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ABSTRACT

This dissertation work describes the optimization of
feeder sizes in a distribution network through optimal grading
of the conductor cross-sections along the feeder main and an
efficient optimization procedure for parameter optimization.

The distribution system planning problem has been high
lighted in the introductory chapter. A brief review of the
available literature on these two aspects of distribution
system planning has been given in Chapter-II.

The third chapter deals with the conductor gradation

problem, In this chapter mathematical models to represent
feeder voltage drop, feeder cost and energy loss cost are
described as a function of condnctor cross-section. The
effect of growth factors such as increase in the cost of
energy with time and growth in lead factor have been described.
By using these models a cost function, representing an over-
all cost of the feeder (consisting of capital investment and
the present worth of the energy loss cost) during the feeder
1ife 1s defined. Minimization of the cost functlon is done,
subject to a voltage drop constraint. This model is appli-
cable to any type of radial feeder. The results of the
application of these models to a system are also included

in this chapter.

For parameter optimization, mathematical models " to
represent the various cost components, loss coefficients,
substation feed area and feeder service area in terms of
the varisble system parameters are given in Chapter-IV.
Two objective functions- one to represent the system cost
as a function of substation feed area and the other to
répresent the substation cost as g function of the feeder



service area are defined., 'The objective functions are mini-
mized using two level optimization process to obtain the
optimal substation feed area and feeder service area for a
given conductor size and load density. The optimized sub-

- station feed area and feeder service area determine the
optimal voltage regulation, number of substations, number of
feeder ofper substation, feeder loading, feeder main length
and conductor size. The optimized parameters for a test
system have been obtained and are included in this chapter.

The Chapter-V is the concluding chepter, in which the
resuits obtained, have been disecussed. The detalls of the
computer programs and their flow charts are given in
Appendix A and D. |
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“INTRODUCTION



INTRCDUCTICN:

The Distribution networks fed from the distributien
swhstations (transformer stations), supply energy to the
small (domestic) er medium sized (small industrial and
commercial) customers. The whole network between substation
and the consumer's service point, is krnown as Distribution
Network. The Primary and Seoondary distribution networks in
a distribution network are distinguished on the basis ef
voltage. The secondary distribution system consists ef
secondary distribution feeders, feading the secondary distri-
bution substations which transform the voltage from a HT level
to an IT level and feeding the LT consumers. The primary
distribution system consists of the primary distribution
. feeders, feeding the HT consumers, the secondary distribution
substations and primery distribution substations that trans-
form the voltage from a subtransmission er transmission level
to a primary distribution level, Distribution network is a
significant part of a power system.

The circuit adequacy, service quality and economy are
the three main objectives of the distribution network planning.
The prime concern is given te the system economy, which includes
both the fixed cost (Capital investment) and variable cost
- (Cost of energy lesses). A proper distribution system planning
must provide an economical network with = minimum number eof
outages implying meximum rcliability because most of the
interruptions of the consumers belong to the distribution
network. '

To meet the increase in future load demand proper
system expansion is needed. Hapazard expansion results in
problems like fluctuatiens in voltage, low voltage problems
and supply interruption to the consumers. The design of
distribution equipment to be added in the present distri-
bution netwerk should result in minimum chenges in the
network configuration. To aseniave an overall system
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econony it is must to choose the optimal substation feed-area
and feeder service arca also., A large substation feed area
will require lesser number of substations, hence resulting in
lower capital investment. But the feeder cost and cost of
energy losses will increase due to increase in the lengths

and number of feeders for feeding the desired power. On the
‘ether hand if we have smell substation feed area then the
situation is rcversed. The capital investment will increa

but the cost of energy loss will decrcase. Hence the best ‘
choice lies in between these two extremes. In order to render
a specified quality service vo residentisl customers, the
distribution planning engineer must know (a) The most
economical design of distribution transformers and secondarlus
(b) The optimum combingtion of subtransgission and primary
feeder voltages to employ in system cxpansion (¢) The
optimum load carrying capability ratings of the primary

feecder circuits, distribution substations, subtransmission
circuits #hd bulk power substations to supply system load
areas a2nd (d) The point or points in the dlstrlbution system
which are most practicable =nd economic to rugulatu system
voltages. In order to provide an adequate and reliable service
to the consumers optimal approach in plenning is used. But
the optimal distribution network planning is complicated
system, The planner faced with g number of technical and
economical proble@s.

"The choice of distribution subststion location and
rating is of primary concern in distribution system plenning.
The number and location of substations depends on several
factors suen as load density, geographical limitations,
environmentel considerations, rights of way avallability
etc., Howcver, it is unlikely thet a1l distribution sub-
stations will become overloaded at the same time, and even if
they did, a decision must be made as fo which substation must
be expsndecd. The distribution planner is regquired to deter-
' mine the load magnitude and it's geographic location. The
distribution substations must be locsted and sized in such
a2 way as to minimize the feeder losses and construction losscs.
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The+optimal route of a distribution feeder radiating from a
substation of a given location and feeding a number of loads
wish knowdemands and locations, is achieved through opti-
‘mization of the lengths of feeders and branches.

, In a distribution network the feeders are mostly radial.
The loading in the feeder sections of a feeder main is always
in decending order from the substation'to the far-end. The
radial feeders permits the choice of multiple conductor confi-
guration, subject to the availability of the standard conductor
sizes. This is known as conductor gradation and optimal
oconductor gradation helps in improving system econony.

The measure of the circuit adequacy is the feeder
voltage regulation, voltage regulation also influences the
service quality and system .economy to a great extent., It is
necessary to make a trade-off between the capital investment
and recurring expenditure to choose an optimal value of
voltage regulation for distribution network, because if a
planner design feeders with lower voltage regulations then it
leads to increased capital investment but reduced distribution
losses and so resulting in less annual recurring expenditure.
On the other hand, for higher values of voltage regulation, it

results in less capital investment and more annual recurring
expenditure due to higher losses and also calls for maintaining
higher levels of voltage at the substations. Voltage regue
lation is the function of circuit voltage, load, loading
pattern, power faetor, conductor size and circuit length. The
optimization of these distribution network parameters will
result in an optimal choice of voltage regulation.

Electric distribution losses constitute a subs-
tantial percentage of the total system losses. In a distri-
bution feeder,losses oaeur due to the following reasons
(a) line losses on phase conductors (b) 1line losses on
ground wires (c) transformer core and leakage losses
(d) excess losses due to lack of co-ordination of VAR
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elements (e) BExcess losses due to load characteristics and
(f) excess losses due to load imbalance on phases. The
distribution lines results in a high percentage energy losses
due to the use of low distribution voltages and the inherent
hiéh resistance characteristic the reactive power control is
normally provided by addition of shunt capacitors in the
system. Economic benefits of capacitor application to distri-
bution feeders include (a) Reduced KVA input to feeder
- (b) reduced I2B demand and enhergy losses (¢) Reduced 12X
lesses (d) Reduced regulation costs and (e) increase revenue
as a result of increased voltage levels. The power feeder
keeps on swinging between 0.6 (during peak load) and 0.9
(during light load) shunt capacibors are commonly applied on
primary feeders for voltage control to provide a feesder
véltage within she prescribed maximum and minimum allowable
values at light load and peak load conditions. The optimum
size and location of the capacitors can be determined on the
basis of maximum savings in energy loss and power 1loss
" reductions. )

The optimality of the distribution network continues
to change with time as the load density grows. It is due to
the change in Joad factor, loading conditions and the cost of
components. To obtain the realistic results. The planner has
to take into consideration this growing trend also.

The present work deals with the two aspects of Distri-
bution System planning, namely; conductor gradation and
paramcter optimization. A brief review of the available
methods for solving these two problems .is given in the
following chapter.



CHAPTER-2

LITERATURE-REVIEW



CHAPTER - II

LITERATURE REVIEW
2,1 REVIEW OF METHODS FOR CONDUCTOR SIZE SEILACTION

A.W. Funkhouser and R.P. Huber{*Eé studied the problem
of conductor gradation as early as in 1955, through an enumera-
tion procedures For the selection of the conductor sizes for
use in a distribution system, an economic comparison of the
various sizes is made in two ways. Firstly, the economical
sizes for any value of load is determined, secondly, the mest
economical arrangement ef these sizes for a growing uniformly
distributed load is determined. 4 check of voltage regulation
1s made to ensure that the sizes selected are adequate from
this stand point. Certain simplifying assumptions are made,
in making up the cost @omparison studies for thls purpose,
viz, the cost of poles and hardware is left out, span lengths
are limited by existing pole-line spacing and service drop
requirements. The economic study involves the determination
of the annual costs of investment and cost of losses per
circuit per mile for each size of conductor and for a range of
loads upto the maximum allowable load per circuit., The
sceumulated annual cost is evaluated by adding - these two
cosﬁs, this accumulated cost then forms the basis of economic
comparison between the various conductor sizes combinations
selected for the system.

K.S. Hindi and 4. Brameller [5] studied the problem
of conductor gradation in seventies through linear programming
and integer programming methods without considering the effect
of the growth factors. They developed two methods to design
a tapered low voltage radlal distribution network., The first
method is for tapering between nodes and is based on a
transshipment model, while the second one is for tapering at
nodes and is based on a zero-one integer model. The first
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10d has proved to be eomputationally very efficient, while
second method solved by a special purpose branch and
1d program proved less efficient.

