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Abstract: A preceding paper (1) deals only with the problem of optimal
location and size of fixed capacitors on the primary feeder when it is
loaded with static load only. This paper deals with the same problem when
the primary feeder has lateral and sublateral branches and loaded with time-—
varying loads at the nodes. An analysis for the notation of currents and
voltages for the main feeder with lateral and sublateral branches is intro-
duced. Also. the analysis of the time-varyvying load to be introduced in the
problem 1is8 discussed to obtain the optimal solution of locating and 3izing
fixed and switchable capacitors on a feeder with lateral and gublateral
branches. The time-varying load 18 also applied on a single radial feeder.
The proposed technigque proves to be a suiable for the general distribution
3ystem with laterals probilem to obtain the optimality of fixed capacitors.
The effect of unit-capacitor size and growth of c¢ost factors on the optimal
Solution are discusged. The objective 18 to maximize the overall savings
while satisfying voltage—drop and voltage-rise congtraints.

1. INTRODUCTION

The actual configuration of distribution system is not so ea
lcase of single radial feeders. The complexity of the distribu
‘ariges as it does contain not only main feeder but algo latera’ "
ilateral branches. In such a case, the system complexity increase k-
land the difficulty of problem formulation is commensurably e

isuch a system. there 15 a clear naed to repregent the lateral a
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.oranches which have not been considered in almost all previous studies. The
need to reduce the enumeration problems relating to location and sizing of
capacitors 1s of an obviocus interest.

Several authors have addressed the capacitor probilem but only a few of
them has considered the actual configuration of the distribution systems.
The first attempt to formulate the problem for radial feeders were made by
Neagle and Sampson. Cook, Chang and others (2-5]. These methodologies suffer
from lack of generality and consider an oversimplified model for the
problem. Grainger and Lee [6—7] have formulated the capacitor problem for
the more general case where nonuniform Wwire 3izes, any number of fixed and
gwitched capacitors and a weighted coat function are considered. Cuttino
proposed sSchemes using a combination ¢f discrete tapped of Kvar—-sourses and
voltage regulators to achieve an effective control over power logses and
voltage [8-9].

This rpaper pre=ents a new general mehocdology of optimal location and
s1ze of power capacitors on a distribution feeder with lateral and sub-
lateral branches. This 1s accompanied by an analysis for the lateral and
sublateral branches that can be incorporated with ease comparable to that of
a gingle radial feeder pregented 1n a preceding paper (1]. Also. an
analysis for the time—varying load with laterals and sublaterals or single
radial feeders 18 presented to obtain location and si1ze of fixed and
switched capacitors as well. The effect of unit—capacitor value, load
growth, growth in load factor and increase in energy cost on the optimal
solution is discussed with applications.

2. DISTRIBUTION SYSTEM WITH LATERAL AND
SUBLATERAL BRANCHES

2.1 Mathematical Modsl Formulation and Notation

Substaticn

Fig.1 Notation system for general distribution feeder

Fig.l ghows & single-~line representation of a general distribution
gystem contains main feeder with lateral and subitateral branches. For such a
gyastem there is a clear need to represent the lateral and sublateral
branches according to a certain notatjon system. The followings are the
nctations presented and used here to define the general system;

n = total number of segments in the main feeder,
N = number of main feeders radiating from the main substation,
= totsl number of Segments in a lateral branch.
= number of lateral branches radiating from node i=] on the main feeder.
total number of segments in sublateral branch,
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P = pumber ¢f sublateral branches radiating from node j=J on a lateral
branch.

Ni = notation for the ien gegment in the Nen main feeder i=1,2, ..., .u),
"IMj = notation for the Jjin Segment in the Mewn lateral branch radiating from
node i=I,

JPk = notation for the ken Segment in the P,y Sublateral branch radiating
from node j=J.

In order to study the optimal size and location of shunt rapacitor
banks, sgome variablea must be mathematically modelled such as the coat of
power lozs reduction, cost of energy !oss reduction, aystem capacity
reiease, cost of capacitor and syatem constraints according to the System of
notation mentioned above.

2.1.1 Coat of powar loss reduction

For the main radial feeder, the present worth of cost saving due to
power loss reductioncan be obtained as;

Cpo =0,003 Ke i ﬁ % Re (2.3cs.Lec.lea (149139 =i oy). (1/(14r)®) (1)

i=] k=1 =1

where; t=1,2, .., .T where T is the life period ¢f capacaters in vears,

g=1,2, R ¢ where @ is the plan periodup to which the feeder can
take loadgrowth, ., subject to a maximum period limited by the capacitor life
pericd.

In case of general system containing E main. lateral and sublateral
branches, the total cost due to power losg reduction is to be given as:

E
Cpoe = Z Coa {2)
e=l

2.1.2 Cont of energy lomsm reduction

The present worth of the c¢ost 3gaving due to energy loss reduction
within the life period of capaciters is obtained as;

M
Cgo w26.2B £ :g: :E:RA‘KB:(z-ioi-L!t-Ixi(1+gJ=q_j=dl)-(1/(1+r}‘) {3)
i=) k=1 jmi

In case of general system containing E main, lateral and sublateral
branches, the total cost saving due t¢ energy loss reduction is obtained as;

Czo. - E Cﬂo (4]'

e=1

2.1.3 Coat of capacity releame in fesder sections

The cost saving due to capacity release is cbhtained as:
Cyp = i Crs .9: 11 - (14t.151 / 81 —(2 t.154 / S1).310 8,)%° -9} {9)
i=1
where C,.y i3 the marginal cost required to supply every additicnal Kva
demand .

