total installed capacity of capacitor banks instead of installing
individual capacitor banks locally. Besides, the centralized
reactive system can be easily expanded to meet any future load
increase.

During the planning of reactive power compensation, decen-
tralized methods only provide optimal capacitor placement for
a particular load situation. If the load situation changes a new
set of optimal capacitor placement will be given by the decen-
tralized method. However during actual operation, itisnot prac-
tical to keep moving capacitor banks from one location to an-
other according to the load situation. Hence the capacity of the
capacitor bank at alocationisfixed normally onceit hasbeenin-
stalled. In addition, capacitor banks at some buseswith low load
are unable to share their excess capacity of reactive power with
other buses that have heavy load. In comparison, the proposed
method takes into account the different load situations using a
probabilistic approach to classify the bus load groups into dif-
ferent load scenarios. The proposed centralized capacitor bank
can also connect to as many buses as they require so there is
no need to move the centralized capacitor bank around. The ca-
pacity sharing of the centralized reactive power compensation
system is also considered in the formulation.

The proposed centralized reactive power compensation
system can help to minimize the total cost of capacitors and the
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Fig. 1. Example of a distribution power system.

TABLE |
VOLTAGE LEVELS OF 59 BUSES
[ Voltage || Bus
22 kV 1.2
6.6 KV 3-14, 43-45, 47, 50-51
0.4 kV 15-42, 46, 48-49, 52-39

resistive power cable losses in distribution power systems. The
agorithm developed in this paper can help to find an optimal
size for the proposed centralized reactive power system where
the cost of capacitors and resistive power losses are minimized
taking into account the different load situations at every busin
the distribution system.

However, the proposed approach may be effective only for a
small LV distribution network because reactive power cannot
travel over long distances. This means that the cable length
needed by the proposed approach is limited to a few kilome-
ters long. The proposed method has been validated on a real
shipyard distribution network having an areaof 2 km?. Simula-
tion results have shown that the proposed method performswell
compared to those of the current industry practice.

In Section |1, a description of the proposed centralized reac-
tive power compensation system is introduced. The line model
of a power system is presented in Section I11-A. Formulation
for the cost of capacitor placementsis provided in Section 111-B
and the objective function for cost minimization is described in
Section I11-C. A case study considering a 59-bus power system
is tested and the results are shown in Section 1V. The optimal

49 50 5
57 59

size analysis is shown in Section 1V-A. A rea load situation
test is shown in Section 1V-B. The conclusion is presented in
Section V.

II. CENTRALIZED REACTIVE POWER COMPENSATION SYSTEM

Reactive power planning of power systems provides the
strategy of reactive power compensation so that the real power
loss can be reduced and the system voltage profile and power
factor can be improved [1]. Compared with SVCs, capacitor
banks have satisfactory cost benefits and are widely used
in distribution systems. The capacitor banks are chosen for
reactive power compensation in this paper. An example of an
LV distribution power system is shown in Fig. 1 which features
an electrical grid system comprising 59 buses, three voltage
levels, i.e, 0.4 kV, 6.6 kV, and 22 kV, and two frequencies,
i.e., 50-Hz and 60-Hz of a Singapore shipyard. The voltage
level of each busisshown in Table . The supply is an inherent
50-Hz system. The 60-Hz system which provides shore power
to vessels is converted from the 50-Hz supply via a 6-MVA
static frequency converter located at lines 3-43 and 4—44. This
shipyard distribution system is used in the case study.

Two key issues have been identified for the optimal place-
ment of capacitor banks at the distribution voltage level. First,
the nature of the loads connected to the buses is time varying
and exhibitsdifferent load patternsthroughout the day. Itisvery
difficult to decide the optimal locations and sizing of the capac-
itor banks for different load situations. Second, capacitor banks
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Fig. 2. Centralized reactive power compensation system.

at some buses with low load are unable to provide their excess
capacity to other buses with heavy load once they have been
placed. Therefore, it isimportant to address these issues so that
the associated costs of the capacitor bank and resistive power
losses can be minimized. To solve these problems, a centralized
reactive power compensation method is proposed in Fig. 2. The
capacitor bank is centralized and can be connected with selected
buses where they need reactive power compensation. The total
capacity of the centralized capacitor bank can be shared by the
connected buses. The objective of the proposed method is only
to determine the optimal size of the centralized reactive power
compensation system while minimizing the cost of capacitors
and resistive power losses for every possible load situations.
Thiswill be discussed in the subsequent sections.