W.G. Kirn et.al.§[6}' studied the results of an
.ication of a distribution system cost model to the optimal
luctor sizing in the primary and secondary portions of the
‘ribution system. This model was used to demonstrate g
.cy for sizing the conductors of the different portions of
distribution circuit (Primary feeder, Main and laterals
'ell as secondary main and service connection). This model
used to analyse the penalties assodiated with eptimal
uctor sizing policies based on incorrect projections of
rate and nature of the future circuit load development,

h is attributed to the growth of existing loasdi sné. the-

th due to the addition of new consumers.

M. Ponna¥aikke and K.S. Prakasa Rao [7} proposed a
edure for optimal conductor gradation. _They developed a
1 which represents feeder cost, energy loss cost and
age regulation as a function of gonductor cross-secetion
an objective function in terms of gnnual costs for
mizing the conductor cross-sections. The load growth in
re years of the plan period has been taken into account.
developed method i1is capable of handling any ®ype ef
actor loading i.e. it is valid for uniform and nen-
>rm loading of the feeders. This problem has been .
ulated as a dynamic programming problem, because of itts
>hably less computational efforts in comparison to
eration technique used by Furnkhouser et. al.{ 4] . The
ctive cost function is minimized with respect ®o the
able conductor cross-sections subjected to the voltage

constraint. This model is realistic and flexible
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enough to handle the variations in the load growth rate,
load factor, cost of energy ete. over the plan period.

P.S. Nagendra Rao [83 presented a nowdf method for
determining optimal conductor cross-sections for radial
distribution feeders, by proposing a direct solution
procedure for conductor grading, thereby eliminating the
complexity of dynamic programming approach used by M.
Ponnavaikko et. al. f?}_ . The proposed solution technique
is extremely simple, involving very few computation and needs
lesser computer storage, This method used mathematical models
developed by M, Ponnavaikko et.al. [7] « This method
eliminates (i) The bulk of the computation, (ii) The need
for large computer storage and (iii) The need for complex
computer programming, This method is also cepable of
adjusting the conductor sizes if the sizes selected from the
economic point of view violate the voltage drop constraint,
This is achieved by calculating penalty functions and
mnimiging it till the constraint i1s satisfied. The details
6f this method are given in Chapter - III.

REVIEW OF METHODS FOR PARAMETER OPTIMIZATION OF DISTRIBUTION
SYSTEM: ' :

The isolated planning and hapazard growth causes
highly uneconomical investments and poses serious problems
to the overall economy. 'This situation in the distribution
system management accentuated the need fer an optimal design
ef distribution system.

A brief outlineé of various methods availagble for
optimal system design are given in the subsequent para-
graphs.
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W.J. Denten et.al [1()3 presented methods for distri-

bution system planning which take load growth into account in
such a way that exact locations and magnitudes of future
loads need not be known to arrive at an economic system for
serving the loads when they develop., To accomplish this

they devised hypothetical equivalent distribution systems

for quickly analysing the service quality and the economic
fehsibility of distribution system growth plans applicable to
the system load areas of the actual system Wweing studied.

R.F. Lawrence et.al [ﬁ1-1é] developed a method of
finding the most economical distribution transformer and
secondary conductor size combingtion. The method of solutien
is to select a range of transformer ratings, secondary conduc-
ter sizes and the number of connected customers and then
trying all the possible combinations of these variables. The
fiest ecorvmical design is that combination, having the lowest
cost within everating and service quality limits. They have
made certain assumptions in the develepment of these models
such as, all connected customers have the same maximum demand
and power factor, loads are balanced, such that no loss or
volbage drop eccurs in the neutral conductor. Under steady
state conditions, customers take off peints are equally
spaced along the secondary and the transformer is connected
to the centre of the secondary runs so that an equal number
of customers are served in each direction from the transformer.
They also developed a model to give the optimum load carrying
capability and ratings of the primary feeder circuits and
distributioh substations. Their work also includes the
development of an optimization procedure to tebtain a system
that has minimum cost to serve g given load pattern with a
specified eombination of subtransmission and primary feeder

Voltages,
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M.W. Gangel et.al. {ﬂi} developed a model for
studying the design ef primary main circuit, which can be
used independently or in conjunction with the models fer
studying secondary and subtransmission system ecenomics. The
method examines each of themany possible primery citcuit
dasigns, determines investments and operating costs and
cempares the total cost with that ef other possible designs.
The use of the model results in the optimization of the
eonductor size and the dimensions of the substation feed area.
The primary system model when used in conjunction with the
secondary system mode produces results form a large number of
gombinations of primary and secondary systems. The primary
mebhod design parameters are taken as (2) charaeteristics
of bhe secondary and primary lateral systems (b) distribution
substation ratings (c) number of equelly rated power trans-
formers in the distribution substation (4d) primary circuit
load level (e) substation feeder area pattern and (f) primary
main and lateral conductor sizes. Bo make the calculated
values more accurate,some special features are also incorpora-
ted such as use of deviation factor, voltage drop calculetion
procedure and substation feeder area patterns
ine_. -¢-this = modsl.. The input dzata for primary model
are load characteristics and substation data.

R.N. Adams et.al. 'Eﬁ%] described a mixed - integer
linear programming approach to the planning of electrical
power networks. The method is based on an interpretation
of fixed costs, transportation type models and includes both
network security and costs of network losses. Both single
period and multiple period planning problems are considered.
A mixed integer programming (m.i.p.) mod-2l for optimal power
network planning that permits the dynamic requirements of
the problem to be represented as a natural extension ef
network synthesis is described. Fixed cost transportétion
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medel can be represcnted by a two stage cost function con-
sisting of fixed charge and an incremental cost that repre-
sents the marginal cost per unit carried.

D.M. Craford et.al.[15] discussed the planning of
distribution substation locations, sizes and service
boundaries. The techniques discussed uses operations re-
seach method to simultaneously optimize substation sizes
and service boundaries given alternative locations for the
substations and reliability constraints. The discussed
technique lead to a configuration of substations thet will
minimize distribution feeder losses and substation construc-
tion costs. These models are applicable only to such areas,
where the future locations of sinks and sdurces are known in
advance,

R.B. Adler et.al. [16] presented an electric energy
distribution/end-user system model for exploring cost trade-
effs (capital investment s operation and maintenance and cost

of loéses) and optimizing system configuration. The model
focuses on the treatment of residential, and light commercial
service areas with time varying lozd characteristics including
customer load profile changes per customer load growth and
service area population growth. A4pplication of the model
helps in the selection of primary and seccondary voltages;
conductor sizing; distribution transformer sizing; change

out policies; copper to core loss ratioj and limits on
‘allowable voltage variation at the service entrance. This
model presents a method for simulating the sequence of capital
investments in a distribution system as the system develops

~ to provide a safej reliable; and quality electric energy
supply to a growing (or declining) residential load. The
model also evaluate cnergy losses and their costy system
operatioh and maintenance costs,; year by year over the
planning period. A number of potential, end-user systems
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(customers meter, breakers circuits, switches and out lets)
were studied and nedelled.

M. Ponnavaikke and K.S, Prakasa Rao[17} obtained the
OptlmPl solutions for the secondary and primary distribution
system. This method aims at presenting a model to optimize
the substation feed area; feeder service area; feeder lengths
number of substations; load carrying limits of the feeders
and the conductor size for feeders. The technique discussed
will be useful in plamning of both urban and rural distribu-
tion systems; and it has practically no limitation of problem
size. They have developed parametric expressions for various
systems parameters., The details of .this method are given in
Chapter-IV.



CHAPTER-3

CONDUCTOR-GRADATION
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CHAPTER =-III
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CONDUCTOR GRADATION =

The inherent characteristic of the radial feeders‘i.e.
the line segments closer to the source carry the maximum loead
while the segments far away from the source carry lesser loads,
enables the choice of multiple conductor cross-section along
the length of & single feeder. The effect of growth factors
such as load growth in future years of the plan period, The
increase in the cost of energy with time ete. is also consi-
dered in the optimal conductor grading policy. The non-
uniform distribution of loads along the length of the feeder
is taken into account. Mathematical formulae to calculate
feeder voltege drop, energy loss cost and feeder cost ag a
function of conductor cross-section have been used to develop
an objective function. The objective function consists of
capital investment and the present worth of the energy loss
cost during the feeder life. The objective function is then
minimized subject to voltage drop constraint. '

3.1  MATHEMATICAL FORMULATION{1-8]

3.1.1 Feeder Voltage Jdrop:

By R - R wn G s G T g

In a 3-8 radial distribution feeder with
n-segments feeding loads with lagging power factor the
approximate voltage drop can be obtailned as

| n | |
Vo= '£1ﬁ(IiRiGos® #1,X,8i00 ) ... (3.1)

The resistance (in ohms) per phase of the ith

line segment of the feeder is given by

B = P1y | ee (3.2)

a4
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Ihe reactance X (in ohms) per phase of the
line segment of the feeder is obtained as

Xi = Xli (XX (3-3)

ith

X = per phase reactance (in ohms) per Km of the

 feeder with a given conductor size, x is dependant more

on the line configuration than on the conductor cross-
section. The variation in x for different ACSR
conductors is very smell. It varies between 0.32 and
0.29 for 0.415KV distribution lines and between 0.39

to 0.36 for 11KV lines, 8o the effect of x on the
voltage drop is very small hence x can be assumed
constant irrespective of conductor cross-section. Thus -
keeping x constant, and substituting the value of Ry
and x; from (3.2) and (3.3) respectively into (3.1)

we obtained feeder voltage drop as:

. _ K‘li
v %,1 (5{_ 4 Koy) er o (34)
Whefe
Ky = J31;1PCosd e+ e(345)
K2i o= ﬁ Iili X Sin @ ' 009(30.6)

Enargy loss cost in feeder:

D e i A — - — G - o

The cost of energy losses in a 3 radial distri-

- bution feeder with n-feeder segments, throughout the

1ife period of N years at a discount rate r, assuming
the feeder load to remein constant during the feeder
1ife and considering the effect of growth in load
factor YBe€ cost of energy is given by:

| _ 1 0 (3.7)
- § 26.28 T R;(LIF) ¢ %ﬂ EEL ~

i=1
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But the assumption of constant load in a feeder

throughout it's expected life period is not valid because

the loal growth in an area with time is a natural phenomenon.
Energy loss cost 1s effected by the load growth in an areca.
The growth in feeder loal may be due to addition of new loads
or due = to: the ~ . incremental additions to the existirg
loads.

