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ABSTRACT

Distribution networks transport electric energythe end user from distribution substations. Powtiéities

are looking for improved power delivery performantae performance of the delivery system is meaksure
by the power loss of the system. The increase wepdoss increases the operating cost of the digtdn
system. This paper presents an algorithm to minngizhe power loss of the distribution system. Self
Adaptive Hybrid Differential Evolution (SaHDE) tegique combined with sensitivity factors has been
practiced to find the optimal location and the 2#&ACTS devices to reduce the operating costarfi&d
Distribution System (RDS). The locations of the FFCdevices are located by the sensitivity factdhe
amount of reactive power component generation/g@iieor by the FACTS devices at the identified
locations has been calculated through SaHDE. Tfextefeness of the proposed technique is validated
through 10-bus, 34-bus and 85-bus radial distrilougystems.

Keywords: Distribution Systems, FACTS, Loss Reduction, Loss Sensitivity Factors, SaHDE.

1. INTRODUCTION and Wu [6] proposed a method for capacitor
For More than five decades, the pOWerplacement using mixed integer programming. The

loss in distribution system has been reduce&UbStation level voltage control with dynamic re-

through the network reconfiguration and/or bySiZing of c_apacif[ors has been dealt in [7]. Man_y
allocation of capacitor banks. Network other optimization methods such as genetic

. . . - Igorithm [8-10], Particle Swarm Optimization
reconfiguration is the process of changing th . i .
topology of distribution systems by changing the 11], Plant Grovvth $|mulat|on Algorlthm [12], tabu
open/close status of switches. The load at th earch [13], heuristic search techniques [14-16] ha

feeder can be transferred as a result of altetieg t een proposed in recent years for capacitor

open/close status of the switches [1 - 3]. However‘?l""ce'”nent problem. Capacitor placement problem

there are numerous switches in a typicalhhas been v_|ewed as mft;lu—(_:onlstr%mt dﬁ)rzblim anhd
distribution system and the number of possiblet e constraints were eflectively handled throug

switching operations is tremendous. ConsideringLuzzy reason(;ng apprﬁaé:h [173)'. I_:aragmhet al. [1.8]
this complexity, the capacitor placement has bee as proposed a method combining both capacitor
carried out for loss reduction as an alternativé®’acement and reconfiguration for loss reduction.
practice. There are various practices have been I TZe nature 0:; th.eil (;l]IStrlbUttl]OH sy;ter|r1 '3
followed in finding the location of the capacitor '°'Mally dynamic and will have change In loa

banks and the amount of capacitor banks switche nditions. Thgreforg, maintaining the _voltage at
on/off to the identified location in the distribati ~ 1'¢ PUSes within the limit also has great imporéanc

systems. Duran [4] have developed the procedur ith power loss reduction undgr dynamic load
for capacitor placement through dynamic gmand. Th? contrc_)l_ of reactive power und_er
programming and assumed the capacitor sizes fferent loading conditions has been achieved with
discrete variables. Grainger et al.[5] introduce e combination of fixed and switched capacitors.

nonlinear programming for capacitor placement, hough the combination brings variable reactive

where variables were treated as continuous. BaranP®We" it falls sh(_)r_t to dlsc_harge_ th_e eXaCt
requirement. In addition, capacitors with induetiv

components pI’OdUCG ferroresonance.
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In order to overcome the above mentioned2.1 Estimation Power L oss Cost
short comings, power electronic devices with the o1 i
improvements in current and voltage handling 7o lor fpags po |rags
capabilities (Flexible AC Transmission System- | .
FACTS) have been incorporated. The concept of ' | |
FACTS devices was originally developed to control PuQss PusQui P
reactive power for transmission systems, but it has
been introduced recently in distribution systems. Figurel: SingleLine Diagram of a Main Feeder
Dynamic Voltage Restorer (DVR) is a series Considering the single line diagram in
connected converter which is used to compensatggure 1, for calculating the energy loss costaf t
some of the power quality problems such as voltaggistribution system, the following set of load flow
sag, voltage unbalance [19-23] which occurs irequations (2), (3) and (4) are used.
short duration in millisecond range. In this
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duration, DVR can inject both active and reactive, _, L R )
. R =P R SR
power to the system for compensation of sensitive ‘ V2
loads and active power injection into the system I
must be provided by energy storage system. Serieq,, =Q -Q,.,, - X, . — ZQ' —vfi
Static Voltage Restorer (SSVR) was utilized for the Vi 2 (3)
improvement of power quality in [24]. S\ 2 T
In this paper, Static VAR Compensator Vi =V 2R R X1 Q)R+ X V2 )

