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ABSTRACT

This paper gives method for selecting optimum position for fixed and switched capachors

~on aradial feeder . The optimum position of capacitors ( fixed and switched ) are selected based

on random proposal for their places on the feeder. The method also includes a selection of

optimum switching time of switched capacitor which will be located at the optimum position. As

»the optimum location is defhite, the hourly optimum operating strategy for fixed and switched
capacitors located at the optimum positions is obtained.

INTRODUCTION

Power capacitors have been unproved tremendouslv over the last 30 vears or so, partly

due 10 improvements in the dielectric materials and their more efficient utilization and partly due
_to unprovements m the processing techniques invoived. Capacitor sizes have iucreased from the
I5 - 25 KVAR range to the 200 - 300 KVAR range ( capacitor banks are usually supplied i sizes
ranging from 300 - 1800 KVAR ). Now days. power capacitors are much more efficient than
those of 30 years ago and are available to the electric utilities at a much lower cost per kilovar.
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In general, capacitors are getting more attention today than before, partly due to a new dimension
added in the analysis : change out economics [1].

Kilovars, as well as kilowatts, must be provided to the customer as part of a utility's
electricity service, and the analysis of the technically most desirable and economically most
attractive way to supply this reactive power requirement is one of the system plauner's objectives.
Wltere as the kilowatts can be supplied only from an energy source or power plant, kilovars are
automatically produced as well as consumed by the electric network itself This. of course.
results from the inherent shunt - capacitive and sedes - iuductive characteristics of the
transmission lines. For this reasons planning of the reactive power supply is subjected to a greater
range of system variables (2].

A rechnique is developed for soiving the voiltamwpere reactive (VAR) compensation
problers upder uncertain operating conditions. The technique emmloys chance - constrained
programming (CCP), and transforms the problew into a standard linear programoung problent. In =
providing optimal allocation of VAR supports, busbars with unacceptably which probabiin- ot
violating voltage limits are identified and assigned approvnaie chance - constraints. Two cases
are considered using the new technique. In the iirst case. capacitive com nensation 1~ _vawated =
for peak load conditions. Imductive compensation is considzred i the secor 4 case. 1 me light
load couditions [3].

A methodology for finding the degrees of series capscimor and shum - reactor
compensation is used to increase the power transfer capability of the over - head power
transmission existing rights of way and to get adeguate countrol of steady staie voltage and
reactive power requirements. This methodology is based on assumed system design criteria and
takes into consideration several schemes of compensation {4]. .

A transposition study carried out on the 654 Km Muja - Kalgoorlie 220 Kv radial
transmission system are presented. Voltage control and stabilization of this nerwork is achieved ~
with the installation of three saturated reactor type static VAR compensators. By suitable line
transposition. it is shown how voltage imbalances at the static voitage capacitors locations can be
reduced to ensure minimal negative phase sequence current loading on 1be saturated - reactors

(5).

The paper presents a method for obtaining optimum positions, optimum capacitor bank
sizes ( fixed and switehed ), optimum switching time and optimum operating strategy for fixed -
and switched capacitor is obtained. The method is based upon Grainger aud Lee equations(6, 7].

PROBLEM FORMULATION ! }

The problem here is the determination of optimum positions. optimuwm capacitor sizes,
optimuin switcbing time and optimum operating strategy for fixed and switched capacitors
connected with radial feeder. The method for obtaining the above mentioned parameters are
obtained by the following steps:

In the first. a selection of random positions for fixed and switched capacitors is carried out.

Then, a selection of the optimum places, optimum capacitor sizes ( {ixed and switched ), optimum
switching time and optimum operating strategy are obtained. The jrovious parameters are
determined as follows:
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1) Obtam the optimum operating strareuy ¢ hows by iour ) for each selected place of fixed and
switched capacitors.

2) Determine the oprimum switching tme = which optimum switched capacitor size is minimuim.
3) Obtain the sum of optirmun tixed und switched capacitor sizes at each selected places and
selcet the minhnum sunimarien.

