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ARSTRACT

Gigontic oxpancion in industrics ond awgene growth
in population havo coused groot demond for cloctricol powor,
So the ropidly.fncroooing load causos chengos in powor flow
patternoc in distribution netuorko. Tho distribution fecdegs
got overloadod ond tho voltegos at the lood buses in tho
oxnanded systen got vollated becouse of tho exfessive voltage
drop.

A nothonatical modol for distribution feedexr plonning
problem has boen developod in chapteor 3. In this chapter the
sonaitivitdes of line currents due to fooder addition hos boon
calculated using A.C. adjoint nothod which makeé use of
Telleqan's theorom. The dotoils of Tellogen®c thoorem ond the
adjoint network sprroach to sonsitivitios used in aimpie notuorks

ond in povor system have boon discussod in Chapter 2.

A hourcotic mothod for grxmaty distribution foodor
planning hos been presonted in Choptor 3. 1t provides the
feodor odditions to be nodo for allovioting the overloade
end also the capocitor installation in the oxpanded syston
to keop the voltagoo ot the distribution oubotations within
tho prescribed limite. The offoct of tho decicion io obsorvod
by carrying out lood flow using foot docouplod load flow mothod.

Cheptes 4 doals with the optimizotion of various
paramoters of o distribution systom. A mathemoticael model hago
boon dosexibod to work out the different optlﬁal poarometors,
fo subotation food arco, numbor of substeation, fooder main longth,

foedor servico arep,ond numbor of fooder por substation.
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- CHAPTER = 1

INTRODUCT ION

Electricity iv modern man's most convenient and useful
form of energy. It is one of the important factor which plays
a piognant role in any nations economic and technical develop=-
ment. Particularly in developing countries (like India) the
demand for power is coloaaélg This neturally calls foxr expan-
sion of existing transmigsion and distribution system.

Pletribution system s the notwork which fans out
from substation {which steps down the transmission voltage)
1o the consumer onergy meter point. In the bhasis of voltage,
the distribution system has bheen divided 1nto'pxxmarv and

secondary distribution systen,

Power from various generating ststions is carried to
various primury‘dlatribution substations at 33 to 220 KV where
it 18 stepped down Lo 11 or 6.6 or even 3.3 KV. The power is
then délivered to different gecondary distribution substations,
buik svpply high voltage consumers. At secondary distribution
subatation the voltage is agsin stepped down to 440 volts,

From here the distributors radiate out to feed the low voltage

CONGUATSs

1.1 Importance of planned distribution systom 3

The planning of distribution system plays an important
role in providing high standexrds of power system relliability,
gecurity, Guality and ensuring maximum utilization of capital

investnent.,
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Outage or fallure in the distribution system immede
fatly sffect the consumers. In fact 90K of the consumer
interzuptions can be attributed to the distribution system.

In addltion distribution systems are generally more vulnerable

and have less back up capacity then bulk power supply system.

In xnﬁia distribution losses vary upto about 754 of the
oversall system losces. Poor valggge regulation being the usual
problem at the peak hour. There are frequont cycles of power
shortage imposing distribution restrictions. The annual load
factor at the station bus bar is quite low, It is imperative to
- reduce all these deficlencies for the general wéll being of our

socioty.

S0 we goe that distribution gyctom has a loin's share in
the total power. The web of foeders has to be an elabroate
one becguse of scattered load pointas. The significance of the
distribution system can be fathomed from the fact that in the
some of the olectrical utilities it shares 40x of the total
investment. Now the expansion of such a large system ( to meet
the repidly increasing demand) is cumbersome task and quite
often it is done in an unplanned manner. The repurcurssions
of thie haphazard expansions are appelling as it results in low
voltage problems, fluctuatione in voltage and frequent disruption
of the power supply to the consumers. Also disproportinate
expansion may lead to heavy loss of equipment putting the system
economy in a precarious situation. Hence the bust possibli

solution is to have an optimal system planning and design.
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Thore 1s anothor factor which stresces this point, It has
boon soon speclolly in contoxt to Indion oleetrical utilities
thaot loads which arce low in npgnitudo aro spilled very widely.
The rosulting low load donsitics rocult highér onorgy losgas,

A survoy has throwm light on these logseo by concluding thot
thoy constitute 85y of the total power losges of tho systepe
dofinitly o loso to rockon with. The cost of enexrgy being
naxinun at the distribution lovel the losses become more ascute
becauso of large finonciol loses. Thus planned optimal distri-

bution network planning bocomes & complete nocessity.

1.2 Objectives of distribution system planning @

The main objoctive of the distribution system planning

con bo defined oo ¢

1) Adeguacy of circuit,
2) Guality of circult,
3) f.conomy of tho oystem.

Alnﬂg with objective certain constraints are to be
satisfiod. Since the mininun expenditure 1o the prime concern
of any clectrical utility, so tho cbjeétivanun tt system oconony'
| beocones thé most significont onc. It tokes in to'account tho
fixed cost ( capitol invostment) and varieble cost (cost of
enorgy losses). Also it satisfies constraints comprised by
foedor voltage regulstion (which has to meet consumers
roquirements), oubotation food area (which specifiecs optimal notwo
configurations) and conductor size of the feoderx. On the basis
of subotation arca and fecderxr voltage, voltage regulotion

nunbeyr of feedors are also decided.
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1.3 Problons inrdintributionfnetworu planning 3

There can bo various types of problems which can bo
considered in distribution network planning. Few of them

have boen discusced below @

1.3.1 pistribution system parometor optimization :

In this problom the important poremetors of distribution
system, 1.¢. substation feed arca, substation size, feeder main
longth, feeder sorvice nrea, and number of focders per subste

ation are optimized.

- The cost of capital investment and cont.af energy losses
are minimized. Thus s solution is reachod whore the total cost

of the distribution systom is minioun,

The problem can be' solved by numboxr of mathematical
techniques. However @ mothematical model ip used in chaoter-4
and optimal paramers have been obtained by solving a numerical

somple problem.

1.3.2 QOptimal sizing and siting of substations and network
routing t ‘ '

Cortain aroans like Urbon are not infested with uncort-
ainitios associotod with i) future load 1%) future load

locations 4ii) feasible sStes of substation and feeder routings.
Thus in those arcas the afforesald factors can be assessed with
satisfactory accuracy with the help of optimsl problem formule-
ation. tifth the help of some dovised problem solutions optimal

1120 and locotionsg of substatlions and actual routing of tho
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fooders can bc onvisaged with tho proper sotisfoction of domend
and other constrants. However theoo solutions axe not oppropriote
for rurol aress bocouse of the various uncortainities which

crop up in the distribution system of thoge oreas. The vorious
approaches to solve these problems are Integer Programaing,

mixod Integor Progromning, Transportation and Transhipment
modelo, Bronch and Bound technique, EWnamic‘PrOQramming has

been used oxtongively. Sémq work has beon done by using UGusdretic

lixed Intcger Programming.

l1.3.3 Optimal choice of‘shdnt capac Ators 1

Low power factor hos been a bane in ony distribution
systenm because of huge energy losses. The energy loss cost due
to the precarious low value of power factor ls high. Thus thoe
ioprovement of power fottor has becomoe an important aspeoct in
nodorn distribution planning. Low powor factor is becauseo
najority of the loads are inductive in noture, Also long dicte-
ribution foeders with lerge number of distribution transformers
increasos the offoctive system reoctanco, there by lowering the

power factor.

Of tho various moasures, use of shunt capacitor has boon
found offoctive for tho inprovement of pawer'factor.eelectlon of-
optimal capacitor is govexned by load denoitics, load factor,
cost of system capocitics and cost of powor and enorgy distrie-
butod. Also the power factor keeps swinging between 0.6 (during
peak load) and 0.9 (during light load) in a2 doy. This furthor

puts constraint on the extont and type of on line current
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capactors. U/ith large numbor of fixed capactors the over
voltagoe problen rosults, leading to energy losses. On the other
hand lo ssox numbor of cepactors rosults in under compensation,
So an optimal system has to be considered having appropriate
number of fixed ond switching capactoro satisfying various

constraints.

Simplo but effective Dynamic Programming techniques are
thero to find number, location and size of shunt capactors.
tlethod of local variation is nlso popular asoproach. The problom
of ghunt capoctor sddition and their numbers has boeen solved
in the third chapter using A.C. Ajoint method of senstivities

and heuristie approach.

1.3.4 Conductor gradation i

The cost of the feeder is proportional to the ares of
crocs section of feeder conductor (both in radial as well as
loop system). The sonding end of the feeder (in casc of radisl
focder) carrles maximum load where as the subsequent sectionos of
the foeder carrios logssexr loado., This cnables us to have different
eross section along the fecder length. It dofinitly involves

gaving in systen cost as compared to uniform ¢ross section feoder.

The conductor gradation problem can be tackled by Linear
Progrozming snd Integer Programming. some work has been done
wiith the help of dynamic programming. Anothexr approach which
hac botter computational efficiency 1s method of local variation.

The problem of conductor gradaotion of loop network has been
dealt in detail in third chapter using A.C. Adjoint method of

sonstivity anoalysis and heuristic approach.
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CHAPTER = 2

THE ADJOINT NETUORK APP.IOACH TO SENSTIVITIES

The genstivitics oro used to indicate how the output
vorices with tho cleomont veluoss If the sonotivity is positive,
the output incroascs (docrecscs) if the value of clement

increoses (decreases) and when the senstivity is negative tho
output decreasaes (increascs) as the valuc of cloment increoscs
(decrcases). To find the upper limit of the output théZﬁ?gag%ts
with positive senptivitics ehould bo increasod and th%?é%gQths

with nogative senstivities should be decreonsed.

