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ABSTRACT
•

In determining 'theeconom~c dis-1a'ibutionof ..load between
plants in a large' power system .we socounter th~ need to take
losses in'transmission lines into accou~t and ~o express the
total transmission losses of a power system as a function of
plant loadings. Eastern Grid Network of Bangladesh Power Develop-
ment Board (BPDB ) with four meJor !/enerating planta,. namely at
Kaptai .•Siddhirganj. Ashuganj and Shahjibazar and eight major
load centres is conaideredto be the8ba~is of thia study. The
system is simulated in an A.C. Network Analyzer to determine
loss-formula coefficient matrix. which is utilized to find the
transmission losses as,a function of the plant outputs .•

On the basis of the plsnt heat rate data. input-output
curves. inc~emental fuel rate. fuel cost versus power output
curves for various plant. supplied by BPDB. optimum generetion
.schedules have been obtained for cases of (i) neglecting and
(ii) including transmission losses in scheduling formulations.

It has been shown that a considerable economy in fuel cost
may be achieved in the case of generation schedule by including
transmission losses over that when the losses have been neglected
in generation schedules. lind also over snyother random methods
of generation schedules.
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CHAPTER 1
INTRODUCT ION

1.1 General

An electric po.wersystem consists of.three principal
components: the generating stations. the transmission lines,
and the distributian systems. The transmission J.inesare the
connecting links between all the generating statiens end the
distribution systems. Well-coordinated. flexible and reliable
transmission systems. with per unit cost of production of

. .,.'

electrical energy as low aa possible, are the most desirable
requirements to the power generatingcompeny. As the system
grows •.more and Imcre energy sources must be exploited to'
satisfy the increasing demand, and more tranamission lines
must be built to link thene", generating stations to each
othln:~ the economic aspect of system operation becomes more. I

and:more. important under the growing conditione.

The economic operation of power statiol'lsin an inter-
connected system is a complex problem to the.power system
engineer. This is usually achieved by optimum acheduling ef.
the generating units to share'the total load within the usual
constraints .ofvoltage, epinning reserve and stability limits
of the system.

In an interconnected syetem where electric ~oadis
supplied from more then one generating plant. one plant with
minimum fu.~ cost is normally chosen to supply part or full

•
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•
of the base load of the system. first, Hydro Stations, next
Nuclear Plants, with high 'plant fsctor' are normally eelec-
ted to do so. The rest of the losd of the system has to be
shared by the remaining generating stations. The problem is;
which generator should generate what amount of power to .eet
the total d••and of load such that maximum overall economy
ia achieved. Because of the following factors, ths nsed to
operate the system economically has become indispensable.

first, the generating plants which are normally situatsd
near the fuel eources such ss stored water, Or fossil fuel
reserves, msy not necessarily be loceted edjscent to the losd
centree. The transfer of power over long distances from the
generating plante to the load csntre becomes unavoidable.

Second, the bulk power generated in a given area has
to be transmi~ted to enother area when the genereting power
is in excess of the consumption capacity of the generAting

Third, even if the genereting aree hae the capacity
to consume the total of the locally generated power, power
systeme are to be interconnected with another area for purposes
of economy interchange and epinning reserve cepecity.

Because of its relative importance, the econoclic distri-
bution of loads among diffsrent plants is e great problem to
the load despatch end scheduling engineer.
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1.2 Tranemission Loss Considerations

One of the major .problems involved in the operation of
a powsr system is'the schsduling of generation for tha moat
econlimic eystem operation. ~uch effort has been expended in '
the analysis of fuel ,costs and thermal performance of genera-
ting units at equal incremental 'fuelcostsl• -However. with
the developMent of integrated power systems and interconnec-
tion of ope.rati'ngcompan.ies for purpoees of economy inter-
change. it is necessary to consider not only the incremental
fuel costs but also the incremental transmission losses for
optimum economy.)-

The need to take the transmission losses into account
in determining the economic distribution of load between
plants is thus great.f~lthough theincr~mental fusl cost at
one .plant bus may be lower than that of anot'her'plant for a
given distribution of load between the plants, the plant with
the lower incremental cost at its bus may be much farther from
the load centre. The losses illtransmiesion from the plant
.having 'the lower incremental cost may be so great that economy
may dictate lowering the load at the plant with lOwer incre-
mental coet and increasing it at the plant with the higher
incremental cost. The coordination of increment.a! fuel cost.
Bnd incremental tranemission losses results in a considerable
amount of fuelsavinga in terms of money.)

I
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.Another aspect of the determination of transmission
losses is in .connec.tionwith billing for vllriousinterconnac-
tion transactions for the operation of interconnected systems.
The revenue to be g.ained by properly billing for losses. involved
during interconnection transactions may be indeed a very large.

Transmission 108s cOnsiderations have often. proved to
be important in the planning of future systems with particular
regard to location of plants and the design of transmission
lines.

1.3 Rilview of Published literature

A tran8mi8sion-loss~formulaexpressing the total trans-
mission losses in termS of source p.owers was first presented

2by E.E '-George in 1943. The formula was of the fo,llow1ng
form:

PL • total transmission losses
222

= BnPl .•. B22P2 "" B33P3 .•.•••••••• '"

.•.2 B12PIP2 + 2B13PIP3 .•.••••
+ 28 P P .•. '.• + 2BP P .23 ,23. • • • mn m n
=L L P B P •••m n m mn n

where P • P = source powers;.m n ..
Bmn= transmission ••loss."formula coefficients.



5

•
The determinationcf the
longhand procedure which

B coefficients .as based on •mn < ' , < "

required two to th:reeweek's wark
by two men for. system ,of eight to ten generators.

The application of the network analyser to,detsrmins a
similar loss formula was ~eveloped<later by Ward, Eaton and
Hale3 of Purdus University and published in 1950.

At the 1951 AlEE Summer Convention, !i. Kron, in conjunc-
tion with Ii.W. Stagg and L.K. Kirchmayer. presented companion
~liIperlil.,,5'whichdescribed an improved method ,ofdariving liI,

total transmission lass formula requiring considerably less
netwarl< analyzer measurel1lentsand aJ.ithmaticcalculations.
Reference 4, in a~ditionj< ~valu~tedthe discrepancies intro-
duced by the assumptions made in obtaining a loss formula.

',Theepplicaticinofautom~tic digital computers to
calculste<a loss,formula wes,presented by A.F. Glimn, R.
<Haberlllann"Jr." L.K. Ki1'chmiily'sr.andG.W.'Stegg in the summer
of 19536• An improved digital-computer lIlethod<ofcalculating
loss-formula coefficients is given in Referencll 7.

W~R. Brownlee8 has indicated a method of expressing
transmission losses in terms of generator voltages and angles
and the X/R,ratios ,of'the transmission, circuits. Also, loss
formulas involving linear terms and a constant .term. in
addition to the quadratic terms indicated by Eqn. (1.1).
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have been recently described9•10• Ths form of the 1088
equation ie than

The firet major etsp in the development of a method of
coordinating incremental fuel costa and incremsntal trene-
mieBion loaaee was presented in 1949 by E.E. George. H.W Page.
and J.B. Wardll in their uee of the network analyzor to prepare
plant loading schadulee for a powar eyatem. At the sams time
the electrical engineering staff of the American Gas and
Electric Service Corporation. also with the aid of the network
anelyzer. devsloped a method of modifying the incrementsl fuel
coata of the varioue planta on an incremental elide rule in
order to eccount for transmission losses. Next. the American
Gas and Electric Service Corpor'tion. in cooperation with the
General Electric Company. successfully employed transmission-
loes formulas and punched-card machines for the preparetion
of penalty-factor charte to ba uaed in the economic scheduling

12of generetion • The incremental production cost of e given
plant multiplied by the penalty factor for that plent givee
the incremental cost of power delivered to the system load
from that plant. Optimum economy with the effect of tranemi-
eBion loeaes considered ia than obtained whan the incremental
cost ot delivered power is the aeme from all eources.



••

I

7
•

13In 1952. L.K. Kirchmeyer. G.W. Stegg presented a
mathematicel analysis of verioua methode of coordineting
incremental fuel caste end incremental trenemiesion losses
and an evsluation of the savings to be obtsined by coordina-
ting incremental fuel costs end incremental tranemission
loeaee. Progrese in the analyeis of the economic operation of
a combined thermal and hydro-electric power eystem was reported
by W.G. Chsndler, P.L. Dandeno. A.F. G1imn. and L.K. Kirchmayer14•

An interetive muthod of celculating generation schedu1ee
suiteble for the uee of a high-speed automatic digital computer
hae been described by A.F. Glimn. R. Habermann. Jr•• L.K.
Kirchmayer. and R.W. Thomas15• For a given total load. the
computer calculatea and tabulates incremental cost of received
power. total transmission losses. total fuel input. penalty
factors. and received load. along with the allocation and
summation of generation.

The Americen Gas end Electric Service Corporation earl¥
in 1955 instelled en incrementel trensmission loss computer16•17•
This computer calculetea incremental tranemieeion losses and
penalty factors for various eystem operating conditions. The
coordinated operation of this computer and an incremental
slide role furnishee a flexible and accurate method of taking
into account the changing system conditions in the plant and
on the tranemieeion eystem.
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with respect to interconnected systems energy accounting,
methods18,l9,20,21,22,23 recently developed permit determina-
tion of loss formulae for sach separate company, and analytical
interpretation of the losa-formulae of these companiee for
etudy of loeses in interconnected operation. Loss-formulae
cen be derived which expreee lossas in a given area in terms
of the source and interconnection loadinge of that area or in
terms of source loadings in all arees and the scheduled inter-
change between areae. These fozmulae can also be used to express
change in lossee from a given condition in terms of ths changee
in eource loadings aad scheduled flaws from 8 given condition.

l.~ Scops of Thesis

The scope of this thesis lies in the determination of
trsnsmission 10s8 equstions for the Eestern Grid Network of
Bangledesh Power Davelopment Board (BPDB)- using a G.£.A.C.
Network Analyzer, and in the determination of the mast economic
gensration schedules for the generating plante of the same
system, including transmission losses. As far as is known ,
optimum generation schedules for the genereting plants of the
system under investigetion, including transmiesion losses
hee not been attempted so far, in the exieting eystem.,although

• Previously known as East Pakistan Water and Power
Development Authority (EPWAPDA).
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considered most desirable on all accounts., Econolllicoperation. ,
of combined Eastern end Western Grid System has not been attem,-
ted since tha two grids have not yet been interconnected'and
moreover.; the ge\nerating capacity of the Western Grid is quite

'..;'

small in comparison with that of the Eastern Grid.

In order to echieve the above objectivesJ,the necessary
,studies and experimental works wllre as follows:_

(i) to develop a simple method of determining transmi-
ssion 108588 of the system under study.

(ii) 'to'0l:1t8in.),oss~formul.~coefficientmatrix for the
system from network analyzer study.

(iii) to ascertain tHe assumptions to be made in
determin~ngclosse8.

(iv) to obtain separate generation schedules by including
transmission losses and by neglecting transmission losses.

lv) ~o estimate the transmission losses under the two
methods of scheduling.

(vI) to investigate the difference of fuel input for
the above two cases and also to compare these with the inputs
obtainable by arbitrary loading of generating plants.

(vii) to calculate annual savings echieved under the
!Bostdesirable schedulings.
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1.5 Summary pf the Remaining Chepters

In Chapter 2 a theoretical discussion of the economic
operstion of 'generating' plents has been mede for the method
of neglecting transmission losses in generation echedules.
The different characteristic curves involved have been obtained
and drawn properly.

Chapter 3 gives B, theoretical analysis of 1;he development
of transmission loss equations for the adopted system and the

assumptions involved.

Chapter 4 presents the practical procadure of determina~
tion of loss-formula coefficients by means of network anelyzer
for the system under investigation.

In Chapter 5. incremental production costs of the plants
have been coordinated with the transmission losses of the
system to find the generation schedules. Individual plant
generation 'against the total gansra'tionend total,received
loed has been found f.or various values of incremental cost
of received power. The schedules thul!lobtained heve been
cGmpared with those obtained by the method of neglecting

1:ranslllissionlosses.

In Chapter 6,. s brief discussion is made upon the amount
of,unnual ,savings. as a resul1: of includingt~~nsmission losses
in genera1:ion schedules. A comparative study of fusl inputs

'1
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'has been g;i;ven. with other arbitr",r.v inethodsof ,loading the,

gf!lneratingplants.
I,' _. .

Conclua,ionsof, this, s1;ud.vareprelsentsdJ.n ,Ch~pt!ilr7.

Thisci:lncludingchalJtera~so ccmtains a few pOEisibleexten-

sionsof the' work ',in 'tile future,.
: ' ..

,\

•

.



