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Abstract—A centralized reactive power compensation system (x);, (x);

is proposed for low voltage (LV) distribution networks. It can be ¢
connected with any bus which needs reactive power. The cumg
industry practice is to locally install reactive power compensation
system to maintain the local bus voltage and power factor. By
centralizing capacitor banks together, it can help to mainain
bus voltages and power factors as well as reduce the power AQC
cable losses. Besides, the centralized reactive power ®stcan be

easily expanded to meet any future load increase. A reasongb

sized centralized reactive power compensation system wilbe
capable of meeting the requirements of the network and the
optimization algorithm proposed in this paper can help to find

this optimal size by minimizing the expected total cost FTCH). p
Different load situations and their respective probabilites are ¢
also considered in the proposed algorithm. The concept of th AOTC
centralized reactive power compensation system is applietb B

a local shipyard power system to verify its effectiveness. fe ¢
results show that an optimally sized centralized reactive pwer Bsp,
system exists and is capable of maintaining bus voltages aelv ETCH
as reducing the power losses in the distribution network. A
significant power loss reduction can be obtained at the optitl
capacity of the centralized reactive power compensation sgem
in the case study.
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Index Terms—Reactive power control, Power distribution

planning, Capacitors. ;0
NOMENCLATURE Line
()¢ (%) injected by centralized capacitor bank it
()P (x) consumed by load bus MC
()¢ () from conventional or renewable energy P
(x)% (%) for high load situation Pross
()L (x) for low load situation Q
(+)! () of distribution line! QC
(%)5 () under load scenarie R
(x¥)™ez  Maximum value of(x) r
(x)mm  Minimum value of (x) TCPH
(%)f (%) at from end, can be voltagd” and
current! TCPL
(%)¢ (x) atto end,* can be voltagd” and current Z{
I
(%) (x) of power line which is connected from buso Y
bUSj series
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(x) at busi or j

set for all buses which are connected to
centralized reactive power compensation system
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power system
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Active power

Power line loss

Reactive power

Size of centralized capacitor bank
Resistance

Interest rate

Total cost per hour of capacitor bank
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Expected hourly total cost for power loss
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Reactance

Admittance

Line series admittance

Shunt admittance

Low voltage

Point of common coupling

Static var compensator

I. INTRODUCTION



EACTIVE power compensation strategies in powefl6]. This paper proposes a hew idea by centralizing indiaid
systems help to reduce resistive power losses, contlotal capacitor banks together to maintain bus voltages and
system voltage levels and improve power factors [1]. Thmower factors as well as to reduce the power cable loss.
static var compensator (SVC) which relies on power eleatron It is also very costly and uneconomical to buy a capacitor
control techniques for adaptive reactive power compensatibank and install it wherever it is required especially it sed
has been widely used in industrial power systems tmly for a short duration during early morning hours when
compensate for large fluctuations in reactive power demapdmps for dry docks are run. The buses which require reactive
[2]. However, the use of SVC is currently not cost-justif@blpower at different time of the day are not always the same.
in distribution systems. Capacitor banks on the other haBg centralizing all capacitor banks, the total capacity ban
have proved [3] to provide satisfactory cost benefits and askared by each connected bus. It can also help to reduce the
commonly used for passive reactive power compensationtotal installed capacity of capacitor banks instead ofailtisg
low voltage (LV) distribution systems. individual capacitor banks locally. Besides, the cergedi

In the past, several capacitor planning methodologieshwhiceactive system can be easily expanded to meet any future
use homogeneous reactive power load distribution and imifoload increase.
conductor size along feeders [4], [5], [6] mainly focus or th During the planning of reactive power compensation,
optimal placement of reactive power injection. Early atiaf decentralized methods only provide optimal capacitor
methods for capacitor placement are developed by Neaglacement for a particular load situation. If the load siaa
and Samson [7]. The problem is to determine the optimehanges a new set of optimal capacitor placement will bengive
location and size of a given number of capacitors such that the decentralized method. However during actual oparati
the system losses are minimized for a given load levad.is not practical to keep moving capacitor banks from one
Cook [8] extended the problem formulation to include pedkcation to another according to the load situation. Helhee t
power and energy loss reduction and proposed a methodctpacity of the capacitor bank at a location is fixed normally
determine the optimal location and size of the capacitoiece it has been installed. In addition, capacitor banks at
Grainger et. al. [9] have also conducted an extensive relseasome buses with low load are unable to share their excess
in this area where they proposed several methods includicgpacity of reactive power with other buses that have heavy
the normalized feeder/load technique. Dynamic progrargmifoad. In comparison, the proposed method takes into account
was also used by Duran [10] to solve the capacitor placeméiné different load situations using a probabilistic appioto
problem. In addition, Haghifam and Malik [11] extendedlassify the bus load groups into different load scenafib&
the capacitor placement problem formulation to include ttproposed centralized capacitor bank can also connect to as
optimal placement of fixed and switchable capacitors inaladimany buses as they require so there is no need to move the
distribution networks considering time varying load anddo centralized capacitor bank around. The capacity sharing of
uncertainty based on a proposed genetic algorithm (GAje centralized reactive power compensation system is also
method. considered in the formulation.