The technique of ajoint notwork is highly efficient
ond extremely accurates Since we seck the genstivity of the
output to the changes of the clement values, we desire somo
oxprossion that relates thoe ocutput to the network element. For

this purpose Tellogants theorem has beon used which statess

If v (), vy(t) vnb(t) 8xo ny branch voltages ond
1;(t)y Sp(t)wmmmme infﬁ)’are ny, branch currents of a given ny
branch network compriced of arbitrory two terminal lumped cloment
thon '

gb (t) 1,.(t) = 0
™y (¢ -
fep UK K

The statoment can be looked upon as statement of consore
vation of cnexgy or power f.c. the total powor generated by the

notwork must be oqual to the total power consumod by the network.

On generallzing, the Tellegon's thoorem it can be aprlied

to two different networks asguming semo topology (structuro)
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ovon if tho voltoge cond currento ore nmoasured at difforont

tinoo 1.0.
1 vl(ﬁ), va(t) e vnb(t) are n, branch veltageo of
on n, branch notwork and Ix(I). I (()mmm Inb(T) are n,

branch currents of another Ny branch network thot hos some

topology os firot then

n
g P
Kel

v

((t) T (T) = 0 for 211 times t ond T .

Also Tellogon's thocorem can be applied to the voltago
of notwork moasurced at tine tl and currents of the same network

tieasurod at time tﬁ'

Lot v, denote the output voltaoge and 11 the input current
of o given network N comprised of resistor as shoun in Fig. (sza)
V° is moosurcd scross the zero valued current source ﬁ; = 0.

Tho introduction of this source does not affect the operaotion
of the notwork but movyely provides a convenient branch across

which 0 moasure the output,

Assume N containg ny, brancheo, n of which ore resistance
branches numexed l42,=w-==w n and other two which are source
branches numbered nel and n+2 = Ny, lle conglder socond notwork
ternod the adjoint network (Fig. 2. b) denotod by N that hos
oxoctly the samo topology {structure) as N,

| if v, and 1& arc ugsed to denote the xth branch curront
ond voltage in N and Fk and §, are used to denote tho k*" bronen
voltage and current rospoetly in R, Applying Tellegen's theorm
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v ¢m =0 and

e are intreoted as how varistions of the clemont valucs of
N affect tho output v, The bronch relationship of K*™(kel,2,---n)

branch of N is i amixi

1f each resistor is perturbed slightly, then branch
current and voltage will be changed. Ifélﬂm denotes the change
in rasistance,lvi the change in voltage andAtK the change in

current of the Kth

resistance branch then (v, + Av,} = (RK*ASRK)
(’K + 1&’ for K = },2,~== n o Expanding this expression, ve

¢ PRy

havo v, +4Ov, = ﬂaim *zkﬂkig + ﬂg45£g + 4>1K

but A a’ﬁx.im
anle;KszHK is a second order torm that wo assume is negligible

80 woe have .

ve =DRA, RK'AiK
For the input branch, i, romains fixod so that Zli = Q.
Similarly Zkio = 0. Since the variations of the eloment values
of N don't change its topology Tellegen{s theorem can be still
applicd betweon varied original notwork and N

n
b g .
i’éal (ve + Dv) §e =0
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and
L (1K + iK) Ve =0
K=}
But
n n
b b e
T v = Q, L7414 v, =0
Kal K 6& ’ Kal K 'K
so that

Ay, 6 RN
I v and ¢ ¥V, = 0

which can be cambined to yield

n

"

ket OV O At v =0
or

' n
PAN vy @i ""ML vy wvu szio -Aio Vo * ﬁﬂ“ﬁ“’x“mm"x”’a

RecallingAd, = O andA...io wQ andAvI =R 4+ R A4y

for K = },2,weeann § hence

n
I (v, b -8 V) =

n’ . -
- gug (DR, ,i" + B ) ﬁx e N

n
" kea LR O = VISt (i BIAR]

Thexefore we have the relationship

n
Ay by v, B, ¢ §_1““x g = vy,

+ 1 HAR = 0 RIECRRY
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Lo dosire to find en cxpression that relates changes in tho
outputAv, to chonge in the elements ARK. The previous
exproscion does ccntain.[&vovand AR, as well as somo edditionol
termo. The addition terms con be climinated by appropriately
choosing clemento in Ne Recall thzzbgg this juncture the only
reatriction placed as N is that ithave the semo network graph

as N. Observing wo find that 4f we choose the clement of the
branch in N that corresponds to the gth (K » 1,2w===n) recistance
bronch of N to be a resistor of value R, thon the branch relation-

ship for this‘braneh is

vg = Ry % K= 1,3,...“..,{
Thereofore, |

ReePg = Vg = O K = 1y 2pmemn

g0 that oxpression (2.1,1) becomos

Aviﬂli *‘Avo&o * :%a% L b AR = 0

=1 '.0;:(20102)

v, €an be oliminated from this exproosion by choosing the
branch of N that correspondsc to the current source Ii in N to
bo zero valucod curront SouUrce, thon @1 = Q. Moreover, we cah
lot the brane;?ﬁ'that corresponds to the current source £° in N
be umity valued current source 5o that §, = 1. Finally thip

cexprossion reduces to
Avo = EQ‘ - "K @KARK : 01.“20103)

if only the {th’rasistor iz porturbed then
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A).QK w O for all K #& f

o = = A & —Fy

fore, the unnormalized sensitivity for Rl is
v v
R O £ %

ormalized scnsitivity for Ry is

v By v, Ry
T e TV M

‘ = 1'2'3'M

Thic rosult indicatos that all sensitivities can be
ated after two network analyslis 1 the analysis of the
nal network N yields the currents 115 £ = 1,2,mwnmmn
malysie of the adjoint network yields'the_cutrents Qx,
0 Ry Jmesmmwny, The sencitivity results from the product of

r eurrents.
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FIG  2a.
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{

| FIG 2.b
The sonstivity of voui with respect to oll repistors in N cen be
asceitained ofter two network analysis one on original network
N and other as adjoint network N. '

!
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Tho adjoint notioek opprooch con be uosod for soncle
tivity analysio and gradient ovoluption in powor gystco
plonning and oyotca analysio, The approach utilizoo Toilogon's
theoxcn in on gugumented form vhich ollows diffdront powor
pyotcn problens to bo hondlod boood on o.ce povor flowu model
in gonorol and without sppromimotions, S

Tho wpmacﬁ provides the ﬂmtmnty of including tho
1inc rosponpes diroctly vhile reserving tho advantogos of
compactness, oporsity and simpliciiy of tho odjoint sya@m.
figchl and puntol [15) doscribod tho um' of tho pdjoint
notworh in tronsmischon cysten plonning problea based on
lincar descs powor flow ‘mﬁala The d.¢s potior flow ooy be
considored of suffictent aoecurocy for como awlieaaonm
Howovor, 4% 16 charaetorised by mmﬂ-cgm assunptiono of
noglocting trancniocion ox dioteibution loosos, oxcluding
reactive power flows and considorxing flat voltogos profiloo
vhich makes it inndogunto foy studies roquiring more acéurato
model ond moro information, | |

Fisehl and tlasloy [‘ll} hove thooxotically givon an
" spproach for célculntinrg pw&z flow consitivitios. It io
bagod- on é.c. power flow nodol and offoctively utilizoo an
adjoint mothod to provide &o gradionts for novoral ¢loosoo
of functions. The cyotom stotos aro bug quontitioc co that
tho pdjoint ootrin of coofficionts s tho tronsposo of tho
originol Jacobion notetn.
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Ao pontioned bofore Tellogon'es thoorem Lo uoed &n
an augunontod form t bo dircctly oppliod for officiont
oonol tivity annlysio and gradicont colculationo, Difforent
typoo of functions ¢an Lo conoddorods Tho odze ond tho

osparolity of tha adjoint notrix 40 camoe ac thot of Jocobian
matriz of tho original notwork,

Lot ug astumo that for a givon neteork vo and I
roprosont the voltogo and current voriobles gnd are complex
in nptuze, VU ond I aro the corrsoponding varizbles nocoe
clatod with topologically oimilor adjoint notworks Applylag
the Tellogon's oquotion, shich has boon slrosdy diocussod in
detail, wo hevo | |

5 'y T a 0O ' 21 (218)
p 80

§ 1(3 Va wm e {2e1b)

vhers tho subscript; ‘a' denotos oth branch ond summotion 3o
corried oves all tho branchoc in notwork.