CHAPTER 2

•
ECONOMIC OPERATION WITHOUT CONSIDERING LINE LOSSES

2.1 Introduction

for a power system to return a profit on the capital
invested. proper, operation is very important., The power deli-
vering companies. to this end,. always ,try to achieve maximulJI,
efficiency of operatio~ and to improve efficiency continually

.'

in orde1; to maintain a reasonable'relation between cost of
kilowatt hour to a consumer and:,ll;becost to the company of

.r~'

delivering a kilowatthour in the face of constantly rising
prices of fuel. labour .•supplies and maintanancs.

In operating the system for any load' condition the
contribution from each plant and from each uni~ within a plant
must, be determined so that the cost of delivered power is a
minimum. How the. engineer has met and solved this challanging
problem is the subject of this chapter.

An early method of ,attempting to minimize the cost of
delivered power called for supplying power from only the most
efficient plant.at light loads. As load ~ncreased+powerwouid
be supplied by the most efficient plant until the point of,
maximum efficiency of that plant was reached. Then for further
increase in'load. the, next most efficient plant would start to
feed power to the system., and a third plant would not be called
upon until the point of maximum afficiency of the second plant

••



was reached. Even with transmission losses neglected this
method fails to minimize.

We shall study here the most economic distribution of

•

the output ofa plant betwasn the generator units within the
plant. Since system generation is often expanded by adding'
units to existing plants.'the variQus units within a plant and
hence the various plants, usually have different characteristics.
The method that will be developed is also, applicable to economic
scheduling of,various plant outputs for a given loa,ding of the

•
eystem without consideration Qf transmission losses.

2.2 Charact'eristics Curves of Pllan1:e

We have taken the Eastern Grid System of BPDB for economic
study. full description of this system will bEi found in 5ec.3.2.
four large gsnerating plants at Kaptai. Siddhirganj •.Ashuganj
'and Shahjibazar mainly supply the system load. The Kaptai plant
is a hydro plant which has a minimum fuel cost and may be
employed to carry the base load. as usually happens. The rest
of the plants will have different characteristics. To determine
the economic distribut.ion of load between thase plants, (or
between units consi8ting of a turbine. generator and boiler
within a plant). the fuel input in Btu per h';lurmust be known
as a function of the power output in megawatts. Typical input-
output c~rves. for Ashuganj .•Siddhirganj and Shahjibazar plants
are shown in fig. 2'.1. ,".iththe fuel input in Btu per hour

• Obtained by the courtesy of Effi~iency Engineer. BPDB.
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•
againat tha outputs,in megawatta. The corresponding 'heat rate'
which is obtained by dividing,tha input by the corresponding
output. ia given in Fig. 2.2. It is to b. noted that unita
aasociated with haat rate are Btu per KW-hr.

Another consideration is to find 'incremental fuel rate'
data. It ia given by the following definition:

incr••antal fuel rate • 'A input
A output • • • • • • (2.1)

In other word•• the incrementel fuel'retei. equel to • slI1all
change in the input divided by the corresponding a.all change
in the output. Aa the ~ quantities become progressively amallar;
it is aeen that the

incremental fuel r.te e "(input)
.(output! ••••• (2.2 )

Th. unita a.soci.ted with the incremental fuel rate are the
aalleas the haat rate (that is. in Btu per 'KWh~ ). Fig. 2.3
gives the incre.ental fuel rat. versus station output graph
for tha three planta.

Again,.fig. 2••••shows specific fuel cost in paisa per
KW-hr. with .egaw.tt output for Siddhirgenj. Aahug.nj and
Shehjibazar plants. The fuel costa of the "abeve plants in Taka
per million Btu are given in Table. 2.1. 2.2 end 2.3. These
costa .ay be used to con~ert the units of input-output curve

• Obtained by the courtesy of Efficiency Enginesr. BPDB.
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•
to input in Taka. per hour versus output in lIIegawat ts.,f iga.
2.5(a) and 2.5(b) show such input-output chl1racteristica for
Ashugenj. SiCildhirganjand Shahjibazar plants~

Again. the incremental fuel rate is converted to incre-
mental fuel cost by multiplying the incremental fuel rate in
Btu per Kill-hr.by the cost in Taka per million Btu. The i:ncre-
mental fuel cost m.y elsa be obtained from the slope of input
(Taka per hr. ) versus output (MW) curves. The ,unit of incre ••en-
tal fuel cost is usually Taka per MW-hr. The incremental fuel
cost graphs for the.,-tbree .p1ants are given ,in fi9. 2.6 •

•

fuel cost \
(Taka/million

Btu)

1.6 -9 ;"72-
•• • ••
It It

" It

" "
R R

It "
" n

n n

" a

of Ashuganj Power Sta,tlon
\ fuel input 1

(Thousanll
Btu/Kill-hr.)

TABLE 2.1
fuel cost Data,

10 1.78 11.1
15 1.72 10.8
20 1.66 10.45
25 1.62 10.1
30 1.58 9.85
35 1.54 9.60
40 1.52 9.46
45 1.49 9.J8
50 1••6 9.30
55 1.48 9.30

IPower output j Spec,lfte
(Mill) fuel cost

(pai••/KW-hr)

,

I
,
~~

F
,



TABLE 2.2
fuel coat Data of Siddhirganj Power Station

16
•

Powar output Specific fuel input fual cost fuel coat
(HII) .fuel cost (Thousand (paiss/ (Taka/millioll(.paia./lW-hr) Btu/KW-hr.) Thousand Btu)

•• Btu)
10 2.06 18.10 .16 1.6 ....". '3'1')..
15 1.96 12.35 .16 ••
20 1.69 11.90 " "
25 1.86 11.68 " ••
30 1.67 11.69 n II

35 1.88 11.70 " ••
40 1.89 11.78 •• ••
45 1.895 11.62 ( •• ••
50 1.90 •• 11.90 " "

TABLE. 2.3
,

fuel cost nata of Shahjibazar Power Station

Specific fuel fuel input
cost (Thousand

(paiea/KW-hr.) Btu/KW-hr)
Power Dutput

(HW)

6
7
6

9
10
12
15

,..."').0

,95
~o
~

40
H
SO
~O

1.80
1.60
1.50
1.44
1.36
1.30
1.22
)'3.1
/,')t,

I' 21
I' Ju
, '2'
/ . '2. •.

,-~l'
,"z''L

19.0
17.6
17.0
16.0
15.2
14.4
13.65
'y<;O
H' :i.S
')' "S
/4 ' t,
1"l,a
I~''5':
'''1 ' ;'0
'3' {,:;

fuel coet
(p~in/
Tho~lInd
Btu')

.09
"
••
••

"
"
••

fuel cDet
(Taka/iIIil1ion

Btu)

••
"

'11

B

"
"

'.-
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2.•3 IncreBlentalProduction Costs

The incremental :production cost of II given unit or plant
is maclllup of incremental fuel coat plus the increMental cost
of such items as labour. supplies. maintenance and water. It
is necessary for a tigorous analysis to be able toexpraBs the
costs of these productlion items as a function of instantaneous
ou:tput.However, no methods Bre prllsent.lyavailable for express-
ing the cost of labour. supplies or maintenance accurately as
a function .ofoutput .•Arbitrary methods of determining incremen-
tal costs of labour. supplies .•and maintenance are used. the
co.monest of which is to assume these costs to be II fixec!
percentage of the incremental fuel costs. In many systems. for
purposes of sche.ulinggeneration. the incremental production
cost is assumed to b,eequal to the incremental fuel cost. W••
shall assume. for our purpose. the incre.ental production cost

2.as equal to the incremental fuel east •

2•• Optimum Generation Scheduling by Neglecting Transmission
Losses.

Wa can now discuss the 9ui.ing principle of the most
economic scheduling of generation for distributing t~e loa.
among the units within a plant or alilongthepiants'witbou~
considering transmission losses of a system. for instance.
let us suppose that the total load is supplied by two units
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of a plant and that the division of load between these units
•is such that the incremental production cost of one is higher

than that of the other. Now. let us suppose that some of the
load is transferred from the unit with the higher incremental
cost to the unit with the lower incremental cost. Reducing the
load on the unit with the higher incremental cost will result
in a greater reduction of cost than the increase in cost for
adding that same amount of load to the unit with the lower
incremental cost. The transfer of load from one to the other
can be continued with a reduction in total production cost.

/until the incremental production costs of the two units are
equal. The same reasoning can be applied to a plant with more
than two units or more than one plants (without considering
transmission losses) in a system. Thus the criterion for
economic division of load between units within a plant or
between plants in a system without considering transmission
losses is that all units or plants must operate at the same
incremental fuel cost.

The above statements may be justified in the following
manner:-

Let fn = input to nth unit or plant in Takas per hour.
ft = total input to .system in Takas per hour.

Then ft = z: f ,,
1'1 n [' ,

...
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•
It is desired to schedule generation such that

Ft •••Minimum
with the restriction that

• • • '. ,. .

~ P ••PR •••received loadn n '. '. ,. (2.4)

where p ••output of unit or plant n.n " "

As explained above and also ahown in Appendix-A. conditions
2.3 and 2.4 are satisfied when

• • • .• .. .• (2.5)

where ••incremental production cost of unit or plant n

per MW-hr.

Stated. in words. the minimum .input in Takas per hour. for a

following equation:

.Again.the.increlllen'tal production cost of'splant over ••
limited range may be represented by

given total load is obtained when all generating units or .plants
are operated at the salle increlllentalproduction cost •

•

(2.6)• • •.• .. '. .•
dF

•••__n~._•• F P + f
ndP" nn n

where Fnn •••s),opeof' incremental production. cost curve.
1'. intercept of incremental production cost curve.n

Economic generation schedulas"are obtained by solution of the



27

••• ..'. (2.y)

•

for various values of?,-,. In Eqil. (2.7) increasing 1\resul~e
in increase.in totelgeneration, decreasing 7'- reeults in a
decrease in total generation.

2.5 Approxirietionof Incremental Production Costs

Incremental production cost for a plant or for a unit
for any givsn power output is the limit of the ratio of'the
increase in cost of fuel input in rakas per hour to.the corres-
ponding increase in power output in megawetta as the incre.se
in power output.approeches zero. Practices vary greatly among
companies in the representation of the incremental production
costs. Some companies have .refined the curves of Fig. 2.6 to
include discontinuities due to valves, whereas others use Ii

block representation.

In the interes~ of obtaining en economic design it is
necessary to discover the simplest straight-line.approtimation
of the incremental cost data that may be made without in.curring
appreciable loss in operating economy. In analytical work. the
'curve is of~en8pproximatedby one or'more straight lines.
Fig. 2.6 shows that incremental p,roduction J::ostis quite linear
with respect to power outpu~ over an eppreJ::iablerange~ Thus
the dashed straight-lines in the figure is agoocl approxilllation
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•
of the curves representing SiddhirganJ. Ashuganj and Shahji-

bauir incremental production costs' with megawatt output.

2.6 Differ.not Considerations end Limitations to Scheduling

Although the criterion of equal incremental production

costs will result, . in the optimumeconomic scheduling .of

generation. the following

still found. inuse25 .'

methods 'of scheduling are sOllletimes

1. BsseLoading to Capacity .•

The turbine""9anerator units are successively loaded

to capacity in order of thair efficiencies.

2. Base Loading to Most Efficient Load4

The.turbine-generatoJ:'l:Inits are successively loaded.

in,ss.cending .orderof thl?ir 'heat ratee. to the1rm08t efficient

loads. When.all units are ,operating at 'their- mosteffie!ent

loads they are loaded .toc~pecity. in the sallleorder.

3. Proportional. -to C~pacity.

The loads ontha units or plants are schedl:lled in

. proportion to thelr rated capac.ity.

The discussion thus far has considered the optimumallo-

cetionof generation for a given connected capacity. A problem

which is not answered by inspection of incremental ,cost data

is thedeterlllination of the maximumcapacity to which a plant
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•
can be operated for a given total amount of load. Determination
of this ,capacity ie based upon such considerations as

1. Economic evaluation.
2. Reserve 'requirements.
3. Stability limitations.
~. Voltage limitations.
5. Ability to pick up load quickly.

Very frequentlYt and in particulart in ex~ended systems. condi-
tions 2 to 5 overrule condition 1.

The determination of thelllost economic combination of
capacity to be operated at l!I given time is accomplished by

inspection of the total fuel input to the system for various
assumed combinations of capacity,. Of course. for any assumed
capacity in operation. 'the economic e110cation of generation
is given by equal incremental cost loading.

In general. in a given station the units are placed in
service in ascending order of their heat rates assuming the
cost per Btu to be the same. To de1:ermine the most econQmic
combination of units fora given station load.•, it is neceseary
to plot t01:81s1:a1:ionheat rate ClJrves of successive combine-
tiona and to note the combination providing tbe lowest heat
ra,te for a given station load.