(SVC), Thyristor-Controlled Series Capacitor
(TCSC) and Unified Power Flow Controller
(UPFC) are analyzed with distribution system forP: and Qare the real and reactive powers that flow
optimization. The conventional loss sensitivity Out of bus i;

factors are introduced to identify the optimal P and Q; are the real and reactive load powers in

location of FACTS devices in the distribution busi _ _
system and the amount of reactive powerlhe resistance and reactance of the line section

injection/absorption are fine-tuned with the hefp between buses i and i+1 are denoted hy Bnd
SaHDE in order to accomplish dynamic loadXii respectively.

variation. LZ' is the total shunt admittance at bus i

2. PROBLEM FORMULATION The power loss RBss (i, i+1) of the line
In this paper, the objective of FACTS section connecting buses i and i+1 is given in
devices placement in the distribution system is t&avation (5)

where,

minim_ize the totf_;ll annual cost of the syst_em SubjeCPLoss(i, i+1) = Ry P2 +Q? (5)

to radial constraint, branch current capacity ansl b ' 2

voltage constraints in which all loads must be The power loss R oss0f the feeder may be

energized. The objective function of the problem isgetermined by summing the losses of all line

mathematically defined in (1), sections of the feeder, given in (6),

F = min (AC) (1) Pr Loss= 2. Ploss (i,i+1) (6)

Subject to The total system power loss Bss is the
IVoinl < M <[Vinaod sum of power losses of all feeders in the system.
e > 1A The total energy loss cost has been calculated as,

where, Poss_costPrioss * Kp where K, is the equivalent

AC (Annual Cost)= Bss cost FACT Scost annual cost of power loss in $/(kwW-year)

Ploss.cost = Energy Loss Cost assumed as 168 $/(kW-year)

FACTSostl , FQCTS Placement cost 2.2 Estimation of FACTS Devices Cost

[ =12.... nb; . . o

nb = Total number of buses present in RDS The installation cost of FACTS is given

by (7). The cost for installation has been takemifr
[25] and [26].

Csve= 0.00038-03515+127.38
Crcs=0.0015%-7130S+153.75
Cupr=0.0003%-2691S+188.22 @)
where,

] =1,2,....... nl;

nl = Total number of lines present in RDS
Vma= Maximum voltage limit assumed as 1.0 pu
V min = Minimum voltage limit assumed as 0.9 pu

e
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S - Operating range of the FACTS devices in o _(PAld+Qi[d) RK (11)

MVAR lindoss [Q] _W

The value of S, calculated using equation (8), The loss sensitivity factor can be obtained from
S=1QI-Ql (8)  equation (12),
where, _ _ _ 0P, _ 2Qu []* RK (12)
Q. - Reactive power flow in the line after Q,  (Vd)?

installing FACTS device in MVAR
Q: - Reactive power flow in the line before
installing FACTS device in MVAR.
The cost is optimized with the following

constraint is given in (9) and (10). i ;
~100MVAR < Qqyc < 100MVAR 9 have less than normalized voltage are considered as

-0.8X,< Xrese< 0.2X ((1)0) weak buses and must need the voltage

For UPFC equation (9) and (10) areimprovement at the location.
considered. Wher&rcsc is the reactance added t0 32 saHDE Algorithm for Identifying FACTS
the line by placing TCSCX, the reactance of the Sizes
line where TCSC is located a4y is the reactive
power injected at the bus by placing SVC.