Ao opocifiod oorliexr the Tellogen's oguotion has
cortaln opeclol caceo which wili be usod heree Toking conplox

conjugote tormo corrosponding to (2.1a) and (2.1b), nomoly,
g v: TZ w O | | '.“ (2*23)

and E .Z: V: = Q e '(24-25}
O

¢ = Complox conjugato -
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Considoring tho paix of powor tomo wo have

o Ld »
iﬁa & g(?amaga) = g Va Intsﬂ ses  {2e30)
, o
ond g S, ‘a g (P, * "Qa) C g Vo I, =0 sea  (243D)

Oboorving tho obove cquauon' wo find that diroction of power
ond curzront aro sames Alco, thess terns aro holpful in working
out tho gencrality, which wo will bo finding.

s3;:£tzng eguotion {(2.1) = (2.3) in toms of fixst ordor
changes in voltage ond current variables 4n tho given noteark,
and thon with the help of mathcanticol adjustoonte the torms
cén bo put in g propezx conney vhich i¢ |

. & 0 ‘e 2 & o .
5T, v, ¢ T, 6V, =V, 81, = ¥, 81_ « 6(VGE)
* awﬁxzu s 0 ves  (2440)
or

E((T, » 1) v o (T + 1) 8V« (V] = V)81,
. (Va ~v;) 61‘;] a O s (24 4b)

Prowm oguation (2.40) tomo for differont notwork
clononts ¢can bo conoldorods Lot ) o ), 25 35 eess ) $dontify
f1ocd bronchoss g o ﬂi.@l. seses B + n. idontify gonorater
branchogse 0 = n e nfge i1 idontify plack gonorator branch,
Thus fron oquotion (2,40) o tom acsocipted vdth lood Lo
conoldorod oo |
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(0) T,0v, ¢ T; 8V} = V) 81, - V] 1] + &5, + &5,

Sinco
] & L5

o have
§1) = (85, = 1, 8V,1/v, evs  (245a)

henco,
o - \°4 )
81, = [b5, = X, §Vi]/v, ere  (245b)

o

Substi tuting for 611

from {2:%a) and dI; from {2,5b) wo
obtain '

[T, « ¥y 13/Vy} 8V, # [T} + Ty 1,/V718V] «ou
sen (72}:6)
+ (1= 7;,‘/"1]551 + [1 - 'vllv:}ési

(b) A tom of {2+4) associated with a generator is

conosideoroed as

- £ . , # L+
Tgdvye Tgovg=V, 61 - Vi 31y + 35+ 85,

Notec that

81vgl® = 6(vgv;) & VVE 4 VoAV, cer (2.7)
ffom vhich

5v; - Swgvf;)/vg - v‘g’évg/vg S eee (28)
We noto that £he real paft‘éflég 1s expressed by

28p = 8(S, + s;)avgax; + ;;ma ¢ VST L Ve o0 (209)

from vhich and using {2.8), we obtain
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® * # 2
619 . 8( S+ Sgh/Vg = 14 6(\.'&,»1;’),»'«?g

* % l/v
- {1y =1V qlvq35\f9/‘lg - V1 /v,
®

Subgtituting for ovq

and M; the term associated with
genergtor becomes

» & L, |
[T, - Tg vq/vg + (1, - uqvg/vq)]v;/quévg

- L o R L 2
- [Ty = (Vg VgV g o TT/V, » VG 1 V21800 v0)

+ {1 - ?; /tiéiiiﬁ -+ 5;)w see ‘e {2.10)

{c) The texm of {2.4) mrﬂsmnﬂinq to the slack bus is,
for '

Svﬁ » se (2.11)
given by

;v; - Vo) 81,4 (v, = VR8I vee (2,12)

(d) Other elements, ®.3,, transmisaioneline eloments,
characterized by

it - tht sea {2.13)
lead to the flirst-order sxpression

81, = v, av, » v, 8y,
from which

§vy = (S1y - vy Sv,) /Y, err  (20140)
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honco
Svg = (81 - v, SV/Y, cee {2014D)

Substituting (2,14) ints tho pppropriate tom of (2,4)

wo got
[V = Vo o+ (Ty v 200/¥,080,

o [V =V, o (Tg v 1IMVST, = (Ty e 1DIV/v8Y,

S S RTONL T e (2018)

Zsdeln Adisint notwpxk Blemoents ond
troxk Sonsidlvity

Lot ¢ti » Lth design varioblo oege parceters of
phaose chifting trancformero or chunt contrml olcments ote.

Thon wo havo

Sy g -2z ¢u Cses {2:10a)

honce,

o
o oY
th a0 f -sai-&—.v Wti veo { 2.161))

Tellegon summation (2,4) can bo rowritton as

: [z, + W 13/v,) oY e ftff 4 V;xl/v;’ﬁv:
" Z{IB - Y“qVZ/Vg * [‘1; - Ig”y"g}?ﬁq/ Vol Svg

- 1{Ty = (VV/V 181 o (Vp = V)81, + (v, -V))82p
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)y NP oo o ) o
< g0~ V4,185 g{i‘ of Vg + ¥ A SV I8V Y

s o . o . é?
E g(x - VoV 18(5y + 5 = £ (T, ¢ 1 (v =53 "

. e By
& (rt L 1t)(vilyi) "W‘%’:‘}Aﬁﬁ =0 o w (2011}

5 o
S0, we soe that 4f f‘”ig Vis Vé, Iy 9 It) be o
ouplicit porformance or constralnt function, wo can dofine

adioint elenent

-]

?n o Vn som Y (2018)

vhich oalininatos the oxproosiono involving eln'and az:«
tio thon rewrite the xemaining compononts of (2.17) as

F o I af K. u” | ‘ | gg
&t § { '3V§ 6@1 & 32§~‘6V'1) *; (~%§;6vg‘¢ 3, 619)
£ ..' » 81 ~Q§ 8515
* : { -%%—t gae- o 1)
z (~2Ee §3 553—‘ z ,-~9§gm-6‘v v
( a5y "1 * as Ie 0 (d(ngg) ( 9

1

¢»-—£-—-—8(s +Bn+zr @wz_\g ver (219)
d(S + 5 ) t3i

ehoro wo havo dofincd (e adjeint clononts

T« L8 ;" s (2.20)
1% Tov LRAN "

t
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vg - v‘q V’g/vg L %IL' ann ( t2’.)

g

- ~§g - ‘& * -l
I‘g - I vg/vq . o, (1g v@/vg)(vg/vg/vg) ere  (2.22)

Ve Ty -%f—; - (Ty+ 1PN ser (2230
o

‘ » L 2

since £ Lo resl

.t ) ’
6\! e { “*%L ) son (2,24)
1 &Vl

and

Considering Figs 2.1 and the cquation assoclated
with 3 load bus, namely {2.20)

For convenience, we write® {2.20) as

-ty ynd
vheio
TP A arcev, wee (2,28)
and ' | '
o :
"l é - 51’“"3. “es (2026)

Fig, 2.1 shows the independent source 'i'f and tne element
Yy

Now considering Flge 242 and the equations zssoclated
with o gencrator bus,
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Gquation (2.22) Ls rewritten as

vg £ ¢g rﬁ & dq Y‘B + Vg s (2029)
| . |

¢g L Vg Vo/(2 20,) e (:z.ag;
e A 2.2

B, = (V)°/(5 204) ses  {2031)

v (2432)

*

VA - v ey ) /s 20y
and vhere

* *
b mgm %ug-xg vg

Equation {2,21) 13 elso yewritton {See Fig. 2.2) in the

form
T . Ly RE |
vg "v“g - Vg Vg o Vg '-52; ess {2+33)

We obsasve that linear aystem (2.29) and (2.33) nuat be
solved to dofine the adjoint elenent corresponding to the

generator in the given network,

The slack bus constralnt {2.18) is illustrated by
Figes 243.

Equation (2.23) for the remeining elenents becomes

It - Y'\‘. Vt + .Efé e (2&35)

whore
5 of ® x P
It Yt "'sr;: - Vt{'ft + ft} ey {2034}

Indepandent souzces sacaciated with each bronch are summed,
ag ghown in Flge. 2.4, o8 '
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FIG 21 -

Load b_u-ae;

T
FI6 2;2

Adjoint clement podel obteined _
¢rom the solution of G, (2429) and

(2.33) for & gonerator Bus,e

Adjoint oloment model obta

Adjoint
- from e

ined from ey4s{2,20) for

- FI623
element model obtaine
(2423) for » Slack b
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W
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toty,~= - t6T = -
oomm
- ssm ‘ | Y,
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| , ,jsm:_-f :
S te 1, m
7J7/77777777777777 |

Equivalent Bus elements at Bus m :
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s~

J

S - ' | . \
. E i eos (2.36)

%, |
For any o {e 1, g or n), vhere T  ldentifies those

branches connected to bus m digtribution.

-

2+1.1c JThe Adjoint Equntions ¢
0

The cderivation of the adjoint oquationg are outlianod

in this section, In gonoral, they ta&e the complox form

- ‘ 4 ro
v Vg Yin vy I+ 3
| 2o | X
Yo Yes Yo | | Yo 6*Jc| ... (2097
Y » ‘ |
Ni Yus Yon vﬁ Tﬁ ¢ 3n
I JL _ B q

vhore the n x n bug adnittance matrix has boen partitioned
inte blocks assoclated with tho sotec of load, gonerator and
slack buses of appropriote dimension. MNoteo thaty = and
assocloted vorlables arc scalarss

fFor load bugoes wo 1ot
IL o3 Q’L ’VZ % ff . 'R ane (2038]

Whnrn'fi, VL and Tf pro vectors of dimension n consisting
of the-fi, V) end f?, sospoctively, and @L 15 2 diogonal
matrix whose dlagonsl olcanents are the corresponding $; of
(2.28)s For gonorator buses wo lot

v L > _— 5
VG = ¢GTG+¢3 TG* ?{3 e ees (2.37)
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ﬁ V Hﬁ; V; L FG 'Y (2:«))

where V G J,G and 'x'fg azre vectors of dimension e

consioting of the’?é, I, and ?‘ » respectively, and B

o

¢G. Ry and F. are diago‘nal maermas vhose diagonal slenents
are taket from (2,30}, (2.31) and (2,33).