4) Represeat section numbers at whicii mniinum summation are obtained.

The feeder under investizetion sonsists of 9 sections and is supplied from a substation.
The feeder is [oaded with tme - varying loads connected with it through it's length at each node.

Suppose there are K sections in the physical teeder shown m fig.(1). Chose rj, the

resistance in oluns per wuit length of the jtli secton. as the resisiauce in ohms per unit length of
the equivalent uniform feeder. Modidy the phvsical length L; of the ith as follows [6. 7].

L:

POt bl -
- Lyi = . 1=
i
Where L, is the length of the ith scction of the equivaient uniform reeder.
L. the total length of the 2quivaicut uwiform fesder is Jefiued by:

2,3 k )

. Divide each section length L j; of the equivalent feeuer by L, 10 vield a normatized equivalent
uniform teeder of unity {eagih and uniform resistance
k
- 7= 2Lig 3
i=1

ohms per notmalized uati lenpth
We now define a normnaiized reactive current density function, f{x), mud a normalized
feeder reactive curren: function. ¥{x), as follows [6. 7}

\ I{(x}

f(x) = (x) (4)
i

F(x)=Y (1) x<7<]l (5

. Where I is the reactive vurrent mjected into the feeder at the substation. x is the distance

measured along the normalized equivalent uniform feeder from the same end and I(x) is the
reactive current density at x,

To provide the most general soluiion procedurss so that distribution engineers can apply
the solution techiniques to design problems o1 different nawre. the following notation is uscd
thiroughout tie study. As shown in fAg.( 1) 1 fixed and * or switched banks are counsecutively
nwnbered trom the end of the feeder tov ard the subsiation,

The locations are ineasured from 11 substation and are represented by hj, i = .

cir 1= 1-
2.....n. Theretore. in the following analvas. i, will in yeneral represent the per nnit reactive

- cwirent of the ith capacitor bank. or squivaloniv, it per mit KVAR rating on a base equal to the

o n. The per unit bauk sizes { at nornal primary voltage ) are denoted by |
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maximum value of the reactive load in the feeder. The type of each capacitor, “which is not
specified in fig.{ 1) be represented by using the following set notation.

Let M and N be the sets of idices of fixed and switched capacitor banks, respectively. For
example. ifthe ith bank is a switched one. it will be represented as [ eN. Let LP denote the
peak power and energy loss reductions which result from the capacitor's placement. Theu LPis =
ziven by [6.7]:

r -

1 5 hy N o
LP =3| J(IFO) rdx = ( | (14F(x) = X 1) rdx +
0 0 1=1 )

n-1 hi i R 1
T (F(0 - 1) ks J(1F(x) rd)]

=1y j=1 L)

The energy loss reduction ¢an be written .in the form of':

§

&1 A2
LE=3 > ) rdx +

") hT'l
(I F(x)* rdx = ( [(E()F(x) -
0 =1

0
n—-1 Iy i 1
T [ Us(FGO - T 1) rdx + JI(DF(x))” rdx))dt ©) :
i=lh;., =1 h;

Where [ (t) is the time-varving reactive load current over a load cycle of duration T at
the substation end of the normalized equivalent uniforin feeder of resistance r ohms per unit
length. aud its variation shown in table(1). The net savings function to be maximized is them
given by:

. , 1 n
S= l\pLP +KLE-K¢ 2l —Kes ZTei (8)
i=1 i=1
ieM ieN i

OPFTIMUM BANK SIZES

It the locations of the Axed and switched banks are knuwn, and if the switching time of
the switched banks is predetermined. the bank sizes ean be determined by solving the following
set of linear equations for [,

(H1[L;]=(D]

) _ t. ) . .
Where [, = [Icl ez, --Icn | is the n dimensional column vector to be determined.

