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Abstract

The minimizatian of pawer and enecrgpy loss in distributio’
has a prominent role in powver system desigen .A previous
developed procedures for oprimizing the reductiaon of thr
by using a specific number of shunt capacitive compensa
This paper presents a method to calculate the optimal
shunt cepacitors in & discrifiutian gystem with lnttera
The method is based on the dynamie programming
Numericsal examples are tested and che results show
method pravides more loss reduction thnn other appl!
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1~INTRQDUCT LON

The reduclion of power and epergy loss produced by the curren
flowing into a distriburion system jis an important ohjective .
The shunt rapacitora are used as a very effective tool for thi:
concept. Particularly, with developing the switcliing and cantrol
schemes of thesc capacitnrs, their application should be more
economical . Hany papers hove manipulated Lhis adpect by using
computationz! rechuninues ta delermine the opcimal conditions. i m
optieallity prollem haa  been f(ormulated to bhe subjeccted tu
mninimizing e€he power and enerpgy losses vhere the reactive power
loss is nepglected.

The optimal techniques have been used to solve this problem for
radial feeders. Thene feoders have been taken oas uvniform  aize
with wuniform daisctritucted louads cauneccred with fixrd and /or
switched capacitors. The variables representing the cprimal
problem statecs arc Lhe size,location, time in gervice and che
number of r:iwvecrtced capacitors [1=4],

The work done has extented to solve the problem for capering
feeders. An cquivalent model has lLecen derived., 1This model has a
uniform resistance per unit lenpth with the same lvsses of the
original physical system, It has been anslysed when applying
shunt capacitors,lixed or switehed,[{5,6} . On the other hani, the
optimal techniques usnd for Lhis econecept are either Lhe dynamic

propramming (D.P.) [4]), graphical methods (53).,0¢ deccomposition
aprroach (G]. In the later ,the problem is decomposed inLo
three aubproblems

I- Determinntion of optinurm ban sizres uvsinp spreificd loecations,

and switchinpg time
2- Calculation ol the oprimuym switehing tiwme using specificd bank
sizes and locatioan.
3- Determinatlon ol aprtimuem lveatiovn,usina speecified banle sizer
aud switehinpg Lime.
The optimal solut:on can be faund Ly using {teracive techaique
around the three subprohlenms.
The above stoted worlks are denlijonp with the problens of capacitor
lacatiaon on  suclt feeders usiap a  sequential (stroipht away)
feceder madel which does not inelude lateral branches.
In {7], the author las prescaced an approach (or capacitive
cospensation of disvrincution feeders involving lageral
brauches,whiiecls basaed vpon the 1opolopical tree struckture nf  the
radial sysLem. So,the radial distributiou fceder may be
coasidercd to be composed of open paths. One of the open pathas
should be chosen as a main path. Adilitionally,each open path 1s
considered as a seot of cantinuous scetions .lor ecach sectiun,the
reactive current distribution functlon is construcred. Then,a
funcrion of a necr savinp due to an assumed nuwbeor of (ixed aad
Jor switched eapacitor cau be daveloped. The optimal ner saving
can be found by wsinp an iverative vechnique oraund the three
subproblewns namply, "optamal bank eize,optimal location aad
ohtdwal [n service duration ',
This paper introduee: Lhe applicabilivy of B Lo =solve the
optimal copncitive compensation problem, 1t 1Is traken inta
consideration & scyuential [feeder ond a feeder wlth lareral
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branches connected with exther fixed /or switched capacitors . It
has ULeeca feund thac the dueveloped technique in this paper leads
to a saving tn loss recduction preater than another applications,

c.g.. he decowpogition approach used in {71, Se, © complcte
cemparisen s introedunced in this pzper by applying the two
Eechniquus to four numericol examples, demonsiLracring the

different (arms of discribution feeders.

The nexct section illustrates Lhie DI’ concept as o mathematical
tool. The bopplaicocinn of this concept to e senuntial feeder with
fix=d and /or switched capascitors is explained in section 3. This
application is developed in scelion 4 ro apply the DP to a feeder
with lateral hranches, A hriel preseatation for Lhke decoampoasition
appronca and the compcrison afe illustraced in svculans 5 and 6,
tespectively., The conclusions arc in section 7.

2« GENERAL MATNEMATICAL FORMULATION [8)

2~1 DYNAMIC PROSRAMMING APPROACIH FOR SIQUENTIAL SYSTEMS

Consider a szqeential system shaur in Fig.l. Badh stage = eon
bu represented by the folloving inpul-vutpulL equation:

u -
N Uil . u, 1y
XN XE <
X '_‘-—l 1 —
*an T n orl” Y ) ()
Where,

m = 1,2,...,4

*me] = input of stape =,

*n , = ourput of stage m,

u. = the cpontror veriable of the stape m,

Tm a the funetion ralating Xl cand W,

H = na, of stajes.
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Supposing that, Lhe objeelve function Y jis piven in tLhe form,

Where,

Y : . .
m (xm.xm+r um) is Lhe cosL or profit function

associated m th,stage ,5torting by stage no.l,the controller %fU
must he selected ro optimize Y, at a speciflic value x, € X.