Y&S - Gﬁ" jaﬂs Ty (24»413)
EE ?‘L t WV, sas (2.410)
Eﬁ» “;351 J ves (2410)

whete B, © and ¥ can ke G; L or n, Further, let

I =T + T vee {2.42b)
s " et Ve )
- d
. Z2e420C
¢G = jGZ “w (2¢ )
oo . oo ; .
. :¢G o ¢m * jGZ tnn (?Q"Qﬁ)
B, = Ra + 33 cns {(24420)
) Gl an
F, = §F ees (2.428)
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Using the aotatlons as doscriboed carlier we arrive at the equation 1

-3
“fiz 3;2 = Gbﬁvﬁa" BL§§nl

G2

LR 32

(2.43)

L o .
+y - -
- o " o | . -
Yooy | Fab a*¥aalasmt | PP ¢ferly Pa’ectoadss | T
By + Yo L O = ¥y G Y
L ¢ oz S ° Ky Voo
i =5

1 79t GaVm v ByTae | |

TaBarToaPaTere 5 6o ) T~ Poa8y P o) Vn2

Lo o - -
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thoro

¢G2 ¢02 - ¢0 LY (2i44)

Tho tows of (243) corrcoponding to tho lood busos
arc obtaoined In ¢ steoigh tforvard mannor by oubsti'tu%i.ng the
scparoted forms of YLL,’ ’f and 3 ints (2,37}

ond (ua 39) ’

w '3&'

For tho geneznter bhuses, aansider.ﬁm reol paxt of

{2.39) as ,

-]

Aﬂ'
(‘1 = wc‘ﬁ Yﬁg + ¢ 31 + ¢,~2 T P L V LR Y (2‘45)

Tha subsot of equalions {2.37) corresponding to the generstos

bucas i

Ioe (T34 3. eve  (2.46)
whore

IG é VGL ?L % vGG VJG YG“\? - L X R (2-47)
Lot _

IG e 131 * jxaz ses  (2,40)

Eliminoting Y ond f,z Zrom (2,45) and (2,46) wo obtain

(B = fﬁ’dz“ez"‘émxe Gl ”‘“‘ca“%z)" (z2"”¢m _;gs
sow ( 2, 49)

Bquation {(2,49) 4n conjunciion Sth (2.40) scpogoted into
rogl ond inocknary ports load tw the rows of {2:43) corrops
ponding to tho gencrator bugos,



2.3.1d Grpdient Caleulafions i

Comporing {2.10) with {2,17) wo dorive tho follotdng .

Load Vnrinblog
. o ‘ ‘
av (i 953 = » Ro([) = T/ ]es,)

= = Re(L = V)/v,)8P, + 1a{1-¥]/V,)00,

hence we can weito

af: = w 2%e(l w -‘»;7:/ Yyde ssr {2,50)
=3 ‘o -

df . _ _ Ty Oy 12 .

e

oY,
(’ftbllﬁ ﬁ),

= Wolv(Vy o "%%'; - vy -;-;-L s (2.94)
On obsozving tho aobeve cquotion wo concluds thot
portiol derivative deopend on unporturbod curronts nn& w1 tagos
in Qx;tginal and adjoint neotoork. Any nuabor of voriabloes ﬁu
¢can bo accommodatod An thooe tug onolysoesn. :iieo i€ *£Y ip not
explicitly o function of V.l' V;, Vg, Zg. 1, 07 !:. the portinl
derlvative of '€ with rocpozt ¢ thoso variablos will be zoro.
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It can bo vory woll seen that all tho exproscions
dorived ubuve are functlonc of woltafo and current. Tho
fbrmulotion can bo dono 4n torns of cooplox voltages
and currents, bus or branch quantitios as roguired for

the panticulad problen.

2.1ale Algorithn o

o . , * 4% L
The contmnl guentities 14 sz,‘(vgvg) and (Sg-+ $g)
as well as the psramotors ¢:A hos been dosignatod as prace

tical designable variabless Also,
& 3
) L
G = "'3{31 - 51),/2 .

Y4 Ko
| Vg 1w Vg’vg

&
“b 3
Fg - (sg + ag}jz
Step )

Load flow solution 49 obtoined by fsst docoupled
mathod,

Step 2

partial dortivatives of functions fyo fonesns £ thret
Vi, V;, Vg. 19. e ii are avaluateds

Portial dorivativeo of ony function *f'; wer.te complex
variablos can beo doolt vith. Tuvo roal guantitiss are ovsignod
as indopondent control variatles ot a buce Ihon the rogulred

portial dorivatives ¢an bo easliy obtuined by oupressing *f*

in tormn_of tho choson contivis and .staton,
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Gtep 3
Define the gdjoint pzrameters regquired for equstion
(2,43).

utep 4
Solve the adjoint systen {2,43)

Step 5

Calculate the gradient vector using eguations
(2.50) = {2,%4), |

1f the effect uf line additions or removals {as it is

dorie 1n the third chaptexr) is to be detormined sppropriate
first-order changes axe calculated using the gradient infore
nation of Step 5.

\



CHAPTER = 3

DISTRIBUTION FEEDER PLANINING USING A.CoADJOINE METHOD OF

Py &

3.1  INTRODUCTION @

tiith the pasnsage of time the load in any arce ie¢ bound to
inecresse, The existing distribution circuits, ore overloaded
becausce of inc;eaoe in loads Vo can have two optiong in that
cases First boing the replacement of the existing’feeder by
asnother feodor of higher area of cross soction. The second
altermnative is of reinforeing the existing fecder with onothor
feeder g0 as to xemove the over loads. In this chapter a problem
has been formuloted in which the over loads are slleviated by

making suitable feocder additions or replocemont.

There is overy likelihood that due to the expansion of
the diotribution system the specified voltago magnitudes are
vollated.The voltage at the load bus moy go down below tho

preceribed mininum levels Alco with the increpsse in load thero

10 a possibility that power factor may become lowe. The low power.

factor seriously affocts the systen cconony bocause of high oye-

tom losses.

Voltage corrcction may be carried out by shunt’capactor
additiong and hos boen usod in this mothod. But the éﬁnstraintou
the number of shunt capactors ie oquall? ioportant becausce the
ever compensation may result in over voltage which increascs

the cnergy lossco io thesyston.

Enormous work on optimal distribution fecder planning has

beon done. lany mothods for planning of primary feoder for Urban
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and rurol arcas hovo boon developod. Numbex of mathematicsol
techniquos have boen evolved and uscd. liork has boen done by
uoing nixed Intoger Programming, and Branch and bound Method.
Algorithms have beon developed and implemonted. But these nothods

are only for radial end bronch fecdors.

The hourictic method has booen presented in thils section
for primar y loop fooder exponsion plonning and the a2ssoclated
voltage corroction problens A.Ce Adjoint mothod is used for
dotexnining senstivities of feeder currento and load bus voltages
duc to foeder ndditions and capectors installations. In the
ensuing prohlgm thﬂ‘natwork oxpansion by the addition of foeder
is the primary decision where as voltage carrectxon part 12 givon

the priority of sccondary decision,

3.2 IHE MODEL ¢
The distrxibution primary feeder plenning problem has been
defincd as follows,

For a partlculaz area with the given load, develop a2 sulit-
ablo digtribution network so that
(%) None of the distribution foedor ig over loaded.
(ii) Voltaqeé at the load buses are not voilated and tho

coot of oxponsion is minimized.

The model is developed with the asssumption that loading
is evalusted in terms of the current flowing in the distribution
feeder because the current affects the heating of distribution

feedorg.
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3.2.1 Senstivity Anslysis by A.C. oint mothod :

Using tho A.C. adjoint method of senstivity analysic for
power system the senativity of feeder curronts and voltages of
nodas with respoct to verlous possible fceder additions and

shunt capacitor installotions are calculated,.

3.2.1(0) Senstivity of fooder currents due

to feeder additions @

The function f, = ( ilil)a for 1 € OVL are chosen where
I = current in tho 3 th fecder:
OVL= Set of over loaded feeders,
The function afi are culculated‘farﬂevery jth feeder addition
y
vhore 3 _
Yy = Gy + 3B, = Adnittonce of 4*® feeder considered

for expansion,
Gj-m Conductance of jth feeder
»BJ = Sus¢eptance of Jth fooder

From the equation (2.54) thoe change in the function duc
to the design parsmeter ¢3 $5 gLven DY wes

df af oY,
§ _ w AL |
ket
If
o, af

i= 3 E‘TJ' = 11 otherwise w‘; =2 0 0.0(304)

af .

aﬁ"\' - 2Ro [GJ ¥ jﬂj] 2aj ...(3»5)

i



and
df

o

s 2Ro Li(c;sJ + ;wjﬂa -2, see(3.6)

A

The new function is given by Fij = the s%quaro of tho current

in ith foeder duc to the addition of jth feedor

pij = £, + ;;% Gj + g;% .Bj see(3e7)
The new current due tb‘the 3*" faedex'additlon is given by

4= [Fﬁlé vee(3.8)
3e2.1(b) S eg duo to the foeder sdditions s

Chooge tho function
£,q = 1V, 1)? , vee(3:9)
for 4 £ VON where VON = Set of Nodes for which the voltage
correction is necessary.
Vi = Voltage ot ihe 1th‘Node‘

In this case

daf_ . df
-aéi- ond 3§§£“

ropresent the chonge in the voltage function due to the jgh

feoder additions Ag fvi is explicitly not a2 function of 11‘
of
i

<y =°
i’ :
The now function is givon by

1th

Fvlj = The squaxe of the voltage at Node due to

the addition of jth feodorx,
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dfvy dfv1 |
Fvlj = fvi *'a@;* . Gj + 333—- BJ vee(3.10)

The new voltage st gt Node due to the addition of jth
foedor addition is given by

Vig = (fvij)]'/z . | ees(3ell)

3.2.1(¢) Sonstivity of Node voltages due to the cepacitor
ad ongs '

The constivity of node voltages duo to the capacitor

odditions ore colculanted in the same way as due to the feedor

andditions.