and the n * nopatrix H and the n dimensional column vector D are mven as follows;
Foriz j ‘
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hi (K, + K. T) if both 1,and j eM
H; = ' 9
Vo (Kp + K T5) otherwise ®)

and for i <

[hj(Kp + K, T) ifbothi,andjeM]l

H 10
Y 1hj(Kp +KoTy)  otherwise J (10)
hk K
F(Kp + KT Lg) [1F(x)dx - ;f ..... ifkeM
| 0 =
D= | an

i hk
LKy KTl [ TFOOd - itk eM
o]

—

The canstants K, , K, Ko, K¢ and t are chosen as follows:
Kp=0.329 /kw /day K, =135pt /kwh Ky =3%3.5/three — phase KVAR
Kes =56/ three — phase KVAR T = 24 hours

L. is the daily load factor
L ¢ is switched load factor

The feeder under study is represented in fig.(1). It consists of nine sections with different
areas and lengths. The data for each section is demonstrated in the same figure.

GIVEN DATA

The given data are as follows:
1} Daily load curves at each node of the feeder are illustrated in table(1}.
2) Fixed capacitor cost per three phase KVAR, K ¢.

3) Switched capacitor cost per three phase KVAR. K.
4) Cost of KW per day, Kp,

3) Cost of energy / day, K.

6) Locatioas of fixed and switched capacitor banks. hi.
7) Duration of switched capacitor bauks, Tj.



E. 35 S. 8. Eskander and A. M. M. Aly

FLOW CHART

The hour by hour fixed and switched capacitor sizes are determined by using the
following steps:

Read loud dats tor dillerert rdes and

tme throogh the day pavod md fecder

doa

Select the swatehing time

Calwulate the por wmt leneth of te

pqder sections | ot §) -

i
|
i
|

Calculate the cquivalen feeder reassumsc (cq.53}

|

Caleulate substation o vusrent at each Lowr

N

Obtain the peak value of subsiation reavave load

andd the westany at whid) 1L occury

f

! Caloelste she load faclor and swatched load Lrcror

-
|
!

Calcuaic the ermanzed resclive current densilty

funcuon ar eagh seouon and cach howr (ey.31

Caluudale the opumumn tixed awd swatgiicd capsaior
tizey al this imstant

hange the time and repent the calouistons

Change the swatching tune smd repes the valcdations

Tor eaviz hour

.._‘__'___/'

Computer programe steps -
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RESULTS

The problem is programmed for different values of a switching tme. T, and different

locations of a fixed and switched capacitors on the feeder. Results of calculations are represented
in the family of curves. These curves iliust ite the optimum fixed and switched capacitor sizes.
Fig.2 illustrates optimun size of ixed and switched capacitor against time. The fixed
capacitor is located at section 2 where swii hed capacitor locates at section 5 on the feeder. The
switching time for switched capacitor is being 4 bours. From the figure. the maximum size of
fixed capacitor bank { operates all time ) and switched capacitor { operates only switching time
which is equal 4 houres in this case ) are obtamed and represent in table (3). Figures 3 to 9 mive
also the relationshipes between fixed capacitor size and time as well as switched capacitor size
and switching time. The positions of capacitors ( fixed and switched ) on the feeder as well as
switching time are changed. Figures 2 to 9 illusirate also the values of fixed and switched
capacitors as well as the mstants at which they bappned. The figures represent the optimum
nperating strategy for fixed and switched capacitors located at the definite nodes for each houres.
Fig. 10 represents the switched capacitor size , located at section 4. against switching time.

The switching time has values 3, 6. 9, 12 and 15 houres. The instants at which switched capacitor
has 2 maximum vaiue is 23. At this instant the load takes approximately its maximum value,
Fig. |1 gives the relationshipe berween switched capacitor size and the switched time. The
relation s approximately lnearely decreased from T. =3 to T, = 11 houres from T:= 11 to 12
houres it is linear and rapidaly increased. Then. the switched capacitor size is slowly decreased
when T. = 12 to 17 houres. The behaviours of switching capacitor size against switching tim at
instants 23 and 24 are similiar. The recomindation obtained from this figure is that the best
selection of switching time is in the range from 3 to 11 houres. In this range, the switching
capacitor size takes a small values and it has a lower value at T. = {1 houre,