In [4], Baran and Wu developed a complete problem The proposed centralized reactive power compensation
formulation by modeling the power system through a seystem can help to minimize the total cost of capacitors hed t
of equations with limiting constraints and incorporating aresistive power cable losses in distribution power systéihe
objective function to minimize costs. The problem waalgorithm developed in this paper can help to find an optimal
then decomposed into optimal placement and optimal sizisize for the proposed centralized reactive power systentevhe
problems. By decomposing the problem, the integer pdlte cost of capacitors and resistive power losses are nmaaomi
of the problem corresponding to optimal placement isking into account the different load situations at eveug b
disassociated from the continuous part corresponding itothe distribution system.
optimal sizing. Furthermore, the problem of starting from However, the proposed approach may be effective only
an infeasible solution is rarely addressed. This problefor a small LV distribution network because reactive power
is generally overcome by placing capacitors in the poweannot travel over long distances. This means that the cable
system using the heuristic knowledge of a system planner.lémgth needed by the proposed approach is limited to a few
addition, renewable energy and economic dispatch arelysu&ilometers long. The proposed method has been validated
not considered in the problem formulation. Many resear@n a real shipyard distribution network having an area of 2
works have studied capacitor planning at transmission aheh?. Simulation results have shown that the proposed method
distribution voltage levels [12], [13]. A few articles haveperforms well compared to those of the current industry
considered renewable options as part of capacitor plannipigctice.
for LV distribution power systems [3], [14]. In Section Il, a description of the proposed centralized

If the LV distribution power system has heavy inductiveeactive power compensation system is introduced. The line
load, it needs a capacitor bank to maintain its power fadtor model of a power system is presented in Section Ill.A.
the point of common coupling (PCC) based on the utility griormulation for the cost of capacitor placements is praoviide
requirement. Otherwise the consumer will be penalized by tBection 111.B and the objective function for cost minimiuet
Singapore grid operator if the power factor falls below 0.8% described in Section 11I.C. A case study considering &©69-
The current industry practice is to locally install a caparci power system is tested and the results are shown in Section
bank to maintain the local bus voltage and power factor [19). The optimal size analysis is shown in Section IV.A. A
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Fig. 1. An example of a distribution power system

real load situation test is shown in IV.B. The conclusion is Two key issues have been identified for the optimal
presented in Section V. placement of capacitor banks at the distribution voltagelle
First, the nature of the loads connected to the buses is time

II. CENTRALIZED REACTIVE POWER COMPENSATION varying and exhibits different load patterns throughouwg th
SYSTEM day. It is very difficult to decide the optimal locations and

Reactive power planning of power systems provides tﬁézing of the c_apacitor banks for different I_oad situations
strategy of reactive power compensation so that the reabpov§ecglnd’ capac_l(;or Ea_nks at some bu_ses W'tE IO\{)V load arﬁ
loss can be reduced and the system voltage profile and po gpole Ito C[j)row N the" ixcessbcapac:ty t% OEIT? r ]Pses W't.
factor can be improved [1]. Compared with SVCs, capacit pavy loa ogge t e{\ ave been pﬁce h ere qr;dlt IS
banks have satisfactory cost benefits and are widely uggpportant to address these issues so that the associatesd cos

in distribution systems. The capacitor banks are chosen er the capacitor bank and resistive power losses can be

reactive power compensation in this paper. An example Oingmmlzed. To solve these problems, a centralized reactive