The optimum vplne of the olbjective function Y, for stage no.l
is plven by

= * €3
SUR R O PR )
Where, i
1 = the optimum value of «the objective fenctiony
for stage no.l, and
* = the superscrapr denokting an optimal value.
Consequently,lor the 2nd. stage
L]
'\'2(-”-3)=(Y2,X3,u2)*Ml(!z)) ( 4)
In general,for wm th. slLape,thie cast is (grmulated by
Mol ) e (Y M *
n 1 n X ¥y udrHL X)) (5)
From equation (3) , -1 & % are known from the calculation

of stapge no,(m-1).Therefore,by selecting the controlleru €U
ar a specifiecd value of ¥ € X witich optimizes the Tanctioen

Y ,the optimum cest M can be calculated., Varying m from 1 to
[ m

N, the optimum controllers u‘ € u and rthe corresponding optimal
m

cost or profit y are computed
m
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2,2 DYNAMIC PROGRAHMING APPROACII FOR SYSTEMS WITH LATLRAL
BRANCULS.

Ta apply the UP to & system with lateral branches, it 1S5
decaomposed into subsystcms t¢ perform the scquential chains,.Bach
sequential subsysten can be independently optimized.For

example,consider the system shown in l'ig.2. vhere ar une link Ag

between stages no. 6 & S5, it is decomposed inro two sequential
subsystems T § II as shown in Fip.2., The input-nutpot equatioens

for the different stapes of the Subsystem 1 can be wvritten s

follows

2 2 I T ]
o Ty ey R
x5 = T6 { uD B x7 y KS)
'3 M5 Y4
Y
X X, X X
7 ]
6 %W'S_LH—SJ O . I
. uy
JE/ X X
o B 2
u.
%5 1 X

ia. 2. Hranchianpg sysceon
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The optimum cost of subsystem I according to cquation (5) is
given by

x
N
<
=
I
=z
E.3

) ( 6)

For the sequentral subsy;scem {1 Lhe input-outpul equations oare:

The optimal cost of stare no. 5 is defined by

Md(xs) = (¥, ( R s Xy o ud))

Ms(xé) = ( H.I (x5 )y + YS ( L XS' u5 )) 7))

From cquarions (6) and (7) ,cach subsystem can be optimized
lndividualliy. “The glebal optimum of Lhe whole system caa then be
found by optimizing the link ¥; according to the (following
equaction

5 6 ) (8)
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Subsystem T X¢ X

Subsysten II

Fig. 3. The deconposcd branching systen

3- APPLICATION QF DYNAMIC PROGRAMMING TQ RADIAL TFEEDERS

3-1 THE SOLUTIGN ALGORITIH FOR RADIAL FEEDERS WITH FIXED
CAPACITORS (SAI'),

The Collowing ulgarithw  cau be applied Lo ¢he readial feeder
(sequential syscem ) shown in Fip.4, lt is applied to find thke
optimal size,locallon and number of shunt capaciters required to
mioiwize the pawer and cnerpy losses by usinpg  Lhe DP concept

(4].

m+1 n o

[ .ﬂﬂLﬂﬂ
Il IIIII

4. Radial foecder.
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The alpgoritiim :

The feeder nodes are lulieled in an ascendinp order ctoward the
source as shown in Fig.4.
A uniform feader of unaity length ecquivplent to the physical

fecder is delfined[5]. Tluis 1is formulated in twg sSteps as
follgws :
a) H} is the lenppth nf the cquivalenr fecder with a wunifarm

resistance per unic lenpgth-and can be coleulated by

N=1
T
Lu — IIIt 11l
K
. m=1
where,
L = lengeh ol branch m, and
m
rk = resiscance per unit leaptls of branch k, which can

be chkosen as cthe resisrance of vhe eguivalent
unifara feader.
the physical lengpeh of scection |, muer be wmoedified to  a
lengLh L where, "

um

L = —
um r
b) Divide cach secrion lenath Luk of the aquivalent fecder by

L to yleld o norwmalized vguivalent vnifurm leeder Lo unily
l@ngth an uvniform resiscance r  where,

i=N-]

r = § I.mrm ohms per normalized unjit lepgth

m=]

A shunt coanacitoer bank may be inxtalled at cach node.