For a general system with E main. )ateral and sublateral branches, the
total ceoat saving due to capacity releage in gsystem segments is okbtained as;
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Cra = ﬁ Cy (6)
e=]1

2.1.4 Cost of capaciky raleasa in gystem components
|

The cost =saving due to capacity release in substation., transformers,
transmission line=s and in the generators ib obtained as;

Cro = Co . Sm (1 = (1+t.Ioe / Sm)® — (2t.lox.2in 82 / Sm)®-%] 7}

The total cost saving for a general system is given as:

Craa - ﬁ Cra 8)

e=]

2.1.5 Cost of capacitors

The capital cost of capacitor bank can be written as:

T
Co = :g: E {8 . igg +2a . d ) / {1+ 1r)= {9}

J=1 t=1

2.2 Objective Function

The objective function in our problem is to maximize the total present
worth cost saving including the power 1css reducticn ceost (3), energy loss
reduction cost {4). capacity release coat in feeder segments {6} and cost of
capacity release in system components (8) against cost of carpacitor banks
{9). This total combined cost ig obtained as:

C'l' - Cpc. + C‘Eo. + Cr. + cra- + - co ( 10)

2.3 Sywtem Constraints

Az mentioned i1n a preceding paper (1], the voltage rise and voltage
drop must be decided in a prior as constraints on maximizing the objective
function.

2.3.1 Voltage—drop constraint

[n case of a distribution system with laterels and sublaterals, there
will be more than one end point depending upon number of laterals and sub-
laterals. In such a system, the number of end roints (E) iz giwven aw;

E = N + L + 8§ {11)

where L & 5 are the total number of lateral and sublateral branches in Lthe
system.

The wvaoltage drop between the substation ncde and an end point on a sub-
lateral branch radiating from node j=J on a lateral branch which ie radiat-
ing from node i=] on the main feeder iw obtained as;

Vo = Vijs + g I - R . cos Bu + (I . 2in B — [lan) . Xu (12)
k=1
where Vipx i8 the voltage drop between the subatation node and an end point

on a lateral hranch radiating from node i=i on the main feeder which is
given as;
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Viws = Vs +§ 1, . Ry . cos 8, + {1 . 9in 8,5 - 1.3 . X, (13)
=1

where VYui 15 the voltage drop acrogs the maan feeder and is obtained as:

Vg = § Ty . Ry . cos 84 + {14 . 91n B8y - L1 1} . X (14)
i=1

Then, the wvoitage drop along the system branches shouid not exceed a
gpecified limit given as
UHl '-g Um-x. . leJ < vm-n. & UJP:M < Uqu (15]

2.3.2 Voltage—-rise congtraint

The woltage rise between the substation and an end point on a sub-
lateral hranch radiating from node j=J on a lateral branch Lhat radiates
from node 1=] on the main feeder 15 obtained as;

F -
Gorx ™ Gimat 2 (lox~Town.510 8) . Ke—Tom Rell=(low—Tosx.910 8)/Ton)2}°-2  (16)
=1

where Grmuy 315 the voltage rise petween the substation and an end point on a
jateral branch radiating from node i=1 on the main feeder 1s obtained as:

m - . -
Gims = Gus +2 (les—los.51n 8).Xs ~ los.Rall-((los—loys.51n 8)/[ay12]0-2 (17)
=1

where Gma 15 the voltage rise across the main feeder and 15 obtained as;
n s - - -~
Guay = E {lex = lo1.5in 8). Xy ~ Igs.RBy [1-{{loy~1lw1.8in 8)/[ay)2]°9-% (18)
i=1
It is important to make the wvoltage rige ailong the system segments less
than or egual to specified limit as;:

Guy & 0 . Gy & O & Gopie £ 0 (19)
3. SOLUTION TECHNIQUE

The same concepts of the proposed technigque presented in a preceding
paper [1) is used after modifying the objective function ag well as the sya-
tem constraints to Suite the incorporation of lateral and aublateral
branches in the gystem. The optimal soilution of siZze and location of fixed
capacitors is obtained with static loadings.

4, APPLICATIONS

4.1 Test Symtem

: !
2
5.5 i l
L L2 L

Fig.25ingle-1line diagram of the test system
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ranchea and one sublateral branch. All loade are aesumed to have the asame

aximum demand and power factor. The system ia balanced under ateady state
ioperating conditions having no losses or no wvoltage drop in the neutral
wire. Table 1 illustrates the length of segments, load values. resistance
and reactance of each segment and the permissible voltage regulation at the
end points. The main data of the test system are given in a. preceding
paper [1). The power factor and the present locad factor are given aas 0.71
and 0.35 respectively.