Another problem of impartsnce is to determine the economic
advisabili"ty of taking units ,off the line for relatively short -
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periods ".13,' time. such as between the, Illorningand evening peaks ~
This determinsti,om is based upon ,calculating the total fuel
input .i,nTak,ss to the system during, this. period of time with
the units in, question both on and off the line. This calculation
should incl~de cost of restoring ,the'units underconsidera.tion
back inser~ice and losses involved in banking the boilers.

Ans'.lslysis of
despatchingof'power

the 'effects of errors in the economic
26 ."systems .is'important in understanding

sndchoosing',\:hesccuracy requirements of the components of a
despatching system.

Deviations from the most economic schedula are obtained if
(1) The representation of the incremental 'production cost

curve is in error.
(2) The servomechanism loopwhich,matches the desired

generation with iihe actual. generation is inaccurate. In case, c

of 'manual ,oPllration the station ,operator represents the servo-
mechanism loop •

.The two types of error indicated may occ:ur in an automatic
deepatching'systam as well as in the manual despatching of a',

power system.

From a study of the effect of simultaneously displacing
the incremental cost of one' source by (l+E:) and' the incre!1'ental
cost of anether source by (1 ,••E) the following conclusions may
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24 'be drawn:
(II) The lose in heurly economy varies as the squareD'

the per ,unit error E in the representation of the incremental
produc.tion cost~

{b} For a given value of E the loss 0' hourly economy
varies directly as the square of the incremental cost level
and inversely as the average slope of the incremental cost
characteristics of the sources in question •.

From a study of the effect of displacing the output 0'
one source by + ,APMW end the output of another source by
'-Af> MW from th. desired economic value it is noted that the
loss of h':lUrlyeconomyvaries as the s'quareof the 6.PMW

24deviation frOG optimum schedule •

2.7 Systems with Trsnsmission Losses

In the general ,caseell.ources of generation ere not
located at the same bus ,but ere,connected by means of a trans-
mission network to the various loads. Some plants will be
~avourably located with respect to the load than others. Also.
if the criterion of equal incremental production costs is
applied. there will, in gener,sl. be transmission of power from
low-eost to high~cost areas. Again. indatermining the economie
distribution of loed between plants. it will be necessary to
recognize that transmission losses occur in this operation and
to modify the incremental production costs of all plants to
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take these line losses into account. To coordinete trsnsmission
losees in the problem we need to express the total transmission
losses ofa system as a function of plant output •

.Chspter 3 ,.,ill deal with the development .of t.ranslDission
loss equation which will be necessary to find optimumgensration
schedules with transmission 10sse8.



CHAPTER 3

DEVELOPMENf Of TRANSMISSION LOSS EQUAT10N

3.1 In1:roduc1:ion
To include 1:rsnsmission losses in scheduling of'plant

outpu:t 1:hebasic probleillinvolved is the determination of
an expression for 1:hetransmission 10.ses in terms of plan1:
ou1:puts. for 1:hispurpose. it is desired 1:0proceed from a
circui1; in which 1:beva~ioussources areconqected by an
arbHrary 1:ransmission 'btwork to1:h-e individui,il1oads.'a.
shown in fig. 3.1. to anequivalen1: circuit. as suggested in

•

fig. 3.2.

Gill

Gn

~ ...., \.._--..,.
'-'
Sources

Arbi1:rary
Transmission
Network

--:- -----
Loads

fig. 3.1 Schema1:ic diagram of a system connecting
sources and loads by arbitrary 1:ransmission
network.
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Hypothetical equi-
valent load point
(L.-
System load

•

- - •..--------
-

-
BRm

--
- -
--

- - -
Pm

Gill -
P.fl

Gn --
1"
\ ~----..•. /

hypothetical load.

The transmission losses" -of both Figs. 3-.1 and 3.2 are to be
idantical and may be expressed in the following manner:

For Fig. 3.1
~2PL ••.\tikRk (transmission losses in terms of

line parameters) . .' . (3.1)
where ik ••st;alar line current in line k

Rk ••resisllence of line k

For Fig. 3.2

PL =.~ f t'mBmnPn (transmission 10SS8S in terms
of source powers.).• • • (3.2)

where Pm. Pn ••outputs of sources Ill, n.
Bmn •• loes-formule-coefficient mlltrix to be determined.
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•.The method of tranisttormetionof Fig. 3~1 to 3.2, developed
by Kron5 ie shown in A'ppendix B. In this chapter. we shell
develop equations expressing system loeses in terms of 108S-

formule- coefficients and source powers.

3.2 Description of Eastern Grid SystelRof Bangladesh Power
Development Board27•

A general geographic layout of,Bangladeshwitb the
electric network as existing at present is shown in fig. 3.3.
The basicproblsm for the electric high voltage network of
this country is created by the fact that the country is divided
into an .astern and a western region by the Jamune river •.
Therefore, the basic concept of the Power Development Board

sefore,eatwo independent networks •.an eastern end iii western Ol'l'S'.

'The generating capacity of the western region is small in
comparison with that of the eastern part. Hence., eastern grid
system or network has been taken up 88 the basis of this study.

A map of 132 KV system of the Eastern Grid showing major
'generating plants and principal interconnections ( at present
in operation) is indicated in fig. 3 ••• The interc,onnected

.systelllincludes four major generating stations. namely. Kaptai.
Siddhirgarij. Ashuganj and Shahjibazar and eight major load
cantees. The system covers an apprQximate dist8n~e of 300'

"
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-
circuit miles. For the purposes of developing techniques and
to determine the accuracy of transmission 10ss formula. a
simplified imped!incediagram of the system is shown in
Fig_ 3.5.

Physical s,implifications made were the following facts:

1. Multicircuitlinea were paralleled .•
2. Small ttl!lppingstationswe~e omittel!l.
3. Generators weredirect:ly bussed to the high

voltage line.

3.3 Assumptions

The loss-formula coefficients may be consider~d as an
equivalant transmission loss circuit from each generating
source to the hypothetical load point aBshown in Fig. 3.2.

An attempt to developgeneral'loss-formula coefficients
and consequently the transmission-lose-formula. as will be
obtained presently, requires followingaimplifying aBsump,tione:

1. The ratio X/R ia considered to be the same for all
brancheaof the network.

2. All load currents hBve the same phaae angle and
maintain e constant ratio to the ,total current.

3. The voltage at every source bus remains constant 'in
magnitude.
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BAY or BEN GAL

Fig.3.B;' Mop of Bangladesh with ~Iectric
network of B PD8. ~,j
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4. Power factor at each source remains constant •.
•

5. Voltage phase angltlsat source bus.. - remain constant.. .
This assumption is equivalent to assuming that source currents
maintain constant phase angles with respect to a common rsfer,.
ence since source power factors are assumed constant.

The assumption that load currents maintain a constant
rstio to the total load current is reasonblyvalid for most
loads. Thus assumption"2 implies that the ratio of individual
load current t.othe total load current (called current distri,.
bution factor) can be treated as real numbers. This assumption
could be avoided if the ,availability of a large digital computer
made the use of more elaborate method feasible.

Where extreme variations in operating conditions"~ccur
so that the assumptions cause appreciable errora in loss calcu-
lations. one or two additional sets of loss coefficients may
be determined to apply to widely different circumstances. Many
power companies. however. obtain sufficiently accurate results,

based on just ons set of coefficients calculated for a typical
~

3.4 Application of Superposition Principle to find Current! .

Distribution Factors.

let us consider the system of fig~ 3.1 which is redrawn
with two generating plants and indefinite number of loads as



28snowtiin fig. 3.6. The technique which will be followed' can
be extended easily to suit e system having an~ number of
sources.

(e)

(3.3). ~..

f19. 3.6 Schematic diagram sho"'1'ngtwo generating plants connected
through an arbitrary network to any number of loads. One
branch k of the network is indicated.

One three-phase line within the'system is designated as
branch k. In ~ig. 3.6(a)~ only source 1 is faed~ng the ayst~m~
but all loads are connected. The tot.al10Eldcurrent iL is
supplied by source 1. and the current in line Ie due to source J.
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Similarly. with source 2 supplying' the entire load as indicatad'
in Fig. 3.6(b). let

ik(~L=
iL .'.. (3.4)

o

By the superposition prin(:iplewith both sources connected,
as shown in Fig • 3.6 (c).•the current in line k is

.-. '. ••• (3.5)

where iG and iG .are the currents from plants land 2,. respect've-
1 - 2

ly. The ter:mNk(l) end Nk(2) ere called the current distribution
factors due to source 1 and 2 respectively. For n number .of
sources, the current in line k is

• • • • + N iken) Gn
.-'.. (3.6)

The current distribution faetors Nk(n) can be readily found
when the system is set up on an a-c calculating board. The
values of these factors for the'system considered in Sec. 3.2
are found in Chapter 4. Under the assumptions .made in Sec. 3.3.
the current distribution factors are rea!. rather then complex.

, - ,
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3.5 Gen'era'lExpression for loss-f,orinula-coefficisnts and
Transmissioi .•.LossE:quation

Derivation of the general form of the transmission loss
equation for any number of sources is shown in Appendix'C.
It is the same sa given in Eqn.{3.2) and is rep~eated as

PL "'L 2:P B Pm n mmnn • • • ••• (3.2)

whers ::L and L indi'cat,eindependent summations to include
, m It

all sources.

for 'instance. for three sources.

••• ••• (3.7)

Again. as shown in Appendix c. the general expression for
the loss-formula-coefficients is

,. .' ,. , (J ~8)

.- ... '
where ~ •••phase angle of current of generator m with respect

to ,some common reference.
an ...phase angle of 'current of generator n with respect

,,to some common refer,eoce.
pf= 'polllsrfactor of generator III.
III



pf - power factor of generator n.n

Nk(m) • currel)t distribution factor of line'k when
all the load is supplied' by ,generator malone.

Nk(n) • current distribution factor .of line'kwhen
all the load is supplied by generator n alone.

Rk - resistance of line'k.
In matrix f,ormEqn.(J.B) may be written (for a total of n
sources) as :

fIl11 812 B13 - ... ••• BIn
B21 B,22 B23 ..,. •• B2n
•

•
B •• ..(3.9).rnn

• I
I

• ..JBnl Bn2 Bn3 • • • .'..

The numericsl values of the B matrix snd the transmission
losses for our considered system Bre given in Chapter <t.. .
; .

•
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CHAPTER ••

THE PRACTICAL DETERMINATION OF LOSS FORMULA COEFFICIENTS

".1 Introduction

ThiB~chapter deals withthe s~13Pby ~tep procedure showing
ho" the loss:-formlllacoeff:i.cientt'ifl)r.tl1esye;temconsidered in
Se~. 3.2 have been determined frl)mactual operating conditions.
One G.E. A.C. Network Analyzer having the c~pacity of represen_
ting ••generator units, 30 transmission line units .•10 load
un~ts. 15 buss units, 12 capacitor units and ••autotransformer
units has been utilized for this study (fig. ".1). The procedure
outlined in Chapter 3 has been followed in this chapter.

. for the studies and calculations on the network analyzer.,
the system was represented as closely as possible to the existing
network. Yet a few common reductions were made .in order to
simplify the procedure.

The reductions are:
(1) Generators in the.same station and on the same high

voltage bus were represented as one unit.
(2) Double circuit end parallel lines were represented.

as one common line.
(3) The generators were connected directly to the high

voltage bus without consideration of the unit transformer.
(••) Loads were connected directly to the high voltage bus.
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4.2 Simulation of the Circuit in Network Knalyzer

Fig. 4~2 represents the Eastern Grid System of Bangladesh
Power Development Board as simulated in the G.E .A.C" Natwork
Analyzer. The numbers identifying generators, loads, lines, and
capacitors are given in accordance with the particular unit
number used in the analyzer. Fig. 4.3 shows the photographic
view ,of the experimental set upes the systsm has been simulated
in the G.E.A.C. Network Analyzer.

The setting up of the line impedances of Fig.,3.5 requires
selection of proper range of the units available with the
analyzer. The schedule of line imp,edances in this analyzer is
given in Table 4.1.

A normal operating day load (date 27.8.70l. 8 typi~al day
in BPDB System is shown in Fig. 4.4. The data of the daily
variation of this load encol:lnteredat different busaea'suchae
Kaptai+ Madanhat, Heliahahar. Camille, Siddhirganj. Ullon.
Aehuganj and Shahjibazar are given in Table 4.2. The hourly
variationa have been averaged and used in the network analyzer
study. The average distribution of load on different busses
is given in Table 4.3~ The schedule of these loads in the
Analyzer is given in Table 4 •••

The purpoae of using average load is to make the resulting
loss-formula coefficients consistent with the variation of daily
load cycle.,The schedule ,ofline capacitances in the analyzer
is given in Table 4.5.
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-TABLt ".1
Schedule of Line Iapedancee

Batie KV_132

a.8e "V"_lOO
•

•-

,

CiJ:'cuit "••• ZooR+jXL Li". unit
No.