Each node on the fceder can he considered as a stage of a
sequential syscem. [ig.5, shows Lhe node no.m,in which, 1
me
i and i represent the inpui,ouvtput and controller of the
m em

stage m,respectively.
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cm

1 1lm

Fig. S, The currecut at wode w.

- Define the stage tLable as o table convarns the elenents @
. i ) )
1m+l ‘m ' 1c|r|

- For cach node m,the clements of the stapge tahle are formed as
follows :

1) A drscrete sct Im af oucput currents im at ngde m,which is

defined as i € I, and 0K 1 i , Where i is
m be m max max
taken a8 the sum of the loads at nodes 1,2,...,m-1.
ii) A discrete set of capaciter size Icm.'l: is chosen over an

adequare range.

111) A set of input currcacs, [ ywhiclh is cawyuted La cerms

m+l

of the elements of output current sot and cuopacitor size set
by nsiap the [ollowing cqguation

where,
i -
m+l € m+l
‘ i d
cn € lea an
{, = the lead curcenr or node m.
iv) The saviap S, of section m whieh connecrs Lhe rode

m+l to nole m and is defracd as

8§ a(k - (i
_— p) (LP)m + (.L(QHLG)“| ) kc { 10
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where , (Lp) and | (M)mdrc thhe reduccion of pealk power and
m
encrg power losses at section m, respectively.
kp , ke & k. arc the cost of pcak power , the cost of

cnergy and the cost of the installed capacitor at node
myrespecrively .
v) The max.saviag €or section m can he depicted Dby using

equations (9) & (10) for ecch pair of im+l and icm:

-Fhe wutput  currenl ol nude no.l  equals zero.The optinal
caponcitor size and the input current at this node can Dbe
directly obrained. AL the sane time,the ilapubt currcne at node
d.1 equals Lthie outpul eurrent at node no.2, Conscquently,the
oprimal capacitor sisce dwd itlhe inpoL current at noede no, 2
can he depicted. Repearing this pracess to compute the opcrmal
variasles at cach node startinp frem the first aode until the
source node,

NUMERICAL LEXAMPLE 1

The bP is apnlied Lo a radjal [cveder nt 9.5 KV Ly using  Lhe
alporithm  SAF in sce. 3.1, bacvs ol uhis leeder vs tabulated in
table | and Fip.0. shows the sitongle~line diapram , which is
taken froa  VPort-lFouad powver nctuworz, ‘The doad enrves L cach
node are s oshown in Fipgo 7. Ve hnae valtagpu and buse
vole-amper are 5.5 KV& 3163 EVY, respectively, The ecost constants
are given ns :

xk = 120 Li /KW@ /year |

P
k a 0.015 LE/KWLh /year
c
6 LL/3-Ph, LVAR/year for switebed capacitor
k =
¢ 3.5 LI/ 3=1h. rvak/year (or tixed zupacitor.,
and the ennual charge = 14.23 i per jear |,

B8 7 6 5 4
.5 3 2 1

R

Reictlve luids.

Fig. 6. One line diagraa of exzaple 1.
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1 L) el (LY bIRW) Wade (2)
| ‘V /\ | M&
Vag V.4 0.6 0. 1 3 0.1_6.A 0.6 0.8 1 ¢t
u;) wdn (3] xy) Nerde (1)
od .4 u Uu 1 [ Q.2 D4 d.% 0.8 1Tt
(c? Mede (4) Hy Hade (C)
1
\’- /‘1 l" —~
1(:) o TS 0.2 0.4 0.6 o©B 1 ¢
L ety Ho Heuw {0)
! e
// T
A P N S 0.2 O DL 8.3 1
Fig. 7. Laad curves
Table 1. Dara of exemple (1).
Section Wire Size Ovecrall Resistanc Physiecal KVAR
Nunbey m Bismeter CcYy Rranch Laad at
mm min /KN Leng.in end scec.
Kt(
1 Ax50 S) ©.347 1.5 50
2 3x 50 51 0.387 2.2 50
3 3x50 51 0.387 0.8 sQ
4 3x530 51 4.387 1.5 mno
5 Ix50 51 N.387 2.706 300
6 3x50 21 0.387 1.65 1658
) 3x50 51 0.347 0.7 600
8 Ix185 6Y 0.099 1.55 1750

D T
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Table 2. Stage table of node 8 for example 1.