Assuming that the future loads grow at a predetermined
annual growth rate of g for a period of M years. The cost of
equipments, construction and maintensnce increases with time,
this results in a continuous increase in the cost of enargy

" with time. The cost of energy losses over the life of the

feeder is given by:

- K., ) ‘
Cain i ail | veer (3.8)

o 2 M(teg) (LB O

K.. =26.08 1, p 1o MA(1+8) (LLF) Cy

H * 1 %’:1 (T#r )"
2M N c
4 (146) (LLF) k , «+(3.9)
¢ f% M z%;Maﬂ 31#r5k
Where

(WP, = A(FR)® + (B(LIF) e (3410)
Wnere. A B =1 e 311

According to Scheer, the system load feeder grows cutting the
difference between an ultimate load factor (LFu) and the

present load factor (IF ), into half over a period of 16
years, the load factor &t xth year is given by:

K = LFu - Yk (IFu —LFp ) » 00(3012)

K/16
Y, = (0.5)/ ee(3413)
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3.1.3 Feeder cost:

3.2

The feeder cost is of the form _
,CF = e ¢ fa eee (3e14)

Where N : .

e and f are constants to be Jetermined from cost
versus conductor cross-section charscteristic of the
feeder. The cost of feeder having n-feeder segments can
be obtained as:

G = F K% o+ Ky ) ... (3415)
1=
Where
K)+i = foli () (3-16)
Ksi = e.li - ) (3-17)

COST FUNGTION:

There are two costs associated with a feeder,
namely the fecder cost and the energy loss cost. The
cost function is defined for a fixed feeder confi-
gurztion having a constant main length. The cost
function should be a function of both the feeder cost
and energy loss cost, because in the optimization
process 1f we minimize the feeder cost alone then it
may lead to more energy losses and on the other hand
minimizing the energy loss cost independantly, may
result in increased feeder cost. Thus cost function
is minimized for obtaining the optimal conductor
cross sections for the different feeder segments.From
equations (3.8) and (3.15) we obtained cost functicn
ass: _ '

( K, K ¢ Kgg ) +e(3.18)
T=1 A -
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The term ;1 (Kgy) csn be dropped from the objective

functicn(z) because this is independant of ccnductor cross-
secticn.

The cbjective function becomes
n

K
Z = b 31 Ky .a 0‘0 .

' The prcblem can thus be stated as:

Min n K
Z = i , o
ai -ooan '
subjéct to
2 K
y (i) g v ve.(3.21)
. e A N :
i=i i ,
and
ai_) 0 (taking discrete values)
Where n
b = D -3} Ky | ... (3.22)
i=1 ' '

For each segment the particular value of ay which results in
the minimum cost is selected, this chcice of conductor sections
results in a normally graded feeder, This grading policy
should alsc Batisfy the voltage drop constraint, if voltage
drop constraint is nct satisfied then the chcice of sections
has to be medified so as to reduce the value of b' tc a value
less than b

b= & Kqg

=1 ai

ee+(3.23)

To modify the cheice of sections, the only way is tc increase

the conducter sections of some of the segments from their

present value. Change of any secticn results in an increass
. in the ccst function because the existing conductor sections
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correspcnd to the minimum cost. If the present cross-secticn
of one of the line segments is modified tc a larger secticn,
this results in an increase in the value cof the cost function
say by an amount of £37 and a reducticn in the value of b say
by &b!, Hence it is possible tc assign a cost penalty for
each modification, defined as 4£DZ/Ob' where

= a -
AZ (K3i/a2 + K 4% ) (K3i/a1 * Kuiay ) ee(3.24)

t = , A
o T e (3:29)

from equation (3.24) and (3.29) we get

lSZ/llﬁ' 2 - Kﬁi 4 ‘( Khi o )

; e /K1i) . .« (3.26]
11

Modificaticns of the sections of a number of = segments weuld

be necessary for satisfying the vcltege drcp constraint. The

strategy is tc chcose that particular medification at each

state which has the minimum cost penalty i.e. minimumAZz/Obt,

satisfying the VQltagé drcp ccenstraint b'< b from equation
(3.21)

3.3 - SOLUTION PROCEDURE:

G2 The scluticn proosdure ccnsists of the fcllowing
steps: '

Steps:

1e Galculate the peak load currents for each segment.

The voltage drop D is distributed tc all segments in
proportion with the KVa=-KM of the segmends. The tap-
off voltages are calculated, to find out the peak
load currents at cach tap-off point.
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10.

11.

12.
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Calculate the load fector for each year of the load
grewth period using (3.12)

Compute the loss load factor for ecaeh year of the load
growth perlocd using (3.10)

Select  ° conductor size frem available conductor

_ siges.

Ccmpute the constants Kqis KZi’ K3i’ Kki and bA

using (3.5), (3.6), (3.9), (3.16) and (3.22) rés-
pectively. '

Obtain the cost matrix and vcltege drop matrix for all
segments using (3.20) and (3.23)

Choose the next gvailable conductor sige and repeat
step € $111 all the conductcr sizes have been accounted
fer -

Obtain the total cost matrix and vcltage drop matrix
for all $he conductor size and all segments.

Select the conducter size with minimum value c¢f Z for
each segments. |

Compute the total veltage drop by' adding the corres--
ponding drops of the selected ccenductor sizes.

Ccmpare the b! obtained from step 10 and b. If the
constraint is not viclated i.ec. b'¢ b, the selecticn
is optimm, if nct the chcice of the sectilons is
mcdified so as to reduce the value of b! to a value
iess’than‘b.

Tdentify. - the segments which are adjacent to segments
having larger ccnductor secticns.
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1.

15,
16,

3.“’.

Cos @
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Compute #37, £b' and &Z/AD' using (3.24), (3.29)
and (3.26) respectively.

Sclect the particular modificetion which has the mini-
mm ANZ/HbY and medify its secticn tc the correse
pcnding new value ayy and mcdify b' to b'-4 bt

Check whether d' £ b if yes, the required moldifi-
caticns are eccmplete, if nct, ge to step 12.

Stop.

CASE STUDI iD ﬁND RESULTS &

- WP T Oy W e S W S g 0w - -

A 13-scgment radisl distributicn feeder shown in
Fig. 3.1 having data in teble 3.1 1is StUiluj

TLBLE 3.1
Life cf the feelder 25 years
Icad grcwth pericd 10 ysars
annmial rate c¢f load growth 0.10
‘annual disccunt rate 0.10
Present lcal facter - 0.20
Ultimate lcal factcr 0.45
Ccst of cenergy (ccnstant | ‘Rs.0.25 per Kwh
thrcughcut the feeder 1ife)
Resistivity of aluminium 28.1 chm
| mmz/Km

Average Reactance 0.38 chms/KM
Pcwer facter 0.8
Maximum aliowéble veltoge %95 Volts &
Drop _ Y20 Vclts
Conductcrs Squirrel 5

, (20 95 mm<)
Availeble and Weasel, 5
their area (31.63 ma”)

~ Rabbit

(52.95 ma)
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The results for the avallable voltage drep of 495
volts are given in Table (3.2), In this case the voltage
drop constraint (Bq% 3.21) is not violated hence calculation
of penalty function is not needed and the choice of conductors
1s optimal. In case the allowable voltage drop is specified
as %20 Volts the constraint is violated (Table 3.3) hence *the
selected conductor sizes are to be modified till the constrairnt
is satisfied. This is donhe by calculating the penaity functions,
The results of this case are given in Table (3.4). The con-
ductor sizes have been altered to meet the voltage drop
specifications, The value of b' using equation (3.23) works
out to 350.25 volts. This value is greater than the value of
b (299.01 Volts) i.e. the constraint is violated. Hence
the cholce of conductor sectlons is not optimal even though
is corresponds to the global minimum of Z. The segments
adjacent to segments of larger sections are identified as the
7th and 10th. The existing section of these segments are
squirrel and weasel respectively. The next higher sections
available for the 7th and 10th segments are Wweasel and Rabbit
respectively. O 2/ L ®' for 7th segment is smaller than
10th segment, i1t's sectien is modified into a weasel section
and this results in a value ef b!' (343,27 Volts) which is
still greater than b (299.N01 volts). Some more modifications
are done, the second stage of modification would be 6th and
10th segments and this pro€edure is repeated till b' is
brought below b. The value of b! reduce to 286.133 Volts
after five stage of medification. :