Currently the centralized capacitor bank has not been fully
implemented in the industry yet. It will be tested in the ship-
yard distribution power system in Fig. 1 under the land-based
energy management systems (LEM S) project. Once the central-
ized capacitor bank isinstalled, it will be under the command of
an online AC optimal power flow (OPF) function based on the
online load information [17], [18]. The OPF function will send
the optimal injected reactive power commands to the central-
ized capacitor bank. The local programmable logic controller
(PLC) within the centralized capacitor bank will automatically
change its outputs to each connected bus.

Theload profile changes according to different periods of the
day resulting in peak and valley periods which may differ for
each load bus. However, some buses are coherent wherethe con-
nected |oads share the similar peak and valley periodswhich can
be classified as a group. Consequently, the distribution power
system can be categorized into different load groupswhere each
load group shares similar peak and valley periods.

The load group can be classified by relative electrical dis-
tance (RED) [19], load type or historical load data. The last two
are used to help to classify theload group in this paper. Theload
type and historical load data can tell uswhich bus needsreactive
power support and those buses that can be connected with the
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TABLE Il
CLASSIFICATION OF LOAD
[ Group || Bus
1 5-9, 15-27, 37-39
2 10-14, 28-36, 40-42
3 45-59

centralized reactive power compensation system. The possible
buses which need to be connected with the centralized reactive
power compensation system in Fig. 1 are buses 15, 23, 25, 27,
31, 35, 39, 42, 46, 55, and 59 based on the load type and his-
torical load studies. These buses are shown in Fig. 2. Besides,
buses which are connected with the same load type and share
the similar peak and valley periods based on the historical |oad
data can be classified as the same load group.

In this paper, all the busesin Fig. 1 have been classified into
three major groups based on their load types and historical load
data. They are shown in Table II. Buses within the same group
share common characteristics such as close proximity with each
other and similar load profiles.

The variation of a load can be categorized into different
ranges, i.e., the load has a maximum value during the peak
period and a minimum value during the valley period. In
a distribution system, most buses will have two states, i.e.,
loaded or unloaded. For simplicity, two average values are
used to represent each load's situation. The first average value
represents the low |oad situation at bus i and is defined as P .
The second average value represents the high load situation
and is defined as P . In addition, the probabilities of PL and
P are defined as AF and AF. The relationship of these two
probability valuesis shownin (1):

M F =1, 1)

I11. DISTRIBUTION SYSTEM MODELING
AND PROBLEM FORMULATION

A. Line Models

Fixed loads are modeled as constant real and reactive power
injections, Pp and (). The shunt admittance of any constant
impedance shunt elements at abusis specified by G, and By,
Hence, the bus shunt matrix element, Y,;, = G, + jB,, is
introduced.

Each distribution line is modeled as a standard 7, with a se-
ries resistance R and a reactance X and one half of the total
line charging susceptance B.. at each end of the line. B, isthe
inverse of the line charging capacitance x... The line charging
capacitance is not considered in the case study of the shipyard
distribution power network due to the short cable length. The
model is shown in Fig. 3 [20]. Branch voltages and currents
from the from end to the o end of the distribution line ! are
related by the branch matrix Y as follows:

m i |V
I

Vi 2
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B. Cost of Capacitors

The cost incurred in installing new capacitorsincludes aone-
time cost and a maintenance cost. The one-time cost is propor-
tional to the size of capacitors. Hence the one-time cost of in-
stalling a capacitor of size QC (Mvar) would be QC * FC,
where I'C' ($/Mvar) is the combined cost of capacitors, instal-
lation and cables. The maintenance cost per year is also propor-
tional to the size of capacitors. If the capacitor’s life time is /¢
years and the maintenance cost is M C ($/Mvar) per year, then
the total cost of the capacitorsis (QC = FC + [t « QC « MC)
3.