For every foodor additionand capacitor location under
consideration, curront 1ndex factor and voltege index factof
is calculated. These factors given an indication of the coffect,
these additions will have on distribution feederd loading ond

the lood bus voltage. |

3.2.2 Qurrent index factor

The current indoex factor for the ith over loopded fecder
due to tho feoder addition along the Jt" right of way ic

dofined as follows
cij = Qurront indéx factor for ith over loaded focdorx
due to P addition or
Cie {1, =1 ]2.If P I § | v en{3412)
i3 1j  “mox 1 33" “mox 1 somive

where Imax which 15 paximum curront in 1th feeder after power

systom oxpanonion
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‘ ‘1 +* 71 . o
whorxo ‘1 = No of oxdsting feodow in 1th right of way.
Yl = Numbor of feadors to be added acrosg tth branch.

max!

nax = Max curront in the 1*“ feodeor in the coxisting network.

|1

For 1 = j, the now value of mexinum current (ofter eubanazdn)

is given by
1+ f |
0 i
Loex 1 lxmax‘l' ( “I;_n- J +00(3.24)

3.2.3 VYoltage index factor
The voltoge index fsctor for voltage correction nodesn

due to gth feodox addition 1s defined ps follows

Vi= o Vaox 1 vn-whmuv Vosn 1]
.-.(3«15)

J.2.4 lieasure index

The moasuzre indox of over loaded fecder 1 due to fooder

J may be defined as
ﬁij = 013 Cost (j) ' 000(3016)
where Cost (J) = Cost of jth foeder psddition

The cmallest of these measure indlces pointsc to tho most oconomicdl

fecder reinforcoment to remove over loading of ith feedor,
3.2,9 [Lffect indox @

The effeet indox for any linc addition 4s defined oo sunm
of current index factor foxr the 1ine and the voltage inden foctor

for feoder.
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Ej o Effoct index for faeder 3
s i" ovE clj * V3 ‘ ses(3417)
The offect index given the possible offeet the feoder
addition wili'hovo in renoving the over loado in distribution
foeder ond in bringing bock the voltage at the load buses
with in linito. Sioller the effect index greater in the offect.

3.3 ALGORITHM ¢

Tho distribution oxpansion planning consist of (a) Exponsior
logic (b) Over load logice.

3.3.1 Expansion logic 1@
{1) Corry out tho losd flow studies using faot decoupled
Load flow techniquo, Calculate maximunm current
(Iman) and actusl current flowing in the -notwork.
Actual current is glivenh by

Im = (VK - Vm) .YKEI +* Vu YM? woo(3915)
Ykn o Series adpittonce for o fooeder connectod between bus & and m.

e

YEm = Chorging Admittence,

(2) Using tho A.C. Adjoint mothod of semstivity onalysio
for powor systeom, calculate tho volteges of the
sdjoint neotwork nodes and henco calculate the
senotivitics of fooder curronts in the over loaded
branches and load bus voltages due to the various
feador additionc and determine the current index

factors and voltage index factors.
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3. Calculate the measure indox factors.

4. For sll the foeders find the effect indices. The
smalloot of these offect indicos indicate the
greatect effect on all over looded feeders. The
most effective feeder addition not only ali&inatcs
the over load in &eszred foedor but also have groater
effoect in reducing the amount of over loads in all
othor loaded{over) feeders. Moke the fecder aeddition,
These steps are repeated till all over loads are
eliminated.

It is observed thot only reinforcement for oves loaded

feaders are effective in removifAg, the ovor load.

3.3.2 VYoltage correction logic ¢

Lhen all feedexy over lozsde have been alleviated the
voltage corrcction logic is initiated. It follows the following

stepo.

i) 1. Caryy out the losd flow studies using fast decompled
load flow mothod with all the feeder additiona made.,

2, Using A.C. adjoint method of sensitivity analysis,
calculote the voltagesof adjoint network end hence
calculate the senstivity of load bugsvvoltages due to

the chunt capacitor sdditions at the lopd buses.

3, Calculate the modified bus voltages due to those
capacitor additions ond find the voltage index faoctor.

4. Make the copacitor oaddition corresponding to smallest

voltage index factors.

¢
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CARRY QU THE LOADFLOW USING FAST nscwm-m LAY  FLOW
TECHVICUR .

YES

USING A,C, ADJOINT METHOD OF SENSTIVITY ANALYSIS CALCULATE SENSTIVITY OF SUBSTATION WS )
WITH RESPECT TO FREDER PARAMETERS - .

USING A,C. ADYOINT METHOD OF SENSTIVITY ANALYSYS CHLCULATE CURRENT SENSTIVITY WITH RRSPRCY
TO FEEDER PARAMEIERS .

TALCULATE THE MODIFIEDY CURRENTS IN DIFFERENT FERDEAS AND SUBSTATION BUS VOLTAGKS IUE TO
VARIOUS FEEDER ADDITIONS

R s

CALOUIATR THE CURRENT IADRX FACTORS OF ALL FEEDERS WITH OVERLOADED FEEDERS HAVING FSEDER
ADDITIONS )

FIND THR SUM OF CURRENT INDEX PACTCRS OF EACH FEEDER BECAUSE OF VARIOUS FESDER ADDITIONS TO
" THE OVERLOADED FREDERS

r____l

] CALCULATE ‘MME VOLTAGE INDEX FACTOR3 FOR ALL FREDERS3

L_——_—"-—I
[CALCULATE THE MEASURE IN,£X PACTOR FOR ALL FEEDEAB |

[F1% THE NINIMUM MEASURE INDEX FPACTOR v ]
- [wAka FEGDER ALCITIONS TO THE FSEDER HAVENG MINTYUM
MEASURE 1NDEX
.

'y

CALCUIATE THE SESTIVITIES OF VOLTAGKS OF sUK‘;‘!’:‘-!‘!O\I RUSES DUE PO TO THR VARIQUS SHUNT
CAPACITOR IMSTALIATIOE AND HENCE CALCUIATE THE VOLTAGE INDEX PACTORS

l

[ MAKE BMUNT CAPACTOR ANDTTIONS CORTES PONDING Td MINIMUM VOLIAGE TEX PACTOR

T |

PIRE 3 3o] Pl CHART » DISTRIBUTTON PRIMARY FEETER PIANKING AND VOLTAGR CORRECTION
o« HEURESTIC APPROACN,’
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S5«  Carzy out the load flow study %0 voryfy the buo

voeltoges,
6.  Repoat the procedure ¢1ll all voltage mbgnitudée arc
with in linits.
3.4 NUAERICAL EXAMPLE:
3.4.1 Five Bus System:

A five buo distribution systom shown in Fig.3.2 in
considored for oxponsion and voltage corroction, The input
data required for load flow is given in Toble (3.1),(3.2)
and (3.3). Also Number of Grid and Power Substetion,NGP = S

Number of fooders, NFED =5
Numboxr of Power Substotion, NPSS =4
Nunmbor of Grid Substation, NGRSS e )
Nunber of Type of fecder considered,

NTFED = 3
Number of Substations at which the
Copacitor are instolled;, NCAP . = 0
Noxinum numbor of iterations, MAXIT = 20

Lffoct on #ll linos o considored,NEF = 1

Copacitor Additions is to be
~considored NCAPAD =]
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By obsogving the tebles 344y 3.5 ond 3,6 wo concludo the foodors

1,4 and S ore over loaded end the voltogos at tho aodes 2,3 ond

4 pyo voilated.