. Table 3 represents that for all instants from 8 to 24 br the mmimunm size of switching
capacitor obtamed with switching time 11 houres. The table gives also the positions of fixed and
switched capacitors Nr and N. on the feeder, switching time, maximum size of fixed and switched
-capacitors. The table illustrates also the summation of maximum values of fixed and switched
capacitors. The selection of the best position of fixed and switched capacitors on the feeder is the
one at which the previous summartion has minimum value. The table shows that the location of
fixed capacitor is at section 4 where the position of switched capacitor is at section 8. The
operating time of switched capacitor posioned at section 8 on the feeder is 11 houres as noticed
from fig. 1.

Now the optimum operating strategy of fixed and switched capacitor banks is determined.

Fig.7 represents this strategy and gives the hour by hour fixed and switched capacitor banks size
connected to the feeded under reasarch. This figure gives the optimum operatmg strategy for
fixed and switched capacitors located at sections 4 and 8 respectivity. Sections 4 and 8 represent
the optimum places at which fixed and switched capacitors are connected.

CONCLUSIONS

This paper gives the method for obtaing optimum locations, optimum capacitor sizes and
the oprimum operating strategy for fixed and switched capacitor banks connected with radial
feeder. The method is based upon Grainer aud Lee equations. In the first. a selection of random
positions for fixed and switched capacitor is carried out. Then, a selection of the optimum places.
vptimum capacitor sizes ( fixed and switched ), optimum switching time and optimum operating
strategy are obtained. The previous parameters are determined as follows:
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1) Obtain the optimum operating strategy ( hour by hour ) for each selected place of fixed and
switched capacitors.

2) Determine the optimum switching time ar wlich optimum switched capacitor size is minimum.
3) Obtain the sum of optimum fixed and switched capacitor sizes at each selected ptaces and
setect the minimum summation.

4) Represent section numbers at which miniinum suinmation are obtained.

By using the above mentioned method on the radial feeder under invistigation. the
optimurn optimum values of previous parameters which are: optimum locations of fixed and
switcbed capacitors are being at sections 4 and 8, optimuin switching time is 11 houres and the
optimum operating strategy for fixed and switched capacitors is obtamed.
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3 300 | 336 |2/0 2 2 2 4 4
4 .63 .38 1.7 .81 2.3 1.05 [ L.3 3.3 3.9
5 2 28 44 .86 86 .36 1.37 § 1.37 | 1.537
3] A4 .29 .866 | .81 3 1.05 | 2.38 | 5.56 | 6.15
7 .01 | 015 | .044 | 04] | 117 | .054 | 122 | 284 | 316 )
L 2 J5 T4 I5 Js T7 T8 |9 .
i 1eT s Y
Fig( | ) Representation of feeder sections and its data
I- Section number 2- Cable materials
3- Cross Sectional areas mm .~ 4- Section length in mile -
3+ Sections resistance ohm/mite 0= Section length of equivalent uniform feeder in mile

7- Normalized section length for equivalent uniform feeder.
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KVAR load at the feeder sections =107>

J ¢l 3 4 5 6 7 8 9
1 lo1w o3 Jo4as  Jones {0012 [049 0134 | 0.088 | 0.03
2 o4y (0296 {027 |0oot {012 (009 |0134 0188 | 0.03
3 Lo oo Jois loos Joanz [o19 |oges |oass |03
4 019 [0292 1033 |00s6 (0412 [0.49 | 0066 |0.194 | 0.03
r
5 loao Jo306 |24 loose |02 |019 | 0682 |0.94 | 0.03
6 019 (0344 1024 006 0.112 [0.19 10082 10312 |0.03
- 17 [oa7 Jo37 loas  joos lon2 o7 loo9s |23z |0.03
AU
$ (021 |036 |15 |0068 |0.024 [0.24 0098 |0.2¢4 |0.48
.
19 (026 |34 loas  |00s8 024 [026 |0.968 |0.198 | 0.084
14 027 0.33 0.225 0.06 J 0.124 | 0.27 0.172 1 0.i98 [ 0.84
il |29 lo2ee |03 |o006 [ 0424 (0290|0198 [0.19 | 009
12 (029 (0316 |03 {006 f 0i2 029 |02 0478 |0.09%
i3 (029 0316 I{J.J 006|012 |029 lo2  loa73 |0.09