£2/XL
(Q.liet. by L)

22 E2~/Z2
(Q.lIet by'R)

E2R/Z2,( p.. cheeked)

",

.
A , 0.0123+jO.0442 LS .226(f;-.1) .0021 .21 ' .0~B6

"

B 0.0459+.10.164 L6 6.1(E--l) .02B9 5.67 ,1.59
-

c 0.0213+.10.096. L15 10.4(E-1) .00994 ' 9.66 2.79
-

D 0.0132+JO.0495 , L19 .202(t_.l) 0.00262 .189 .0504

0.0096+jO.0362
,\ .

E Lu. .2T6(t;-.1) .00140 .259 ,,0685

F' 0.025+JO.092 Lao .109(£-.1) .00901 .'1015 ~0276, ,

G 0.0162+.1.0585 L2S .171(£-.1) , .00368 .158 ,.044

~,
J •.

<.n
•••



TABLE: 4.2
DaLly Variation o~ Load on Diffa2ent Bueses

Load on Busses (AW)
Hour Kaptai Madanh.' Halishahar Comilla S!ddM .••• UlloA Ashuganj 'Shahji- I

9Mj baZllI1'

00 3.2 8.0 23.0 5.2 31.0 20.0 2.2 .96
01 3.0 6.5 22.0 4.7 29.7 . 18.0 1.9 .80
02 3.0 5.S 21.0 4.4 211.8 18.0 1.8 .80
03 2.5 6.0 21.0 4.4 26.6 16.5 1.8 .80
lJ41\ 2.1 6.0 20.0 4.4 25.6 16.5 1.8 .80,

05 2.4 6.5 24.0 4.9 25.6 . 16.0 1.7 .75
06 2.5 7.0 23.0 5.9 31.36 16.0 2.0 .75
07 2.7 9.0 24.0, 6.4 46.15 19.0 2.1 .75
08 3.0 10.0 28.0 6.7 51.70 20.5 2.4 .85
09 2.9 11.5 26.0 6.-9 55.38 21.0 3.1 .97
10 3.0 11.5 27.0 6.8 59.23 22.0 3.8 1.20
11 3.1 11.0 25.0 6.8 58.53 22.5 3.5 1.50

Contd. to next psg_ '"IV•
..- .--

,- ~/>.' ,

~
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TABLE 4.2 (Continued)
12 2.9 11.0 25.0 6.7 59.27 .22.0 ' 3.,6 1.40 '
13 3.0 \ 26.0 57.20 " 21,0 3.5 1.3010.0 5.9
14 3.5 1,0.0 27.0 6.0 55.80 20.0 . 3.5 1.30
15 3.6 10.5 26.0 6.9 55.90 20,1 3;.4 1.26

,
16 4.1 11.0 25.0 6.5 58.80 22.5 3.4 1.50
17 4.0 11.0 26.0 6.9 57.0 27.2 '3.6 1.55 '
18 4.62 12.0 29.0 B.O 60.10 ,32.0 3.9 1.65
19 4.7 12.5 30.0. 8.5 65.0 32.0 4.0 1.70.
20 4.B5 13.5 30.0 6.0 63.9 31.0 4.0 1.60
21 4.5 12.0 30.0 .f .6 57.50 30.,0 3.6 1.45
22 4.2 11.0 24.0 6.5 45.90 27•.8 2.B 1.20
23 4.0 9.0 24.0 5.6 33.9 24.0 2,,4 1.0
24 3.0 B.O 23.0 5.2 31.:0 21.0 2.2 .92

Average
Load 4.0

(M\il)
9.0 25.0 6.0 50.0 22.0 3.0 1.•5

Ul
to>



TABLE 4.3
Av.erage DistribiJtion of Load

MW.
,Load at Hlii P,.U. HVAR P.U. MVAR-Bues

Kaptai 4.0 .04 3.0 ,•.03

Madanhat 9.0 .09 6.8 !O68

Halishahar 25.0 .25 18.0 .18

Camilla 6.0 .06 4.5 .045

Siddhirg~nj 50.0 .050.' 38.0 .38
,

Ul10n 22.0 .22 16.5 '-165,
Ashuganj 3.0 .,03 2."7 , .0227

Shahjibazar 1.5 .015 1.25 .0125

• Base MVA= 100

54



Location
Load at

BuslI

, TABLE. 4.4

Schedule of Buss Loads (for a normal weekday)

of I • Buss "! Load Unit .,, Master Meter I Desired Reading
Unit Multiplier Setting. ,(as per Table 4~3 )

No. N .S./P. Hilt-'!'.. ... () (p.)o. La . Currant Vol.tege Wat~ P.U. Va:r .U. I..,

•

Kaptai ,81 LD2 P Hi .3 1.0 .04 ~O3
Mede.nhat B5 LD n n .3 1.0 .09 .0681
Halis!lahar 86 LD6 n n 1.,0';. 1.0 '.25 .16
Comilla B8 LD4 " " 0,3 1~0 .06 .045
Siddhirganj B13 LD7 n Lo 1.0 1.0 •.SO .38
Ullon 814 LD " Hi 1.0 1.0 .22 .165.8

Ashuganj Bll Lng " " .3 1.0 ~03 .0277
Shahjibazar B12 LDS n n .3 1.0 .015 .0125,

II S indicates seriea arrangement.of load.
P indicates pare~lel,arrangement of losd •

• •• HiindicatBs up podUonof load switch.
Lo indicates low position of load switch •

UI
UI
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TABl.E 4.5
Schedule of line Capacitances

Base values: 132' KV
100 MvA

, ,

line Section

Ksptai
to

Siddirganj

, l
Total

Susceptance
b(P.U. l'

0.166

b
T
(P.u.l

0.084

,
E2b'2 =1:1
(P.U.Ver)

(E-=l)

0.064

Cap. Unit
No.

C6

1:6

Cap. Switch
Position

3

Remarks

.i •.

SetC6 Cap. at
,Kaptai bus and
.C6 at Siddhirganj

buss

S:l.ddhirgenj
to

Shehjibezar
0.0656 0.0328 0.0328 Cl

C3

2

Sat C1 Cap. at

Siddhirganj bus
and C3 at Shahji-
bazar bus.

,.

E- is the per unit voltage
U1

'"
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4.3 Load Flow Study

For the'syetem represented in Fig. 4.2 following lo~d
flow eata were taken:

(1) Generator megawatts. megav.re. line charging mega-
vars. line megawatts .•megavars and Ipad megawatts •.megavara
(f.ig.4.5)•

(2) Scalar values of all line currents. load currents
and voltage magnitude of each buss (fig. 4.6).

Ksptaigenerator buss hae been taken as the referenca
point and a detailed calculations ware perforllledin .Appendix D
for verific'ation and checking of load flow data in figs. 4.5
and 4.6. A summary of generator quantities se obtsined in load
flow study of figs. 4.5 and 4.6 and verified in Appandix D is
shown in Table 4.6. A summary of load current component a along
with charging current is given in Tabla 4.7.

Because of thelilllitation of the Master~meter of the
G.E.A.C. Networll:Analyzer. the generator .voltage engles were

.obtained through calculations as given in Appendix D.

4.4 Current Dist'ribution factara (t4~~ from Netwark Analyzer Study .•

As already outlined in Sec. 3.4 that principle of super-
positian has .tobe applied to find current distribution factors.
Each of Shahjibllzar (Plent na. 1). Kaptai (Plant no.2). Siddhir-
genj (Plant no.3).and Ashuganj (Plant no•.4) generating plants
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Ti\BlE4.6
Summery of Generat~r Quantities

60

Generator Genex:atCili!-'CurreIJ1;, P Q V

No. 1G" /i.,Gid"Ii.GI(ct;lsS(per unit) '(per unit) (per unit)
+Jein8)(per unit )

G 2.iH[16'j° 2.~4 .532 ~o1 .94 =46.2

•• -2.906+J.566 (in) (in)

G- 2.17 h-13.45° 2.1 .503 1.O~02
••2.10-j .504 (.Ol,lt) (out)

63 2.0).93.60 .125 1.98 .995~31.20

•• -.41-jl.935 ~. (in) (out)

64 2.•70/12.4° 2.36 .517 .895)34.90

••2.63+j.58 (out) Un)

» reference generator



> TABLE 4.7
Load Current Components

Lo••
No.

p Q
,0
8 iLD/-B- , iLD(cosB-jeinB) iLDcod-jiLI

sinB
icapacitor ibus (load current

(charging +' charging current)
, current)'

••

iLD .04 .03 36.8 .05/-36. BO .05 (.B-j.6) .04-j .03 j.09 '.04+j..06, 2
;. , 0

il.D .09 .06B 37.0 .115~-37 .0 .115(. 798-j .603) .0917-j .0609 - .0917-j..0609
1

.'336!-35.70' .338{ ~81-j .585)iLD .35 .18 35.7 .272-j.196 - .272-j.198
6

iLD .06 .045 36.8 .07B,436 .80 .07B{.8 ••j.6) .0624-j .0608 •• •0624-j.. 0608
••

iLD •5 .38 ;.. 0 ' . .S16••j .393 j .119 .516-j.27437.2 ' .65~37.2 " ,.65(.795"j .605)
7 -

iLD .22 .165 36.B .29;436.8° .• 29( .8••j .6) .232-j .174 - .232••J.174
8

.0227 36.8 .045~36.8°iLD .,03 .045 ( .6:-j.6) ,.036-j.027 - ••03ti-j.. 027
9

;. 0iLD .015 .0125 36-.8 .03~36.8 .03 (. 8-j .6 ) .024.••j.018 j .04 ,.024+j.022
S

• loads considered lagging ones. Total _1 .•27_)..708

!

•
•

Cl\
•••
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was consillere. separately in the G.E.A.C. Network Analyzer to

supply the. entire loaGof the system. Figs. 4.7.,4.8, 4.9 an.

4.10 show the components of line.and load currente' {these values

are real according to the assumptions made. in Sed.3.3} as the

entirlSsystell1_1o~l;l,wl!ls ,supplied by Plant 1" .Plant 2, Plent 3

and Plant 4respec,tiv~ly. The current distribution faetors were

found from the following equations:

• • •

. '. .

• _,W •

. ..• . '.

(4.1l

(4.2 )

(4.3) '.

(4.4 )

where i •••current in line k (rea! values) when suppliedLk{n}

i L

byp.lant n only •. ,

...~fL ...total current'
.. k-{n) • • • (4.5)

Nk(nf'" current distribution. factor of line k when

suppling-plant n oniy.

Considering t~e proper direction of flow of currents when

all the generating plants are connected to the system (F.ig.4.5),

the values 'of Nk's as obtained are summarized in Table 4.8. For a

check of the values of current distribution factors.'he line

currents' ere ealculated by using Nk's [.e given by £Q.U.6Jand

given in App~ntlix E.



TABLE 4.8
SummaryDf Calculation of Current Distribution factors (Nle1

t

Onl~ plant no.l sUpplying
I

Only plant no. 2 supplying

Line No. Line' curremt Tot.'1 current IUstri .• Line . Line current Total current - d.i.Eiiri-
Llc iL' c;urrenil bution factor No. iL ,curr~nt butionfeetor'

, Ie ( 1) 1l=Eil 1 , il Llc Ie ( 2),' iL- ~L' iL, «: Ie(1) Hie( 1) = Ie(1) Ie. Ie(2) Nk (2)* " k (2.1.
~ il

LS .04 1.27 -.PUs.' L 1.23 1.27 +.9735

l19 .272 •• +.214 l19 .272 " +.214I' , L .403 •• -.317 L ,.87 •• +,.685'.. :. 6. /)
L15 .466 n -.367 L,lS .808 " +.635,
Lll .232 " +.183 lu. .232 n +.183.
L20 1.21 " -.958 LZO .06 n +.0471
L25 1.25 •• -.9B4 LZ5 .024 n, +.0189 .

Contd. to next page

Cl\
W



TABLE 4.B (Contd.)
Summary of Calculation of Current Distribution tactors (Nk)

Only plant:no. 3 supplying Only plant no_.4 supplying
,

Line No.• Line curX'snt Total Current distri- Line L.ine curl-ent Total Current distri--'
Lie i current bution fector No.• i ' current -bution factorLk(3) i-Ii i Lie LkJ~ ~ i"'E.iiL I<, Lk (3) Lk l3 ) L K Lie(4 ) . . L~ (4.1

i Nk(3). I iL Nk(4)'" L,

LS .04 1.27 ~0315. l ' .04 1.27 ..••0315S
•272

.L19 " +.•214 L19 .272 " +.214

L6 .403 tl -.317 L6 .403 " ••.•317

L1S .466 " - .•367 llS .466 . " .,.367.
Lll .232 " +.•1B3 III .232 " ,•.+.lB3

LZO .06 " +.0471 lZO 1.21 " -.95-B .
'0

••l25 •024 II +.0169 L25 .024 " +'~lllB9

CI\{•••

~.