The total payment for all the capacitors in {¢ years will be
normalized in $/hr, which is suitable for the short term study. If
theinterest rater for financing theinstalled capacitorsisconsid-
ered, the annualized one-time cost (AOT (') for the capacitors
is shown in (3):

r(1+r)

(QC * FC). (3)

Thetotal cost of the capacitor bank can be obtained by adding
AOTC and the maintenance cost together. Then the total cost
per hour (1'C P H) of the capacitor bank installed can be found
in (4):

TCPH =

S50 H(AOTC +QC < MC). @)

C. Objective Function of Cost Minimization

The total cost for the distribution power system includes the
payment of the total electricity bill and the cost of capacitors.
Considering the different load situations, the el ectricity bill pay-
ment of the total power line loss is also not the same for every
hour. Hence, the expected total cost per hour (ETCH) is pro-
posed here only to express the equivalent variable cost per hour
of the distribution power system. It includesthe expected hourly
total cost for the power loss (7C P 1) and hourly cost of capac-
itors (T'CPH).

There are two electricity tariffs for the distribution power
systemin Singapore[21], namely high tariff and low tariff. High
tariff 1. isused for the on-peak period and low tariff ;.” isused
for the off-peak period. In this paper, 17 will be used when the
supply system is under high load situations. x* will be used
when the supply system is under low load situations.

Table 111 shows all scenarios in Set M for the shipyard
power systemin Fig. 1. The busin each group will have similar

TABLE Il
DIFFERENT LOAD SCENARIOS IN SET .M

Set Load situation” Probability Electricity tariff
M Group T Group 2 Group 3 P B

1 High High High A AT\ plt

2 Low High High Alw g 2 wh!

3 High Low High M Al 't

4 High High Low M X AT pl!

5 Low Low High Al alog A ;:"

6 Low High Low P L wh

7 High Low Low A A At ut

8 Low Low Low Al Al AE 't

* The bus in each group will have High/Low load situations.

high/low load situations and they share the same on-peak or
off-peak period. The group details can be found in Table I1. If
the load situation in one group lies in the on-peak period, it
is classified as high load and the probability of this group in
this scenario is A . Otherwise the probability of this group in
this scenario is A% . There are three load groups in the shipyard
power system in Fig. 1. Hence, there are eight scenarios of
different load combinations. As shown in Table Ill, scenarios
1-4 are under high load situations, which correspond to high
electricity tariff ;.. Scenarios 5-8 are under low load situa-
tions, which correspond to low electricity tariff ;.- .

Considering different load scenariosin Tablelll, the ETC H
can be expressed as

Minimize : ETCH = Z p{TCPL* + TCPH*} (5)
sEM

where M is a set of different load scenarios as shown in
Table IIl. TCPL® = p® * P} ., where 11* is the electricity
tariff during load scenario s and P; .. is the active power
line loss for scenario s. p® is the probability of scenario s, and
TCPH? is the tota capacitor cost per hour for scenario s.
ETCH isdefined as the sum of the cost of each scenario times
their probability.

The probability p* of scenario s is defined as the product of
probabilities of threeload groups. The electricity tariff ;° isp?
or 117 based on the load situations of scenario s. For example,
in scenario 1, the load situations of all groups are high. The
probability p! is A = AH « AH and the electricity tariff ! is
/1,H.
The active power line loss in (5) can be expressed as

Line

Pyooe =Y lreal (VI (ILy = V)| Vs (8)
=1

where V}", I%", V/}", and I}” are voltages and currents at the
from bus, f, andtheto bus, ¢, of distribution line/ during sce-
nario s, respectively. (14”)* and (I{")* are the conjugate vari-
ablesof 7} and I}”, respectively.

To solve the objective function of (5), the following con-
straints need to be considered.

1) Active Power Balance[22]:

pPe" - PPt =p;

J
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where PE * istheinjected active power at bus i during scenario
s, which includes the conventional and renewable energy. P >
is the active load power at bus ¢ and P; is the active power
transferred out from bus . Bus i is connected to bus 5 vialine
¢j. 07 and 6§ are the respective voltage phase angles at buses:
and j during scenario s. ¢;; istheadmittanceangleof Y;; during
scenario s.