Ig
Ic 0.0 C.104 0.135 0.29
0.05 Q.503 |\ 0.6 Q.648 0.793
2.15 1.3N 1.66 1.06
0.453 . 0.58 .
01 588 Q.743
2.2 a3 1.27
0.15 N‘zos 0 0.548 0.693
2.3N 2.1 1.99
|
ouz 2353 |N\D.45 0.498
2.49 2.27 2.1
0.25 0.303 0.4 0.
2.3d 2.26 1.8
D"j
0,35
0 0.157
2‘77
Iq
T.g (9154 0.4
[ Sg 2,71
Considering node B as an  2xomple,the [odlowing

obtained

- The upper and

& 0.29

= The
0.15,

Ul2l

0.25,

u.3,

lTuver elermcals ol the outpur
.U, ,reapectively,

choscn elaments of capaciter sizes
.05 &

i

U.4

set nre

resules

currenty scr aroe

0.05,

0.

are

sern

1.
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- The inpug current scot 19 is computed by equation (9) to ger the

set elewents 0.50J, 0.453, 0.403, 0.353, 0.203 & 0,153 PU

Similarly,the saving bof scction & according to cenuation (10)
is,
§ = 2.15, 2.2, 2.39, 2.49, 2.58, 2.65, 2.7 & 2.77 L.E/ycar

Therefore the max.saving 1s 2,77 I..L/year at [ g = 0.04 Kyal
c

& I, = 0.193 KVAR . lheze resuits nre depicted sn ecable 2 (the

stage tuble aof noide #). The other stane tables for the rest of

nodes can be coscructed,

Table 3. UpLimal polacy Toar oxample 1.

" F o157 | o.ss1, { Gc.asy 0.5 0.100 | 0.106 | ou1es
l
\ | ‘ 0.:5]| la. 3] _Il
]

[ NIV
. |
I
l
|

N
(=l
4

T
/.w,_l.l; \

7 B D.ozl 1 I
D.10/ |

/

), 0%
,/ G. 55 | .
I _vh_“—_‘____T
ul'_]

a

=
)
:

-
O\c
O) D
)¢

0.04 7"
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[ flflf\lzlll
I 1T

Fig. . Single 1line diapram of the feeder of ecxample 1
showanpg the optimum conmnhensation capacitor.

The optimal palicy Llablc, taitle 3 ,is Jderived by pathcring ”Lhc
last row of stapge tables to deecide the optimal roure . (his
optimal route gives a tolal saving of 15,22 L/year . According
to this policy the spLiuwnin  caparcitor s1zes  are toholated 1In

table 4. Fip. #W.shows (nc opltiwam  compensalion  cappcitoert:
conncceed to Lhe teeder ol exawple L.
.
Talle 4. Optinum codntion of exemple Y accarding

to the optaiwmal polacy shown in vable 3.

Capacitor location Capacitoer size Anaual Saving

No.of node Kval LIi/venr

4 154 269

5 158 1959

6 198 2051

7 Hh75 2776

B 1266 53166
Total 15221

3.2 TIE SOLUTION ALGORITIN{ FOR SEQUENTIAL FEEDERS WITH SWITCIED
CAPACTTORS

The reactive powuer variation of o load necessitates to comrpect
the feeder with switched copacivars to keep 2 desired marsching
beeween tliis variation and the compensators.

This section presenls an alpourithm ,"Drscritized Lond Algorichm “
(D.L.A),to solve the aptimal capacitive compensation problem by
vaing the DP. This solution is based upon Jiscricizing the load

curves at different nodes into 1ncremental times. The renctive
Table 5, Oprimal policy for evxaaple 1 ar the Lirst Ulme inerepent
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toads at cach time incremant arc assumed tos be constunt.

“hen the SAF is applied (or this jncrerent to get the optimel
parameters. Uy repeating this procedure for the succeeding
incremants, the opLtimal ctrategy can he obtained.

The fLollowing example,exomplic 2,1llustrates Lhe application of
DLA to the feeder of examplec 1.

Example 2 : }ind the opriwal strazepy of the feeder in example 1
vwhen conncering it with suitched capacrtors. The lopd curves

shown 1n 'ip.7. should bhe considered.

Solution : The dnrarion of lezd curves is divided into equal f{ive
incremcnts o Q.2 P.l,

The brsic principie ol clhionsyng 1he time increments is thac Llie
load variattoo during each incrementl i« a5 smunll ng passible,

Considering the ftirst time tacreucene,the load currenis at  feecder
nodes are shown in Vip, Y. accorting o tae piven load curves.

394 310 36 21y 12 10 o5 11
Fig 9. Reaclive }Yoad ar the Lrrst increment for example 1.