/
/

--
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4.5 Loss-formula Coefficient Matrix

The gelieral .expression 'for the loss formula coefficiente

is given in Eqn. (3.8 I. The values of the current distribution

factore (Nkts) which will be utilized in this equation are given

in Table 4.8~ Other values of Eqo.(.3.•8) as obteined from the

Network Analyzer study maybe summarized in the fo~lowing table

(Table 4.9):

TABLE 4.~

B Matrix Equation Quantitiesmn
Generator Generator

No:. . V'oltage
IVIII

Genef.tor
current
(iG'

II

Gener~ior cur»ent
phase angles with
respect to reference

power fector
of. generator m

pf
lll

(cose
ll
)

1 .9" 2.97 122.80 .98
.2. 1.0 2.17 0 .97-13.45 .

3 .995 2.0 0 .233-124.8 .

4 .895 2.T a .975-22.5

'. Reference generator. . "..'

With the above mentioned values. the B matrix ,has been determined.mn

from the study and is given in Table 4.10 •

•

.<
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TABLE 4.10
Bmm Matrix

.

.0564. +.00938 -.0102 -.0325

•0560 +.'0289. .. -.0191

- .1710 -.0105
.

.0558

z

m~,
n \
~ 1

•The matrix is symmetrical

•
A sample calculation of determination of B matrix is giVen in, mn
Appendix f(A) and the acc~racy of the Bmn. matrix values thus'
obtained is analyzed in the next aection.

4.6 Chacking of BMatrix Valuesmn. .

• •• •To ~est,the correctness of the values of the Bmnmatrix given
in Table 4.10. it is required to find the transmission losses .given
by Eqo.(3.2) and to compare this value with that found by using
Eqn.(3.1) for the same system.

The agreement of the two seta of results for transmission
losses justifies the correctness of the B matrix values. Themn
check of the elements of the Bmn matrix is shown in Appendix feB).



CHAPTERS

CO-ORDINATION OF INC:REMENTAL PRODUCTION COSTS AND,
.INCREMENTAL TRANSMISSION LOSSES FOR OPTIMUM ECONOMY

S.l Introduction

A major problem involved in the operation of large inte-
grated power systems is the determination of generation schedules
for optimum economy,. including 'effects of both incremental pJ;oduc-
tion costs and incremental transmission losses. This chapter
discusses the use of loss-formula (such as described in Chapters
3 and 4) in co"'ordinat;ng incremental production costs and incre-
mental transmission los8es lindis intended to ~e the basis for
formu'lat.ing8 method which ,will al.low.,systemdispa'tchers to deter~
,mine plant loading schedules quickly for normal: operat.ing conditions
in a large power network.

Considering the large amount of saving which may be achieved
by economical scheduling of generation. this chapter will give
a detailed mathematical analysis of the exact method ofco-ordinating'
'incremental fuel costs and incremental transmission 10sses13•

5.2 Exact Method of Co-ordination Equations

In order to combine. incremental production costs and ,incre-
mental transmission losses it is firat necessary to express the

.
incremental transmission losses in terms of incremental costs.
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The mathematical treatment is similar to that of scheduling units
within a plant except that we shellncw include.transmission lose
as an additional 'constraint. As shown in Appendix G. the incre-
mental transmis.sion losses should be charged at a rate equal to
the incremental cost of received power.

The minimlJmfuel input in Takas per hour for a given
received load is obtWined by Solution of the following simu1-

. 13 'taneous Bquat10ns :

•••

•

(5.1)

where FI'i •• 'input to plant 'nin Taks per hour.
P .•'output of plant n~n megawatts.n

dfn- .'incrementalproduftion cost of pl.ant n in Takas perdPn
megawatt-hour •

••total transmissioh losses

incremental translbission loss at pl~nt n in megawatts
per megawatt.

7\ .. incremental cost of received power in Takas per
megawatt-hour .•

In general., the incremental transmission loss at plant n
may be expressed by

~:~ = N~~PmBmnP~
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(5.2)••••.• ~2BmnPm
III

~lhere Bmn ••transmission loss-formula coefficients.,

Again, the incremental production cost of a plant ovar
a limited range maybe representad by tha equations

•• • • (5.3)

whera fnn ••slope of incremental production cost curve.
l' •••intercept of incremental production ,cost curve.,n

Then equation (5.1) becomes

.... •• (5.4 )

The simultaneous equations ,thus obtained may be solved by choosing
appropriate values of ']'fordifferent t&tal loads.

5.3 Physical Interpretation of Co-ordination Equations

The physical interpretation of the co-ordination Eqn.(5.1)
maybe visualized by inspection of fig. 5.1; Thein~remental
production cost of a given plant n is measured at the plant bus
and is denoted by dfn/dPn• A given plant n incurs an incremental
transmission loss~P t:./~P.~in supplying the next increment of'
system load. It is desi.ad that the incrementalcost,~f the'power
received from each plant be the same at the receiver point R.
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I....... ,t '.L - 1'"--
_.I

- --
Incremental cost of

'"received power -1\'

System load

Fig. 5.1 Schematic representation of cost relations.

Let us suppose that the load increases by anC!mount 6PR
•

and that this load change is first taken up by plant 1 only by

increasing the output of plant 1 by AP1• Then the cest of this

increment of power at the receiver is given by'

Ap ., 1
%Sp
. R

The expression ~Pl/APR may be thought of as the, reciprocal of

'the incremental efficiency of the transmission systemt

By similsr reasoning we can express the incremental cost

, of received po,,!er from plant n as :

and the incremental transmission loss incurred at this plant for

supplying the increment of load is charged at a rate equal to the

incremental cost of' its received power.
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.5.4 6eneration Schedules

For the system considered in our Fig. 3.4 we have designated

Shahjibezar Gener.t~r all plant no.l. Kaptai Generator.as plant

no.2. Siddhirganj Generator as plant no.3 lind AshuganjGenerator

as pllintno,4.T!le generat40n schedules will be obtained for all

plants except plant no.2. For allmethoels of solution" plant 2

will be con.ielered to carry the base load of 801'lW.

•
•

TABLE5.1

Values of Fnn and f n

Plant n ,Fnn l'n

1 8.0 0.08

3 15.5 0.10

4 12.0 0.09

From the i,ncrementalproduc.tion cost curv:es of Fig!2,6.

the "slues of the cosfficients of Eqns. (5.3) ere given in

Table 5.1.

Table 5.2 gives the 'values of the elements of loss-formula-

coefficient matrix (on 100 MVAbaSil) as obtained in Sec. 4.5.
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TABLE 5.2
Transmission losa-formula cosfficien'ts (Dmn)

m n Bmn ,.

I 1 0.000564
3 3 0.00171
4 4 0.000558
1 3 -0.000102
1 . -0.;000325••
3 4 -0.000105

•
The equations for 'optimum scheduling of.generation neglec-

ting transmission losses may.be written from Eqns. (2.S) and
.{S.3}as follows.

FuP 1 + fl. 1'- l
f 3.JPJ'+j fa- l' J..
~4.P4+ t.- 1'-

........ (5.5)

The exact co-ordination equations for optimum ganaration
schedule may bewritteii1 from Eqns.(S.l) as follows:

fllPl+. 2PIB~1+2P3B13+2P4B14••?-f1

F33PJ+2P3B33+lPIBIJ+2P4B34 =1< -fJ

F44P4+2P:'B44+2PIB14+2P3B34-1I-f"
•• ..' (5 •.6)
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lifi~h~he .given date of Tables 5.1 and 5.2. Eqns• (5~5) and

(5.6) maybe written respectively in the following forms:"

O.OSPI + 8.0 -7\
O.IOP) + 15.5-71 • • • (5.7)

0.09P4 + 12.0-7\

and e .OS +.,.. (0.00112S)] P1-(0.000204 7\ )P3 -( 0.00065 7\ )P4

-7'- 8.0

_{-a .0002047' )PI+ p.10+7\ (0.00342) ]P3-(0.00021 ]\)P 4 • • (5.8)

_~_ 15.5

-( 0.00065 ~lPl-( 0.00021 7')P3+ P.09+ 7' (0.001116) ]p4
••7\-12.0

Solutions of Eqns. (5.7) and (5.8) for different values of ]\

give the required ge'neration schedules. Solution of these simul-

taneous equations by Digital Computar (.lBM 1620) and the program-

ming for obteini'ng the solution are shownin AppendixJ.

5.5 Graphs and Results

fig.S.2 gives a plot of generation schedules with

individual plant generation plotted against ths to1:al genera-

tion. The calculations of generation schedules for various

va.luesof ~',are given in AppendixH. fig .• 5.3 gives a plot of
I ,

individual generation of plant against the total received load.

,.
I
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The abscisea.of this graph is obtained by subtracting.the

transmission losses from the ,corresponding total generation of. ,
F.ig. 5.2 for different values of 7\. The magnitudes of total

transmission losses as obtained from generation schedulesba~ed

on the two methods [i.e •• (i). including and' eLi), neglecting.
transmission losses Jare piot~ecJ in Fig .5 .486, E1func:ti01'l of

the received 'load. the details. (;If l:E11culat;iol'l_foJ:'. i;hesia tJ,'ans-

nlisBi9nlCJsses aregivEm ,c1ri.AppEiritiiX:1~:ro-:faci:1U.a'1ie'a-qulcl<

understandin.g of the gene,ral, nat\lre' of the various g'enerEft-iori
•

schedules (as ,giviani,n figel. 5,2,8n95 .•3). ctual;tsQf individual
.. t.- ... "o ".

plant generEition ~gain5t th'eto1;algeneJ:'E1t;on E1ndE!!gEi!inS1;the ..
" .

total r,ec~ivedl08dJfor both types Of' sch!ldliling)are given in

Table 5.3. Table 5.4 .and Table 5.5 respectively .•.
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'TABLE 5.3

Chart of Individual Plant Generation against Total Generation

,Total
Genera-
tion
(MW)

80

130

180

230

280

330

380

430

480

530

Individual Generation (MW) ,Plant
Identi- Exact Solution (inclu- By neglecting trans-
ficetion ding transmission mission losses

"loSses)

1. ' .... ••2 80 803 - -4 ,-~ ,.
1. 46 502 80 60
3 •• -4 4 ..•.
1 72 772 80 603 '.- •••4 28 23I, 92 • 1002 BO 80,3 7 ,5'
4 51 451 110' 1192 60 6li3 19 '19
4 71 621 126 135,2 BO 110 "
3 30 35
4 ,92 BO' .-

I1 147 IS6
2 60 803 45 504 10li 94
1 169 1742 80 803 S6 664 125 1101 192 1922 80 BO
3 66 -804 142 1281 222 210
2 BO aD
3 73 9S4 155 ,145



TABLE- 5.4

GeftBration Schedules for Exact Method of Solution
(including transmission losses)

•

(,

Velues Total genera •• IndividuiillGeneration ot'Plants Total Race1.ved
of tion. Pt P P2 Pa P4 Loss load1
7' (MW) (MW) (MW) (MW) _ (MW) eL(MW) PR(MW)

- 84.0 •• 84 • •• 4.0 80.0
10 102.21 18.21 84 ••• - 4.21 98.0
11.8 121.7 37.7 84 •• 0 .4.70 .ii7.0
12.0 126.62 40.0 84 -0 2.62 4.84 121.18
15.5 208.0 81.S 84 a.s 40.0 1.0 201.0
11.0 -251•.1 98.0 84 13.0 56.1 8.•1 243..0

•20.0 333.0 130.0 84 31.80 81.5, 10.•2 322.•8
25,0 470.5 161.0 64 61.50 136.0 - .20~S . 450.0

lJ)
~



TABL.E 5.5
Gene'ration Schedulee by Neglecting Transmission Losses

Velues Total genera"" Individual Glneretion of Planta Total Received,
of tion. Pt Pl p P4 Loss Load'2 P37'- (MW) (Mit) (MW) (MW) !\(MW) PRCMW)(I-IW) , '

10.0 109.0 25.0 84 •• - 4.4 104,.6
12.0 1;i4.0 50.0 " •• 0 5,.5 128.5
15.5 216.65 93.75 n 0 38.9 B.65 208.0
1.7.0 268.1 112.5 n 15 56.6 lQ.6 257.5
20.0 370.9 150.0 ' " 46 90.9 15.89 354_.01
25.0 , 536.0 212.5 " 95 144.5 30.2 505.8

•

/

CXI
~

.r

t
.j



CHAPTER 6

EVALUATION 01" SAVINGS

,

6.1 Introducti'on

The technique of including trans.iesion 10••ee in generation
schedule IIIU.thave ce.rtain outstanding value in the fisld of
economic study of power generation. The .aving in ter.s of money
i. considered to be an i.poJrtant factor that is associated with
such technique. The two types of scheduling curves (including
end neglecting trans.ission losses) for each plant have distinctly
different natures causing significant differences in total fuel
consumption costs. The difference is the ••aunt of saving (Taka

•per hourI that i. obtainable for a particular value of received
load. The saving. howsver 811811 at one ti.a. accumulates into
a huge a.ount .when taken into account throughout the y.ar.