LV distribution power system is shown in Fig. 1 which featurePOWer compensation method is proposed in Fig. 2. The

an electrical grid system comprising 59 buses, three velta pacitor bank is centralized and can be connected W'.th
levels, i.e., 0.4 kV, 6.6 kV and 22 kV, and two frequencie elected buses where they need reactive power compensation

i.e., 50-Hz and 60-Hz of a Singapore shipyard. The volta e total capacity of the centralized capacitor bank can be
Ievél of each bus is shown Table I. The supply is an inhere ared *?y the connected_ buses. The obj(_active of the proposed
50-Hz system. The 60-Hz system which provides shore povJBFthOd is only to determine the optimal size of the centealiz

to vessels is converted from the 50-Hz supply via a 6-MmyASactve power compensgtipn system while minimizjng the
static frequency converter located at lines 3-43 and 4-4i T cost of capacitors and resistive power losses for everyilpless

shipyard distribution system is used in the case study. load situations. This will be discussed in the subsequent

sections.
TABLE |
VOLTAGE LEVELS OF59 BUSES Currently the centralized capacitor bank has not been
[ Voltage ] Bus | fully implemented in the industry yet. It will be tested in
22 kV 1,2 the shipyard distribution power system in Fig. 1 under the
6.6 kV || 3-14, 43-45, 47, 50-51 land-based energy management systems (LEMS) project. Once
0.4 KV || 15-42, 46, 48-49, 52-54 the centralized capacitor bank is installed, it will be unde
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| Group 1 } | Group 2 i CLASSIFICATION OF LOAD

| ! | |

i 12 i | A ] [ Group || Bus |

| ; | | 1 59, 15-27, 37-39

s e I B 2 10-14, 28-36, 40-42
3 45-59

Centralized reactive power
source

loaded or unloaded. For simplicity, two average values are
used to represent each load’s situation. The first averdge va
represents the low load situation at hitend is defined a®’.

The second average value represents the high load situation
and is defined a&/?. In addition, the probabilities oP and

PH are defined a3’ and A\L. The relationship of these two
probability values is shown in (1).
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Fig. 2. A centralized reactive power compensation system
I11. DISTRIBUTION SYSTEM MODELING AND PROBLEM
FORMULATION

the command of an on-line AC optimal power flow (OPFR. Line Models

function based on the online load information [17], [18]. Fixed loads are modeled as constant real and reactive power
The OPF function will send the optimal injected reactivijections,Pp andQp. The shunt admittance of any constant
power commands to the centralized capacitor bank. The logapedance shunt elements at a bus is specified7hy and
programmable logic controller (PLC) within the centralize B, ;. Hence, the bus shunt matrix eleme¥ity = G, + jBsn
capacitor bank will automatically change its outputs toheags introduced.

connected bus.

The load profile changes according to different periods Vi V
of the day resulting in peak and valley periods which maygrom
differ for each load bus. However, some buses are coherentding:
where the connected loads share the similar peak and valiéybus
periods which can be classified as a group. Consequently, the
distribution power system can be categorized into differen T B2 B /27T
load groups where each load group shares similar peak and N )

valley periods. Fig. 3. A simple line model in a power system

The load group can be classified by relative electrical
distance (RED) [19], load type or historical load data. The gach distribution line is modeled as a standatdwith a
last two are used to help to classify the load group in thigries resistanc&® and a reactanc& and one half of the
paper. The load type and historical load data can tell usiwhigtg] line charging susceptané. at each end of the line3,
bus needs reactive power support and those buses that cafsifie inverse of the line charging capacitange The line
connected with the centralized reactive power compensatigharging capacitance is not considered in the case study of
system. The possible buses which need to be connected WHB shipyard distribution power network due to the shorleab
the centralized reactive power compensation system inJFigjenqth. The model is shown in Fig. 3 [20]. Branch voltages and
are buses 15, 23, 25, 27, 31, 35, 39, 42, 46, 55 and 59 baé@??ents from thefrom end to theto end of the distribution

on the load type and historical load studies. These buses g@ ; are related by the branch mati% as follows:
shown in Fig. 2. Besides, buses which are connected with the

same load type and share the similar peak and valley periods ij _y! Vf )
based on the historical load data can be classified as the same Il Vi
load group. 5
In this i i ifi i l (Yseries + j_c) —Yseries
paper, all the buses in Fig. 1 have been classified inthere Y! = Vv 2 v 5. and
three major groups based on their load types and historical 1 A series series T J5°

load data. They are shown in Table II. Buses within the sanXée"‘ies = Rtjx-
group share common characteristics such as close proximity

with each other and similar load profiles. B. Cost of Capacitors

The variation of a load can be categorized into different The cost incurred in installing new capacitors includes a
ranges, i.e. the load has a maximum value during the peake-time cost and a maintenance cost. The one-time cost is
period and a minimum value during the valley period. Iproportional to the size of capacitors. Hence the one-tiogt c
a distribution system, most buses will have two states, i.ef installing a capacitor of siz&C (Mwar) would beQC x