14 | 029 n.azsjn.z 0.06 [0.i12 | 0.29J().1‘)2 0.224 | 0.102

T I
(5 10233 10.348 {().33 0056 [0.12 o33 (008 0224 |0.078

]
,[6 .23 0350 033 0.064 [(HZJ 0.33 0.194 | 0226 | 0.078

0.08 0.12 (J. 0.234 | 0.228 | 0.072

0.096 | 0.168 | 0.31 0.222 | 0.228 | 0.042

¢ [o03s J() 544 | L5852 0.168 | (035 0212 11036 0.036

20 | 0a3s ]ﬁf 0.6 0128 [0.168 ﬁ.JS 0.212 | 036 0.036 1

21 1oas 0484 | 0585 0.12 0.168 | 0.35 0192 1036 1042

- r——-—; :
22 Innx 044" 0.6 0108 | 0152 |03 0.182 [ 0.324 | 0.042

23 oz tl Jo8 | 0.585 092 1.152 F().} 0.136 | 0252 ] 0.036

24 o0 Jm n15 N06d | 0112 1019 ()IH }OIRR 0.03

Table(l) Load-Time characteristics at different nodes
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I L
,
-l -l -] =1 = | = = | - [324]590 {613 [636 (595 613 [12431470] 8
S - - -1~ = = ]271|328|579 604 l626 |se7 [602 |i19ni.58L 9
— ] = === =] - j276i277]331 {570 (597 (618 580 |\ 5GZ 11t aani il
! | Lo i ! I ] : i
! ] ! i i '
- { - -1 =1 =1 ~ |2saiz81izB2l334i561 ‘w0 le10 (574 L83 1126]440] @1
- i - i -1 - 5 - ;7134748[?90 BUliBb?’llZUi1234‘125/51210!¢1bl‘l7961822i 1z
: ! i i !
] N 3 ] : N
- b= -1 = {731]710] 747|786 | 798|862 ] 1105 | 1220] 1242|1196 116517561809 L2
! i : | L
R | [ : i
- = - ly21(727|7v4| 7431782]794 |855 | 10901 1204] 122511181 (1129117201796 1<
- | - 1867{71/| 722|698 7391776 | 768|848 1073|1188 | 1208 1165|1112 1684|783 1=
i 1 i
1 H ! ¢ !
- '800iss2|710|718|697| 733 769|781 (839 | 1057} 1171| 1190|1148 1095 1650‘/70! 1€
' | i i
67/ |voalasal sustr09 684|726 |61 | 773 330‘1041[1133 1173 1132‘1070’1614'757[ 1/
i b 4 i L

Pablei?) 3witcned capacitor size, locates av node 4, in XVAR asgains’
time with different switcning clme.

N 2. 4 3 4 2 4 2 3 -
Ns 3 3 7 8 5 8 3 7
Ts 4 3 3 11 i0 11 7 5
Ctmax. 3389 3444 1900 1514 3200 1582 | 5300 2143 *
Csniax 444 417 1100 771 : 375 300 400 893
Ctmax + Csmax | 3833 3361 3000 2285 3575 12382 | 3700 3036

Tabie 3 Maximum Capacitance of Fixed and Switched Capacitor Banks
and Their Optimum Locations

Nf: Location of fixed capaciter.

Ns: Location of switchied capacitor.
Ts: Switching time,
Ctinax_ Csinax : are the maximum capacitances of fixed and switched capacitor.
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CAPACITOR SIZES KVAR
3500

3000 - \\//\

25001

2000

g \\\//I
1500 t;‘_q‘_*“v‘“—mg/f/

1000

i

sooi-
[
;
!