6.2 Calcul.tion of I"usl Input (Taka per hour) for Various
Raceived Lo.d3!.

I"uel input versus .egawatt output graphs [f198.2.5(8)
and 2.5(b)]811d individual .plant generation egeinst tha received
load graph. (I"ig.5.3) are utilized in this aection. for an,
given value of received load. the individual plant generation
and hence the individual plant input (in Taka 'ar hour) ere
found out by the use of the above graphs. Table I of Appendix K
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gives the total fual input for particular values of received
,load for both types of scheduling along with the difference of
fuel inputs involved in the two cases. Fig.6.1-shGWS the nature
of the total amount of fuel inputs' (Taka per hour) as plotted
against the received load for the two cases of scheduling'
(including'snd neglect,ing tra~s~ission 'loSSes)~.A 'comparative
etudyof,the fuel costs for thessschedules anda1eo for other
srbitrary methods "1"SCheduling of plant generaHons is given
in the next section~

6.3 Comparative Study •

We shall now make e comparative study of the fuel inpu1;s
f'or.various cases. As shown in Fig,.6.1. a comparison is mada

_at the received load of 200 MW. The total fuel inputlilfor various
cases aed the annual losses incurred at different cases as compared
to the case of including transmission losses in generation schedules
(rsference case) are given in Table 6.1.

. ,



TABLE 6.1
Comparative Study of fuel Inputs and losses Incurred
at Different Cases (for a received load of 200MW)

Cliseno. Types of Scheduling Total
input
hr.)

fuel Difference of
(Taka/ fuel inputs as

compared to the
reference cllse

(Taka/hr.)

Annual lo~s4as
compared to the
referenCe case
(Taka in lac"s)

'b •

, • ,Generation Schedules bbteined by exact
(r:fer- solution (including transmission losees)
eoce casal

Generation ic~edule obtained consider-
ing equal incremental" production coste
for eech generating station (neglecting
transmission losses)

1.570

1.625

-
55

••

4.818

'c'

'd'

fe'

'f'

The plants (Siddhirganj t Ashuganj snd
Shahjibaaar) ere scheduled to supply
the loadequa11y i.e., 40 MW each.
i:heplants_a.re s.cheduled"t"osupply
proporUonal to-titnr-iaifed-eap"acity"
i.e., Siddhirganj supplies 30 MW.
Ashuganj and Shahjibazar Supply 45.5 MWeach. •
Siddhirganj supplies 80 MW.Ashuganj
supplies 40 MW and Shahjibszar, 0 MW.

" "

Siddhirganjsupp1ies BO MW, Shahjibazar,
40 MW and Ashuganj. 0 MW. "

1.800

1,740

2.120

1.970

230

170

550

400 "

20.146

14.a92

48.18

35.04

• Considering 24 hours of operation of plants.

a>
••••
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6.4 Remarks

Table 6.,1 shows that differl!lnt arbitrary methods of schedu-
ling as given by cases •ct. 'd'. 'e' and ',f'cause annual loss
of about 20; 15. 48 and 36 lat:~ of Take respectively as compared
to the case of including transmission losses in generation
schedull!lefor a received load of 200MW for continuous'operation
of plante. Even if we consids~ the planta to operate IB hours a

,
day or 12 houre a day; the net annual eaving in generation
echedules obta,ined -by including transmissionloseee ie note-
worthy.

Another important ,point is that inclusion of transmission_•
lossee in the generation schedules savee a total of 4.81800 Takas
annually (consideririgcontnuous operation) over the schedulas
when the losees are not considered. With the expansion of the
ays,tem. further transmission loss as should have to be included
in ,scheduling formulations and thie will.certainlyplay an
important part in economic scheduling of generation for the
entire system.
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CHAPTER 7

DISCUSSION AND CONCLUSION

7.1 Generel

Economic operation 'is the most important con~ideratio~ in
determining whether a po~er system is being run and managed most
efficiently. It is based on scheduling of generation to minimize
the cost of supplying all the loads on the system. Sever'll
methods are available for the economic scheduling of generating
plants. such as, (i) economic scheduling by neglecting transmi-
ssion losses, (ii) economic scheduling by including transmission
losses, and (iii) economic scheduling by penalty factor method.
for all the methods except (i) determination o~ system trans-
mission losses is necessary for the optimum scheduling of power
plants and hence, of the economicoperstion of a given system.
The law of conservation of energy Obviously requires that the Bum
of the plant outputs minus the system losses be equal to the
received load. Economic .operation is,obtained when the production

,
cost is minimized subject to the restriction forced on the system. '

by the law of conservation of energy.

In this thesis, economic scheduling of generations o~
Eastern Grid Network of Bangladesh Power Development Boerd has
been obtained when the incremental production cost (df /dP ):(plus

n n. .
the incremental transmission losses (ClPLoPn) which i5charge~
at the rate of incremen1;al cost of received ,polller(?-) is c~!lsi-
dared to be the same for ell the plants and is equal to
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the incremental cost of received 'power (ftl. The main endeavour
,
in this work. has been.to compare the optimum scheduling obtained
by the 'exact' method. as mentioned above. with that obtained .
when the transmiss~on losses Bre not takan into consideration
while scheduling generation.

As the system 9rows larger and larger,; the. importance of
includihgtransmission losses in economic and optimum scheduling
of genera1:ions becomes more .and more important and indispensable.
The. trahsmission losses. have been cor.related with the production
costs at the.genera1;or.to solve.the problem of' the most economical
loading of each generating plant.

. -

7.2 Main Results from the Present Investigation

The various chapters of this thesis contain valuable data
and results, which may constitute guide-lines for the economic
generation of 'l!llectrical,.power in. our country .•Specifically.;
sClI!leofthe ..'contributions 'that this wClrk mey be considered to
heve made.in.the t'ield Of eatablillhing.a.procedure for determini,ng
the optimum 1;icl:1eduling.ina power 1;iystem.mayj)e listed as followsr-

(i l A set of tl;'ansmission loa'sl:Clefficients has l:1eenfound
to utilize them :l;o.€lEiterminethesystem transmission losses.

(ii) Correlationbstween the measured and the calc~lated
villuesof transmission lossesl1asbeen established as a proof
of correctness of the procedure for .calculating the coeffic4enta.
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(iii) Generation schedules have been obtained for all the
generat ing plants except that of Kapt.ai,.both by including and
neglecting transmission losses.

-(iv) The economic consequences of scheduling bassdon an
approach which includes transmission losses as compared to a
pa~tially_ correct method of scheduling without considering
losses have been shown.

(v) The economic consequences of 'random.' .or'.arbitrary'
operation of generating plants, as is most likely to happen
if no. consideration is given to the question of optimization of
the system economy •.with or without consideration of thetrans~
mission losses •.are also shown under an assumeol leading of the
system.

In short. this work may be taken to bean attempt, undertaken
for the first time in regard to the power system of this country
which has grown up to be considerably large and complex network
in the past two decadas. to establish by an exact method of
analysis. the economi.c losses incurred by the management. because
of a lack of either any 'method' in the scheduling of generators,
or of a 'method' which is actually based on erroneous ideas.

7.3 Suggestions for Improvement

An improvement of the present research could be done by
following digital method of finding the general loss-formula
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coefficients and hence the general loss formula. The digital
method could avoid, some of the,simplifying assumptions made
i'nobtaini.ng loss-formula coefficients • An improved method
of determin?ng loss-formula coefficients and hence the incre-
mental t'ransmission loas factors (aPL/ap n) could be obtained

" 32from power system admittances and voltege • Another suggestion
for finding the coefficients is to determine the second partial
derivatives of the system losses with respect to plant outputs33•

7.4 Future Research Areas

The present analysis of the economic generation schedules
of Eastern Grid Network of BPDB has 'merely provided the ground
work for several'stimulating areas for future research work.
Some of them are:

(1) Economic control of power for interconnected arees
considering transmission losses.

(ii) Digital method of optimizing both hydro and steam
stations. accounting transmission losses.

(iii) Penalty factor approach in economic interchange of
electrical energy.

(iv) Econoinicoperation of power systems "with losses as
a function of voltage phase angles.



(v) Computer control of power system operation;. for'
securing maxi,mum economy.

In view of the fact that!n -Bangladesh .thecost of both
industrial as well as domestic power elCerather prohibitively
high et present. future research work .in the field of power
system should be undertaken along the lines suggested above.
so as to find out ways and meanEi for bringing down the cost
of power available to all types of consumers •

•
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APPENDIX, A
\

Optimum Scheduling b~ Neglecting Transmission'Losses

Thiaderivation follows directly from the method of
Lagrangian multipliers29•30• Let

f t ••total input to system in Takas 'per hour

=2: fn,n

where f '= input to unit 'or plant n in Takas per hour., It is
n'

desired to minimize the total input (ft) in Takas per hour for
a given receiv,ed'load (PH)' Let,

PR "given rec:eived load.
•B~:application ,of the method of lagrangian multipliers. the

equation of,co~st~aint is given by

94

load is obtained
,Y' (1"1.1"2.1"3. '••••• P ) =L:;P -PRcO, •••, ~ n. ,n

Then minimum fuel input fora given received
when

oj, , ••O. for all values"ofn • • •
Cl Pn

where~ is a new expression, of the type:

(A.i);)

, (A.2)

'fl '" f' - 11 If' • . • (A.3)t
and 11 •• 'Lagrangian type of multiplier.
So. "'b~ "?> Ft ~

0 (A .4 )c> P=oP"" - ']I 'Z>P •• • .~.nn n
Or,. ?JFt ~[, ] 01> Pn -]I pn ~ Pn - PR ••



~~f _7t b 0]o~.' ,t ,- • 0'~f''n-~f
=}IOr. ., t

(A.5 )
>~pn •••

Cl(~ f )idF ofn dfnBut ~' t _ n,
(A.6)'gp .'3p •• ;>;P .'- • • •dPnn n n

Then Eqn.(~~5) b~comes

95

• • • (2.5)
.

The.units of /11are Takas per megawatt hour when the fuel cost
is expressed in Takas per .hour and,output is in megawatt •

•

\
\

\\
\
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APPENDIX B

Summaryof'" rransfi:l~at~on

In the following analysis. t!"e lower case indices m.n.jand k

are tensor indices, and the capitals G and, l areidentiflcation

indices. Whenever a repeated tellsor index appears in a product

(one upper and the ,other a lower index)' a summation on that

index is identified. "

Transformation to Reference i,rame l:

•

let us c:onside~ fig. 3.1 • .If -any point R in this network

is chosen as a reference point' (Fig. 3.7).

,.~'.--,.I ',- •...~--'~

ELk _ 'iI-II
' ..

point R

.,•

fig. J.7 Self and mutual impeClance,sfor

transmission network (reference

frame 1).

the following set of equation's maybe written in ,terms of all the

generator and load self and mutual 'impedances with respect to the

refer'ence point:

\ ,
\,

\
\
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•

• • (B.l)

•

wI"Ierem. n • number of sources •.

j. k = number of loads.

represents the self and mutual impedancas between

the

Z .6 -6
.11 n

generators •. '.<

the

ZLj-L
k
' repre.sents'tbe self and mutu'al im~edances between

loads.

Zfi -L and ZL -G' represent the mutual impedances between
m k j n

, the generators and the loads.

Since Eqns. (B.l) refer to reference frame 1 quantities.,•they may be written of the ,formr.

fl'. Zll 11 .••

The_Zii impedances are defined as shown in fig. 3.8

(B.2)

,-.---..

--.
• '.r' ,

IlL
~

" 10

"- !Oo

'.'
. .~"-..... ~ --" ...•.. "

,," .,'.
" ~.••j,,

----
,."'" ;.. ,,
,.-,,I Y ,

\ ,--

(a)

1-.•.

,
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tiL'"
--:....- - - --~,
"

"'-..•..,... , \.:
" •••••• #,,
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EGm ELi

1 • t••
EG 0= Z i (b) EL = Z ' i

G -Lk Lk Lj-Lk Lkm m . _ j

J'lg> 3.6 Definition of impedances •
•

Transform,etion to Reference frame 2:

- It is known in general that if s set of currentslj is .
related to e set of cur,rents.lie by s'tensor ctsuch that'"

power remains invariant.'then
IJ .••

and if the
CJIk ,k • • • (B.3)

Ek 0= C~.Ej

and Zkk 0= C~.ZJjct
Let us define

• • •

(B.4 )

(8.5)

Under

iL 0= 2:" iLJ . j

the assumptions
• • •

given in Section 3.3. weD~sy write

• • •

•(B.6)
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whereNj is the current dis.tribution factor .• Then we have for
-

Eqns. (B.7).