With these modifications, the optimal conductor
seetions for the various segments would be:

Squirrel for segments 1 to W
Weasel for segments 5 to 8
Rabbit for segments 9 to 13

Thus, the conductor grading procedure presented for
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radial distribution feeder gives an optimum conductor
grading policy which corresponds to the minimum of the sum
of the feeder cost and the capitalized energy loss cost. In
addition %o this,conductor grading policy keeps the voltage

drop within the prescribed value.
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B S o R AR AR R A SN A AR A el R R R e alk s R ol ook R oK ol ok afg kel R sl sje ke e R e sl AR sl e R 3k

S EGMENT COND. NAMBE COST(Rs) DROP (VOLIS)
S A G0 0 R AR R o 2 oA e A 4RI O R 3 ARG R R R 25 A5 R AR R R Rk e

1. SQIRL 9931.3 4,6
2. | SQIRL 15773.5 24,7
3. SQIRL 5759 .6 10.2
L. SQIRL 7564%,1 14.9
5. SQILRL . 18844 .1 - 38.8
6. SQIRL 861%4.0 17.7
7. SQIRL | 10184%.3  20.6
8. .WESEL 14545 .3 19.5
°, WESEL 54435, 6 73.2
10. o WESEL 16067.6 21.2
1. RABIT 2021%.7 16,1
12. RABIT 76696.8 61k
13. RABIT 3511%.6 27.9

0 8 e R AR A RS R e AR e ak al e aRo afe de afe ole at aR o o s s e AR AR A AR ol sl A R A AR R R HORA AR A

293745 .,60Rs.
350,76 VOLTS
372 VOLTS

TOTAL COST
TOTAL DROP
SPECIFIED DROP
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TABLE 3.3

SELECTED CONDUCTOR SIZES

Lol K L X Bl Rl Rl XL R X T T Rl L

St St 5 el Al el e R0l 3l o R 0 AR A R IR Rl o s MRl R ol o o SRl ol R
S EGMENT " COND, NAME COST(Rs) DROP (VOITS) .

8¢ ok e 3 o afe s e e e kol e R ot i e K o ok e ot 3 K e a6 ol sk o e sl e e e oK e el 6 K e ol S R AR A oK K

1. SQLRL 9931.3 4,56
2, SQIRL 15773.5 24,33
3. SQIRL 5759 .6 10,12
), SQIRL 7se1 179
5. SQIRL - 18844 .1 38,40
6. SQIRL - 861k4.0 17 .64
7. | SQIRL 1018%4.3 20,64
8. - WESEL | 14545.3 19.56
9. WESEL © 54435.6 73.50
10. WESEL 16067 .6 21.43
1. RMBIT 202147 16.31
2. RABIT 76696.8 61.18
13. RABIT 351146 67,78

s e R e SR AR AR AR 3RS S AR ARSI A RO R ok R A AR ek e el e o i R el Ol RO S e

TOTAL GDST 293745 .60Rs.
TOTAL DROP = 350,29 VOLTS
SPECIFIED DROP 297 VOLTS

]
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CHAPTER-4

PARAMETER-OPTIMIZATION
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CHAPTER - IV

PARAMATER _@PTIMIZATION

Mathematical models to represent feeder voltage regu-
lation, feeder load distribution substation feed area sub-
station and feeder costs, feeder loss cost and transformation
loss cost are used to faciliate the choice of objeétive
functions in the case of parameter optimization which basically
aims at optimizing the substation feed area and feeder servies
area leading to an optimal network configuration. These
models are used to calculate the various parameters 1like
substation size, Voltage regulation, loading pattern, con-
ductor size,feeder main lengths gnd number of feeders per
substation. These models are developed taking into considera-
tion of the following assumptions:

(a) The load density is uniform in the area implying that
all the consumers are having the same maximum demand
and power factor and are situated at equal intervals,

(b) The system is balanced under steady state operating
conditions, having no loss or no voltage drop in the
neutral wire.

(e) 'The substations are at the load centre so that all the
feeders, running in different directions are equal
in length and carry equal loads.

(d) Both the mains and laterals of all the fseders use the
same conduetor size.

(e) All the feeders are radial.
(£y A1l the substations have equal number of feeders.
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4.1.2
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MATHEMATICAL MO DELS§17]

The percentage voltage drop in terms of line parameters,
power factor angle, clrcuit voltage and the moment of
the loads, in a feeder with n gsections ean be obtained
ass

v - f (KVA] KMi)(rCos O 4 x Sin 0 ) oo (4a)

The moment for a voltage drop 1% in a feeder, H can
be defined as:

H = (KVAi KMi) | se )+t2

LR g Rk (2

Substituting (&*.2) in (4%.1), we get

g o 10(&V)® |
(rCos ® 4 xSin @) ' --§4-3)

Unit voltage regulation constant (H) remains constant
for a given conductor size, power factor and eireuit
voltage, its unit is KVA-KM. H is independant of
percentage voltage regulation, feeder length and the
load in the feeder.

- > e @ TP 4D Gn G st G W D W S @0 e S a0 B ) W WP G gy A

Defining load distribution factor becomes necessary
because voltage drop is also dependant on load, its
distribution and feeder length, load distribution
factor is defined as:

(Ioad in the feeder in KVA)x(feeder length in KM)

IDF =
(Moment of loads in KVA=-KM)

oo (i)

Now, from (%.2) and (4.4.), we get

_PL__ _PL
IDF— Hv - M ) “(L"OS)
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FIG.4.4 A RADIAL DISTRIBUTION FEEDER.
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equation (4.5) gives a general relationship between the line
parameters, voltage regulation, load, load distribution and
feeder main length and is true for both the uniform and non-
uniform load distribution, '

IDF, for uniformly loaded feeders fig.(%.1), in terms of the
number of take-off points, n as in (4.6) (APPENDIX-B)

LDF = 2n B ) .o()‘f'o6)
n+i

LDF for two typical non-uniform cases, i.e.

(a) The spacing of laterels increasing from the far-end
' ‘towards the subststion in the arithmatic progression
with equal load in #ath lgtergl(fig, (4.2)

(b) . The spacing of laterals increasing from the substation
' towards the far-end in the arithmatic progression with
equal load in each lateral fig.(%.3) |

For case (a) IDF = Eni% o (%7)

2
¢ase (b) IDF = —3 (n41) oo (1+.8)

2y Lit-ia]
1=

For uniformly loaded feeders, the value of LDF lies between
1 (for n=1 , a feeder having a concentrated load at the far
end) and 2 (for n =& , a feeder having continuously
uniformly distributed loads along thé feeder main).

For case (a) of non-uniformly loaded feeder, having most of
the loads away from the substation, as n increases more and
more loads are pushed towards the far-end. The extreme
values of LDF for this case and 1 and 1.5. The case (b),
represents an opposite situation, having morevloads closer
to the substation, increase in the value of n, moves the
loads towards the substation., The value of LDF in this case
lies between 1 and 3, The values of LDF for practical cases

normally lies in the range of 1.8 and 2.2.
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For any given pattern of load distribution in the
different deeder segments along the feeder main, the
PIDF is defined as the ratio of the power loss that

~would have gccurred in the feeder, if all the leads
were concentrated at the far-end of the feeder to the
agbual power loss in the feeder For a radial distribu-

tion feeder fig.(4+.4), the power loss distribution
factor is defined as:

2
PIDF = —E-l )
£ W%
1=
Where
P = {1;_ Pi .,0(1‘1'010)
i=1 PF
- n
L= Z- {i .0("‘}‘011)
1=

PLDF, far a uniform loaded feeder fig(4.1) and fer both the
non-uniformly leaded feeders cases fig.(4.2), fig.(%.3) are
given in (%+.12), (%.13) and (4.1%) respectively (APPENDIX-C).

2
PIDF = 00T o (4.12)
(n+1) (2n+1) .
3

o %i 13
. =1
3
n n 1\ 00(}"'91)4')
R et
=1 :

The values of PLDF for uniformly loaded feeders lie
between 1 and 3.For non-uniformly leaded feeders case (a)
PIDF lies betwsen 1 and 2. Fer non uniformly loaded feeder
case(b) PILDF lies between 1 and 5. The value of PLDF fer the
practical cases normally lies in the range of 2.6 to 3.5
PIDF varies - more or less linearly with ,LLF.

PLDF
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The substation feed areg is dependant on the 1sad
density, voltage regulation, sondﬁctor size load-:
diversity, power factor, load distribution and number
of feeders in the substation.

The peak lead in KVa per feeder in the area is
given as:

P = oo S sl e o (4re15)
ny (DF) (PF)

From (4.5) and (4+.15), we get

HV(LDF)(PF)(DF)nf

ag = __llLloLlllllllf

e (Ha16) -

In a circular feeder area, the length of main feeder is
always more than the radius B, it is due te the development
of load in a given system and the gwography ef the area. The
- ratio L/R defined as zig-zag factor and denoted by 7, remains
more er less constant for gll the feeders.