With the help of load flow equations, the
loss sensitivity factor of all lines are calculatatd
arranged in descending order of the given system.
From this sequence, the end bus of lines which

The purpose of introduction of SaHDE is
to find the optimum amount of reactive power
3. PROPOSED AL GORITHM injection through FACTS to be included in the

identified optimal location of the distribution

For the FACTS placement, the candidatesysiem, The pseudocode of the SaHDE algorithm
nodes for placement are determined using the 10855 peen given below
sensitivity factors. The amount of reactive power

injection through FACTS to the candidate nodes | // Pseudocode for SaHDE
has b determined using the SaHDE algorithm | o-erationt=0:
as been g g Initialize F_Mean=0.5, F_Variance=0.1, CR_Mean=0|5,

[27]. CR_Variance=0.1;
. o . . Initialize population number () and the maximal iteration
3.1 Analysison Finding Optimal Location of number (Ne),total variable ()
FACTS Devices [* Population initialization */

. . e for(pop=1;pop<=N;pop++
During the early stages, the identification forEF:/aFl)':l;\F/)aIi:[\I}?\?arﬁ.;.))

of candidate nodes for FACTS devices placement| Gpop]var]=getRandom(var_min,var_max,random);
was carried out through the experience of the | 40

engineers and the historical analysis. Then ¢
sensitivity analysis has been incorporated in order
to reduce the search space and precise solution foj /*Mutation operation*/ _
indentifying the location. The sensitivity analyis L__r?x:gge;;?nddoonr:](1(’1?353?22822{);

a conventional procedure to find out the locations | for(var=1;var<= N;var++)

with maximum impact on the system real power | //Calculate F_Gaussian

losses with respect to the node reactive power. The Gp'“s[po"]["ar]:((;([;[’og]Hﬁ?rgggigﬁussfﬁg’;v])
figure 2 illustrates a distribution line with a ey /* Crossover operatiEnE} - PoplLEe
impedance of R+jX connected between buses ‘p’ | for(var=1;var<= N;var++)

and ‘g, and an effective load ofP+ Qe at bus

for(pop=1;pop<= N;pop++)
{

if(getRandom()>CR_Gaussian)

q. The term ‘eff mentioned in the subscript G plus=G;
refers the total load connected beyond the referred| }
bus.
Py R+jX | d
Miine h
Peff+erﬁ

Figure 2: Sngle Line Diagram of a Distribution Line
The active power loss for tnline is given in
equation (11),
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/* objective calculation */
if(f(G)>f(Gplus))
{
for( var=1;var<= N,var++)
G=Gp|_us; Read Line data
CRI_Final[t]=CRI[pop]; and load data
B

Obj_new=min(f(G),f(Gplus));
final_population=pop;

/* Acceleration */
if(Obj_new ==0bj_old)

{

for(pop=1;pop<= Npop++)
for( var=1;var<= N,var++)
G=G-(int) Math.roundg*gradient(Obj_new));
}

else

Obj_old=0bj_new;

/* Migration */

for( pop=1;pop<=Npop++)

{

if(pop!=final_population)
for(var=1;var<=N;var++)
if(G[pop][var]==G[final_population][var])
ny=ny+0;
else
ny=ny+1;}
ro=ny*1.0/(total_loop*(population-1));
ro2=getRandomm();
ro3=getRandomm();
if(ro<0.3)
for( pop=1;pop<=hpop++)
if(pop!=final_population)
for(var=1;var<=Nvar++)

roo3=((G[final_population][var]-
vmin[var])*1.0/(vmax[var]-vmin[v@});
if(ro3<roo3)
G[pop][var]=G[final_population][var]+
(ro2*(vmin[var]-
G[final_populati¢wér]));
else

G[pop][var]=G[final_populatin][var]+
(ro2*(vmax[var]-
G[final_populatioa{r]));
CR_MEAN=Mean (CRI_Final,t);
iter=iter+1;
} while(iter<Nir)

N

Calculate sensitivity factors and find the locasign
The total numbers of locations are considered as
variables

A
Set NP, CR_Variance, CR_Mean, F_Mean,
F_Variance, initial population matrix (Z), iterf0

Update load and line data, run radial load flow for
chromosomes (Z) and find Annual_Cost (AC

[

4. COMPUTATIONAL FLOWCHART

The optimal FACTS placement process
starts with identifying the locations by using
sensitivity factors. The optimal sizes at the opdim
received through SaHDE. The

locations are

Apply Mutation with
F=getGaussian(F_Mean,F_Variange)

A
Apply Crossover wittCR=getGaussian
(CR_Mean,CR_Variam®)

A
Run Radial load flow for new chromosomgs
(Zpwy and findAnnual_Cost (AG,,9

Yes
If ACZ > Aczplus

A 4

A 4
Find AGew=min(AC, , ACzpiu9
Set RiossPhioss

No Update CRMemoty

Apply Acceleration and Migration and calculate

identified number of locations is considered as
variables for the SaHDE. The optimum size of
FACTS has been fine tuned through SaHDE. The
flowchart for the proposed method based on the

SaHDE algorithm is given in the figure 3.