TABLE Il

FC, whgreFG (3/Mwar) is the gombined cost of capacitgrs, DIFFERENT LOAD SCENARIOS INSET M
installation and cables. The maintenance cost per yeasds al
proportional to the size of capacitors. If the capacitoife |  set Load situatich Probability Electricity tariff
time is It years and the maintenance costM&C($/Mvar) M Groupl Group2 Group 3 4 »
per year, then the total cost of the capacitor§@< « F'C + 1 High High High A« aM o« aH n
It C s+ MC $ 2 Low High High AT w AT kA N

*QC * ) (9). . _ 3 High Low High A% s AL« A ptl

The total payment for all the capacitors In years will 4 High High Low  AF T s AE pt
be normalized in$/hr, which is suitable for the short term 5 Low  Low  High A" «a® " n

fthe i for fi . the installed it 6 Low High Low AT AT x A o
_study. If the interest ratefor financing the installed capacitors 7 High Low Low  AH 5L « AL L
is considered, the annualized one-time cosO('C) for the 8 Low Low Low AE s AL s AT ut
capacitors is shown in (3). 3The bus in each group will have High/Low load situations.
r(l+r)t
AOTC = 7 lt) (QC * FC) (3) _ _ _ _
(I4+r)t—1 where M is a set of different load scenarios as shown in Table

The total cost of the capacitor bank can be obtained BY. TCPL®* = p° « P}, wherep® is the electricity tariff
adding AOT'C' and the maintenance cost together. Then tisiring load scenarie and P; _ is the active power line loss
total cost per hourTCPH) of the capacitor bank installed for scenarios. p° is the probability of scenaris, andT’CPH?®
can be found in (4). is the total capacitor cost per hour for scenatidtT’CH is

defined as the sum of the cost of each scenario times their

TCPH = —— 4« (AOTC + QC « MC)  (4) probabiliy.
8,760 The probabilityp* of scenarios is defined as the product
of probabilities of three load groups. The electricity ffayi®
C. Objective Function of Cost Minimization is 1 or u” based on the load situations of scenasidor

The total cost for the distribution power system includes tfexample, in scenario 1, the load situations of all groups are
payment of the total electricity bill and the cost of capaxst high. The probabilityp' is A + A + A and the electricity
Considering the different load situations, the elecyidiill tariff u' is pf.
payment of the total power line loss is also not the same forThe active power line loss in equation (5) can be expressed
every hour. Hence, the expected total cost per h8It(¢ H) is as

proposed here only to express the equivalent variable @vst p Line . .

hour of the distribution power system. It includes the expec Poss =Y lreal(VF (157 = V()| Vs (8)
hourly total cost for the power los§’C'PL) and hourly cost =1

of capacitors [C'PH). whereV}®, IL°, V}°, andI}” are voltages and currents at the

There are two electricity tariffs for the distribution powe from bus, f, and theto bus, ¢, of distribution linel during
system in Singapore [21], namely high tariff and low tariﬁscenariOS, respectively.([ls)* and (Itls)* are the conjugate
High tariff ;7 is used for the on-peak period and low tariff !

. g : ; . variables of/}” and I}* respectively.
p" is used for the off-peak period. In this papef; will be To solve the objective function of (5), the following

used when the supply system is under high load S|tuat|ons.nStraints need to be considered.

I ) C
u* will be used when the supply system is under low IoadoActive power balance [22];

situations.
Table Il shows all scenarios in Se¥ for the shipyard pE® — pP® =ps )
power system in Fig. 1. The bus in each group will have similar =V 32, ViYijeos(0F — 605 — ¢7;) Vi, j,s

high/low load situations and they share the same on-peak or .. o ) ] . .
off-peak period. The group details can be found in Tab}@her(_an is the injected active power at buduring scenario

II. If the load situation in one group lies in the on-peak: Which includes the conventional and renewable enargy.
period, it is classified as high load and the probability df the active load power at busand P is the active power
this group in this scenario ia*. Otherwise the probability (ransferred out from bus Bus: is connected to bugvia line

of this group in this scenario i8L. There are three load /- ¢; and@; are the respective voltage phase angles at buses

groups in the shipyard power system in Fig. 1. Hence, thef@ndJ during scenarios. ¢j; is the admittance angle df;;
are eight scenarios of different load combinations. As shiow 9Uring scenarics. _
Table IIl, scenarios 1-4 are under high load situationscivhi Reactive power balance: _ _
correspond to high electricity tarifi.”’. Scenarios 5-8 are For_bUSZ which is not connected with the centralized
under low load situations, which correspond to low eleityric C@pacitor bank,
tariff ;L. QS — QP = s

Considering different load scenarios in Table lll, the =V Zj VY sin(0 — 05 — ¢5;) Vi, s (8)
ETCH can be expressed as