By applying SAF, the optinal poliry table at this increment car
be comstructed as shown in table 5, :
Simidar rablesz Ffor the nthnr increments are conscruzted to be
ahle to deduce the optimal stratrgy. The ralLiag of the
melriple—-tap capacitor, uliteh  realizes Lthe oplimal stratepy
for node 8, is specified in Fig. 10. The oprimal slraccgy f{or the

Eeader ULy uveing wmultiple - Lvop and on / olf swvitehed capacilors
is shewn in fip. 11,
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Table 5. Optimal policy for example 1 at the first time increment

, In o 0.012 0.03% | ©.035 0.049 | 0.092 6.119

8 ‘ ///’/
0.11¢

7 ’h.25

| 0.576 7

0.09:

6 .05
SREEANG

B 0.0,
> 3.1%
0753
0.019
4 L4 3.05
////’0‘04
0 65#
3 |7 INS)
EISATIN
TN _
0.0%4
2 /5 o
PEIRN
0.032]
1 0
o

| |
l
R JE (
100 | 525 uvu| 150 KVAR

Fiq. 10. The multiple- tap capavitor ot nade 4.
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Size ol capucitorng ae
No-~of - ¢ Eleen L0 Kval K¥YAIL- time curves
neyenen meEn Lo Xv¥aly (tiime Lase la 076 nre)
nude
N M L.
g t & 4 )
Kyar
1225
Ia 300 1229 | nes j00 150
150
Q.2 0,4 0,6 0.81 ¢t
YAl
130
o ! éso [230 | suo | w0 _J_LJ——
200
 I—
0.2 0.4 0.6 0.8 1 ¢t
KVAR
110
7] 50 110 50 60 30 J
50 |-
KYAN
19Q
5 150 oo 140 170 150
1490
Y A 0.2 0.4 0.6 0,01 %
0]
4 50 50 S50 Y0 90 ?
$Q
) 0.2 0.4 0.6 0.8 Y t
LVAR
3 30! Q Q 30 B}
T
_____J 0.2 0.4 0.6 0,01 t
Fig., 11 .

The optimal sccratecy of the compensation by usirg

mulki - r2p and on / off switched capacitors.
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4. APPLTCATION OF DYNAHIC PROGRAMMING TO A FLEEDER WITII LATLRAL
BRANCHES

4.1 APPLICATION TO TFEEDER WITIH FIXED CAPACITORS

As explajned in sccrtinon 2.2, the PP is applied by choosing a main
path J scarriag abt the substation (s.g) and terminaced atk
an orbicrarly end pont k, Fipg, 12, The system laterals
(L = 1, 2, PR « "), seperated [row the main pnth, are

manipulated individually by wusing SALM to calculate ctheir own
oprima) poliey. lrom which, Lhe currents tloviap inra cthese
larerals 4y, .. v dp + ... iy CGinput currencs) ore campured.

L=1 L:}
o
5.5 \\\\
i, 14
L=2 :\-Jin path J L=/
Fig. 12. Feeder vith lateral UbLranches.
Then, a global aptimral starteny of the syscem Is devermined by

applying the following summarized iterative concept

a desiered lateral no. L, 1ls inpul current ip is considered as
a controel variable,
the cother input currents 15 , 1 =1, ... , n& j#gL, are

cansidered Ly thear updaced values in time being,
the DP is_applicd to Lhe mzin path J vo calculate the optimal
current { ,
L
L

replace JL by Iy

calculate the gain of caviag & on the main parh, It is the

difference Dbetween the preceedang gaviug aud the savinpg due Lo

the obtained optimal inpur current ’L .

calculace Lhe Joss of naving Slo‘s of the Iateral L due o
current change,
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- Il Sy > Siogs+ the next steps are cexecuted. Unless, che
prececding innpul currentr is ¢aken a» aun  apcimal value co
implement the next sters,

- repest this procedurce for all laterals 1, L =1, » N

- the progrum ls terminated whea the change of gystem saving is
within a specific tolerance,

The detailed flow charr of this 1terative concept 15 shewn in

Fig. 13.

NUMERICAL EXAMPLE 3

In order to 3dllustrate the opriwmal specilicatione of fixed

cayacitors alonp o radial taecder involving Interal branches by

using DP, a £.5 Kv faeder 1s chasen as in Fig. 14, The iata of

this feoder is tahbulated

in table 6.

Renpistancy Phyzsieal bransch

Table 6. Data cf cxample 3.
Sactlon Crosy scetian Overiid
runber., arca in mﬁ. dicuwtice
| YT

O~ 8 3105 69

8- 9 3 S0 31
9-20 3 50 5L
B-17 3 50 51
17-12 3 50 Phe
17«18 3 20 51
18-20 3 50 51
18~19 3 S0 51

8- 7 3 50 51
7-11 3 50 sz

7- 6 3 S0 51
6-15 3 ) S1
15-16 3 S0 €1

&- 3 350 51
5-12 3 80 ti
12-14 3 50 51
12-13 } 50 51

5- 4 Y50 51

4- 7 3 50 51

3~ 2 3 50 91
2-11 3 50 51

Gty lenpgeh in Xm,
/K .