2) Reactive Power Balance: For bust whichisnot connected
with the centralized capacitor bank

QF" - QP =0
=V ViYisin(0; — 05 — ¢3,) Vi.s (8)

2

where QP” is the reactive load at bus 7 and ¢ is the reactive
power transferred out from bus . Q?s is the injected reactive
power of the generator or upstream grid at bus .

For bus " which is connected with the centralized capacitor
bank

QC 8 D s

0 T W0 - 70

= Vi) Vi Yiojsin(Bo — 65 — ¢o;) ¥, s (9)
i

where Qgs is the reactive power injected by the centralized
capacitor bank at bus i; QR° is the reactive load at bus i*;
and Q%, isthe reactive power transferred out from busi. 65, is
the voltage phase angle at bus ¢ during scenario s. ¢% ; isthe
admittance angle of Yo ; during scenario s.

The capacity limit of the centralized reactive power compen-
sation system is

> Q% <QCVs

e

(10)

where C is the set for al the buses which are connected with
the centralized reactive power compensation system. (}C' isthe
capacity of the centralized reactive power compensation system.
Equations (8)—(10) address the reactive power injection from
the centralized reactive power compensation system.
The MVA flow of power lines and bus voltages are

S5y < SV, s
(‘/is)rnin S ‘/is S (‘/is)max \V/’I./, s (11)
where S7; is the MVA flow of the power line which is con-
nected from bus ¢ to bus j during scenario s. ;3 is the ca-
pacity limit of the power line which is connected from bus to
bus j. (V;#)™™ and (V;)™** are the minimum and maximum
voltage requirement for bus i during scenario s.

D. Solution Algorithm

Theobjectivefunctionin (6) isto minimizethe ETCH under a
fixed QC. The control variables are the injected reactive power
to each connected bus. These buses are 15, 23, 25, 27, 31, 35,
39, 42, 46, 55, and 59 as shown in Fig. 2. The solution process
startswith aminimum QC required by the LV distribution power
system. After that, QC will be increased by a step size and the
ETCH isminimized again. In this manner, the optimal size of
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L Classification of system load J

[ Find minimum size QCpin J
I

Set parameters and I
initial variables

Y
[ Minimizing ETCH in (5) w

|
[Qc - QC + AQC”

considering 8 scenarios

Fig. 4. Algorithm used to solve the optimal capacity of centralized reactive
power compensation system.

@ C can be found by identifying the minimum value among all
the minimized ETCH computed at each step.

@C' can aso be considered as a variable with an upper and
lower limit. However, there are two main concerns: Firstly, the
optimization problemin (5) isahighly complex nonlinear opti-
mization problem and it includes eight AC OPF (optimal power
flow) problems corresponding to the eight scenariosin Tablelll.
It may not be ableto find aconverged solution for this optimiza-
tion problem if QC' is considered as an additional variable in
(5). Secondly, the detailed relationship between ETCH and QC
cannot be established when Q' isconsidered asavariable. QC'
is not a continuous value in reality since the switched capaci-
tance is a discrete value and 0.10 Mvar may be considered as
the step increment.

Fig. 4 shows the developed a gorithm which is used to solve
the optimal size of the centralized reactive power compensa-
tion system. Thisalgorithm will compute different £TC H s for
different sizes of the centralized reactive power compensation
system that lie in between the minimum size QC,,,;, and max-
imum size QC'\,.x. The minimum size QC,,;, of the distribu-
tion power system isthe minimum valueto make the power flow
calculation converged under the voltage limits. For all the sce-
narios, they have different minimum sizes (C%, ., based on their
different load situations. Thevalueof QC,,;,, for thedistribution
power system will be the maximum value among these different
minimum sizes of different load situations. The maximum size
QC .« Of the distribution power system is constrained by the
investment fund available for the capacitor bank purchase and
the space to house the capacitor bank. Normally it can be set asa
relative large value. The optimal size for the distribution power
system can then be found by identifying the minimum cost of
(5).