Fig.2 shows the 11-Kv teat ayatem that has one main feeder., two lateral
2

Table.]l Data of the test system

Segment Load Wire gize |Length |Resistance | Reactance | Voltage reg.
No. {Kw) (5q. mm)} (km) (Ghm/Kkm} (Chm/km} ( % )

node 1 90

1 -2 80 10 2.5 2.960 0.1110 7.5 (node 1)
2-3 95 10 1.6 2.960 0.1110

3 -4 80 10 2.5 2.960 0.1110

4 - § 00 10 1.0 2.960 0.1110

3 - 6 70 120 2.3 Q.280 0.0798

6 - 7 75 120 1.9 0.280 0.0798

7 -8 [§]8] 150 0.8 0.226 0.0778

8 -9 80 240 3.0 0.143 0.0738

9 - 10 100 240 1.8 0.143 0.0738

1d - 11 00 300 2.0 0.117 0.0725

5 - 12 60 a0 2.0 D.652 0.08853

12 - 13 a0 40 1.5 0.837 0.0917

13 - 14 00 40 2.5 2.960 0.0817

14 - 15 70 10 1.5 1.790 0D.1111

15 - 16 90 10 3.0 2.270 0.1110 7.38 (node 16)

8 - 17 a0 18 2.0 2.270 0.1020

i7 - 18 70 14 1.8 2.270 0.1080

18 ~ 19 60 l4 2.7 2.270 0.1060

19 - 20 a0 14 2.3 2.270 0.1060 7.10 (node 20}

14 - 21 a0 14 1.3 2.270 0.1060

21 22 60 i4 1.8 2.270 0.10860

22 - 23 70 14 2.0 2.270 0.1060 7.40 {(node 23)

4,2 Results and Discussions

To study the affect of the value of unit—-capacitors., different wvalues
are used.Table 2 and Table 3 show the optimal solution through the applica—
tion of the proposed technique on a general test system Wwith lateral and
sublateral branches. Table 2 illustrates the results for application of 75
Kvar unit-capacitors, while Table 3 illustrates the results for application
of 20 Kvar unit capacitors. It is noticed that 1n case of small wvalue of
unit capacitors. much nodes posses capacitor banks, but less value of total
capacitor value for compensation. less releasgsed capacity and less annual
cost saving, and wvice versa, It can be concluded that for the same total
value af capacitors available, the optimal sclution can not be achieved in
case of large unit-—-capacitor value.

Table 2, Optimal solution using 75-Kvar unit-capacitor

Node No, 4 6 8 13
Capacitor (Kvar) 15¢ 159 3a¢ 225
[Number of unit capaacitors 2 2 4

Released capacity { % } 2,755

Annual cost saving { % ) 11,83

Total capacitors {Kvar} 11 x 75 = 925 .
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Table 3. Optimal solution using 20-Kvar unit-cnpacﬁtor

fNode No. 2 4 6 9 12 T 2 17 19
Capacitor {Kvar) 40 80 1120 1100 140 60 ag 40
Number of unit capacitors 2 4 6 3 7 3 4 2
Releaged capacity ( % ) 0,651

Annual cost gaving { % } 7.73

(Total capacitors {(Kvar) 20 x 34 = 680

Tables 4. 5 and 6 illustrate the effect of voltage constraint on the
optimal solution. It can be noticed that for a decreased value of the volt—
age congtraint, the total compensation wvalue of capacitor Kvar increases and
the locations of capacitors move nearer to the substation. Also, no
feagihle golution was obtained when the voltage constraint has a value leas
than 6.2%. The number of nodes that has capacitors becomes less in case of
high voltage qonstraint than that with small vaiue of voitage constraint.

Table 4. Qptaima] resulta with a voltage drop constraint as 7.0 %
Node No. 2 4 15 13 7 18

Caéacitor {(Kvar} | 100 150 100 200 200 100
Nu 2 3

mber of unit capacitors 2 | 4 4 2

(Reieased capacity ({ % ) 0.813

Annual cost savin % | 12.61

Total capacitors  (Kvar) 18 x 50 = 900

Table 5. Optimal results with a veltage drop constraint as 6.2 %
Node No. 2 4 14 71 i2 6] 8 g 1@}
Capacitor {Kvar} 5¢ 169 1060 100 150 | 200 1200 {150 150
Number of unit capacitors 1 2 2 2 3 4 4 3 3
| Releases capagity ( % } 0.246
Annual cost saving ( % ) 12.37 ]
[ Total capacitors (Kvar) 24 x 50 = 1200

Table &. Effect of voltage constraint on the gptimal gsciution

Votaltage drop | Total capacitors | Released capacity | Annual cost saving
r_ { %} { Kvar ) { % ) { % )
7.0 T 960 0.813 _12.61 44J
6.5 1000 0.875 13.25
6.2 1200 0.946 12.37
»6.2 No feasible sclution

5. INCORPORATION OF TIME-VARYING LOAD

In case of time—varyving incorporation with radial distribution feeder.
the changing in reactive requirements are generally satisfied by switched
capacitor banks supplemented with load tap-changing transformers and feeder
voltage regulators for voltage control. Switched shunt capacitor banks are
commonly used for system voltage control, and their akility to accomplish
this is a function of the aize of awitching steps. This part of the pregent
paper deals actually with the procedures to account for switched banks. A
new approach to the incorporation of the switched capacitors in optimal
capacitor problem is given. This incorporation provides to the welectric
utility industry new tools for application of fixed and switched capacitor
banks on a radial feeder 30 as to maximize the net cost savings. Since the
switched capacitors will not be in service during the off-peak hours., the
voltage rise constraint in not needed to be ¢cconsgsidered 1n this case.