0.09yL 1.65
0,311 0.429%
0, 374 1.52%
0,37y 0.37%
U.:79 0.1t
0.278 0.126
0.370 0.62%
0.5y 0.35
0.3746 1.3
0.5 0.1
0,370 1.25
Q,%718 1.8
.57 0.47y
0.374 0.59
0.7 2.7G6
0.%y 1
0.3%73 1
0.37) 1
0.5 1.5
0.}373 .75
0.3 1.5

KYARL at
enl ef
acztior,

>
450
100
100
100
200
100
45¢
250
4a0
400
60
30
75

100
200
200

50
100
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J and the faceral branchea L =

—

Delvrmlue the maxn path

D.P for ecach lateral Ipdividually ro gec the optimal

Apply
input curreae

Ww and the zocresapondlng saving  SL
Azcume f el o) m values fur the fnput cucrent
al eaeh  lureeal Jp where 14 ¢ T
1
i
L Jtreatlan count X = 0 |

Leto desterced braneh no. N a o |
T

T‘_ { Iapur current ) where

Je vvo + 0 L &}

Beline the elvwmews ol vnput vuni@nt -ry gpunt £ = J

Calgulavre Ve aptinpl savaing S5 ’
| |

Concaderong  the tonpne currenl Ly faf the
Jateri k| Lu  apply ahe il L6 the mnin  pach I
| —

= o e
Replace
to sby S
lsexr a —_—
1, = 1:‘ Yioa
CeL § » mar | Sy ) and
1
|(::|Ir.nl>\|c gadn uf szaving an £he mabla puth Sa | .
1
| Cnlealatc loss af saving an the loteral N, 5 J feplace
ss K=K+

Yrite the yiameteocs of optima) nolley |’

Fig. 13, Flow chart ol the application of dynamic

propgramming co o (ceder with

loLerol.
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10 13

.8 1 6 5 4 3 2 1
- NT R, b b
2 13 15

0 18 16

Fip. 14, Siwgle lise dingrom of caaple =,

The main path is the teeler stariving from s.s, and terminoceid by
node . The eystem coptains cight lateral Vbranches, dy
aprlying SAF alpgarithw Lo the liateral bramely, L = 1, (npdes Y,
9& '0) as an cxamnple, (he stage tables (or nodes 9 & 1O arvc
computed and given in Table 7.% Tahle B., respeciively,

Table /. The stage rtahle for cade Y.

9 0.026G5 0.0L u.o» i 0.01‘]
Tes ‘ |

247
.05

D09 N1 [N0..12
a-03 s& OAN 0.5
] 0.031 | D.0!7 ]
0.07%
[o.men N |0.015 0.63 3.0y

0,034 0,32 0,002 EEFYIC
a.1
6.09 C.oua | 0.0 0.0y
0.013 0.¢ 0.047 0.017
6.2
u.o:ﬁx\\ 0.¢9 ) u.uou\\\\o.olp

3 U2 oY INIEW ReY
—J ey 3.12 AN J Y S N
3 0.0y (RO K A D T L

a
~i

>
=
[
C
~
[=]
a
~
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E.
Tatble 4. Stnpoe rahle (or node 10.
T
10 .
Icl 0
0.00565
0.075
0.0095
IlO 0.C06% .
IclO J.024
510\ 0.0090\
. T&D is the output current of node 10
Je10 1s the capacitor current at nade 10
Censcquently , Che optinal palicy table of this lateral can he
dedugced . Tt {s piven in Lable 9, Trerelore, the input currenc

following into this Llaleral ar node 8 1s (,023 I'U,

Table 9. Optimal palicy table for lacteral L = !

_ = _
m 0 3.0065
0,023
9 // 0.125
/\).099()
]
10 0.006% 02
0,000 %

" 7 1s the output current of node under consideration

Sinilarly, «che input curreols {or other hranches are determinnd

and shown in PFig. V4.
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L=3"

i3=0.0145

J

L=5
Fip. Y30 VYnput currents Yot laterat hrauches(in 7

Addiay ecael rapubl current to the load curreat (if any) to ger the
currents at the di{fcr2nt marxn path nodes, [Mig. 160 Ther, the
initral required cugaertors are determined by using SAT, Fip. 17.
The dterative concepL is exccutedy,an) the resaliLa are given 1)
Table 10 and 1lustra.ed by Fig. 8.

c.c 8 7 [¢] _ 5 4 3 2 1
0.0613 0.067? 0.027 0.015 0.063 0.0l57 0.0l57 8.0157 (PU)

Fig. 16, the maxu path after addiug the lacteral currents.

CAATT T T T
T

Fig. 17. The main patli with jeitia) s1eyulrel ecapacicors
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Tahle 1. Resules of example 3.