The details of this algorithm are as follows:
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1) Enter theload and network information. Find the minimum
capacity Q)Chyi, Of the centralized reactive power compen-
sation system by power flow calculations.

2) Classify the load into different load groups based on their
load types and historical load data.

3) Set QChax, Which is relatively large for the distribution
power system, AQC for each step increment of the reac-
tive power compensation and the unit and system parame-
ters. Initialize all the variables used.

4) Solve the objective function for QC, which is the size of
the centralized reactive power compensation system. Min-
imize ETCH in (5) considering the probability of each
scenario for the distribution power system.

5) If QC < QChax, Update QC using QC = QC + AQC
and go to step 4. The algorithm will stop when QC >
QC nax-

The proposed solution isanonlinear problem. Thisa gorithm
is implemented in AMPL (A Modeling Language for Math-
ematical Programming) [23] with KNITRO, a nonlinear opti-
mization solver [24].

IV. COST-BENEFIT ANALYSIS—CASE STUDIES

Thissection attemptsto determine the optimal size of the cen-
tralized reactive power compensation system for the distribu-
tion power system which is shown in Fig. 1. The probability of
different load situations are considered in the eight scenarios as
showninTablelll. Thetwo electricity tariffsfor the distribution
power systemin Singapore are al so consideredin thispaper. The
high tariff 4 used for the distribution power system in Singa-
pore is $0.2124/kWh and the low tariff 1~ used is $0.1314/kWh
[21].

The interest rate » for financing the installed centralized re-
active power compensation system is set at 6%. The one time
cost for the capacitor bank of 100 kwvar, cables and installa
tion is about $7500 and the maintenance cost for that capacitor
bank is $750 [25]. The lifetime of a capacitor bank is set to 5
years. For the power distribution system of the local shipyard,
the minimum capacity QC.,;,, for the power flow calculation to
converge was found to be 8.90 Mvar. The maximum capacity
QC max Was set at 16.50 Mvar. The probability )\f{ of the high
load situation and the probability AF of thelow |oad situation are
set as0.7 and 0.3, respectively. The maximum and the minimum
voltage limits are set as 1.05 pu and 0.95 pu. The capacity limit
of the power line connected to the centralized reactive power
compensation system is 1.5 MVA.

In the distribution power system of Fig. 1, the possible buses
which need to be connected with the centralized reactive power
compensation system arebuses 15, 23, 25, 27, 31, 35, 39, 42, 46,
55, and 59 as shown in Fig. 2. The area of this shipyard power
system is about 2 km? and the centralized reactive power com-
pensation system is located at the central area, which is easier
to be connected with those buses. The parameters of the cables
connecting the capacitor banks can be found in [26]. These bus
numbers are decided based on the historical load data.

The high/low active and reactive load values at each busin
this 59-bus distribution power system can be found in [27] and
[28]. The branch parameters can be found in [29].
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Fig. 5. Cost comparison for the shipyard distribution power system.

A. Analysis of Optimal Capacitor Size

The proposed solution algorithm has been solved and the
computed valuesof TCPL, TCPH,and ETC H were plotted
with respect to the capacity of the centralized capacitor bank
QC for cost comparison as shown in Fig. 5. The minimum ca-
pacity QC i, 158.90 Mvar and the maximum capacity @ Cax
is16.50 Mvar. Q' isnot a continuous valuein reality since the
switched capacitance is a discrete value and the proposed solu-
tion algorithm is performed with a step size of 0.10 Mvar. At
each step, the proposed solution algorithm minimizes TCPL
and E'TC H by considering all the eight scenariosin Tablelll.