6. SOLUTION TECHNIQUE

Fig.3 shows an illustratory daily reactive load profile where T, and Tz
are duration t:i:mes over which the switched capacitor banks are in service.
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Abstract: A preceding paper (1) deals only with the problem of optimal
location and size of fixed capacitors on the primary feeder when it is
loaded with static load only. This paper deals with the same problem when
the primary feeder has lateral and sublateral branches and loaded with time-—
varying loads at the nodes. An analysis for the notation of currents and
voltages for the main feeder with lateral and sublateral branches is intro-
duced. Also. the analysis of the time-varyvying load to be introduced in the
problem 1is8 discussed to obtain the optimal solution of locating and 3izing
fixed and switchable capacitors on a feeder with lateral and gublateral
branches. The time-varying load 18 also applied on a single radial feeder.
The proposed technigque proves to be a suiable for the general distribution
3ystem with laterals probilem to obtain the optimality of fixed capacitors.
The effect of unit-capacitor size and growth of c¢ost factors on the optimal
Solution are discusged. The objective 18 to maximize the overall savings
while satisfying voltage—drop and voltage-rise congtraints.

1. INTRODUCTION

The actual configuration of distribution system is not so ea
lcase of single radial feeders. The complexity of the distribu
‘ariges as it does contain not only main feeder but algo latera’ "
ilateral branches. In such a case, the system complexity increase k-
land the difficulty of problem formulation is commensurably e

isuch a system. there 15 a clear naed to repregent the lateral a
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.oranches which have not been considered in almost all previous studies. The
need to reduce the enumeration problems relating to location and sizing of
capacitors 1s of an obviocus interest.

Several authors have addressed the capacitor probilem but only a few of
them has considered the actual configuration of the distribution systems.
The first attempt to formulate the problem for radial feeders were made by
Neagle and Sampson. Cook, Chang and others (2-5]. These methodologies suffer
from lack of generality and consider an oversimplified model for the
problem. Grainger and Lee [6—7] have formulated the capacitor problem for
the more general case where nonuniform Wwire 3izes, any number of fixed and
gwitched capacitors and a weighted coat function are considered. Cuttino
proposed sSchemes using a combination ¢f discrete tapped of Kvar—-sourses and
voltage regulators to achieve an effective control over power logses and
voltage [8-9].

This rpaper pre=ents a new general mehocdology of optimal location and
s1ze of power capacitors on a distribution feeder with lateral and sub-
lateral branches. This 1s accompanied by an analysis for the lateral and
sublateral branches that can be incorporated with ease comparable to that of
a gingle radial feeder pregented 1n a preceding paper (1]. Also. an
analysis for the time—varying load with laterals and sublaterals or single
radial feeders 18 presented to obtain location and si1ze of fixed and
switched capacitors as well. The effect of unit—capacitor value, load
growth, growth in load factor and increase in energy cost on the optimal
solution is discussed with applications.

2. DISTRIBUTION SYSTEM WITH LATERAL AND
SUBLATERAL BRANCHES

2.1 Mathematical Modsl Formulation and Notation

Substaticn

Fig.1 Notation system for general distribution feeder

Fig.l ghows & single-~line representation of a general distribution
gystem contains main feeder with lateral and subitateral branches. For such a
gyastem there is a clear need to represent the lateral and sublateral
branches according to a certain notatjon system. The followings are the
nctations presented and used here to define the general system;

n = total number of segments in the main feeder,
N = number of main feeders radiating from the main substation,
= totsl number of Segments in a lateral branch.
= number of lateral branches radiating from node i=] on the main feeder.
total number of segments in sublateral branch,
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P = pumber ¢f sublateral branches radiating from node j=J on a lateral
branch.

Ni = notation for the ien gegment in the Nen main feeder i=1,2, ..., .u),
"IMj = notation for the Jjin Segment in the Mewn lateral branch radiating from
node i=I,

JPk = notation for the ken Segment in the P,y Sublateral branch radiating
from node j=J.

In order to study the optimal size and location of shunt rapacitor
banks, sgome variablea must be mathematically modelled such as the coat of
power lozs reduction, cost of energy !oss reduction, aystem capacity
reiease, cost of capacitor and syatem constraints according to the System of
notation mentioned above.

2.1.1 Coat of powar loss reduction

For the main radial feeder, the present worth of cost saving due to
power loss reductioncan be obtained as;

Cpo =0,003 Ke i ﬁ % Re (2.3cs.Lec.lea (149139 =i oy). (1/(14r)®) (1)

i=] k=1 =1

where; t=1,2, .., .T where T is the life period ¢f capacaters in vears,

g=1,2, R ¢ where @ is the plan periodup to which the feeder can
take loadgrowth, ., subject to a maximum period limited by the capacitor life
pericd.