" Moking 2 foodor addition to feedor 4th, ono cach %o lot ond Sth
¢ocder tho ovor londing in ollovintod, Aleo tho load buo voltogos
azo brought with in preoeribod Limito. So thexe s now new copocitor
oddition, |

Totod Primopy foedox plenning Coot = 96 mete

349  CONCLUIICY 3

Sinco tho A,Cs Adjoint nothod L9 ucod te colculate tho
conoitivitios of focder curtonts ohd bus voltages duc to varlouo
fooder additions cnd copacitor fnetoilation, tho adventogos of
compactnons opovoity andaﬁm*&icitv‘nf the eystom o capitalizods
ithout tho uso of A.Ce Adjodnt mathod in ecach Storation load flouw
studies have to bo dono aftor cach and overy fesdor or capacitor
inatallation whidch 40 o tiao conoundag and cumboredte process,
However in A.C. Adjoint methed of sanoitivity tho lood flow study |
io dono only onco thug naking vefy faud and officient. The houzootie
approsth usod 40 quite procticel end goclistic ono. Also problem of
1eopodvfaedex.p&annlng hoo boon solvod contrary to tho egrlier :
ottompto whore nootly problem hoo boon oolved for radicl and bronchod
focders |
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Muni= 415 V 3 phase 1gne 11 KV 3 phese 33 &V 3 phese
. ACSA nlum Cutrunt  Phase with condictor -~ 1iny with cundots linm wlth cond,
g : osteying  rasie~ fpucing of 17" wpucing of 3° apaginne g; 4,
Bk g:::“;:;:, E;;;u:: copecity tance Par phase  Muximum  Par phave Meximum Per phuve Mexs
. tor cross- % 50°C et 509  roactance KVA taactonce © kKVUA'  resctance kVA
section (amp) (ohws/k") (Ohma/km)  cepecity ' (Ohms/km) eopacity (Onms/km) cepace
. (m?) ' ‘ 3
1 Squirrel 0.7 97 1,539 ‘0,322 69 0.392 1840 - -
2 Gophat , 2599 . 109, 1,200 0.31? ('3 "0.306 . 2076 - -
3 Weavel RAEY 3 123 1,023 0.2 0y Q. 3u2 2343 - -
4 Fercet. 41.07 158" 0.761 0,306 . 111 0.375 253 - -
'8 . Rabbit 52.21 183N 04610 04300 REY 04469 3406 - -
6 Mnk (6232 200 0511 [0.296 . 149 0,365 W63 0,383 110w
. - UU_&vQ}‘ . 74,07 235 . U.4a8U 0.2914 160 Q.361 447 003” 13432
[ Raceoon =~ 4 77,83, 245 0.409 0,20 176 - 0.360 4668 - 0,376 14004
9 - Otter 82.85 257 T 0.30% 0.2w 104 04350 a6 . 0.376 Y40
10 Cat 94.21 265 ' 0,338 0,206 204 04355 5630 0,374 1620
1 Oog 103460 314 0.307 0.284 223 0.353 5925 0,371 © 17176
A .
- . R \"“'"""_'.-“
Valtege reguletion constants .
ACSR ' H in km-KkVA for 1 percent voltage droa at a pF of
S.No. Conductor . - - : ‘ s .
v CO_:’B Nama 0.60 0-6_5' 0.70 . 075 0400 Q.84 ‘0490 0,9% - 1.00
Ay M5 Y 3 phase 1ines ‘ '
1 - Squircel 1.458 1,383 1317 1,259 1.209° 1,165 1,129 1102 1,119
. i ‘Gophur 1737 " 1'555 14544 ] 1,521 14466 1'420 1.383 10359 '0‘00
L Weasel 1.997  1.912 1.837 1.7h 1.715 1.668 1.632 © 14613 7 1,688
4 Facoet 2.454 2.368 2.2 2.227 24737 2% 2.104 2,108 2.263
8- Habbi t . 2.841 24757 2.604 2,624 2,577 2.544 2,532 2.557  2.822 -
8 Mink 3.168 3.090 3.028 2.973 24935 2,916 2,923 2,970  3.368
-7 Beavar 3.500 343 3.503 3,343 3,319 3310 3,350 o 3.447 4,003
8 Reccoon 3.608 3.539 Ja.a8n° 3.451 3.433 3.438 3.4 - - 3.591  4.206
.9 Otter. 3,728 3.667 - 3.671 3.590 3.5 3,594 3.647 3,700 4,477
10 Cat 3.969 - - 3.939 3905 3,849 3.004 3.930 4,013 4,194 5,091
1 Oog - 44103 44103 4.119 . 4.115 4138 40191 4,300 4,523 . 54601
. 21KkV_3 phpsa lynos. \ ) | |
\ Squirrel 878 . 932 B2 . 856 825 9 78 764 766
B Cophur 1156 1107 1065 w7 996 969 949 93 984
3 . sesvel 1319 1264 1725\ 1168 157 . 32 ms . 1 1185
4 fersut 1599 1652 1511 . 1478 1451 1433 1426 1440 1590
{1 NabuLt 1830 1707 - ' 1782 1724 1705 - 1697 1704« 1741 Moy
' ek 202y . 1985 1956 1936 1927 ' 1930 1954~ 2018 2167
-1 Beaver o 2%2 2184 2685 2185 2158 nmn 2222 230 20}
o | Ruccoon 2267 2242 2225 « 2219 2226 2250 2303 2413 2955
s Otter 2340 2318 2305 . 2304 . 2316 2347 2409 2536 3146
10 Cat 85 24M. 2440 2477 2502 2550 2635 2000 3877
" Oog 2592 2505 2519 2607 264 2108 2010 og 3936
€+ ‘33 kv 3 phass tinas - _ . : \
) P ink 17760, 17469 . - 17247 17101 17047 . AT113 . 17368 17991 21299
B | Ovaver 19401 19145 1045 14994 | 19053 19264 . . 9NE 20663 35314
Y Haccoon 19069 19674 19556 19547 19644 19802 20420 21670 26498
[} Oteer 20487 20327 .202514 20273 20421 20743 21359 22587 - 20018,
"3 . Cat 21687 21604 21613 21734 22000 22475 27 - 26057 32196
6 Oog . 22620 22604 22680 22879 23242 23042 26840° , 26097 35422

P

Lios Patametvrs

Grase Maximum

Pﬁr
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: ' Line Patanetsre

Gross

\.

Munie  Maxiaum  Per 415 V 3 phase 1ine 11 KV 3 phase 33 k¥ 3 phese.
o - ACSR o nlum Currnnt‘ Phase * with conductor . 1inu with cundot. line with cend.
' 8.No. . Conductor arve of  29Ffving  resles pﬂlmc tpg_uf 12" wpagling of 30 "Dﬂm L) 95 4,
Code Neme' Coriduge topasity tence st phate  Maximum  Par pheve Maximum Per phuve Pexs -
, tor Cross- at 50°C‘ © ot 509C  roactance KVA renctarce - kVA©  resctance KVA
section (Amp) (Ohms/km) (Onma/km) capacity’ (Ohma/km) copactty (ﬂhnl/km)'QQQQC%
~(ma?) . ’ .
/4 . ‘ T e - -
L] ‘ Squirrsl 20,7 . 97 Y.539 . 0:322 . 69 0.392 1840 - -
H Goptret , 25.91 . 109 1.230 0,317 ‘' ‘0,306 076 - -
3 Waadel 3121 123 10029 0.2 0y 0.3y2 2343 - -
. Fercet . 41.07 158" ) V761 04306 - "t 0378 253 - -
. . Rabbit » 52.1 A APUSEEN {3 13 | A ‘0.300 B k1 04369 3408 - -
6 ink ,62.32 200 U511 04296 - 149 0,365 63 0,303 11009
.17 | Uwaver I 235 | U.alu 0,299 160 0361 “n 0.379. 13432
8 Haccoon®  «  T7.83, 245 N 0.409 0.290 176 0360 4668 04376 14004
9 - Otter !}2.85 257 1 Q.30 2w ~ 184 0.350 A¥6 | 04376 Y46y
0, Cat : 94.21 26% 0,338 . 0,208 204 04355 5430 0,374 1630
1" Oag A 103.60 . 3 D_._Z§D7 0.204 223 0+353 §925 0,371 - 171176
. ‘ .'1'
0 : ' . ) . el ,.....-7-"
Voltage reguletion constante .
‘ ACSR ' . M In kmekVA far 1 percant voltage drop et a pr of
S.No. Conductor " - - ' ]
v COIUB Nama 0.60 0‘65 ’ 0.70 078 0.00 . Q.05 0.50 0.9% . 1!00
Ao 415 V 3 phase lines - ‘ ‘
' . Squirul 1.458 1.383 1.317 1-259 . 1.209 1165 10129 - .%.102 ‘0”9
: 1 Copher 1.737 " 14655 12084 1521 1.466 . 14420 1.383 1.359 1"00
3 Wagsel 1897 ' 1.812 1,837 1.7 1.745 1.668 1,632 © 146137 1,686
4 farcet 2.455 2.368 2,202 2,227 211 2.111 2,104 2.104 2.263
$ - Habbit . 2.94 2757 2.604 24624 2,577 2.544 2,532 . 24587 2.822 -
8 Mink 3.168 3.090 3.028 2.973 2,935 2.916 2,923 2.978 J3.368
1 Beaver 3.508 3.439 0 3003 3343 3.3 3.018 3,350« 3.447 4,003
8 Raccaon 3.605 3.539 3,484 3.461 3.433 3.438 3.479 - . 3.591  4.206
. Otter 3,728 3.667 - 3071 3.590 3,51 34594 34647 3.70 4,477
10 Cat 3909 - 349397 34905 3919 3.094 3930 4,013 - 4.194  5.091
1) Dog 14,103 44193 4119 . 4.11% 44138 40191 4,300 4,823 . 5.601
8., 11 kV 3 phpsa linocs i _ \ ’ "
9 Squirrel 878, 932 w2 056 825 w8 764 786
B Cophet 1156 1107 1064 w21 . 9¥6 96y 949 939 984
3 saaved 1318 1264 1225y 1188 11857 . 1d2 SIS o, 1 Nes
4 fercrut . 1599 14552 .- 151 . 1478 1451 1433 1426 1440 1590
$ Hebuit 1830 R T AESE R LY 1724 . 1705 1697 - 1704« - 1741 1983
¢ * Mink .22 . 1988 1956 1936 .97 - 1930 1954 2098 2367 ,
. Boaver : 2212 2184 L2165 2155 2158 177 2222 252 2013,
-8 Ruccoon = 2267 2242 2225 ¢ 2219 2226 2280 2303 To2a1) 255
y Otter . 2340 2318 2305 . 2304 . 2316 . 2347 2409 ?53& 3146
.10 Cat . 2485 2471 2460 24717 2502 2550 2638 o 2000 s ,
Z- 1)) Oog ’ 2592 2508 2519 2007 1 2643 ) 2795 2810 3u08 3936