From Fig. 5, the initial value of TC'PH is evauated to be
$2.57 while TCP1 is $211.48 and ETCH is $214.05 based on
QC min. AtQC 1.+, themaximum value of TC' P H iscomputed
to be $4.77 while T"C P L is$208.30 and ETCH is $213.07. It is
observed that 7C'P H exhibitsan upward linear trend revealing
that the increase in capacitor bank capacity results in higher
costs. This agrees with (4), where for the given MC, FC, r,
and /¢, TCPH has alinear relationship with QC'. Conversely,
TCPL has adownward trend with respect to QC'. Thisis ex-
pected since a higher capacitor bank capacity reducesthe power
loss in the system. However, it can be seen that the value of
TCPL begins to saturate at $208.30 when QC' is about 10.20
Mvar and the saturation trend happens for any other power sys-
tems based on the voltage limitation. This shows that the power
loss in the shipyard distribution power system can only be re-
duced to acertain value beyond which afurther increase in QC
does not yield a further reduction in power loss of the system.
It can be seen that £FTC H exhibits atrend with two distinct re-
gions. Thefirst region showsthevalue of E'T'C'H decreasing up
to the point where QC is 10.20 Mvar. The second region shows
thevalueof ETC H increasing for QC greater than 10.20 Mvar.
Thelowest valuefor ET'C'H isfound to be $211.30 which cor-
responds to 10.20 Mvar, the capacity of the centralized capac-
itor bank. It is also observed that the optimal value of QC' oc-
curswhen TC' P L begins to reach a steady state value. The op-
timal size of the centralized capacitor bank isobtained when @ C
yieldsthelowest value of ETC H . Thisvalueis10.20 Mvar and
it lies between QC i, and QC ..

Based on the different load scenarios in Set M of Table lll,
a pie chart consisting of the expected load distribution for all
scenarios is shown in Fig. 6(a). The expected load (MVA) of
each scenario is defined as all the load of this scenario times
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Fig. 6. Proportion of demand and power loss for al scenarios. (a) Expected
load (MVA) distribution for all scenarios. (b) Expected power loss distribution
for all scenarios at the initial capacity of capacitor banks. (c) Expected power
loss distribution for all scenarios at the optimal capacity of capacitor banks.

the probability of this scenario. The total expected load of all
scenarios is defined as the sum of the expected load (MVA) of
each scenario. Theload data of each scenario servesasinput for
the minimization of ETCH during each step change in QC.
The load distribution percentages of each scenario are derived
by using the expected load (MVA) of each scenario divided by
the total expected load of all scenariosin Set M.

Fig. 6(b) and (c) shows the pie chart of the expected power
loss distribution at the initial capacity and at the optimal ca-
pacity of the centralized capacitor bank for all scenarios, respec-
tively. The expected power loss of each scenario is defined as
the power loss of this scenario times the probability of this sce-
nario. The total expected power loss of all scenarios is defined
asthe sum of the expected power |oss of each scenario. Thetotal
expected power loss at theinitial and optimal capacity of the ca-
pacitor bank are 1.0432 MW and 1.0285 MW, respectively. At
the optimal capacity, there is areduction of 1% in the expected
power loss distribution for scenario one while an increase of 1%
in the expected power loss distribution is observed for scenarios
two and four. Although an increase in the expected power 10ss
distribution for scenarios two and four is observed, the magni-
tude of the actual power loss at the optimal capacity for each
scenario is significantly smaller than that of theinitial capacity.
In addition, the expected power loss distribution has a similar
composition compared to that of the expected load distribution.
This shows that the expected power loss is proportional to the
expected load distribution of each scenario. A high load situa-
tion contributes to a higher power loss in the system and vice
versa

The expected voltage profile for the 59-bus distribution
system at the optimal capacity of the centralized capacitor
bank is shown in Fig. 7. For each bus, three different voltage
values namely the expected voltage, highest voltage and lowest
voltage are shown. The expected voltage for each bus is ob-
tained by multiplying the voltages for each scenario with the
corresponding probabilities in Table 111 and adding them up.
The expected voltage is indicated by an asterisk. The highest
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Fig. 7. Expected voltagesfor 59 buses at the optimal capacity of the centralized
capacitor bank.

and lowest voltage values for each bus among all the scenarios
areindicated by acircle. The highest and lowest voltage values
of each bus are chosen from all the possible values of all the
scenarios. The highest and lowest voltage values for each
bus are within the maximum and minimum voltage limits for
all scenarios. The expected voltage profile for each bus also
satisfies the minimum and maximum voltage limits.