In case of general system containing E main. lateral and sublateral
branches, the total cost due to power losg reduction is to be given as:

E
Cpoe = Z Coa {2)
e=l

2.1.2 Cont of energy lomsm reduction

The present worth of the c¢ost 3gaving due to energy loss reduction
within the life period of capaciters is obtained as;

M
Cgo w26.2B £ :g: :E:RA‘KB:(z-ioi-L!t-Ixi(1+gJ=q_j=dl)-(1/(1+r}‘) {3)
i=) k=1 jmi

In case of general system containing E main, lateral and sublateral
branches, the total cost saving due t¢ energy loss reduction is obtained as;

Czo. - E Cﬂo (4]'

e=1

2.1.3 Coat of capacity releame in fesder sections

The cost saving due to capacity release is cbhtained as:
Cyp = i Crs .9: 11 - (14t.151 / 81 —(2 t.154 / S1).310 8,)%° -9} {9)
i=1
where C,.y i3 the marginal cost required to supply every additicnal Kva
demand .

For a general system with E main. )ateral and sublateral branches, the
total ceoat saving due to capacity releage in gsystem segments is okbtained as;
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Cra = ﬁ Cy (6)
e=]1

2.1.4 Cost of capaciky raleasa in gystem components
|

The cost =saving due to capacity release in substation., transformers,
transmission line=s and in the generators ib obtained as;

Cro = Co . Sm (1 = (1+t.Ioe / Sm)® — (2t.lox.2in 82 / Sm)®-%] 7}

The total cost saving for a general system is given as:

Craa - ﬁ Cra 8)

e=]

2.1.5 Cost of capacitors

The capital cost of capacitor bank can be written as:

T
Co = :g: E {8 . igg +2a . d ) / {1+ 1r)= {9}

J=1 t=1

2.2 Objective Function

The objective function in our problem is to maximize the total present
worth cost saving including the power 1css reducticn ceost (3), energy loss
reduction cost {4). capacity release coat in feeder segments {6} and cost of
capacity release in system components (8) against cost of carpacitor banks
{9). This total combined cost ig obtained as:

C'l' - Cpc. + C‘Eo. + Cr. + cra- + - co ( 10)

2.3 Sywtem Constraints

Az mentioned i1n a preceding paper (1], the voltage rise and voltage
drop must be decided in a prior as constraints on maximizing the objective
function.

2.3.1 Voltage—drop constraint

[n case of a distribution system with laterels and sublaterals, there
will be more than one end point depending upon number of laterals and sub-
laterals. In such a system, the number of end roints (E) iz giwven aw;

E = N + L + 8§ {11)

where L & 5 are the total number of lateral and sublateral branches in Lthe
system.

The wvaoltage drop between the substation ncde and an end point on a sub-
lateral branch radiating from node j=J on a lateral branch which ie radiat-
ing from node i=] on the main feeder iw obtained as;

Vo = Vijs + g I - R . cos Bu + (I . 2in B — [lan) . Xu (12)
k=1
where Vipx i8 the voltage drop between the subatation node and an end point

on a lateral hranch radiating from node i=i on the main feeder which is
given as;
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Viws = Vs +§ 1, . Ry . cos 8, + {1 . 9in 8,5 - 1.3 . X, (13)
=1

where VYui 15 the voltage drop acrogs the maan feeder and is obtained as:

Vg = § Ty . Ry . cos 84 + {14 . 91n B8y - L1 1} . X (14)
i=1

Then, the wvoitage drop along the system branches shouid not exceed a
gpecified limit given as
UHl '-g Um-x. . leJ < vm-n. & UJP:M < Uqu (15]

2.3.2 Voltage—-rise congtraint

The woltage rise between the substation and an end point on a sub-
lateral hranch radiating from node j=J on a lateral branch Lhat radiates
from node 1=] on the main feeder 15 obtained as;

F -
Gorx ™ Gimat 2 (lox~Town.510 8) . Ke—Tom Rell=(low—Tosx.910 8)/Ton)2}°-2  (16)
=1

where Grmuy 315 the voltage rise petween the substation and an end point on a
jateral branch radiating from node i=1 on the main feeder 1s obtained as:

m - . -
Gims = Gus +2 (les—los.51n 8).Xs ~ los.Rall-((los—loys.51n 8)/[ay12]0-2 (17)
=1

where Gma 15 the voltage rise across the main feeder and 15 obtained as;
n s - - -~
Guay = E {lex = lo1.5in 8). Xy ~ Igs.RBy [1-{{loy~1lw1.8in 8)/[ay)2]°9-% (18)
i=1
It is important to make the wvoltage rige ailong the system segments less
than or egual to specified limit as;:

Guy & 0 . Gy & O & Gopie £ 0 (19)
3. SOLUTION TECHNIQUE

The same concepts of the proposed technigque presented in a preceding
paper [1) is used after modifying the objective function ag well as the sya-
tem constraints to Suite the incorporation of lateral and aublateral
branches in the gystem. The optimal soilution of siZze and location of fixed
capacitors is obtained with static loadings.

4, APPLICATIONS

4.1 Test Symtem

: !
2
5.5 i l
L L2 L

Fig.25ingle-1line diagram of the test system
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ranchea and one sublateral branch. All loade are aesumed to have the asame

aximum demand and power factor. The system ia balanced under ateady state
ioperating conditions having no losses or no wvoltage drop in the neutral
wire. Table 1 illustrates the length of segments, load values. resistance
and reactance of each segment and the permissible voltage regulation at the
end points. The main data of the test system are given in a. preceding
paper [1). The power factor and the present locad factor are given aas 0.71
and 0.35 respectively.