%.1.5 SUBSTATION COST:

- D Sy -

| The substation cost is a function of the sub-
station size and the number »f feeder bayg provided at the
substation is given as: .

c, = e + h(KVa) + fnp | oo (4417)

e,h ean be obtained from the linearised ¢ost versus KVA
capaclity eharacteristics of the substation excluding the bay
eost, I 1is the cost per feeder bgy.

4.1,6 FEEDER COST

The @ost of a feeder with a given conductor size
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1s only a function of its length as given:

Feeder mgin cost as:

C = CfL 4 oc("*‘o18)
fm
Cost of lateral as: _
Cfs = Cf'LS . ‘ oo(’+019)

TS A . e a O A wd ws - o -y WD . -

, The core less (T;) and the full load sspper
less (Te) of the transformer in KW are given asgs:

T, =a' 2b'(KV4,) e (%.20)

Te =c' ¢ d'(KV4,) oo (Be21)
Both the T; and TC have a linear relationship with the
transformer capacity KVA.

From (4%.20) and (4.21), energy loss in a transformer
corresponding to the power loss 1is given as:

transformer Ccapacity in KVA is obtained as:

Kva, = ___ 23 oo (4.23)
Ny (DF)(PF) (UF) |

Where
' Nt - number of transformers at every substation,
and = A ® e )"’QZL"
ag = N ( )

Bnergy less in a substation is obtained from equation

(%.20) to (4+.24) as: |
Beg = E' + DO (KVA,) 4{;:' + 4! (KVAt)> (U.F)%LF] 8760
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- D.a |
ot e D b
2 . +{g +ar Deas (WF) 2160
Ny (DF) (UF) (PF) { N+(DF) (UF) (PF)} ' 87
\ 2. .7 . _8760 | ' :
= 8760 {a' + ¢! (UM LIF | « ¢ ZDF)%[I?FF(PF)I;S [b!+at (UR)“L1F]
2.0 . 87604D n "1 Totsar (ur)2LIF
= 8760N, |a'4c' |
7608 [ot e (U)LF | & Lo e k d
o |
= a, +bq ny' ve o (4.29)
Where . _
g = 8760N, [a's «' (UF)?LLF|
' 8760 AD : 2
SRS

eeoea(4.26)
The present werth of the cost of energy losses during the
expected life of the substation by considering the increase
in the cost of energy and LLF is given ass

Cogs = 23 + 04 oo (4027)
Where . S
: G NIg (L %) ©C
aq = B760N, E’ LI C‘<UF)2 K K
- R (1w)K Nz m)K
_ _B7604D .
b1 (EF)(PF)(UF) KX _.EE____ #d‘(UF) _” (LLFK)CGKJ
ol (?ﬂU)K = (1-40U)K
veo(4.28)
and
LLF, = A(IF)® «B(LF), AeB = 1
IF, =1F, - Y (LF - IF )

Y, ='(O.S)K/16 v oo (14.29)
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4.1,8 FEEDER IQSS COST:

The feeder loss depends on the loading pattern in
the feeder main as well as in the laterals; and is due to the
lesses in the main feeder and the laterals.

I

4,1.8.1 Pewer Isss in the Feeder Mains (Primary or_ gecondary

e T gy w2 T D o G T A S oy W = Sl e O W e > o T an Y VO W wn e - -

Distribution Feederszj

- T - Y S - ——-— W eu -

The peak load in KV4, in a feeder main with the
feeder service area ap , is given ass

P =_D2% v+ (%.30)

(DF) (PF)

Pewer loss in a feeder can be obtained (Appendix~E) as:

P = i ( b I ve (4.31)
vy ® PLDF /

Frem (’4’:5), (h'-30) and ()+.31 )\, we get, the power 1loss in the
foeder main as? , .
0.001rIp>

P =
= (xv) "PLDF

0.001 r(a.D) 21,

a

(PLDF) (KV) 2(DF) 2(2F) 2

.0.0011‘D2L‘ : ' \ .,,’(q.'32)

: 2
a,
(XV) 2(PF) 2(D’E‘-) PLDF

f

®.4.8.2 Power Less in the Secondary Distribubion Feeder

AR e kdnadand ikt ond - TP ovE e Y M T W T A oo o i O s A TN s gy S e

Tn a secondary distribution feeder, consider
" the feeder service area ap to be rectangular in shape
with dimensions L X (2Ig),1Fig.(4+& )y in this case the
length of laterals, LS is giveh by:
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=T s (4.33)

Ls =.

The average leading (Pg in KVA), in a lateral with
Tateral spacing € can be obtained as:
a. D ‘ o
A _z f ‘ . oo ()'4‘ 03)‘*‘)
2 2L(DFg) (PF) ‘

n, the number of take off points is defined as: |
n = —%— - ' “"()4"35) .
From (4.31), (4+.33), (&.3%) =and (4.5) power loss in a lateral

feeder is given as:
0.001r Lg

(KV)%(PIDF) 4I°(DFg) > (PF)°

a2 p? ¢2

PIS=

2
ey

8(KV)°13(DFg) % (BF) (RLDF)

0.001r a D° ¢

2,2 ’ “
0.001r D ( - 2p3 C e (r.36)
8 (KV) % (D) 2 (PF)® (PLDFg) 3

The total less in a lateral feeder having 2n laterals 1s
ebtained by multiplying (4+.36) dy 2n and substituting fer
n from (4%.35) as: :

. 0.001r' D7 2n 3
€ 8(xv)2(DFg) *(PF)°(PLDFg) L
0.001r' D% L/ : 3
%

") 2(DFS) 2(pFy(PIDFg) L°
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0,001 r'e:oz
4 (KV) *(DF ) (PF) CPLDF

2 % -:(3.37)

T TNy 0 s S gy D S B g ~...—_—————--—-—-———u.--.n--—.--n---.u-» -

For primary distribution feeder having a rectangu- .
lar shaped service area fig.(4. 6), the lateral feeder
length IS can be cbtained as:

1 @p ’ |

= ——— . : - e (138)

s 2(L + By) Rs |

Loteral spacing here is equal to 238. In this case

the number of lateral take off points n is given by
. (L +By)

n = ohg | o e oo (4439)

The load (PS), in g lateral with 2n number of
laterals is given by:

D | . 4
By - r P g (4 40)
(OF3) BT (L Bg)

From (&%.5), (&4 31), (%.38) and (4.40), the power lesses in
all the laterals in a primary feeder is given as:

. e.0oir’ pf BS 2L+ B )/ZBs |
P - - —
18 (KV)Q(PLDF)(DFS) (PF)2(L + By)> e ¥ Rg)

Ry ap

]

0.001r' D2 BS | af3 _ E%affi

(KV)2(PLDF) (PF) 2 (DF) (L + Bg ) L2(L # )

e oo (4al1)
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4,1.8.4% Present Worth of the Feeder Iess Cost:

T S D e 8 D > g G > O s g W s T " o= vy

During the expected life of the feeder, the
present worth of the cost of energy losses in the feeder
taking into account the growth in load factor and cost ef
energy is given as:

S Co. (L )‘ ‘
Cp = By +3Ryg) 8760 > ey LIFK R (TR

4.9 COST OF IN-FEED CIRCUITS TC THE DISTRIBUTION SUBSTLTIONS:

ey e W T s W o s T T D Oms G S v WD Uy S e T B N G e B W AP Gun EU i P T e aee P e SN W W g P G e

The cost of In-feed circuits is a function of the
number of source stations (available to feed the sub-
stations) and the radius eof the substation feed area. The
cost of in-feed circuits, in an area where the sumstations
are ng, can be obtained as:

2L ‘
Cipr = —5— (ng =N )Cgq Ceo(H13)

4,10 OBJACTIVE FUNCTION:

For eptimizing the system parameters, two cost
functions FS and F& are defined. FS represents the entire
system cost, assuming constant the eonductor size and
voltage regulation while F, represents the substation cost,
here the substation feed area, conductor size are maintained
constant and the voltage regulation is allowed to vary.

The function I constitute the capital investment
and the present worth of the energy loss cost during the
life of the system, and given as: ’

'FS = (Capital investment required for feeder mains)

4 (Capital investment required for laterals)
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+ (Capital investment required for in-feed circuits
te the substations)

¢ (Capital investment required for substations)

& (Present worth of the energy less costs in the
transformers during the expected service period
of transformers)

+ (Present worth of the energy less costs in the
feeders during the expected service period of
the feeders).

vooo (M)

The term corresponding to feeder loss cost may be
dropped from (4.44) because, if the voltage drop in the
feeders is kept constant the total energy losses in the
system will remain constant irrespective of substation feed

area.