The expected injected reactive power profile for the selected
buses at the optimal capacity of the centralized capacitor bank
is shown in Fig. 8. In this study, buses connected to the cen-
tralized capacitor bank are buses 15, 23, 25, 27, 31, 35, 39, 42,
46, 55, and 59. For each of the selected buses, three different
injected reactive power values namely the expected injected re-
active power, highest and lowest injected reactive power are
shown. The expected injected reactive power is obtained by
multiplying the injected reactive power for each scenario with
the corresponding probabilities and adding them up. The in-
jected reactive power for each scenario is calculated from the
optimization problem in (5) under the constraints (6)—(11). The
optimization algorithm will help to decide the optimal injected
reactive power for each connected busbased onthe AC OPF cal-
culation for each scenario. The expected injected reactive power
isindicated by an asterisk. The highest and lowest injected re-
active power values for each bus among all the scenarios are
indicated by acircle. It is observed that the highest, lowest and
expected injected reactive power for each of the selected buses
is within the MVA limit of the power line connected to the cen-
tralized capacitor bank in Fig. 8.

Tofurther explain Fig. 8, theinjected reactive power at bus 15
for the eight scenarios is shown in Table IV. The third column
shows the injected reactive power for each scenario which is
decided by AC OPF. The highest and lowest injected reactive
power values are found to be 0.90 Mvar in scenario 1 and 0.24
Mvar in scenario 8 respectively. The expected injected reac-
tive power of bus 15 can be calculated by multiplying the third
column with the second column of Table IV and adding them
up, which is found to be 0.6052 Mvar. Likewise, the expected
injected reactive power for the other buses can be determinedin
asimilar way.

B. Real Load Stuation Test

The real load situation for the distribution power system in
Fig. 1 is applied here to check the performance of the central-
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Fig. 8. Expected injected reactive power at the optimal capacity of the central-
ized capacitor bank.

TABLE IV
INJECTED REACTIVE POWER AT BUS 15 FOR DIFFERENT SCENARIOS

Set M Probability ~ Mwvar
Scenario 1 0.7%0.7%0.7 0.90
Scenario 2 0.3*%0.7%0.7 0.25
Scenario 3 0.7%0.3%0.7 0.65
Scenario 4 0.7*%0.7%0.3 0.61
Scenario 5 0.3%0.3%0.7 0.25
Scenario 6  0.3*%0.7%0.3 0.25
Scenario 7 0.7%0.3%0.3 0.58
Scenario 8 0.3%0.3%0.3 0.24

ized reactive power compensation system at the optimal size of
10.2 Mvar. Under onereal load situation [30], there are 11 buses
installed with thelocal capacitor bankswhich try to maintain the
voltage level and power factor within the acceptable operating
range. The location and size of the installed capacitor banks are
decided by the decentralized method based on an average his-
torical load during the planning stage and the results are ob-
tained from the PowerWorld simulation software. Thelocations
of these 11 buses are the same as those buses which are con-
nected to the centralized capacitor bank, i.e., buses 15, 23, 25,
27,31, 35, 39, 42, 46, 55, and 59. The amount of reactive power
required at each of the eleven pre-selected buses ranges from
0.27 Mvar to 1 Mvar which are obtained from PowerWorld.
Therefore, alocal capacitor bank of 1 Mvar is placed at each
of the eleven pre-selected bus to ensure that there is sufficient
capacity for the decentralized reactive power compensation.
Table V compares the results obtained from the decentral-
ized method and proposed method. Three different sets of re-
sults are compared. The first set of results shows the amount
of injected reactive power from the capacitors. Under the de-
centralized method, alocal capacitor bank of 1 Mvar is placed
at each of preselected buses and the amount of injected reac-
tive power at the respective buses is decided by OPF. For the
proposed method, the optimal size of the centralized reactive
power compensation system isfound to be 10.2 Mvar as shown
inFig. 5 and the amount of injected reactive power at the respec-
tive busesisalso decided by OPF. In comparison, the decentral-
ized method requires atotal capacity of 11 Mvar while the pro-
posed method requires 10.2 Mvar. This showsthat the proposed
method requires alesser capacity for reactive power compensa-
tion which means a lower installation cost. The second set of