Fig.2 shows the 11-Kv teat ayatem that has one main feeder., two lateral
2

Table.]l Data of the test system

Segment Load Wire gize |Length |Resistance | Reactance | Voltage reg.
No. {Kw) (5q. mm)} (km) (Ghm/Kkm} (Chm/km} ( % )

node 1 90

1 -2 80 10 2.5 2.960 0.1110 7.5 (node 1)
2-3 95 10 1.6 2.960 0.1110

3 -4 80 10 2.5 2.960 0.1110

4 - § 00 10 1.0 2.960 0.1110

3 - 6 70 120 2.3 Q.280 0.0798

6 - 7 75 120 1.9 0.280 0.0798

7 -8 [§]8] 150 0.8 0.226 0.0778

8 -9 80 240 3.0 0.143 0.0738

9 - 10 100 240 1.8 0.143 0.0738

1d - 11 00 300 2.0 0.117 0.0725

5 - 12 60 a0 2.0 D.652 0.08853

12 - 13 a0 40 1.5 0.837 0.0917

13 - 14 00 40 2.5 2.960 0.0817

14 - 15 70 10 1.5 1.790 0D.1111

15 - 16 90 10 3.0 2.270 0.1110 7.38 (node 16)

8 - 17 a0 18 2.0 2.270 0.1020

i7 - 18 70 14 1.8 2.270 0.1080

18 ~ 19 60 l4 2.7 2.270 0.1060

19 - 20 a0 14 2.3 2.270 0.1060 7.10 (node 20}

14 - 21 a0 14 1.3 2.270 0.1060

21 22 60 i4 1.8 2.270 0.10860

22 - 23 70 14 2.0 2.270 0.1060 7.40 {(node 23)

4,2 Results and Discussions

To study the affect of the value of unit—-capacitors., different wvalues
are used.Table 2 and Table 3 show the optimal solution through the applica—
tion of the proposed technique on a general test system Wwith lateral and
sublateral branches. Table 2 illustrates the results for application of 75
Kvar unit-capacitors, while Table 3 illustrates the results for application
of 20 Kvar unit capacitors. It is noticed that 1n case of small wvalue of
unit capacitors. much nodes posses capacitor banks, but less value of total
capacitor value for compensation. less releasgsed capacity and less annual
cost saving, and wvice versa, It can be concluded that for the same total
value af capacitors available, the optimal sclution can not be achieved in
case of large unit-—-capacitor value.

Table 2, Optimal solution using 75-Kvar unit-capacitor

Node No, 4 6 8 13
Capacitor (Kvar) 15¢ 159 3a¢ 225
[Number of unit capaacitors 2 2 4

Released capacity { % } 2,755

Annual cost saving { % ) 11,83

Total capacitors {Kvar} 11 x 75 = 925 .
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Table 3. Optimal solution using 20-Kvar unit-cnpacﬁtor

fNode No. 2 4 6 9 12 T 2 17 19
Capacitor {Kvar) 40 80 1120 1100 140 60 ag 40
Number of unit capacitors 2 4 6 3 7 3 4 2
Releaged capacity ( % ) 0,651

Annual cost gaving { % } 7.73

(Total capacitors {(Kvar) 20 x 34 = 680

Tables 4. 5 and 6 illustrate the effect of voltage constraint on the
optimal solution. It can be noticed that for a decreased value of the volt—
age congtraint, the total compensation wvalue of capacitor Kvar increases and
the locations of capacitors move nearer to the substation. Also, no
feagihle golution was obtained when the voltage constraint has a value leas
than 6.2%. The number of nodes that has capacitors becomes less in case of
high voltage qonstraint than that with small vaiue of voitage constraint.

Table 4. Qptaima] resulta with a voltage drop constraint as 7.0 %
Node No. 2 4 15 13 7 18

Caéacitor {(Kvar} | 100 150 100 200 200 100
Nu 2 3

mber of unit capacitors 2 | 4 4 2

(Reieased capacity ({ % ) 0.813

Annual cost savin % | 12.61

Total capacitors  (Kvar) 18 x 50 = 900

Table 5. Optimal results with a veltage drop constraint as 6.2 %
Node No. 2 4 14 71 i2 6] 8 g 1@}
Capacitor {Kvar} 5¢ 169 1060 100 150 | 200 1200 {150 150
Number of unit capacitors 1 2 2 2 3 4 4 3 3
| Releases capagity ( % } 0.246
Annual cost saving ( % ) 12.37 ]
[ Total capacitors (Kvar) 24 x 50 = 1200

Table &. Effect of voltage constraint on the gptimal gsciution

Votaltage drop | Total capacitors | Released capacity | Annual cost saving
r_ { %} { Kvar ) { % ) { % )
7.0 T 960 0.813 _12.61 44J
6.5 1000 0.875 13.25
6.2 1200 0.946 12.37
»6.2 No feasible sclution

5. INCORPORATION OF TIME-VARYING LOAD

In case of time—varyving incorporation with radial distribution feeder.
the changing in reactive requirements are generally satisfied by switched
capacitor banks supplemented with load tap-changing transformers and feeder
voltage regulators for voltage control. Switched shunt capacitor banks are
commonly used for system voltage control, and their akility to accomplish
this is a function of the aize of awitching steps. This part of the pregent
paper deals actually with the procedures to account for switched banks. A
new approach to the incorporation of the switched capacitors in optimal
capacitor problem is given. This incorporation provides to the welectric
utility industry new tools for application of fixed and switched capacitor
banks on a radial feeder 30 as to maximize the net cost savings. Since the
switched capacitors will not be in service during the off-peak hours., the
voltage rise constraint in not needed to be ¢cconsgsidered 1n this case.