FS, for secondary distribution system can be repre-
sented by assuming a constant system area 4, with ng sub-
stations and e feeders per substation.

f

Fz e C‘f Lnfné 3} %; nfnSCf 4+ (e 4 h(KVa) 4-fnf)nS

2 -1 '
N Z._,L (ns *N)Gfe 4 (a»l Q‘b1ns )ns "oo()'*'0)+5)

The above used variations such as I, Ney 8py Ng and
substation capacity (KVA) can be represented in terms of

a_  as:
S

- ( Z )a % | .« (4. 46)
, Nz S
, |
nf=[ 1 ; az/ (kD)
/13/2 Ki V,J
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1/3
Where
H(LDF) (DF) (P'r'ﬂ

Ky = [ 7 g 1+ (318)
ns = Aas-:] co()“"o)'f'g)

ap = & n51 |

3/2.3 -1
= ( ﬂ K'] v )asi ow (""'»50)
g '

KVA = ®s o (%.51)

(DF) (PF) (UF)

Substituting fer L, n., n_, ap and KVA from (4.46),
47), 4.50), (*.51) in (4.%45) and setting £ = O for

. S
secondary distribution system, F, can be written as:

¥ L
S _ G4C¢ a. % ;f__Cf * eAa;1 bDA

Fy vo® ¢ (DF) (PF) (UF)

. -3 . | 5 -1

3 Gh Cfe aS > G2 Cfe as % a1Aas 4+ b1

G.C L, ! hDA
- 1t 5 A _Co aby 4 - _
= —p— 25 - 00p.ag 4( s T T R EH D)
-1 -1

+ GCra® o (ed 4 a.b)ag e (.52)

Where, :
I N o = --2A
G1 = —;;ggf— ; G, = —}Fg-— 3 4 N

By differentiating equation (4.52) with respect to

ag and equating to zero, we get



af 206" a*3/2 61,01 o .
s T sga—8y; = (eAd +a,4)
26,07 26,0, °s ’

oo (4.53)

Solutien of (4.53) gives the optimal substation feed area
M /

Bee
S

The objective function FS for primary distribution
systems '

a ’ I
FP = ¢, In.n <« f_ - B]ZiL*Rs
s bt [ZT;’BQ 5 I e Cs

| ‘ 2L
+ (e +h(KVA) & fn.)n_ 4 =g=—(0_ -N)C,_

+ (2, ¢byng >n voo(Wa5%)

From (4.46), (&.47), (4+.49), (4.50), (4+.51) and (4.54)

1
P Gy (Cf-Cf) _ R CfA £a 3
Fg = + G C 4..______..__-’ a
S v ‘77_3’““3 )
| KoV n 3/%{13 ¥
1
h4D £ -3
— Cp. a_° | -1
Q(PF) (UF) (DF) T * *Gyvre 5+ (a1A + eA)aS

3

e t
G, (C.-C.) G.(f-R C,)
= 1 g £ aS 4[ > VS o Gch] -}5

+ Gy 4G40fe§s}2 + (&A + 3.1;&)3.;1 coon(%.99)



A
G =
5 T2 3
G
ADh Ao
G, = : f
" emwman T Y o,

By differentiating (4.55) with respect to a, and equating to

zero, we obtained

Foa 2o Mred (o P s
S . s — — TT e ea . '
| AGg faGB 8 - )_

Where ¢ 1
G (f =R C,)
225 5Tr
Gry v = G0
_ 1
o - G,}(Cf -Cf)
8 v

Solution of (W4.56) gives the optimal substation feed area for
the primary. '

The feeder voltage regulation is kept constant while
'optimizing the substation feed area ag it is necessary to
eonsider the voltage regulation variable in the optimization
process as 1t has significant influence on the cost function.

This is achieved by optimizing the feeder service area af

with constant ag optimization of ap automatically results in
optimum voltage regulation because voltage regulation is
simply a function of the féeder service ares ary when the
substation feed area aq is kept constant.

F&, another objective function representing the cost of one

substation of area ag is defined as:
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F, = (Capital cost of the n, feeders with the substation
feed area including the laterals)
& (Capital cost of the feeder baya)
+ (Present worth of the cost of the energy lesses in the
feeders during, the expected life of the feeders)

Fv for secondcry distribution System can be obtained from
%.195, (%+.32), (4.37) znd (%.42) and also treating, the
feeder bay cost (f) as negligible as:

| - NLF Co (LIF )
g - a, N Cp - . , " Tk
Fy = Cplng » ¢ °f ® (pLM ;o )8760 7_‘_: __ :
¢ K=1 (147U)
1
a.n_, Ce 2 3
= Co Inp 4 f‘é;“__h- Gg ar Rp + Cqg 2 Ty
..... (4+.58)
ne in terms of ap can be wristen ss
e oo (.
I'lf = -E.... ( 59)
From (4.58) and (4.'59), we geb
aC ‘

5 ¢ -1 ., s f | 2 .o (4.60)
F, =C.laa; + e + Gga ap 4G g2 ac (4. 60)
‘Where

N LIF, .
¢ 8.76 1 D2L L¥ Cek( k)
2, - 2 2 K= NG
. LDF) (DF) “(PF (140)"
(KV)“=(PLDF) (DF) “(PF) . oo (e 61)
. o 5
2,19 7' D7 NIF “ey (LLF})
“10 7 2,22 E;; k
(KV) (PLDF ) (DF,)“(PF)“L (1+ 1)

vo (4.62)
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Tﬁf eptimal feed area ef the seeondary distribution
feeder, ap is obtained by differentiating (4.60) with
respect to a, (keeping a, constant) and equating to zero

3 G .2 :
G, f 2G40 ' |

For primary distribution system, F, can be obtained frem
(4+.57) using (4. 19), (. 32), (%, u1) end (4.42) os:

£ .0 (I apheC f | a”} 27
B = f d #G/ N R a
v A e L(L*BS) £ °f
| voer( Ho6)
Froem (4.64) and (4+.59), we get ﬁ
PR -1 -1 :
Es = Ce L a, ap 4 fa 3 % G9as ap
~ a% .
Q-G'11 aSL ‘ R ag .
, 2(LaRy) S eoo (4.69)

The eptimal feed area ap the primary distribution
feeder ay can be obtained by differentiating (4+.65) and

cguahing it to zero, as:

a,,‘3 . (G9‘— G11 BS Y (L + BS) a*z
f - ' G ‘ £
11

(Cp L a £) (L 4*33}

Gyq

veo (H.66)
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.11 - SOLUTION ALGORITHM:

The eptimization ef the substation size, voltage

regulation, feeder main length and number of feeders per
substation in the secondary and/or primary distribution
systems is done through the feed area mathematical models
suggested above. The eptimization of conductor size is done
by repeatingkthe feed area eptimization process for difféerent
condwetor sizes and choosing the best size from the results
thus obtained. The optimal parameters values for growing
load densities can be obtained by repeating the whole'process
- for the corresponding load densities.

Two level eptimization procedure involved the
following steps. The steps are identical for both  %he
secondary and primary distribution systems.

STEPS ¢

1. Choese a value of conductor size from the sizes
available in the inventory.

2. Jssume a suitable value for percentage voltage regu-
lation, V fer starting computations.

3. Compute the coefficients in (4.53) or (%.56) using
system data and the values for load density,
éonducter size and voltage regulation.

L, Solve for ay from (4.53) or (¥.56). |

5. Compute the coefficients from (4+.63) or (4.66) using.
a: eomputed in step 4 and other system data.

6. Solve for a; from (4.63) or (4.66).

7. - Calculate the new voltage regulation V , corres-
ponding to a; computed in step 6 using (%.50).
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8. Compute the difference between the old and new values

of voltage regulation, difference (AV) = (V -V )/V

if AV 1s not within the tolerance 1imited ( £ 0,01)
set V at new value and go to step 3.

9. Calculate the corresponding optimal values of substation
cepacity, number of feeders per substation, voltage
regulation and feeder main length, using az and ag

from (4+.51), (%.47), (%.50) and (&.46) respectively
and store the results. A4lso compute the values of the
- cost function using (4%.52) or (&.54) and store. If
the number of substations or number of feeders do not
come out as integers then they are rounded off te the
nearest integer values and the parameters are modified
accordingly.

10, Repeat the computations from step 3 to step 9 for all
available conductor sizes.

1. Compare the cost functions for different conductor
sizes considered and select the size for which the ¢ost
function is minimum,

12. If the computations are to be done for different loead
densities repeat ,steps 1 to 11. '

13, Stop.

4.12 SYSTEM STUDIED AND RESULTS:

The problem of paramcter optimization is solved using
the two level optimization procedure discussed above, and the
results are presented for both the primary and secondary

distribution systems.

-

For the study, the system data used is given below in
Table (4.1).
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NIS
KV

fe

- 48 -
TABLE 4.1

drea of the gystem studied
Average consumer load
Average distance between
eonsumbers

Ioad power factor

I@ad densities cohsidered

The annual discount rate

The gnnual diseount rate of

growth ef cost of energy

Life of the Lines {
Iife of the Transformers
System voltage

Seeondary distribution voltage
Primary distribution voltage

Sub-transmission voltage

Cost of 33 KV lines

Number of source grid stations

i

i

i1

Secondary
Distribution Distri-

Ioad factor (for
densities 10-50
KW/Sy.Km.)

Oo12 "0.20

11170 Sq. Knm.
1.5 KW

0.48Km.

0.8

10, 15,20,30,
40 and 50
KW/Sq .Km.