400

R_Mean = Mean (CRMemory) and check for iterationr

Print the best
solution

Figure 3: Flowchart for Reconfiguration
through Hybrid SaHDE Algorithm
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5. SSMULATIONRESULTS From the table 2, it is clear that the
The proposed algorithm has beennormalized voltages at the buses from 5 to 10 are
programmed using J2EE servlet programming antfss th_an 1.01 pu. These buses_ are sequenced based
run on a P-IV processor with 266 MHz personal®” their sensitivity value. The first four buseglsu
computer. The effectiveness of the propose@S & 5 9 and 10, from the sequence have been
algorithm has been tested on 10-bus, 34-bus ar&pn&dered as sensitive buses and needs voltage

85-bus radial distribution systems. control. The FACTS devices are located on those
locations to analyze the performance for
5.1 Test System 1 optimization. The impact of the devices with

The Test System 1 is a balanced 10-bugespect to bus voltages and branch currents are
radial distribution system [28] shown in figure 4, shown in the table 3 and table 4 respectively. The
with the base of 23kV, served from single feedertables reveal that the performance of the UPFC is
The load and line characteristic of the system idetter compared with the other two FACTS

shown in table 1. devices.
1 2 3 45 6 7 & 910 Table 3: Test System 1 Bus Voltages Without and With
E | I O I O N FACTS Devices
LU ——
Figure 4: 10-Bus Radial Distribution System No. | FACTS| SVC | TCSC | UPFC
|Vbu4 |Vbu4 |Vbu4 |VbuSJ
Table 1: 10-Bus RDSLine and Load Data (pu) (pu) (pu) (pu)
Line| Start| End| R X P 0 1 1.0 1.0 1.0 1.0
No. | bus | bus| (@) Q) | W) | (KVAR) 2 0.9929 | 0.9964 0.9960 0.9985
1 1 2 1 012330.4127 1840 260 3 0.9873 | 0.9930 0.9958 0.9973
> 2 3 | 0.01400.6057 980 340 4 0.9634 | 0.9844 0.9810 0.9932
3 3 4 | 0.74631.2060 1790 246 5 0.9480 | 0.9790 0.981p0 0.9915
4 4 5 | 0.69840.6084 1598 1840 6 0.9171| 0.9730 0.9690 0.9895
5 5 6 | 1.98311.7276 1610 600 7 0.9071| 0.9715 0.9598 0.9837
6 6 7 10.90530.7886 780 110 8 0.8889 | 0.9690 0.9429 0.9870
7 7 8 | 2.05521.1640 1150] 60 9 0.8586| 0.9630 0.9164 0.9857
8 8 9 | 4795327160 980 130 10 | 0.8374| 0.955% 0.9000 0.9835
9 9 10 | 5.34343.0264| 1640 200