TABLE V
COMPARISON BETWEEN DECENTRALIZED METHOD AND PROPOSED METHOD

Decentralized method Proposed method
Bus Local Injected Bus Shared | Injected
capacity Q capacity Q
15 1 0.28 15 0.25
23 1 0.31 23 0.34
Q from 25 1 0.27 25 {}.2§
capacitors 27 1 0.27 27 0.25
(Mvar) 31 1 0.97 31 1.00
. 35 1 0.95 35 10.2 1.05
39 1 0.29 39 0.25
12 1 076 | 42 078
46 1 1.0 46 1.13
55 1 0.90 55 0.86
59 1 0.93 59 1.01
Q from grid
(Mwvar) 1.04 0.81
Power loss - -
(MW) 1.085 093

results compares the amount of reactive power from the grid. It
can be seen that the decentralized method requires 1.04 Mvar
from the grid which is higher than the proposed method of 0.81
Mvar. This shows that the proposed method can help the ship-
yard improve the total power factor at the PCC. The third set of
resultsshow that if wereplaceall thelocal capacitor banks under
the decentralized method with the 10.2 Mvar proposed central-
ized reactive power compensation system, the cable power loss
will be reduced from 1.085 MW to 0.93 MW.

One notable difference between both methods is in the
amount of reactive power that can be injected at each bus.
Under the decentralized method, alocal capacity of 1 Mvar is
placed at each of the eleven buses and the total reactive power
capacity is 11 Mvar. If OPF requires the amount of injected
reactive power at one of the buses to be more than 1 Mvar then
the decentralized method will be unable to realize it. However
for the proposed method, the amount of injected reactive power
at each of the eleven buses can be more than 1 Mvar as long
as the optimal centralized capacitor bank which is found to be
10.2 Mvar has the capacity to be shared among these buses.
Therefore, the proposed method is more flexible in terms of the
sharable amount of reactive power that can be injected at each
buswhile the local installed capacitor bank of the decentralized
method limits the amount of injected reactive power at that bus.

Compared with the decentralized method, the power loss re-
duction for the centralized reactive power compensation system
is about 14.3%. The injected reactive power distribution for
the centralized reactive power compensation system is shown
in Fig. 9. The injected reactive power percentages of different
buses are calculated by using theinjected reactive power at each
connected busdivided by the capacity of the centralized reactive
power compensation system. The different parts of the pie chart
represent the injected reactive power percentages of different
buses. Thetotal injected reactive power is 7.17 Mvar for al the
buses connected with the centralized reactive power compensa-
tion system. If the load situation becomes heavier the next mo-
ment, the reactive power capacity not used can be shared with
any bus which is connected with the centralized reactive power
compensation system.
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Fig. 9. Injected reactive power distribution at the optimal capacity of central-
ized capacitor banks under a normal load situation.

V. CONCLUSION

A proposed centralized reactive power compensation method
has been developed to handle different load situations for dis-
tribution power systemsin this paper. It aims at overcoming the
problems of optimal capacitor placement as well as optimizing
the use of capacitor banks under different load situations. A case
study was done on a local shipyard consisting of a 59-bus dis-
tribution power system. The optimal size of the centralized ca-
pacitor bank for the shipyard wasfound by minimizing ETCH
subject to system constraints. The minimal costs of capacitor
bank and power loss are obtained by adopting the proposed
method. The voltage and injected reactive power profiles ob-
tained also satisfy all system, line and bus constraints. The pro-
posed method was applied in areal load situation and the re-
sults are compared with those of local capacitor banks. The re-
sults show that there is a significant power loss reduction when
adopting the proposed method and the spare capacity of the cen-
tralized system can be shared and used by any connected buses
to cater for heavier load situations. Besides, it is also very easy
to expand the capacity of the centralize reactive power compen-
sation system for future load increase.

The goals of reactive power compensation for distribution
power systems under different load situations can be achieved
by proposing the centralized reactive power compensation
method. It is believed that the proposed method can help to
minimize the expected total cost FTC H in the distribution
power system.
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