>

€. 33 kv 3 phase linos

) Pink 17760, 17469 17247 17101 17047 . MY 17366 - 17991 21299
| Ovavet 19401 1910S W0a§ - 14994 19063 19264 . WNG 20663~ 25314
3 accoan 19069 19679 19566 1547 19644 19902 20420 21070 © 26498
\ Otter . 20487 20327 . 20251 202 20421 20743 . 21350 '22557 20318
» % Cat C21687 21604 21613 21734 22000 22476 2347 - 24057 32196
.6 Oog ©L 22620 22604 22600 22879 23242, - 23042 20040, 26697  J5e22




. CHAPTER = 4

OPTIMIZATION OF PARAMETERS FOR DISTRIDUTION SYSTEM

4.1 INTRODUCTION 3

The distribution system is charocterised by substation
‘size, size of the conductor, load densities of the ares, fecder
main length, voltage regulation and number of feeders per sube
station. The optimization of these parameters results in the

optimal distribution system.

te can have number of approches to golve thls problom.
Any demand area can be served with large feed areas having
lenthy feeders. This results in large smount of system losges

but the capital Investnent is low.

Thoe other alternative is to have the area served by moye .
number of substotions with less feed area having short feeders.
This  ~ . - rosults in groater capital invostment where ac the
onergy losnes are minimum. The solution which gives the minimum

total oystem cost is takon ao the optimol colution.

The carlier attempts in distribution system plénning

vore based on dafining served distribition parameters and patching
up a relationship betweon them, Thon came the algorithms in which
the distribution parameters werc optimized through simulation
techniques. In the later works the computstional efficiencies

were improved romarkebly. The mathematical Progremming tochnigues
like Dynamic Progronming, Lineor Programming, Intoger Proéramming.
Hixed Integer Progremming, Transpoxtation snd Transthment modols

and Branch and Bound techniquos were profusely usod.
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| In this chapter o mothematical modol has been formulated

to obtain tho optinal distribution oystom poramoters. The moin aln
in the formulation is to represont the cost function i.0. the totaol
gystem cost in terms of oubgtation food arcs which is then minimize
Thon the optimal substation food area ic obtained, The other
parametors i.0. fooder sorvice area§ nunbey of substetion,

capaclity of ¢ubetation. number of féeder per substation and

longth of the feooder, are exprossed in terms of substotion feoed
arca. 50 tho optimal substetion feed arxcs s in turﬁ used to
calculote the optimal values of other parameters. A problem in
which the parometers of primary distribution system have beon
optimized;'is considered in this chapter.

4,2  FORMULATION OF PROBLEN 1

Our objective 45 to minimize the totsl distribution system
cost. S0, let us assume that cost function F represents to

entire system cost which can be dofined og follows ¢

F = [Copital required for feeéer”mainﬁ] essf(l)
+ [ Capitol requised for latornl mains] - vee(2)
+ [ Capital required for submstations] eeol3)|-4.1

+ [ Capital required for infeod circuits
to the subgstotion ) seefd)

s [ Cost of energy losces in trencformers
during thoir expected sertice period] . ese(9)

# [ A constant term depicting cost of
encrgy losses in focders ] cen(6)|”

The total coot of feoder dopends on its length and cost

in rupecs poer Koy {(which varles with the conductor s5izo). The
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substotion cost can be dividod int., three parto which consiots

of fired cost, variable cost of substation and variablo cost

of fooder boy in gubstation. The cost of in-foed cl:ﬁuitu

roquirocd to food tho distribution subgtation Lo a funciioh of
radiupg of the osubotation food arce and numbey of source stations.
Eoach substation oxcopt those at source etations\wohld requiro longti
of at loast oqupol to twico the radius of cubgtation feed a&aa. As
for oo tronsfornotion’ loge cost is concorn the present worth of

the cost of onorgy losses during the oxpocted life of the suboe-
totion can be dofined as [9]

' 3

cG‘O = al + bl n; 000(402)
vhoxo
8760 N, [ao* e ---»-»--Ee-ce“ ' cr(uF)? (4.2.1)
8y = X g 1%} 3 seel%s
NLS (LLF,) C
n & K Bk ]
= IOFITRTTIOFT g 4 4 (UF
1 P K=1 (l+u)
ms (LR G
5 _
o R 0!0(40’2-2)
K=l (l+w)
with

A= Area of study system in sg. Ko.

D~  Connected lood donsity in Kw/oq. Ko
DF= Load divoroity factor at feoder mains
pf- Power factor

UF~- Utilizotion factor of the trangformor in substation,
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Ny = Number of trancformer in gubstation

a' - Fixed péfi of tronsformer core loss in Kw,

b* « Variable part of the transformer core loss in Kw per KVA
capacity of the transformer

NLS - Expocted life of substations in years.

Kth

Cost of energy at year

Uew Annual discount rate in p.u

Cl» Fixed part of transformer full load copper loss in Kw

d' « Variable part of trancformer full load copper loss in
Kw per KVA capacity of the transformer.

LLF - Loss load factor which is a function of LF and is of the
form LLF = A(LF)2 + B(LF) where A+ B = ), LF » Load facter

The equation (3.6) has boen obtained considoring the fact
that cost of energy lose s & function of the cost of energy per
Kwh distributed during that year., The cost of energy keeps .on
increasing due to rising prices of distribution system para-
phernaLla, conastruction and maintenance. The resulting affect
of increase in cost of energy losses has been considered in
oquation (4.2), (4.2.1) and (4.2.2).

Now consider & constant system area A 8q. Km. Let us
assume that load density is uniform &n the area with all distr-
ibution feeder being radiol, alike and having same conductor
cross~section through ocut the feeder moin, Let theve be n,
substation cach of KVA capacity and having a substation feed
area a . Also lot the number of feeder por substation be n, with

foeder main length equal to L. Optimal values of sll these
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paremeters are to be claculated. The parameters, can be roepre=-

sented in terms of substation feed aves, a, as (o]
L -] (¢—2172) Q‘ 0tn(4c3)
<

- { m] a bro;('4.4)
whore

V = Percentage voltage regulation of radial distribution
feoder. |

K, = [ BLREL(DR) (pf) j1/3 . ceel(4.8)

2 - Zig zeg factor of the feedqr main
H e Voltage requlation constant to be obtained from the
spe€ified table.

ng = Aagh | ere(446)

o = a, nfl ' R
» [ ualz(ﬁl ] “1/2

KVA = -?M ' ’ vea(4.8)

Now using equation {(4.1) and equations (4.3) and {(4.8)
the objective runetion F? for secondary distribution system is

exprecsed in terms of substation feod area, a, as {9].
G, C
F o dod o~ G, Cpp ab/2% Ga + Gy Cpy a2/2
+ (@A + 3, A) ‘s vee(4.9)
where
Gy = —hig— e+2(4.10)
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Gy = f‘fm " eee(4all)
ADD AC)
L621C371027 Il S s -e(4.12)
G‘ > _;2-%7?' | ‘asel{d.13)

Similerly the objective function for primary distribution is

expressed as {9]

G, (C ...c) (£ - B, Cj ) ;
| ~1/2
* G& * G cfe
L 4 ‘QA ¥ a&a) a;l an(‘a34)
whezre
*’;"ﬁ(a?“‘la)
ves{4.16)

R~ Rodius of eircular feed asrea of socondary diatxibuthn
substation.

Co =~ Foeder mein cost in Re/Knm.

C} = Latemol feeder cost in Re/Km.

L - Lungthbof lateral feedorxr in Km.

f Distance betwean the consumers.

f -  Cost of feeder bay which &s known in dependtly.

* - Substation fixed cost in Re.

h =- Substation variasble coat o

N - Number of uourcc.points feeding the primory distribution

system.
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Cy

e ~ Cost of inf,.red clircuit,

To minimize (4.14), differenciateit wzth respect to a,, we got

G ' G, C . (¢ + a,) A | \
2 7 3/2 4 “fte 1/2 i s ({8.17)

whe re (¢ R CL)
! - m
G, (C, = C3) o
1\t
Ge - v L" 0-0(4n19)

The equation {3.16) is the final equation from whieh
L
8

equation (4.3) to (4.8) the required optimal parametetS“L', n;,

optimal substation feed area a_ can be calculated. So, using

ﬂ;j a; end suhetatién capacity &vﬂ“ are obtained.