Np.or Sfze of capaciter
nodce in KVAR.
4 150
9 158
7 150
Q 1
9 396
10 9
1L 396
13 150
. 16 13
i Q)
\8) 191
13y 21 |
2¢ ar1{

19

ps

Fig. 18. Sinple line diapram af exa~nple 3 shawing
clic  oplimnm Compensatios capacilors.

e
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4,2 APPLICATION TO FEEDERS WITH SWITCUED CAPACITORS

This
3.2 . 1t necessitates Lo
increment, the supply
using fixed copacitors
implemented to pet
cach rtime interval

period can be obrained.

Then,

RHUHERLCAL EXAMPLE 4

problem is solved by applying cthe technicue DLA in
tiscritize
time incremecncts with approximetely constant loads,
is mapipulated ns a fecder with

Sa,
rha optimal capacitor sl2e ant
the optimal strategy for the

sccecL.on
~he load-diration curves inlo
For cach time
laterals
the technique in scction 4.1 is
locotioN OC
total

Jsing the system 1n example 3 with load duration curves shown i3n
Fig, 19 (o get Lhe aplimanl switehed capocitors specificavions
{size, locarion and in scrvace taime turacion).
L) | eseltan, i6) WY ypac(iy
l /\
0.2 Q.0 L &t 0.2 0.6 1 t
T (20,21 ,22) I(t)L Hode(9)
L/\/\ l ,_/\
0.2 0.6 1 % 0.2 0.6 1 ¢
t
1(1) Mode(3,1,5,7,17) “-tl) Noao{14)
a.2 a6 1t 2.2 0.6 1¢
‘(i? eder6,10,10,1%) 1(:? | Node(L3)
e e
) g,z 8,6 1 ¢t Q.7 0.6 1 ¢
' 1o yoseta,n) 3 Noae(12)
AN L
0.2 6.6 1t 0.8 0.5 1t
Fig. 10. Lead current (I'U)  al coeh neode of numerical example 4.
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~ The lobd duratina curves arce discricvized into (lve lncrecments,
each of 0.2 PU. fig. 20 shows the loads at the dilfercnt nodes
during the first timc i1ncremcnc as an example,
- Applying the technique nf section 4.1 far caclh time dincremenc.
The aptimal stratepgy coan be obtarned and the results are given
in Figp. 21.
10 13
21 14
9 1 12 14
144 0 21 1
IS
5.5 6 5 4 3 2
30 JO ll4 JZ7 [27 1?7
15
24
16
52

Fig., 20. Loads ( ia XVAR ) at the first time increment

The effectivness of Lhe introduced techaiques Lo Lhis paber cnn
be proved by camparing thema with the technique " Decompesiton
approach " which has been done in [7], The main concept of
dacomposition arc 1llusirated in the next Lwh se¢ctions.

5. DECOMPOSITTON APPROACII

This approoch is based vpon a piven number of  coapuacitors. 1lts
methodology can be summarised as [ollows :

~ The problem is formulated zs an npcimisation problem.

- The ‘system variables which muxt be calculated optimally are
capacitor size, leocatien ond 1a service time dnration.

- An objective function is determiaed to represent the saving in
terms of system varinbles,
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Siuwe of capacrtovs at KVAR—time curves
0. Ut Ineccemenl, L b KA, (time hase s 8760 hrs).
Mod . T T T
|.l tz I.BT L/‘I l.‘;.
B (L)
Yo
3 v Q 1% 19 90
0.2 0.6 1 %
(L)
A 53U Q0 0 a 15 19 _
0,4 0.6 1
i)
7 0 0 15 it 0 o ) —l
R Pl L
' I|
V2 0.6 1
()
(RSN ]
a 20 30 A4 5 U ]
0,2 0.6 1
(v
N0
9 a0 GO ) U U
3.2 0.6 1
. I(t)
Lud
11 Jou | 3wu [N o | oJed \
.2 0.6 1 t
Fiq. 21 . OpLimal ::Lr:l(!‘;:_y of the coupensation by using

mulLs = Lap and oa/ol{ svictched capacitars.
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Size ol enpaclilors at
H0.01 KVAN-time curvea
incrcment times in KVAR. (tiwe bage ia B76Q hra)
nodea *
11 t2 tz t4 tb
I(t)
13 |[120 75 | 220|120 [ 120 2720
I(t) 0.2 . 0.6 1 t
16 S0 1Yy ¢ 19 44
15
—_—
0.2 L.
I(t) 2 [ iy T
17 [ 45 | 45| uwof oo 0 90 r
g, 0.
(1) 2 6 10t
9Q
10 40 4.0 90 ) 40 s
0. 0.6 1
1) 2 t
150 —-—J___________
19 (] 150 10 150 0
! I(t) 0.2 0.6 1 0t
310
20 310 | 210 | 310 | 290 | v —_|—|
0.2 0.6 1 ¢
Fig. 22. Cont. optimal srrateyy of the compensation hy using
mulcti - tap and on / off switched capacitors.
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- The prohlem 1is wsalved Dby a decomponsing it into
subprobYens s shown 3o the flow chart, Flg 23,

<$Lnrt with prater initinl coacitions)

Subproslem A

Determing aprifium ban< sizes, Ici'

« <+« ¢ N, vsing speci1ficd locations,
by ( i=Y, ... , n) & svitchinp rime , T,.