Minimize: ETCH =

S p*{TCPL®* + TCPH*} ®)
seM

whereQP” is the reactive load at busand @; is the reactive
power transferred out from bus Q%" is the injected reactive
power of the generator or upstream grid at bus



For busi® which is connected with the centralized capacitaETC H s for different sizes of the centralized reactive power
bank, compensation system that lie in between the minimum size
QS° — Qb° = s QCrin and maximum sizeQC,,q:. The minimum size
C° QR =Q3 A . L

Q T YoV (0SS s . (9) QC,.in of the distribution power system is the minimum
= Vb 205 ViV sin(0o — 05 — 0;) Vi s value to make the power flow calculation converged under
where Q" is the reactive power injected by the centralizethe voltage limits. For all the scenarios, they have difiere
capacitor bank at buf’; Q2° is the reactive load at bu§; Minimum size)Cy;, based on their different load situations.
()

the admittance angle df;o; during scenaric. different load situations. The maximum si£gC,,.. of the
The capacity limit of the centralized reactive po\,\,eg;iistribution power system is constrained by the investment
compensation system is fund available for the capacitor bank purchase and the dpace
. house the capacitor bank. Normally it can be set as a relative
> Q% <QC Vs (10) large value. The optimal size for the distribution powerteys
vec can then be found by identifying the minimum cost of (5).

whereC is the set for all the buses which are connected with

the centralized reactive power compensation syst@d. is

the capacity of the centralized reactive power compensatio
system. . . L Classification of system load
Equations (8) - (10) address the reactive power injection l
from the centralized reactive power compensation system.
The MVA flow of power lines and bus voltages are

Find minimum size QC,in j

S;’j < SZT;.WU” Vi, j, s 11 Set parameters and
(V;s)min < ‘/LS < (V;s)ma;c Vi, s ( ) initial variables
|
where S;; is the MVA flow of the power line which is QC = QCyuin

connected from bug to bus;j during scenarios. 57 is T |
the capacity limit of the power line which is connected from ‘ Minimizing ETCH in (5) ‘ [QC — Q0+ AQC]
busi to busj. (V;#)™™ and (V;¥)™%* are the minimum and considering 8 scenarios —

maximum voltage requirement for bugluring scenarics.

No

QC 2 Qcmax
D. Solution Algorithm

The objective function in (6) is to minimize the 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. TIR&- 4. Algorithm used to solve the optimal capacity of calited reactive
solution process starts with a minimum QC required by the LRpwer compensation system
distribution power system. After tha€@)C will be increased . . . )
by a step size and th&T'CH is minimized again. In this The details of this algorithm are as follows:
manner, the 0pt|ma| size C@C can be found by |dent|fy|ng 1) Enter the load and network information. Find the
the minimum value among all the minimized ETCH computed ~ Minimum capacityQCr.;» of the centralized reactive
at each step. power compensation system by power flow calculations.
QC can also be considered as a variable with an upper and?) Classify the load into different load groups based on
lower limit. However, there are two main concerns: Firstly,  their load types and historical load data.
the optimization problem in (5) is a highly complex nonlinea 3) SetQCh.az, Which is relatively large for the distribution
optimization problem and it includes eight AC OPF (optimal ~ Power system AQC' for each step increment of the
power flow) problems corresponding to the eight scenarios in ~ feactive power compensation and the unit and system
Table 11l It may not be able to find a converged solution for ~ Parameters. Initialize all the variables used.
this optimization problem if)C is considered as an additional 4) Solve the objective function faRC', which is the size
variable in (5). Secondly, the detailed relationship bemwe of the centralized reactive power compensation system.
ETCH andQC cannot be established whéJC is considered Minimize ET'CH in (5) considering the probability of
as a variableQC is not a continuous value in reality since the ~ €ach scenario for the distribution power system.
switched capacitance is a discrete value andMvar may  9) If Q€ < QChaa, updateQC usingQC = QC+AQC
be considered as the step increment. and go to step 4. The algorithm will stop wherC' >
Fig. 4 shows the developed algorithm which is used to =~ @Cmaa-
solve the optimal size of the centralized reactive power The proposed solution is a nonlinear problem. This
compensation system. This algorithm will compute différeralgorithm is implemented in AMPL (A Modeling Language



for Mathematical Programming) [23] with KNITRO, a The proposed solution algorithm has been solved and the

nonlinear optimization solver [24]. computed values SfCPL, TCPH and ETCH were plotted
with respect to the capacity of the centralized capacitmkba
IV. COST-BENEFIT ANALYSIS - CASE STUDIES QC for cost comparison as shown in Fig. 5. The minimum