18%
5%

25 years
25 years

0.415 KV
11 KV

33 KV
Bs. 40,000 per Km.

1-5 (for the

load densities
1 O‘[)JO KW/SW.Km ®

Primary
bution

0.17 - 0.30



'-é 49 -

o)) Average diversity 1.90 2.50
factor
v -

Z Average zig-zag | IR, 1.40
factor

IDF Average load 1.70 2.12
distribution factor

PLDF 'iner Joss distribution > 48 3.35
factor

e. Substation cost Rs.6000 Rs.6,30,000
coefficient .

n -do- Rs.105/KVA  Bs.60.38/KVA

f : -do- _ 0.0 Rs .75,000

{

a Transformer loss 0.06KW 0.725KW
coefficientsg ‘ »

p' ~do- 0.0023KW  0.001155KW

per KVA per. KVA
1 . .
c -de- 0.35KW 3.9KW
a' -do- | © 0.015 KW 0.00605 KW
per KVA per KVA
Co Cosﬁ of energy Rs.0.5/KWh Rs.0.35/KWh
k

Line data for secondary and primary distribution

feeders are given in table (4+.2).



TABLE 4,2

Conductor Area of Per Phase Per Phase Cost
Code~-name conducter resistance  Reactance per
' cross- (Ohm/Km) (Ohm/Km) Km.,

section

I~ (Bs.)

(mm=) g
1. Secondary Distribution Iines:
SQUIRREL 20.71 - 1.539 0.322 11,000
GOPHER 25,91 1.230 0.317 12,600
WEASEL o 31.21 1,021 0.312 14,500
FERRET 41 .87 0.761 0.306 17,000
R4BBIT '52.21 0.610 0.299 19,600
2. Primary Distribution Lines:
SQUIRREL 20,71 1.539 0.392 10,400
GOPHER 25 .91 1.230 0.386 11,900
WEASEL 31.21 1.021 0.382 13,800
FERRET 4+1.87 0.761 0.375 16,200

RABBIT 52.21 0.610 - 0.369 18,600

- - T D - - — W A T G D B i O o Gy S T syt
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The results obtained for secondary and primery
distribution systems are given in Tables (H+.3), (k.4).
The effect of variation of cost parameters viz. fixed sub-
station cost, feeder bay cost and cost of energy has
" also been studied and the results are given in Tables

(%e5)y (4.6) and (4.7).
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CHAPTER-5

DISCUSSION & CONCLUSSION



CHAPTER-V
DISCUSSION 4ND CONC IUSION

5.4  DISCUSSION:

5.4, CONDUCTOR GRLDATION:

The optimal grading of conductor cross-section along the
feeder main. results in the most economical system; To provide
the overall optimal solution to the system studied, the effects
of load growth in load factor and increase in the cost of eniergy
are also considered. The system cost for the proposed conduciof
¢onfiguration éomeS'out to be Rs.293789,70 and the voltage drop
is also within the limits., If same conductor size is assumed
throughout the feeder length then the cost increasesy for example,
{f the smallest available conductor sise squirrel is used then
the cost comes out to be Rs,.386853.30 and the voltagé drop exeeeds
the gpecified drop.- In this case the capital investment is re-
duced but the cost of energy loss incrcases. This results in an
overall increase in the system cost. ZFurthermore, the reduced
conductor cross-section results in larger voltage drops which is
the cause of the violation of voltage drop eonstraint. On the
other hand, if the largest available conductor eross-section,
Rabbit is used all along the feeder length then the cost is
Rs.365558.10 and the voltage drop is within desired limits. In
this case the capital investment is more but the cost of energy
loss is lesser due to large conductor cross-section. Hence it
ds quite evident that the selected schemes is the most economical
alternative.

The method is also applicable for modifying conductor
gizes if the voltage eonstraint is violated by the selected
conduétor configuration. This is done by simple procedure of
modifying conductor sizes in conjunction with a penalty function.
The results in Table (3.3) are for the case where the voltage
drop exceeds the specifiéd limits, The comparison of Table(3.3)
and (3.4+) shows the mpdification incoporated to reduce the
voltage drop. In this case the system configuration is not the
most economical one (but is still less costlier than using the
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same conductor gige for all segéints), but hgs the best balznce
between economy and voltage drop constraint., Out of certain
limitations to this procedure, the important one is that the
feeder configuration will be altered when gz new substation is
installed in the system. The conductor size will be modified
because of additional in-feed circuits: Hence, it becomes |
necessary toforesee any expected future developmenty which may
result in system modification and take into account in tne
optimal conductor configuration:
5.1.2 PARAMETER OPTIMIZATION:

From the optimal parameters obtained,.it can be seen that
in the areas of low load density, the optimal feeder voltage regu-
lation is quite large in comparison to the areas of high load
 densities. So it is advisable not to adopt a single standardized
value for voltage regulation for the entire systen area having
different gzones with different load densities. For optimal dis-
tribution system parameters, the base load factor is different
for different load densities, 8Since at low load densities the
load factor is much lower in comparison to higher load densities.
Hence, it is necessary to determine the values of base load
factor at different load densities beforehand for parameter
optimization.

From the results it is evident that as the load density
increases, the substation feed area, feeder service area and
the feeder voltage regulation change quite sharply for both the
primary and secondary distribution systems. For seccndary
distribution systems the substation capacity remains more or
less constant with growing load densities. This is due-to sub-
stantial increase in number of substations with load growth.

The effects on the optimal parameter due to the variation
in the cost components aré highlighted through Tables €4+.5),(4.6)
and ()-5'07) as:

Due to the increase in the substation fixed cost Table
(4.5), the substation feed area increases and the number of
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5u0sTatlons decrease€s. BY decreaswpg the flxed sUbstatlon cost
the substation feed area decreases, and the number of substations
increases, The increase in the fieder bay cost Table(k.6)
increases the feeder service area, while the substation feed area.
the nunber of feeders per substation is_reducedg The wvariation
in the cost of energy Table (4.7) also influencés the optimal
values of parameters, while thé conductor size remains the same,

5.2 CONGC IUSICN s
5.2.1 CONDUCTCR GRADATION

- - - -t VS o D 4 D D o

The presented conductor grading procedure for radial distri-
bution feeders is efficient and gives an optimum conductor policy
which corresponds to the minimum of the sum of the capitalized
feeder loss cost and feeder cost, keeping the voltage drop within
limits, This procedure is simple and requires little computational
efforts. This method is also applidable for obtaining conductor ..
grading for several feeders'corresponding upto five different e

conductor crosé-sections.

5.2.2 PARAMETER OPTIMIZATION:

- —— . - e Wy AP R m o ru W (e S D ey S

A The parameter optimization method can serve as a powerful

' plannlng tool for economical distribution system design., It gives
optimal values of substation feed area; feeder service area;
number of substations and number of feeders per substation. These
parameters can serve as a guideline for system planner, Moreover,
this method is very efficient, fast and accurate in obtaining the
optimal distribution system parameters. |
FUTURE SCOPE OF THE WOFX:

The conductor gradation method in the present is applicable
~only for radial feeders, some modifications may be earried out to
make it applicable to interconnected systems. The voltage drop
constraint need to be modified, so as to take the load growth into

account,

The parameber optimization method may be applied to area
with non-uniform loadé densities, Moreover the utiligation factors
used for substation transformers may be the optimum utilization
factors for the size of the transformers used.
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APPENDIX - A

DASCRIPTION OF COMPUTER PROGRAM FOR CONDUCTOR GRADATION:

For the selection of conductor size through conducter
gradation, a computer program was developed, which consists
of a main program and three subroutines., The brief descrip-
tien of the computer program is as follows:

A MAIN PROGRAM:

YR LK PP Eyahguyihg

Main Program calculates the cost matrix and
voltage drop matrix by reading input data. This
program also selects the optimum conductor cross-
sections by inspecting the cost matrix and checks
the voltage drop constraint; if the voltage drop
constraint is violated it calls SUBROUTINE PENITY
for necessary conductor size modifications, and also
calls SUBROUTINES CURENT and SUBROUTINE OUTPUT.

4.2 SUBROUTINE CURENT:

This SUBROUTINE calculates the peak load currents
in each segment, to ealculate the value of constants
in main pregram, |

A.3 SUBROUTINE PENLTY ¢

- kP PP e W SR e TR e T o Wy .