AJ J

Subprollen B

Leteraline optioey  seitching time, ,

B |
using  lne nnst recetly obilarned hank
sizes, Y., ond locations, h L= Y, ..., n.
el i
(— sabsrobloem {L
letermine optimun loeations, ht .
L= 1, .0y ow, ustng the wmoest recently
ohtained Lank sizes, lejy 1 =1, ... 4 n,

and switehing time, Ty .
No __ I
bous Lhe wviuition epaverpe 7]

Yes

Stop

Fig. 23. Iterative solution nsing decomrposition aporoach

rhree

For more devails,Lhe rcoder is rccommendcd fo sce refcrence [71.

6. Comparison

Applying tie decomposition appreach (D, A.) using
sulva nre vabulaced (n

copacitors to cxamples Lo 2, 3 # 4, the 7=

three

tabica 1 oand 12 Lo be rompared vith Lae resull ol DI applicatian
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From tables 1}, 12 it is scen that

Applicorion of DA

-It is restricted by a apecific
number of capacilors,

=The lond dnrovion curve  ixn
considered aL Lhe subslation
Lo calculate the ™switching
time, -7

-Tt gives a saving of (2042,
12585, 11925, 12960 LE/year

.

A.Zeitun

Application of DP

=Tt drives the optima) number
of capncitors,

“Diffrrent loatd duration
curves arc consydered ac the
feeder nodes which are more
realisrcic,

- It pives a corresponiing
saving of 15221,  16h4y,

V2n94, LOB53 LI /year

Table 11, Comparison vvuble for {ixed cnpaciiors

Nynamic Programminp Decompositinn Appreach

opLimal

capnectcar annuinl capncilar opt. ann .,
locaviong Niane new, locavion iz nee
{nodes) (Kv¥all) apvioyp (nodes) Kval saving
LE/year
4 K 5 447
5 154 : 7 TGY
6 150 15322 13 1234 12042
7 475
3} 1266
4 158 Il 373
b 158 20 512
7 158 L2EY4 U} L4 11025
8 74
9 396
10 79
11 396
13 15K
16 79
17 'y
{4 1154
19 237
20 417
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Table 12. Compurivon talble Car switched capacltors
Dynamlc Prograeming NDecompaition Approach
capaciter optizal sire for In = yrvica annval capacitot aptimal jn - gervice une.
locarions each capacitor ¢curation ler nat saving lbcatian B1RE duration nelL
(nodes) tap LKVYAR each tap(PU) LE/yenr (nodea) JA Y (ru) saving,
1 3o 00 00 DD d,% 00D O VLD by Glé 0.6
L 1D 40 1 . 7 71a 1
) 100 L0 30 | 0.4 0.4 16L49 8 106% 0.2 12548
[ 50 10 14Q0 1 0.4 0.2 4
7 24D 100 50 \ 6.4 0.2
] {50 (30 523 U 1 oM ULl D2
3 4% a5 uo no 0.5 0,2 oUd 1 pRAY 3,6
L 10 15 . a.% 0.2 20 aua 1
? LB ] U4 16451 Y SO0 0.0 12960
@« a [ a.i .4
y Ly 15 30 [P O A TR
1] 275 25 ] 0.8
13 1a0 75+ 4§ v, | .4
16 Ja 15 [ O
17 L 4 [T ST
1 4t nl LR T
19 6 b0 D.y Do
10 20 20 | .y

7. Conclusions

The application of DI' to aptimize the shumt capacitar influcnce
on rnower system losses has been illuvstracted. ‘This npaper has
manipulared two types of distribution feeders; scquential feceders
and feceders with larceral branelhies. Inm addition, the use aof shunt
compensators is either by fixed or suvitched capocitors.

A developed tecinique invaelvinpg the DP concept has heen
introduced particullarly (or the feeder with larerals. This
developed techininue rnnhles us Lo formulnre the prohlem us  an
optimization prohlem in such away that the formulacian is
convenicnt for systtew canditions, Furitlber wore, iL hus been found
that cthe developed Lechatgue in Lhis paper lcads to  savinpg in
lads reduction preater than that has been ebtained by anulysing
the systen by dccomnasing it inco Lhiree subprablems
{Decemposivion Approach).
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