6. SOLUTION TECHNIQUE

Fig.3 shows an illustratory daily reactive load profile where T, and Tz
are duration t:i:mes over which the switched capacitor banks are in service.
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Load I I
(kow) 2

TIME

Fig.3 Ulustrative daily load-curve

In this case, we must begin with determining the minimum reactive iocad
level, in which the fixed capacitor banka are to bs decided according to the
minimum level of reactive load, then the reactive Ioad level 12 increasged in
steps until the peak wvalue of reactive load is reached, In each step of load
increagse from minimum load level we determine the location and size of
switched capacitor Dbanks taking into congideration the existing of fixed
banks when choosing the switched banks. The size of gswitched capacitors out-—
put from the presented technique depends on the time duration at which the
awitched capacitor will be in service and the level of load power. After ob-
taining the optimal solution of fixed and switched capacitor we have to move
to the next time and the procedure is repeated until convergence js obtained
for the objective function at each time all over the whole period.

1. APPLICATION OF TIME-VARYING LOAD

7.1 Tast System

The prpoeed technique has been tested on Li-Kv, 3-segments radial dis-
tribution feeder shown in Fig.4. Table 7 jllustrates thesystem data with a
varjable cost of switched capacitor bank is taken as 45 L.E./Kvar. Table B
illustrates the values and power factors of the time—-varvying loads.

16

Substation

Fig.4. Test system radial distribution feedsr.
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Table. 7 Feader data of the test system
Segment MNo.| Wire size (mm2)l Length (km)|Res. (Ohm/km} | React. {(Ohm/km

1 -2 10 4.0 2.960 0.1111
2~-3 30 3.0 1.090 0.0951
3-4 50 2.0 0.662 0.0885 _]
Table 8. Data of time-varving loads
Hour Load at node 1 Load st node 2 1" load at node 3
P (kw) P.F. P {kw) P.F. P (kw) P.F.
= =
1 aoo D.681 125 0.757 208 D.6B0
2 298 0.680 92 0.719 145 0.665
3 263 0.669 83 0.711 180 Q.660
) 250 0.630 108 0.710 180 0.650
5 298 D.660 175 Q.751 200 D.690
6 244 0.620 194 0.720 204 0.700
7 320 a.720 +317 0.740 204 a,.700
8 343 0.700 290 0.694 220 0.710
9 225 0.698 269 0.670 252 0.650
10 340 a.704 278 0.725 304 Q.720
11 342 0.710 205 0.680 303 0.720
12 400 0.750 218 0.740 268 0.710
13 356 0.720 143 0.660 308 0.730
14 340 0.740 140 0.650 250 0.690
15 322 0.689 137 0.650 252 0.690
16 303 0.670 144 Q.690 227 0.670
17 303 0,680 125 0.680 203 0.650
18 322 a.679 113 0.670 235 0.690
19 302 0.670 105 0.660 230 0.71¢
20 297 0.650 1i6 0.680 223 0.680
21 295 0.660 126 0.710 245 0.700
22 263 0.592 59 0.700 250 0.710
23 302 0.690 124 0.710 204 0.680
24 B 320 0.690 84 0.720 206 0.680

7.2 Results and Discuseions

Table 9 illustrates the optimal golution of fixed and switched
capacitors using 30-Kvar upit—capacitor values. A total of 300-KVAR fixed
capacitors ara obtained and gized as 150, 90 and 60 Kvar located at nodea 1.
2 and 3 respectively. The nodes away from the substation has higher wvalues
than that near the substation. The maximum value of gawitched capacitors over
tha day wasg obtained at 10 Oclock and located and sizad as 120 Kvar at node
1, 120 Kvar at node 2 and 60 Kvar at node 3. The released power capacity
available at the substation node due to the application of ghunt capacitors
which depends on power level, compensation level and power factor was ob-~
tained as 176 Kva, where tha integration of annual cogt saving was obtained
ag 4492 L.E.