AN

"_‘XE,D( P + JW'TC}{ED JI‘P // L ‘
234 5 G ? 8 910111213141516171819202122232425
TIME

71£.{2) Optinum size of fixed and seitcheqd capacitor banks
located at sections Ne., 2 and 5 for switching time
3 hours,

0

TAPACITOR SIZES HYAR

35001 i
| A
30001 /A
i 1
! 1
25001 i
/ i
! §
2000

; s \ Vi
1500 |- P
~ _—‘_—kﬁ“—v_l/ F—‘\w//—’*—‘)/

> ‘
1000
i :
500 |- A
Of PICED CAP 4 WITCHED CAP /7 7
12345678 9310111213141516171819202122232425
IIME

¥ig.(3) Optimum size of flxed and cwitchad wapzcliot banks
located ar secticns io

- 4 and 8 for swilcning Lime
3 nours.
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CAPACITOR SIZES KvaR

2000

T

1000

500 ‘,

| [ FIXED CAP —3WII(HE['H AP
N
12

;

fi 5 5 7 8 910111213141515171819202122232425
TIE

ig.(4) Cotlaum -1ze of rlzed and swlteheq capacitor banka

lacated 2t seetlons Ko, 3 and 7 (a1 awitcolar - ' e
3 houra,

L 4~

CAPACITOR SIZES KVAR

1800 —
1500[ :
! s .
1400 - / \\ / N\ .
1200[ / \\ SN \
1000 / — \\\
8OO | / '

!\
soo*ﬁ /N-J \
4ool’: T’J S(
200 ‘ \

—..lﬂ?(E\ ‘J%P —BJVET' MED T A

O -
12345678 910111213141516171810202122232425

AL
Pig.(5) Optimum size of fixed and awitened capacitor banka

lacacad ak.sections Mo. 4 and 8 for awlitching time
11 unours,
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3500
3000 -
2500

2000 L

1

1

1800[‘~

1600
1400
1200
1000
800
600
400
200

CAPACITOR SIZES KVAR

Q00 |-
500 ,

o TEREDOAP sprener TE
12345678 910111213141516171819202122232425
TIME

Pig.(6) Optimum size of fixed and awitched capacitor bamks
located at sections Ko, 2 and 5 [or switchlng Liume

500 Lj—\f/

11 hours. LY

Kol

s
;._ .

L {f,-" \.__\/ \
~—

[
.\\
g

S ———————

12345678 910111213141516171819202122232425
HOURS

Flg.y7) Optimum size of fized and switched capacitor banks

located at sections Xo, 4 and 8 for gwitching time
11 hours,
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CAPLCITOR SIZES KvAR

3500 —
]
3000 - ﬁ
!
25007
i
2000 \
|
1500 -
\—
1000(‘
500k _
. i 1___,___d______/‘
‘\,L_“‘f“ p —d'\,“‘__':,f’: -\\7‘
0 ‘

1234567 8 310111213141516171819202122232425
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PIg, () Optimum size of fixed and switched capacitor banks

lgcated at sections No, ¢ and 5 for switchlng vime
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CAPACITOR SIZES KVAR

25005

\
2000 - / '

. '.-\/

: o~ / 4
1500+ AN ’,f 1

\ ; \
1000 / "

H T 7
!
500 /—\/'\\

O‘i“ L x:: ‘..JAP ﬁ: V IF7L

123 4 5578 9101112131415161?1 819202122232425
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o
Jul

Flg.(9) Optimum gize or flzed and switcied cap
located at sectiona Ha,
8 houra,

aciter banks
3 and 7 for owitehing time
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Stitched capacitor size
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Flg.10 Switohed capacitor size-time characteristic with switching
time 3, b, 9, 12, 1%, hours, fixed capaclitor locates at
section 3 and switched capacitor ac section 4.
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