. . i . ) capacity QC,;, is 8.90 Mwvar and the maximum capacity
This section attempts to determine the optimal size ‘%g

. . - 'maz 1S 16.50 Mvar. QC is not a continuous value in
the centralized reactive power compensation system for lity since the switched capacitance is a discrete vaide a
distribution power system which is shown in Fig. 1. Th

. ) o . - Nehe proposed solution algorithm is performed with a step siz
probability of different load situations are consideredtlie of 0.10 Muar. At each step, the proposed solution algorithm

eight scenarios as shown in Table Ill. The two eleCtriCi%inimizesTCPL and ETCH by considering all the eight
tariffs for the distribution power system in Singapore dsoa scenarios in Table Il

cpns_ide_red in this paper._Tht_a high tarjif” used for the From Fig. 5, the initial value of'C PH is evaluated to be
distribution power system in Singapore8.2124/kWhand ¢, 57\hile TCPL is $211.48 and ETCH is$214.05 based

e )
the low tariff u* used is$0.1314/kWh [21]. on QCypin. At QChas, the maximum value o CPH is

The interest rate- for financing the installed centralized,, .\, \toq 1o bea.77 while TCPL is $208.30 and ETCH is
reactive power compensation system is sébarThe one time $213.07. It is observed thal'C PH exhibits an upward linear

cost for the capacitor bank of _1&@;ar, cables and installation trend revealing that the increase in capacitor bank capacit
IS abqut $7,500 and th? malntenance CO.St for thqt capacifol s in higher costs. This agrees with (4), where for the
bank is $750 [25]. The lifetime of a capacitor bank is set to ven MC, FC, r andlt, TCPH has a linear relationship
years. For the power distribution system of the local shigya , .. oc. ’Con\}ersely,TC"PL has a downward trend with

the minimum capacity)Ciy,ir, for the power flow calcglatlon respect taQ)C'. This is expected since a higher capacitor bank
o converge was found to be 8.90fvar. The maximum capacity reduces the power loss in the system. Howevemit ca
capacity QCmas Was set at 16.5Qvar. The probability o sean that the value 6C PL begins to saturate &208.30

Ai" of the high load situation and the probability" of the when QC' is about 10.20Mwvar and the saturation trend

low _Ioad situation ar_e_set as 0.7 an_d _0.3 respectively. Thgppens for any other power systems based on the voltage
maximum and the minimum voltage limits are setla@5pu %

o : imitation. This shows that the power loss in the shipyard
and 0.95pu. The capacity limit of the power line connecte

o th tralized " i oG istribution power system can only be reduced to a certain
0 e centralized reactive power compensation Systemos e beyond which a further increase@€ does not yield a

MIVA'h distributi f Fia. 1. th ,blfurther reduction in power loss of the system. It can be seen
n the . Istribution power system orHg. L, t € POSSIDIg At ETCH exhibits a trend with two distinct regions. The
buses which need to be connected with the centralized veacl . region shows the value GETCH decreasing up to the
power compensation system are b_useg 15, 23, 25, 27, 31, ("I:Int whereQC' is 10.20Mvar. The second region shows the
39, 42, 46, 55 and 59 as shown in QF'g' 2. The area of thig, o of e gy increasing forQC' greater than 10.20/var.
shlpy.ard power system |s_aboutlan .and the centralized The lowest value forETCH is found to be$211.30 which
reactive power compensation system is located at the ¢enH8rresponds to 10.207var, the capacity of the centralized

area, which is easier to be connected with those buses. -%igacitor bank. It is also observed that the optimal value of

paramete_r s of the cables connecting the capacitor banks occurs wherll’C P L begins to reach a steady state value.
be found in [26]. These bus numbers are decided based on 3 optimal size of the centralized capacitor bank is oletin

historica} load datq. , when QC vyields the lowest value o#T'C H. This value is
The high/low active and reactive load values at each busiB.ZOMvar and it lies betweet)C,,;, and QChas.

this 59-bus distribution power system can be found in [27],

[28]. The branch parameters can be found in [29]. Based on the different load scenarios in S¢tof Table Il
a pie chart consisting of the expected load distributionafibr
A. Analysis of Optimal Capacitor Size scenarios is shown in Fig. 6(a). The expected load(A) of

each scenario is defined as all the load of this scenario times
— ‘ the probability of this scenario. The total expected loadlbf
2a0a3 A ' s scenarios is defined as the sum of the expected lb&d 4) of

each scenario. The load data of each scenario serves as input
1%° for the minimization of ETC'H during each step change in
=21 ¥R —— Jss QC. The load distribution percentages of each scenario are

- R derived by using the expected loadl/{” A) of each scenario

214

TCPH($)