443  NUMERICAL EXAMPLE 1

Using the model described before s sample problem of
primary distribution system has been solved. The data used for
the problem is given below,

Area of the sysstem {A) - 1000 sq. Km.
Load power factor (pf) o o 0.8

Load density condidered (D) = 10 Kw/sq.Km.

The annual rate of growth of cost

of energy | - 1%

Present cost of enexgy (c,) - Res 0.2% per Kwh
The annual discount rate (u) = 0.

Life of the transformer (NLS) L - 3 years

rimary distyribution voltage = 11 KV
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Subtransmission voltage
Cost of &nfeed circuit (cfe)
Losd fector | (LF)
Loso load facter (LLF)
Averago diversity factor{DF)
Avorage zig-zag factor (2)

Aversge load distribution
foctor {LDF)

Rodius of the circuler feed area(aal
of sccondary distribution substetion

Fcedor main cost (Gf)
Lotersl fecder cost (c})

Numbor of transformer in 2
substation (Nt)
Porcontage veltage regulation of
a rodial distribution feederxr (V)

Voltage regulation conatant (M)
for conductor-Rabbit

Utilizotion factor of tho trano~
forner in oubstation {(UF)

Subgtation cost coefficlients @

Substotion variable cost (h)
{copacity componont)

Subototion variable cost (f)
{foeder bay component)

Substation fined cost
component {e)

Transfomer loss coeff&cienta 3

Fixed part of iransformer
core loss (a*)

Varlable port of traonaformer
core loos (h*)

33 Kv

Rs. 40,000 por Kp.
0.2

0.072

2.9

1.4

212
0.8 Kme

fise 18700 por Km,
Ra, 11.060 per Km,

194

1705

0.8
aoﬁaalﬁva
Rse 75,000

Rs -630.000

0,729 Kw,

0.001195 Ke/KVA
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Fixed parxt of transformer ’
full load copper loss (e*) - 3.9 Kw,

Variable part of transformer
full load conper loss {d') - 0.0060% Kw/KVA

Conductor code name for ‘
primary distgribution - Rabbit

Conductor code nome for
secondary distridbution = Gopheor

Solution ¢
Using equation (4.5) the value of
&1 = 5,477

From equation (4.2.1)3
8, = 4206.634

From equation (4;&0)5

Gy = 0.863

From equation (4,13);
Gy = 1128,379

From equation (4.15);

’39 = 1,093
From equation (4.18);

G? m 5522,331
From oquation (4,19)
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rutting the valuos in the final cquation (4.17), wo obtain
tho cquation | ‘

a§ + 04631 a;"" ~ 5161 . 2178 o0°

3w 145043.39 = 0O

The above aqu#tion it oolvod by using Newton Raphson
tlethod. The optinmal substotion feod arca, a: = 504,40 sq.Kn
Now from oquation (4.3)3

L = 1773 Kn
From equation (4.4)
n, = 8
From cquation (4.6)3
B, = 2
From equation (4.7)3
8 B 63.09 sq.Km.
From oquation (4.8)3
KVA = 3152.5

Results @

Thugs for the system ares of 1000 sqgeim with load density
10 Kw/eq.Km and load factor being 0.2, tho optimal poreamoters

of tho distribution system are as follows #

(i) Subgtation feod aron, aé £ 504;40 8q.Kn.
)

‘{11) Fecder service arxca, eg = 63,09 oq.Kkm

(114) Numbor of gsubstation, n: s 2

(iv)  Copocity of the subototion = 3152,9 KVA
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(v} Number of foeder por = 8
per subystation ng
(vi) Length of feedor LQ ' = 17.73 ¥m.

4.4 CRCLUSIUNS 3

tiost of the methodo, mentioned boforo are generally
anplicable to urbon srecas whero the location of future loads
is ktnovn in advance through moster development plans, However
the nothods can't be usoed in rural aroas becsusce there the
locotion of futurc loads is highly unpredictable. This method
used in such cases with effectivenose. Various factors like
load factor, aversge diversity fuctor. zlg=zng factor,sverage load
distribution factor havo boon considered in tho modol which
delivoros ouch beotter and roslistic resulto. The optimal pata*v
noters give 3mideiinea for ovolving asppropriste distribution

systen planning polices and future expansion in an optimel way,
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CONCLUSIONS

Distribution system 1s on intogorsl part of powor
gyotoms In tho prosent work light has beon thrown on couple
of methods for optimol distribution subetation snd primaxy

foedor plonning.

The Gno of the importont factor which has baon
takon into consideration is the rapidly increasing load growth
in any arec. The increased future domend may result in the
overloading of foodors in distribution notwork and elso the
voilation of voltage magnitudes. Model hos boen fornmulatod
for oxpansion of primary feeders end associated voltage
correction., 50 2 sulteble plan $s obtoined for primary feederx

planning.

A.Csadjoint mothod has boon used to find the sensiivitiocs
of foeder curronts ond load bus voltages due to various feoder
additionas. A hourestic approach has boon used for the exponsion
which i6 logical and is Dascod on the rules followed in tho field
and is used in actual practico. The Logic being~ seloct the
fooder (fc:'reinfnrcement) which is most oeffoctive in sllaviating
overloands in distribution foedors and voltage corxectjon at

the substation.

The Looad flow recults are obtoinod with the help of fast
decoupled method which 16 quite an efficient technique. The A.C.
Adjoint mothod which has beon used to calculate the sonsitivitics
of foeders and node voltagoo, sloplifics the wholo problom greatl
In cach itorotion tho Load flow studioo ore done once. On tho

other hand without its usey,in cach itoration load flow gtudy has
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to be done after each feeder addition, This is very time
consuming and slugg.ish process. Another novelty in tho work
peing that an attompt has been made on solving the looped

feeder planning problem.

sSome times a whole distribution system is to be planned
for a new area (spocially rural) or existing area of given load
density. The problem has to be suivea in an optimal way. One
of the way is to optimize the various parametexs which defined
the distribution systems. A mathematical model has been used
in the present work to find the optimal values of the different
parameters which give guidlines for drawing stategles in

distribution system policies and future expansiocn,
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APPENDIX

Tho structure of the prograzna uced Ao shorn 4n Figuro [Ald].
The subroutine INDPHI reads the input dotas to bo fods DATADR ‘
colculates the voluoo of variobles like foedor xesiotanco,

xﬁactanco for whole of tho syston.

Thoe subroutine AN formo the adjoint L.H.S5. motrix. The
currents following in the feeders cnd the eaniuvun curzents in
tho feeders are alce caleulated. Tho subroutine ADJL forme tho
ReHe S aﬁjoiﬁt vostor snd detornines the genstivities of tho
‘fﬁoder-euxiante and the lead bus voltage functions duc to feoder
additions ond shunt capocitor locotion. Subroutine VOLT €inds
- out 4f the voltage ot the load buses are vollated. Tho subroutine
GSJOR invorts tho L.H.8. odjoint motrix. FADELF corrics out load
flow using fast docouplod tochniguo.



16

STRUCTURE OF T PROJNAKME

MAIN
[NDPHM DATAPR CONGRA
FADELF " ADJI ADJ vOLT J
6SJOR
Mirv
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Input Data to be given &

(1) (a)
(b)
(c)
(a)
(e)
(f)

(9)
(h)

(1)

{(3)

(2) Feoeder Data

{a)

{b)
(e)

(d)

NGP - Number of grid and power substation,

NFﬁDu Number of feeders in the systenm

NPSS~ Numbexr of power substation.

NGRSS=Numbey of grid substation.

NTFED=Number of types of feeder.

NCAP= Number of substation at which the
capacitors are instelled.

MAXIT-Maximum number of iterations

NEF = = § = Only the effect on over losded

;1nea is considered.

#0 Effect as all lines is considered,

NCAPAD & 0 Capactor additions to be considered
after distribution expansion.

NBC ~ *»

TFED - Type of feeder
=« Squirreil
2 « Gopher
« Rabbit

COSFD =  Cost/Km of 1™ type of feeder

RF -  Resistance/phase/Km of ieh type
‘ of feeder.

XF -~  Heactance/phase/Km of 1*M type

of feeder
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LFAOM, LTO =

(e) SP

{f) CURAT

(g) BMVA

(b) BASVOL

(1)

(3) FEDTY

(x)  LENFE
Power

.

-

-

Susceptance/phase/Km of gth type
of feeder,

Current carrying capacity of 1th
type of fecder

Base MVA

Bese Voltage in KV

Line terminating buses.

Type of feeder of gth ReOuils
Length of feeder in 4" R,0.w,

and grid substetion Data s

(a)
{b)
(¢)
{d)

(e)

(f)

(a)

(n)

CRIPS

-

CRVAPS =
V or BVlie

VMIN

VRIAX

BTYPE

NUEXF

NUEXP

»a

OR

MU copacity of substation/phase
MYAR capacity of substation/phase.
$p¢¢if1ed Normal Voltaoge
Specified mininum Voltage of
substation,

Specifiod maximum voltage of
substation

Type of substation Grid/power

1f O - Powor

If 3 - Grid

Number of existing feeder single/
double.

Js If can be expanded to double.

Otherwise zero.
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4, Capacitor Date 1

{2) sy - Bus number having capacitor
(b) BS - Susceptance of the capacitors

at each bus.

5. New Capacitor Data

(a) COSCA = Cost of instelling a capacitor
of size BSS
(b) BSS - Sfuaceptance of each capacitor

unit of shunt capacitor.

E 2 L o2
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