Table 4: Test System 1 Branch Currents Without and With

With the help of sensitivity analysis the FACTS Devices

optimal locations were identified. The values of Line [ Without | With With With
the loss sensitivity factor and normalized voltages No. | EACTS | sve TCcse | uPEC
are given in table 2. ’
J “Line | “Line | “Line | “Line |
Table 2: Initial Configuration Sensitivity Factorsof 10- 1 (g‘lrgpzsé (Airgg Z) 1 (Agg;s)g - (Arr:gp75)6)
Bus RDS : : 2P -
- . 2 532.93| 145.25 487.55 75.71
Line | Start| End Loss Normalized 3 487.30 139.31 444.46 73.08
No. | Bus | Bus| Sensitivity voltage : : —k :
Factor(10) | (v]in pu; 0.95) 4 404.72 | 137.70 366.1: 71.48
1 1 2 198 1.0451 5 309.71 58.81| 290.7% 56.13
> 2 3 0.20 1.0393 6 229.72 34.16| 215.34 17.538
3 3 4 16_29 1'_0141 7 191.97 33.88 179.69 17.34
4 ] 5 864 0.9979 8 135.82 33.63 126.67 17.12
5 5 6 9.80 0.9654 9 85.77 36.52 79.79 18.545
6 6 7 2.08 0.9549 .
7 Z 8 383 0.9357 The power loss and annual operating cost
8 8 9 8.11 0'9039 of the distribution system with influence of
5 5 10 576 08816 f[:;tﬁzcgtors and FACTS devices are compared in the
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Table 5: Comparison of Results with Capacitor assumed as the same value as followed for test
Placement and FACTS Devices system 1. For this test system, the lines 17, 2D an
_ _ 18 are selected as optimal locations for the series
V(‘)’:JT (‘:";'tgc voltage regulation and the buses 19, 22 and 20 are
Para | Comp itg)r With With With selected for reactive power injection/absorption.
SVC | TCSC | UPFC
meters | ensat | Place The proposed method reduces the power loss from
ors | ment 221.67kW to 81.32kW, and maintains the bus
Sower [16] voltages well above minimum vglue. The optimal
loss | 78377 | 704883  s5.28 611271 1898 amount of reactance at the locations 17, 20 and 18,
(kw) are-0.33Q, 0.06Q and -0.27Q respectively. The
Annual optimal amount of reactor at the buses is
opg(r;:;ttlng 131,674 | 119420 121547| 228354 121547  1396kVAR, 728kVAR and 26kVAR respectively.
$lyear The bus voltages with and without UPFC has been
Min. shown in the figure 6. It shows that bus voltages o
Voltage | 08374 | 0.9010 |  0.9555 0.9000  0.983 the weaker buses 8, 9 and 10 are improved. The
In pu. total operating cost of the distribution system is
From the table 5, the following 56233.198/year.
observations were found, 101
i.  Compared with static shunt capacitors, the 1 —+— Without UPFL  —B— With URFC
loss reduction through the FACTS devices 5 44
is better. £ qe8
ii. Compared with static shunt capacitors, thi &
minimum bus voltage is improved with :‘.; 0.96
SVC and UPFC. $ a5
iii. ~ Compared with FACTS devices, the ™
annual operating cost through the static 0'93

shunt capacitors is reduced with smal ) )
0 2 4 6 8 101214161820 2224 26 28 30 32

margin (it is obvious that the operating Buses
cost of the FACTS devices are more  Figure6: Bus voltages of Test System 2 With and
compared with static devices) Without UPFC

iv. Compared with SVC and TCSC, th

e
performance of the UPFC is good. 5.3 Test System 3

The proposed method has been validated
further by implementing to 85-bus balanced radial
5.2 Test System 2 distribution system [30], shown in figure. 7. The
The proposed method has been tested witkensitive buses 8, 58 and 7 were identified through
34-bus balanced radial distribution system [29]sensitivity analysis for reactive  power
shown in figure 5. injection/absorption. The associated lines for the
14 series reactance locations are 16, 64 and 14. The
15 30 constant K is assumed as the same value as
14 2 followed for test system 1. With the use of SaHDE,
13 5 9% w 11 12 the effective reactance has been identified foseho
— — — —  buses. The power loss is reduced from 315.714kw
4 5 89 4 to 95.36kW. The bus voltages with and without

1 32 UPFC have been shown in the figure 8. The total
18 " 3 operating cost of the distribution system is
ik e 34 72253.34%/year.

71 2% 2524 3R
Figure 5: 34-Bus Radial Distribution System

As per the sensitivity analysis, the
sensitive buses are identified. The constaptisK

e
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the presence of UPFC in the distribution system
greatly improves the efficiency. Besides, the

improvements in the voltages at the buses provide
opportunity for expansion planning and protection

during faulted conditions. The main advantages of
the proposed algorithm with the previous works

addressed are that, evade of heavy numerical
computing, promising the global optimum, solution

for the control parameters, quick searching for
optimal solution and suitable for dynamic load

patterns.
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