TCPL and ETCH ()

' Tas divided by the total expected load of all scenarios in ¢t
mory ] Fig. 6(b) and Fig. 6(c) show the pie chart of the expected
N . 1%® power loss distribution at the initial capacity and at théropl

O O ot lbiiniiriintietintatietatiiatirdintteiint it iativiintin| A capacity of the centralized capacitor bank for all scersario
B 08 A0 a0 e s e 49 154 159 164 respectively. The expected power loss of each scenario is

defined as the power loss of this scenario times the probabili
Fig. 5. Cost comparison for the shipyard distribution powgstem of this scenario. The total expected power loss of all s¢esar
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is defined as the sum of the expected power loss of

scenario. The total expected power loss at the initial

optimal capacity of the capacitor bank are 1.0432V and

1.0285 MW respectively. At the optimal capacity, there

a reduction of 1% in the expected power loss distribuuon

for scenario one while an increase of 1% in the expect&l§- 8.  Expected injected reactive power at the optimal ciapzof the
L . . . centralized capacitor bank

power loss distribution is observed for scenarios two anal. fo

Although an increase in the expected power loss distributio

for scenarios two and four is observed, the magnitude of tB@ 42 46. 55 and 59. For each of the selected buses. three

actual power loss at the optimal capacity for each SCeNad e rent injected reactive power values namely the exgxbct

is significantly smaller than that of the initial capacity | . . : : 2 :
I o . _.injected reactive power, highest and lowest injected react
addition, the expected power loss distribution has a simila

composition compared to that of the expected load disiobut power are shown. The expected injected reactive power is

This shows that the expected power loss is proportional %)tained by multiplying the injected reactive power flor reac
the expected load distribution of each scenario. A high loésgenarlo with the corresponding probabilities and ad

o : . : up. The injected reactive power for each scenario is céiedla
situation contributes to a higher power loss in the systeth ap o . .
vice versa rom the optimization problem in (5) under the constraints

) ... (6)-(11). The optimization algorithm will help to decideeth
The expected voltage profile for the 59-bus distributiogima| injected reactive power for each connected buscbase
system at the optimal capacity of the centralized capacitgf, e AC OPF calculation for each scenario. The expected

bank is shown in Fig. 7. For each bus, three different VOIta%ected reactive power is indicated by an asterisk. Thadsg

values namely the expected voltage, highest voltage aneslow, g |oest injected reactive power values for each bus among
voltage are shown. The expected voltage for each bus

; S ACN DUS i the scenarios are indicated by a circle. It is observed th
obtained by multiplying the voltages for each scenario With o pighest, lowest and expected injected reactive power fo

corresponding probabilities in Table 11l and adding them URach of the selected buses is within théV A limit of the
The expected voltage is indicated by an asterisk. The highes

and lowest voltage values for each bus among all the scenario
are indicated by a circle. The highest and lowest voltageesl
of each bus are chosen from all the possible values of all

Expected injected reactive power (Mvar)

TABLE IV
INJECTED REACTIVE POWER AT BUSL5 FOR DIFFERENT SCENARIOS

the scenarios. The hlghest and Iowgs_t voltage vaIue_s fdrr eac SetM  Probabilty Muar
bus are w_|th|n the maximum and minimum voltage limits for Scenario I 0.70.7°0.7 _ 0.80
all scenarios. The expected voltage profile for each bus also Scenario 2 0.3*0.7*0.7  0.25
satisfies the minimum and maximum voltage limits. Scenario 3 0.7*0.3*0.7  0.65
o . . Scenario 4  0.7*0.7*0.3 0.61

The expected llnjected regctlve power pro_flle for the ;ediecte Scenario 5 0.3*0.3*0.7  0.25
buses at the optimal capacity of the centralized capac#éokb Scenario 6  0.3*0.7*0.3  0.25
is shown in Fig. 8. In this study, buses connected to the Scenario 7 0.70.3'0.3  0.58

Scenario 8  0.3*0.3*0.3 0.24

centralized capacitor bank are buses 15, 23, 25, 27, 31, 35,



power line connected to the centralized capacitor bankdn Fpower compensation system, the cable power loss will be
8. reduced from 1.083/W to 0.93MW.