This SUBROUTINE is wsed »0o choose the particular
modification at each stage which has the minimum
penalty cest. It is only used in case of violation
of voltage drop constraint. ' '

A+ SUBROUTINE QUTPUT$

- D v e o - S =y -

This SUBROUTINE is called in the MAIN PROGRAM
to PRINT OUT the results in a tabular form. -



( START )

READ INPUT DATA

COMPUTE THE PEAK LOAD CURRENTS, I;
FOR EACH SEGMENT BY CALLING

SUBROUTINE CURRENT

COMPUTE THE CONSTANTS Ky;, K, Ky Kyi
USING EQUATIONS (3.5),(3:6),(3.9),(3-16)

AND PSPECFIED USING EQUATION (3.22)[FOR
ALL SEGMENTS

COMPUTE ELEMENTS OF COST MATRIX

AND VOLTAGE DROP MATRIX, Zmi,VMi
USING EOQUATIONS (3-20) (3.23) FOR
ALL SEGMENTS AND ALL THE

| AVAILABLE CONDUCTOR SIZES

COMPUTE b, USING
EQUATION (3-23)

cact PENLTY fFor

MODIFYING CONDUCTOR
SIZES TO SATISFY THE

1
b PspECIFIED
VOLTAGE DROP CONSTRAI \

FRINT RESULTS BY CALLING
SUBROUTINE OUTPUT

STOP

FIG. A-1 — FLOW CHART OF PROGRAM FOR CONDUCTOR
- GRADATION



( SsTART )

IDENTIFY THE SEGMENTS
ADJACENT TO SEGMENT HAVING
LARGER CONDUCTOR SECTIONS

COMPUTE AZ, Ab, AZ/Ab, USING
(3-24),(3-25),(3-26) FOR

EACH OF SUCH SEGMENTS

SELECT THE MODIFICATION
WHICH HAS MINIMUM PENALTY
(AZ/AB) AND CHANGE (TS
CONOUCTOR SIZE TO NEXT

HIGHER SIZE

_ {
lTOD'FY bto b-Ab

FIG. A-2

MODIFICATIONS ARE COMPLETE

RETURN

— FLOW CHART FOR SUBROUTINE

PENLTY



-t 66 3
4PPENDIX - B

UNIFORMIY IOADED FEEDERS:

Ioad distribution factor (IDF) for uniformly loaded
radial feeders shown in fig. %.1 can be obtained from its
definition given as:

e 2L «s(Ba1)
IDF = -%-I-‘-—-— = i

Where, V is the percentage voltage drop in the feeder, P is
the total load in the feeder, H is the unit voltage regulation
constant for a given conductor size, a power factor and
circuit voltage, L is the feeder length and M is the moment

of loads. o

Tae total load P = é%%; .+ (B.2)

The length of the feeader = .
L = ni' o (Bo3)
The moment of the lsads,

M (14243 %00 v enoneesedd)

PF)
n{n+) o (B.4)
’Z‘%ﬁ' 2

Substituting for P, L and M from (B.2), (B.3),and (B.4)
in (B.1), we get

2n ' . (B.5)

LDF n gl

n

NON-UNIFORMLY IDADED FEZDERS- CASE(a):

Similarly, for a case of non-uniformly loaded
radial feeder as shown in fig. (&+.2)
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G
_p_%niﬂ} ¢

. a2 2 2
£ (17 42 37 4
M =

_ _pe . (n#1)(2n+1)
=5 6

Substituting for P, Ly, M from (B.6),
IDF can be obtained as:

IDF = —3B

2n 41

.o (Bo6)

es (B.7)

Pa 000 mz)

.o (B98)

(B.?) and (B.8) in (B.1)

eee (BJ9)

NON-UNIFORMLY IOADED FEEDWRS -CASE(b):

By folloWing the same procedure, for the non-uniform
loaded radial feeder shown in fig.(4.3) can be obtained as:

n

(PF)
ngg*ﬂ ) ¢
_L—P’F‘g (no1 ﬂ-(n-1)c2 ﬂ-....;_;.*d—(rl-i%‘l) * '6"f'.

P
L

M

PF

_ _pf_ %;::1 {"i . (n-i#@

. o(Bn10)

_ere(Ba11)

42, (n‘])vﬂ oIl )

eees(Ba12)

From (5.10), (B.11) g (B.12) and (B.1)

LDF

-

nz(nﬂ )

| -1+
2 25;1[1@ )]

eee(Ba13)
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_APPENDIX -G

PLDF_EXPRESSIONS FOR UNIFORMIY AND NON-UNIFORMIY IOADED FEEDERS

-‘--------‘unun----nn---u

Pewer less distribution factor (PLDF) for uniformly
loaded feeders as shown in fig. 4.1. 1In this case p; =P
and ¢;={ ,1=1, ......n, The feeder pesk load in KV4

is given as:

P =~;)_1§\—_ "0(001)
The length,of the feeder,
L = ne 0'01(002)
.. .th . . .
The power flow in i section is given as
B3 - 2P e ee(Cu3)
W= % = PF
J =1 PF
From the definition.of PLDF
| 2L, |
PILDF = = oo (Colt)
§ 2
e Wi Ly
Where n ‘
P = Z Pi ooo(CvS)
1=1 PF
& ' ... (C.6)
L = Z I.j_
_ i=1
2 ¢ ip 2
n 1,
Ewg by o= ) Q___)Q‘
= P & 42
PF) 2 =1
62D &
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Substituting (C.5)m (C.6) and (C.7) in (C.4) we get PLDF for
uniformly loaded radial feeders as given in (C.8) '

..6n° . ..(C.8)

PIDE = oy (anw)

-NON_UNIFORMIY IOADED FEEDERS -CASE(a): ‘

--------- D D . TR W G G G WD D G S A - on e i
[

In this case equations (C.1) and (C.3) i.e. the feeder
peak load (in KVA) and the peak power flow in feeder sections
are same as in previous cése i.e. uniformly loaded feeders
Fig.(4+.2). In this case equation (C.2) is different to

previous case and is given as below:

1=1.

' éi = ie ) i =1, 2’ 'oofo.n ”‘<C'9.)
'L R { = -;9 10 _ _n_(g:ﬂl_e ' .. (G.10)
R T=1 |
From equations (C.3).ang (C9)
n 2, _ n _dip (i) P> 3 - |
- Wl o= =2 = i Ve (Ca11)
P T 21151 PF | (DX %1

By substituting (C.1), (C.10) and (C.11) in equation (C.4) we
get PIDF for this case as: -
~ PIDF = n3iga4)3 : ' _ e.(Ca12)
2 2; i
1=1

NON~-UNIFORMLY LOADED_FEEDER-CASE: (b):

pop-dpstpiieguipenpip e il e R e Rl K Tl Ll

In this case (C.1), (Cu3) and (C.10) i.e. feeder
peak load (in KVA), peak power flow (in KV4) in feeder

sectidns and the feeder main length are same as in the non-

uniformly loaded feeder-case(a) fig. (%.3), but in this case
the lengths of feeder segments are not same to case(a), and

is given as:
L@i =(n"i41)e ‘, i=1,.......n
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Equation (C.11) in this case can be written as in (C.13)

w.ol, = zn’ (i 2 (n-i41)¢ (C.13)
%1 1 ) @ T

By substituting (C.1), (C.10) and (C.13) in (C.4), we get

PLDF for this case as in (C.dl)

n3(n41) e (Cu1l)

2 ﬁlf;=1 [1%(n-141)]

PLDF
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APPENDIX~-D

DESCRIPTION OF COMPUTER PROGRAM FOR PARAMETER OPTIMIZATION

Two separate computer programs for primary and secondary
distribution system optimal parameters were developed. The
flow chart of the computer program is shown in fig. D=1. Each
computer program consists of one main program and one sub-
routine, The brief description of the computer program is as
follows:

MAIN PROGRAM:

This program reads the input data and computes the co-
efficients. This program also calls the subroutine POLRT to
solve the polynomials in terms of substation feed area and
feeder service area. Using these optimal values of substation
feed area and feeder service area the optimal system para-
meters are calculated. This program also calculates the cost
functions with respect to conductor sizes considered and
selects the conductor size which corresponds to minimum cost

function.

SUBROUTINE POLRT:

This subroutine computes the real and complex roots of
5 resl polynomizl. In this Newton Raphson iterative technique
is used. The final iterations on each root are performed
using the original pelynomial rather‘than the reduced poly-

nomial.



Read input data

2

Select a conductor size from

the available sizes.

ad

Set voltage regulation to the
assumed value for lmhchng compu-

tations.

Calculaote coefficientsin
(4.53) & (4.56)

4

Solve for agf using (4.53) or(4.56)

by calling subroutine poirt

4

' [1466) using as"

Calculate coefﬂcuent in(4. 63) or

Set Vo to the-
new value vVn

Solve for of using(4.63) or(466)
by cailing sub-routine polrt

i

Recalculate voltage regulation
using (4.50)

A

AV = (Mo~VWn)/Vo

av{ e

Yes



Calculate substation capacit,num-
ber of feeders per substation,volt-

tage regulation feeder main length

[
using (4.51)(4.47 §4.50)(4.46) and
cost function using (4.52) or(454)

Select

(@< next

consq%tor

—~more conductor
sizes to be considered

?

Compare the cost function calcu-
lated and determine the conductor

size corresponding to minimum cost
functions.

. ‘ : )
Print optimum system parameters |
using (4.51){4.47)4.50)8¢ (4.48)

Select
@o—— next

density

FIG.I FLOW CHART OF MAIN PROGRAM FOR PARAMETER
OPTIMIZATION.



-t 74 3
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FEEDER  I0SS DEIEAMINALTION

In a radial distribution feeder as shown in fig., 4.4,
the power loss (in KW) in the three-phase 1line with sectional
resistance R; and the sectional current flow of I is given

by : *

R. | (E.1)

Py = 0.003 TE; Igi By

. 1=1
By substituting for Ri and Iwi in terms of the power
flow ﬁi and length of the feeder section fi in (B.1), we
gets: '
0.001r 2 )
P b —4 i w 6’ (BQI?-)
LS 2=, "i *i

(k)2 I

LDF for the feeder shown in fig. 4.4 as defined in (4.5) is

given by: _
PL ’
IDF = —— (E.3)

§2= Vi by

Dividing (BE.3) by (%.9), we get

§;1w§ei - (;];]F)F p §E=1wi 2 (B.4)
M = zr;“ Wiei - (B.5)
From (B.2), (E.h) and (B.9), we get
P, = _0.00ér ('LDF’;MP (E.6)
(KV) \PLDF « -
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