Tapble 10 illustrates gimilar results obtained using apother unit-
capacitors of 10-Kvar each to see the sffect of unit-capacitor size on the
optimal solution. The total value of fixed capacitors decreased to 270 Kvar
located and sgized as 130 Kvar at node 1. 90 Kvar at node 2 and 50 Kvar at
‘node 3. The maximum value of total awitched capacitors was abtained as 250
Kvar. The integrated released power capacity and annual cost saving are ob~
tained as 208 Kva and 2338 L.E. regpectively. [t was noticed that the com-—
pengation level as well as the annual cost saving are reduced in case of
using smaller unit-capacitor value.
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Table 9. Optimal results using 30-Kvar unit-capaciters*

Hour Switched banks Reieased power annual saving
Node 1 | Node 2 | Node3 (Kvar) (L.E.)
1 a0 a0 00 208. 68 4560
2 00 00 00 176.37 4396
3 00 00 Qo 176.70 4414
4q (1] (al1] 0o 177.36 4440
5 60 60 30 221.86 4320
6 00 30 30 211.64 4620
7 90 90 - 60 277.25 3740
8 90 90 &0 281.20 8320
9 90 90 60 282.19 3860
10 120 120 60 r 303.95 3160
11 90 90 60 ( 263.11 4955
12 120 S0 60 298.00 5260
13 20 60 60 266.00 3015
14 90 60 30 240.65 4500
15 60 60 30 234.39 4360
16 60 60 30 222.19 4357
17 30 20 00 208.00 4538
18 60 60 30 227.47 4480
19 30 30 00 216.59 4740
20 30 30 00 209.67 4585
21 60 60 30 219.56 4320
22 00 30 30 201.75 4420
23 30 ao 00 207.69 4568
JA 30 L 30 L L
an 201 .00 4398
Table 10. Optimal results ugsing 10~Kvar unit-capacitor
——t
Hour Switched capacitors Released Power Annual saving
Node 1 | Node 2 | Node 3 (Kva)} {L.E.)
—
1 20 20 10 185.41 2841
2 00 a0 0o 158.14 2260
3 00 00 oo 159.00 2280
4 00 00 00 159.61 2288
3 60 30 10 192.21 1940
6 i0 30 10 188.23 2781
7 80 70 50 240.64 2000
g 30 30 40 254.42 2080
9 90 90 40 255.36 2096
10 110 100 50 275.33 2213
11 90 S0 40 253.83 2079
12 110 70 50 269 .11 2152
13 70 60 50 241.37 2290
14 70 60 20 218.00 2148
13 60 40 20 212.23 2340
16 60 40 20 201.28 2157
17 20 20 10 188 .88 2781
18 60 40 20 206.80D 2057
19 20 20 10 196.19 2061
20 20 20 10 189.92 2921
21 60 40 20 196.86 1897
22 10 30 10 179.33 2723
23 20 20 10 184 .61 2826
24 20 20 10 186.35 2869 |
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Table 11 illustrates a summary of the effect of unit-capacitor value on
the total fixed and switched capaciter values, released povWer capacity and
net annual saving. [t was observed that the released power capacity in-
creases with the incresse on unit-capacitor value.

Table 11, Effect of unit-capacitor wvalue on the coptimal solution
Unit cap.|Fixed cap.|Max. switched|Max. number|Released power|Annual savin
{Kvar) {Kvar) cap. (Kvar) of unitsg {Kva) (L.E.)
.
10 270 260 53 i58.14 2380
20 280 260 27 164.26 4003
an 300 300 20 176.37 4492

Fig.5 shows the change in both fixed and switched compensation level at

each

Hvar at

Kvar at ncde 1,

node

node

50 Kvar at node 3

in case of using 10 Kvar unit capacitor banks.
compensation level i3 270 Kvar

located and sized as 130 Kvar at node
2 and

The total fixed-

1. 84

The maximum switched banks are 110

100 Kvar at node 2 and 50 Kvar at node 3 with annual saving

of 2380 L.E. and available released power capacity of 158 Kvar at substation
node . )
Fixed banks ai node |.
, Switched baks ar node |
Kvar Unit capacitor = DK '
p var Fixed banks at node 2.
“6o ~= wtched banks at node 2.
- Fixed banks at node 3.
S¥i tched banks at node 2.
320 L
180 r
90 l + T T T o
e 1 hmd e —mad ..
I . e
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Fig.S5 Time variation of fixed and switched capacitors at each node

8. CONCLUSIONS

The paper presents a proposed technique for optimal locating and sizing
of fixed or fixed and awitched capacitors in case of static loading or time-
varying loads. The fixed banks are chosen according to the lower level of
reactive power where the switched banks are optimally chosen according to
the ammount of the power higher than the minimum one. A new analysis
guitable for incorporating the time—varying loads in the optimal solution of
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capacitors is introduced. Also, special notation for definirg the lateral
and sublateral branches with the main feeder is presented. lt was found that
the growth in load. load factor and increase in energy cost must be taken
into consideration when determining the optimal location and size of shunt
capacitors. In corporation of these factors is very important specially for
the planner engineers. The size of capacitor banks obtained by the proposed
technigue is a practical value on the contrary of the other methods which
approximate the size of banks to the nearest one, The use of sSwitched
capaciters shown to be almost umeconomical, if the cost of released power
capacity is not considered, due to it3 higher cost.

The proposed technique presented here iz a simple generalized approach
in solving location and size of shunt capacitors on distribution feeders and
is applicable to any type of feeders with any pattern of loads. This tech-
nique 18 also very useful to carryout sensitivity analysig of the dependent
cost components on capacitor compensation. The suggested algorithm has spe-
cial advantage that the optimal capacitor allocation 13 limited by the off-
peak period veltage-rise constraint and thus avoiding over voltage problems
during that periods.
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