To further explain Fig. 8, the injected reactive power at One notable difference between both methods is in the
bus 15 for the eight scenarios is shown in Table IV. Themount of reactive power that can be injected at each bus.
third column shows the injected reactive power for eaddnder the decentralized method, a local capacity @i/ Zar
scenario which is decided by AC OPF. The highest and lowéstplaced at each of the eleven buses and the total reactive
injected reactive power values are found to be Q180ar in  power capacity is 1M var. If OPF requires the amount of
scenario 1 and 0.24/var in scenario 8 respectively. Theinjected reactive power at one of the buses to be more than 1
expected injected reactive power of bus 15 can be calculatetbar then the decentralized method will be unable to realize
by multiplying the third column with the second column oft. However for the proposed method, the amount of injected
Table IV and adding them up, which is found to be 0.6052active power at each of the eleven buses can be more than 1
Mwvar. Likewise, the expected injected reactive power for th&/ var as long as the optimal centralized capacitor bank which
other buses can be determined in a similar way. is found to be 10.2/var has the capacity to be shared among
these buses. Therefore, the proposed method is more flexible
oo in terms of the sharable amount of reactive power that can be
B. Real Load Situation Test injected at each bus while the local installed pcapacitokmin

The real load situation for the distribution power systerthe decentralized method limits the amount of injectedtieac
in Fig. 1 is applied here to check the performance of thgower at that bus.
centralized reactive power compensation system at thenapti

size of 10.2Mwvar. Under one real load situation [30], there TABLE V
. . . . COMPARISON BETWEEN DECENTRALIZED METHOD AND PROPOSED

are 11 buses installed with the local capacitor banks which METHOD
try to maintain the voltage level and power factor within _
the acceptable operating range. The location and size of th Decentralized method]  Proposed method
. . . . Local Injected Shared | Injected
installed capacitor banks are decided by the decentralized BUS| capaci{ O BUS| Capaciy Q
method based on an average historical load during the pignni 15 1 028 | 15 0.25
stage and the results are obtained from the PowerWorld gg i 8-% gg 8-3‘5‘
simulation software. The locations of these 11 buses are the Q from 57 T 027 T o7 075
same as those buses which are connected to the centralize ]"\"Jpj;f;’rs 3] 1 097 [ 31 1.00
capacitor bank, i.e. buses 15, 23, 25, 27, 31, 35, 39, 42, 44, H| 1 095 | 3| 102 | 1.05

; ; 39 1 029 | 39 0.25
55 and 59. The amount of reactive power required at each V) 1 076 142 0.78
of the eleven pre-selected buses ranges from 0.27 Mvar tp 46 1 10 | 46 113
1 Mvar which are obtained from PowerWorld. Therefore, a 5 1 090 | 55 0.86
local capacitor bank of 1 Mvar is placed at each of the elever O from grid %9 ! 0.93 | 59 1.01
pre-selected bus to ensure that there is sufficient capfogity | (vvar) 1.04 0.81
the decentralized reactive power compensation. Power loss 1.085 0.93

Table V compares the results obtained from the (MW)

decentralized method and proposed method. Three different . .
sets of results are compared. The first set of results shavs thCompared with the decentralized method, the power loss

amount of injected reactive power from the capacitors. Wndeeduction for the centralized reactive power compensation
the decentralized method, a local capacitor bank dfdar is  SYSt€M is about 14.3%. The injected reactive power
placed at each of preselected buses and the amount of mjedistribution for the centralized reactive power compeiosat
reactive power at the respective buses is decided by OB¥Stem is shown in Fig. 9. The injected reactive power
For the proposed method, the optimal size of the centralizBArcentages of different buses are calculated by using the
reactive power compensation system is found to be 10u2r injected rgactlve power at_ each copnected bus divided _by
as shown in Fig. 5 and the amount of injected reactive powdie capacity of the centralized reactive power compensatio
at the respective buses is also decided by OPF. In comparisofptem: The different parts of the pie chart represent the
the decentralized method requires a total capacity af/kk,» N/ECted reactive power percentages of different busee Th
while the proposed method requires 102var. This shows total |n]ected_react|ve power is 7.]M1_)ar for all the buses .
that the proposed method requires a lesser capacity faiveacconnected with the.cen_trallzed reactive power compensatio
power compensation which means a lower installation cosSystem. Ifthe load S|tuat|o_n becomes heavier the next mgmen
The second set of results compares the amount of reacfi) réactive power capacity not used can be shared with any
power from the grid. It can be seen that the decentralizB4s which is connected with the centralized reactive power
method requires 1.04Zvar from the grid which is higher COMPensation system.

than the proposed method of 0.8 wvar. This shows that

the proposed method can help the shipyard improve the total V. CONCLUSION

power factor at the PCC. The third set of results show that if A proposed centralized reactive power compensation
we replace all the local capacitor banks under the decéredhl method has been developed to handle different load sitgtio
method with the 10.2Mvar proposed centralized reactivefor distribution power systems in this paper. It aims at
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