G Ln

G -, G 1 0 'nffin n n

L i: (B.8)• • •Lk .L Lk 0 "kk

•

i.e .• 11••
1 (B.9)'212 • • •

Gn L •

1 G 1 I I (B.IO)where '2 .• n • •
L Nkk

Applying the transformations indicl!lt~d by Eqne.. (B.3). (B.4) .and

(B.5h the resulting voltages. impedances and currents are givan

by

L

Ii••
L

~G-G am n m

b wn ,



1.00

where !l • ZG -LkNkm
b

.m
••• NjZL -Gn (B.12)'., jn • • •

c.J •• NjjZLj_LkNk
EL
. -•• NlL j

Hypothetical load point

L

>.•.
~, ''-

G",

1"
':...

By meens _of the above transformation. the circuit of,fig ,.3.7 has
been arranged to the circuit all given in rig. 3.9.

point

fig.-3.9 Equivalent circuit with respect torlilferencB frame 2.

-.
Transformation to Reference frame 3:

Since iL •• • • • (B.13)

the load current may be elimineted by the transformation

where

and

. . -.

GEE]1
2

•• n Gn
L' L .

• • •

(B.14 )

(B. is)

Gn
.6

n b. 1-
:.::: ••
iL L Tn

GoG - .. (B .16)
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where T • + 1 for ell,values of n. Thus, the transformationn
Imat~ix is given by

c2 '"' G,n,rn.' 1.'
3 L' T ', n

By ~pplication of Eqns. (8.3).•OJ.4)

• 4

and (\l.S).we obtein

(B.iT)

• ,rz--l
l..::..J ,.' ..

•

(B.18)

Tbe circuit of'reference frame 2 is modif'ied as given by £qns.
, (BUB) to that given in rig. 3,.10. The power losses in i;his

•
,Eca... '6",

Gm --

. 'GI'I.. , ......•.
~..

-

-
--,- -- - --

Hypothetical load point'

'L-
rig. 3.10 Equivalent circuit with X"espect.to £eference frame 3.

equivalent cix-cuit are:

PL • ~I;E3

• ~ I;Z313
• • • (8.19 )
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'where E3• 13 andZ3 denote reference frame 3 quantities;

• •
aOO Z I • Z( td. + Ji )

3 3 m-nnqn'

we have

(B.20)

X )i.m-n qm
•• (B.21)

whe.re i " = real part of generator m current .•
dill

iq • imaginary part of generator III current •.
III

In general, X - X is negligibly small. Thusm-n n-m •.

P = i R '~ + i R iL dill m-n .dn q n-lll q.m n 'iii .•

The asymmetrical R in Eqn .•{B~22)mey be replaced by them-n
symmetrical R • Then from Eqns. (B.12) and (B .18 ).,m-n

Symmetrical Rm-n
Z +Z

real part of m-n . n-m•• .2

• RG-G +dm+dn+
wi (B.23)• •

m n
a' + b

where d real part of m III (8.24)•• 2 '. •m

and (,)1 .• real part of (.) (t!.25)• •

Hence, expression for the power loss may be written as:

PL •• (id id+ 1 i )R '. • (8 .2u). .~ q. m-nm ,'ft In

where R is the real symmetric part 0'1 Eqn. (B.23) •m-n
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Transformation from Reference frame 3 ~D Reference frame 6.

It is next ,necessary to obtain the equiv.alent circuit

with impressed powersin~tead of impressed currents as indicated

in fig. 3.ll.Thatis.i't is neceElsarY,to express the generator

.currentsid +ji in int,erms of generator powers, P •_ m qm '. , m

fll)- ~~-B=:- ---- Z",-n

Hypothetical load point

•

•

.fig .• l.U. Equivalent circuit with respect to reference frame 6•

Let 6;. be the angle of generator current iG: 'with respect '
m

tD some reference. Then

••• cos am
• • (B.27)

Substituting 'Eqo.(B.27) in Eqn. '01.26),. we ,have

.( \iGmlliGn Icosom cos 6'0 +

.. rGm lliGn lcos (6"'", •• 6"n) Rm_n •••



Pm
'(3 jvml(Pt m)

P,n

'(31Vpl (pf n)

• •

104

(B.29)

.

Hence Eqn. (B .28). ttecomes

cos ( <fn ,- GO) Rm-n
3

",PB Pm mn n '... ..'.
COlli (Om ,..on) .'

where Bmn• IVmIIV" I (pf mUpf'" )-

..

•



•
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APPENDIX C
Derivation of General Expression for Loss-

formtlla Coefficients and Transmission Loas Equations.

Let us cons,ider the circuit 'of I'"ig. 3.6 where the' current

in line kisgiven by

If we let
iG1 0= IiG11cos <11+j IiG11sin (Jj

••• (3.5)

and
•

where '\ andlS2. are the phase angles 'of iG and iG"'ith respect
1 . Z . -

to some commonrElferenca,twe o1;>t\3infrom EqH. (3.5) [with Nk(1)

and Nk(Z) realt according to assumption made in Sec •. 3.3]

~'i~l. «{llliGllcos6i+ Nk(2) liGzlcos6i]2

+ (Nk(l) liGJsinGl+ Nk(2) liGzlsin <fiY .• (C.l)

from where

1" 1 2
likl~ N~(1) li&ll+ N~(2) li621+ ZNk(l) Nk(Z) liGllliSzlcos (Cii. 62)

and
p .

liGzl= 'V8IVzr-(Pfz)

we obtain total transmission 106s as (fork lines )
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This may bs written in the farm:

(c.Z)

where the 10s8 coefficients are

•• (C.3)

•• (C.4)

a22 =

The units of 108s coefficients are per megawatt.

Upon looking Eqns • (C.3) and (C.4) the general form of
transmission loss equations and loss formula coefficients may
be written respectively as follows:

•

•

• • (3.2 )

cos (om-on)
and Bmn = IVmIlVnl(Pfm)(Pfn).F Nk(m)~k(n)Rk • • (3.B)
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APpENDIX D

Detailed Calculation for Checking of Load Flow Data

This appendix deals ",iththe step by step verification
of the different values of line currents. load currants and
charging currents end bus voltages as obtained from the network
analyzer reeding with the calculated values which in turn. will
be obtained by using known values of the corresponding real and
reactive power readings from the analyzer "as shown in Fig. 4.3
and Fig. 4.4.

(a) Calculation of line currents and bus voltages
( current fr.ornKaptai to Msdanhat )(i)

2.06 (O\lt)

Q ••• 55 (aut) ":
. .. , .. -

\I •• 1 Lna.•Kaptai
•

a
cas 15.3

Sat B ••!.=J.:; .30

P = vi cosB
Or. 2.06 a 1.0 X i X. L5

il' • 2.14~15.3°
. -5

VMadanhat'" VKaptai - (iLS)(ZLS)

'" 1.L6o .• (2.14)k15.~ X (.012.3+j.0442)

(H) i (current from Madanhat to Halishahar)L19
P '" .26 (out) VMadanhat •••95 ~5.13°

Q ••• 19 (out)



So, 1:1__ 36.0°
SQ, .26 - .9S x co.3' .00 lC iL,U

VHe11sheha~ • V~.denhat - 1L19 ILi9
,•• 9SL-s.13°- (.338L-360)(.(J132+j.0495)

•• 94L-s.eso. ,

(iii) i (current fro~ Medenhet to Comille)L6

108

I
/
!

So,

p •• 1.6 (out)

Q -.05 (out)

o1:1 •• ,- 1.78
""v" .9S" I.4.5.,1'3°, 'Medlinhet.- {!;

1.6 •••95 x cos1.18 x 1L6
, , 0Hence 1L • 1.70L-l.18

6

•• VAedanh8t- (1L ) (ZL)6 6
••• 95L..S.13° -(1.70 L-1.78°)( .0459+J.164)

•••938L-22.6So

(.lv) i (current from COlllill. to 5iddh1rgenJ)Lis
p - 1.44 (out)

..-.

Q ••• 2S (in)



•

Now 1.44 •• .936 x cos9.6 x iL15
Hence i •• ~.s6L9.eoLiS

v • V - i ZSiddhirganj Comilla LIS LIS

••• 93BL-22.65 - (1.56 ll.ao) (.02731-j .096)
;. .995L _31.20

(V)!L (current from 5iddhirganj to Ullon)
11

P ••• 23 (out)
Q •••17 (out)

50. B ••_ 36.40

Now .23 '" .995 x cos36.4 x iL so iL ••• 29L -36.4°
11 11

VUllon ••VSiddhirganj- iLll ZL11

••• 995L-31.2 •• (.29L-36.4)(.0096+J.0362)

'" .99L _31.9°

(vi) i (current from Siddhirganj to Ashuganj)L20

P ••• 32 (out)

Q ••1.2 (out)
oa •• -76

~09

Hence
P ••VI cosB (per unit)

o.32 ••• 995 x cos 76 .x iL20
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VAshuganj ••VSiddhirganj - iL20 ZL20
••• 995 -31.2_ (1.25 /_76°) (.025+j .092)

••• 895 L-34.9°
(vii) i (current from Ashuganj to Shahjibazar)L25

P ••2.62 (Ollt)

Q ••• 55 (out)

So. e •• ,.120

Hence~2.62 ••• 895 x cosl2° K iL25

Or.
•

VShehjibazar ••VA h . - i Zs uganJ L25 L25

••• 695L.34.9 - (3L.l30)(.Ol62+J.05BS)
••• 94 L-46.2°

The above values of currents end voltages closely agree with the
those obtained from analyzar readings as given in fig. 4.3 and
fig. 4.4.

(b) Calculating of Load currents
(i) iLD (Kaptai load)

2

P •• .04 (out
1.0 LoaV .. =Q •• .03 (out Kaptai

P ••VI cosS ( par unit )

So. • 04 1.0 K cos 36.6 K iLD • iLD. •• .05•• • •
2 2



Henee, .09 = .95 x cos37c x iLD 1
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VHalishahar ••• 94

Or, iLD . = .il5
. 1

(iH) iLD (Helishahar load)
6

p •• .25 (out
Q ••• 18 (out)
B '" ,:,,35.7°

50, .25 •• 94 ~ cot35.7 x ilD6
Or, lLD = .34 •

.. 6

•

(iv) iLD (Camilla load'
4

p = .06 (out)

Q ••• 045 (out)

(v) iLD (Siddhirganj load)
7

V Camilla
o••• 933, 8 =-36.8

P ••• 5 (out)

Q •• 38 (out

oe • -37.2

•

VSiddhirganj ••• 995
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(v i) i (lJ11on loed)
LD",

'"
P ••• 22(Out)

Q ••• 165 (Out)

e •• _ 36.60

VUllon •••99

Hence, .22 ••• 99 x cos36.a x ilD 8

(vii) ilD (Ashuganj load)
9

•

P ':' .03 (out)

Q •• .0227 (out)
B •• - 36Ji:l

VAshug anj •• .695

Hence •• 03 ••• 695 x cos36.6 x ilD 9

Or,. iUI ••• 044
9

(viii) ilD (Shahjibezsr loudj
5

P •••015

• {

Q ••• 0125
o8 ••- 36.8

v .Shahjibazar ••• 94

Hence •• 015 ••• 94 x cos36.8 x ilD 5

The above calculated values of load currents closely resemble the
values obtained from network analyzer studies as shown in Fig.4.4.
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(c) ealculation.of charging currents.
(i) ie (current through the capacitor at Kaptai;b.BS)

6
oQ ••• 084, e '" 90 j V '"1.0

Q ""VI sinS (per unit)

(ii) ie (current through the capacitor at 5iddhirganj bus).
B

. 0Q '" .084t a~ 90 • V "" .995
Q ••VI sin8

Sortie" .085 '.c
8 •

(iii) ie (current through the capacitor at Siddhirganj bus)
1

Q •••03

v '" .995

(iv) ie (current through the capacitor at 5hahj!bazar bus)
3

Q "" .032

V "" .94

So. ie '" .036
:3

The values of the charging currents thus calculated closoly •
agreecwith the values obtained by means of analyzer readings as

•rig of

.\
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APPENDIX E
Check of Current Distribution Factors (Nk)

To check the values of current distribution factors, I1ne
current's as given by Eqns. (3.6) have to be calculated by using
these factors. These are done as follows:

= N, i + N i + N i + N iLS(I) G1 L5(2) G2 LS(3) G3 L5(4) 64
= (-.0315)(-2.906 + j.566)+ (.973)(2.1 - j.504)
+ (-.Q315)(-.47 - jl.935) + (-.0315)(2.63 + j.S8)

c

= 2.06 - j.47 = 2.10 £_130
•

= NL (1G + if; + iG + 1(; )19(1)' 1 '2 3. "4
= (.214)(-.74 -j.789 +2.1:- j.504)

••• 284 - j .273 ••• 4 L-43.20

iL = rll (iG + 1G + iF' ) + Nl 1G6 6(I} 1 3 '4 6(2) 2
=(-.317)(-.74 - j.789) + (.685)(2.1-j.S04
•• 1.67 - j.097", 1.69 L-3.32°

•
•• (-.367) (••~74 -j.7a9) + (.635) (2.1 - j.504)
'" 1.6 - j .032= 1.6 /:.90
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iLll" NLll(l) ( iGl + iG2 + iG3 + iG4)

••(.183) (1.36 - jl.28)
••• 33L43.2~

•• (-.956) (-2.906 + j.566 + 2.63 + j.58)

+ (.0471) (2.1 - j.504 - .47 - j 1.935)

••• 348- jl •.21

••

/
iL . ••NL' iG + NL' (iG + i,G'3+ "i.G4)25 25(1)1 25(2).2

••• (-.984) (-2.906 .•. j.566) .•.• 0189) (4.26';,.J1.86)'

•• 2.93 - j.591 •• 3.01-_11.40

The values of the line currents (Lk) thus obtained closely agree
with the values obtained in Appendix D. This proves a check for
the correctness of the current distribution factors given i~
Table 4.8.

••

-
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APPENDIX F(A)

A 5am~\e Calculation of Loss-formula-coefficients (Bmn)

Using the val",ss of Table 4.8 and Table4.9j the Bmn
matrix elements may be calculated for the system of fig, 3,4.
'Calculation of Bl1 is sho~n below,

Bll = IV

= 1
- 22(,94) (.98).

+ (,2141 ( .0132)

I

22 2.•. (-.317> (.0459) + (-,367) (.0213) + (.18;3.) (,0096)

+ ( _.958)2 ( .025) + ( - ,984)2 ( ,0162)J

= •.0564

In a similar way other values of Hmn may be found .as given in I.

Table 4.10.

•

/



,
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APPENDIX F(B)
•, Check bf Bmn Metrix Values

(a) Lin.el"Osses (Pl) from r s:P B p.
lII:n III mn n

For the s'ystemhaving 4 numbers of plants.
22 2 2 ..PL = PIBU+ P2B22 + P3B33 + P4B44 + 2PiP2fl12 + 2PIP3B13

+ 2P1P4B14 + 2P2P3B23 • 2P2P4B24+ 2P3P4B34.

With the values given in Table 4.6
Pl = (2.54)2(,0564) + (2,1)2(.056)

and Table 4.10.
2+ (.125) (.171)

+ 2(2.54){2.1)(.0093B) + 2(2.54)(,125)(-.1~) + 2(2.54)
(2,36)(-.0325) + 2(2.1)(.125)(.ci2a9) + 2(2;1)(2.36)(-.0191)

+ 2(.125)(2.36)(-.0105)
• 1~0348 - .5924 '" .4424.

(b) Line losses (Pl) from 1F i~Rk'
H P ,2 R + 1.2 R .2 R .2 A
erei L '""L5 l5 L19 L19 + 1L6 L6 ~.1L15 l15'

+ i
2 R + i2 R • i2 RLl1 Li1 L20 l20 L25l25

With the values of Fig. 4.4 for the system of Fig. 3.4 the loSs
becomes

PL=(2.14)2(.0123) + (.338)2(.0132) + (1.7)2(.0459)
+( 1.56)2(.0273) + (.29)2(.0096) + (1.25)2(.025) .(3.0)2 (.0162)
= .4432

The agreement between the two sets of losses thus calculsted out
checks the correctness of the elements of B matrix.mn
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APPENDIX G
Determination of Coordination Equations

The derivation of these equations follows directly from
the method of Lagrangian multipliers29•30• let

ft = total fuel input to system in Takas per hour.

= ~fn

where F = input to plant n is Takas per hour.n

let PL = total transmission losses in mega~atts;
=~ PB P ,m~ m mn h

where Ph '"loading of plant n
Bmn • trsnsmission loss-formula coefficients.

It is desired to minimize the total .fuel input (F t) in Takas per
hour for a given ~eceived load (PR)' Let

PR '" given received load

By application of the method of Llilgrangian,multipliers the
equation of constraint is given by

'•• (G.l)

Then minimum input f.or a given received load is obfJained when

• 0 • • (A.~) \
'\ I

,. \
I
i \ \

/
j ,
\ \

, \ '

1\
! ..I



~where is a new expression end is given by
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~ _ 1IiJJo=ft ,- • • •• (A.3)

where Jl • Lagrangian type multiplier
?J "J ilf 'J\ 0Hence. ~ = --! - ~ = 0
. n 'OP no

.~]\o[z:: .. JOr. ~ - ~. n Po - PL - PR '"0n n
Clf't . J'. [ OPL] .

Or. ~. 1.- ~ '" 0
n n

of t l\ aPl ]\.
Or. aPn + oPn '"

• •

• •

(A.4)

(6.2)

But
oft
elF '"n

•

Then Eqn. (G.2) becomes

• • • • (5.1.)
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•
APPENDIXH

•A. Calculation of (ieneration Schedules ,for Exact Equations

(Transmission Loss Included)

Case(~) '/l. •• 10.0
;'''''-1 Eq,ns. (5.8) may be written a follows 1

.09128Pl - .00204P3 ••• 0065,P4 .2.0

-.00204Pl + .1342P3 - .0021P4 ~ -5.5

-.0065PI - .0021P3+ .10116P4 •• -2.0

Solving for PIt P3 and P4 wsget

PI • lB.2IM~

•

• • (H.I)

P3 •• -41.25 MW

P4 •• -19.4 Mill ,/

Since plants 3, snd 4 are giving ~negative generation. they should
,. .

nO'l;generate and plant I only sllould generate.

Case (H)7\ _ 11.8

EqnStl. (5.8) for th is case ,'becomes
/

-.0024Pl + .1404P3 -

-.00766P1 - .00248P3

/' /

.9LiT413P4 •• - 3.7
, ,

+ .,~~IP4 •• -.2

,,
/

• • (H.2)

'-J.
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Solving these equations we get

PI '" 37.7 MIf

P3 '* - 26.36 MW
p4 •••• 013 Mill

That means plant 1 is only generating. plant 3 remaining idle.
and plant 4 output very nsarto zero Un terms of Mil).

Case (iH) Ji '" 12.0

Solvable equations are:

-.007BP1 - .002SP3+ .1033P4 •• 0

.00244P3 -.007BP4 • 4.0 l'
-.00244Pl +.l410P3 -.002SP4 •• -3.S

J
S~lving the equations •

••PI '" 40 'M••.

P3 c_ 24.2B(not generating)
P4 =2.62 Mlit, '

Case (i",)'f\ •• 15.5
Eqne. (5~B) become
, .0973P1- .00316P3 - .OIOl?4 c' 7.5, •

, ,

-.00U6Pl fl' .l53P3-, .0032S?4 '" 0

-.OIOl?1 - .0032SP, .j. .107~P4 •••3.5

Aftereo1ving. we ge~

•

••

•• -(H.3)

(H.4)



Case. (v) ~ •• 17~0
Eqns. (5.8) becomes

n

.09904Pl - .00346P3 -.OliOSP4 ••9.0
-.00346Pl •• 1581Pa - .00357P4 ••1.5
-.01105Pl - .00357P3 + .1089P4 ••5.0

Solving these equationslwe have
,

PI ••9B.0 MW
,

P3 1" 13 ,0 Mill
,

P4 '"'56.1 Mill

Ceee(vl) ~ .•• 20.0
Here. Eqns. (5.8) become

.1024Pl - .0040BP3 -.0130P4 ••12.0
-:.00408P1~ .1664P3 -.0042P 4 ••4.5
-.013P1- .0042P3 + .1123P4 ••8.0

Solving these equations. we have
PI • 130 HW'. P3 •• 31.50 MW'•

Cese (vii) 7\ • 25.0
Here. Equations (5.8) becom~

.10BOP1 .0051Pa - .01625P4 ••17.0
-.0051Pl + .lB55P3 - .00525P. -9.5
-,.01625P1 - .00525P3 •• 1179P4 ••13.0

Solution of these equetions \:lives

•

••

••

••
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(H~5 )

(H.6)

(H.7)
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B. Calculation of Generation Schedules for the Case of neglecting
Transmission Losses.

Case (1) 11 0: 10.0
from Eqns. (5.7). it is evident
PI 0: 25 MW.t:Jlants3 and 4 are not generating

,Case (it) 7\ .••12.0
from Eqns. (5.•7h we have

"

a.OBPl = 12.0 - B.O ,= 4
O.lPa os 12-15.5 =-3.5

0.09P4= 12 ••12.0 = 0

Solving these

• •

•

(H.B)

Pl '"50 Mill. plant 3 is not generating. P4 = 0
Case LiB) 7\ •• 15.5

Eqns. (5.7) become
0.OSP1,= 7.S

• • •• (H.9)0.lP3-O
\. 3.50.09P4 =

from whictl

,
l

Pl"" 93.75 Mill

Pa •• 0
P4 ""3B.9 Mill

Case (iv) 7\"" 17.0
Here we have•• oapl," 9.0

O.lP 3 ' '" 1.5

O.09P4 = 5.0

• • (H.IO)
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(H .11)• •

. : "
Solving Eqns. (H.lD). we get

PI = 112.5 MII/. l>3=0 15 Mill. P4" 56.6 MW
Case (v) 7\. = 20

Eqns. (5.7) become
.• CBPl = 12.0 1
.lP3 •• 4.5 ~

.09P4 •• B.O, J

.',

\

and we have from ~ere

Case (vi) For7\. •• 22. O. Eqns. (5.7) become:

a.osP1 = 14.0 •
0.lP3 =0 6.5 •• (H.12)

0.09P4 •• 10

from where we get
PI •• 175HII/

1>3 •••65 MW,

P4 = 111.1 Mill

Case (vii) For. i\ = 25.•we get
PI = 212.5 MW
P3 = 95 MW
P4 =0 144.5 Mill.
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APPENDIX I

Calculation of Transmission Losses.

A. Exact Method of Solution:

•••84.0
. 2 2•••B22P2 • (.00056)(84) •••4.0 MW

•
Here. Plant 2 is operated to carry 80 ~lW base load .ofthellystem.
Eventually it has to generate 64 MW with a transmission loss of'
4.0 MIM to supply the required load.

•
(H) 7\ III 10.0

P3 and P4 •••remaining idle

PL III P~Bll •••(16.21)2 (S.64XlO-4) III .21 MW

PR •••16.21 - .21 III 16.0 MW

Total received load •••60.0. 18.0 •••96.0 MW

(iii) '1'- III 11.6 P1 •• 37.7 MW
P3 •• not generating
P4 ••• 0

PL •••(37.7)2 (S.64XIO-4) ••• .70 MIM

PR •••37.7 - .70 •••37.0 MW

Total received load •••37.0 + 80 •••117.0 MW
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'J'.(:Lv) ••12.0 PI ••40 Milt

P3 ••not generating
P4 ••2.62 Milt

PL = (40)2 (S.64XI0-4) + (2.62)(S.S8Xl0-4)

••• 84 Milt

PR = 42.62 - .B4 ••41.18 Milt

Totel received load =80+41.78= 121.7BMW
(v).7\ •• 15.5 Pl~ Bl.5 ~lW

P3 ••2.50 MW
.p • 40 MW •4

2 2 2 + 2P1P3B13 + 2P1P4B14PL •• PIBll + P3B33 + P4B44
+ 2P3P4B34

• (81.S)2(5.64XIO-4) + (Z.5)2(1.71XIO-3)+(40)2(S.S8XIO-4)

- 2{Bl.S)(40)(3.25XlO-4) - 2(Bl.5)(2.5)(1.02X10-4)

- 2(2.5)(40)(1.0SXIO-4)
= 3.0 Milt '.2:- P = 124. 0 ~lWn n

PR = 124.0 ":"3.0 ••121.0 Milt

Total received load ••
'f\ .

(vi) •• 17.0

60 •.121.0 ••201.0 MW.
PI ••98.0 Milt

P3 •• 13.0 "lilt

P4 •• 56.1 Milt
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Pl •• (98.0)2(5.64X10"
4) + (13.0)2(l.7lXIO ••3)

+ (S6.1)2(S.S8XI0-4) _ 2(98.0)(13.0(l.02XIO-4)

- 2(98.0)(S6.l)(3.2SXlO-4) •• 2(l3.0)(S6.1)(1.OSXlO-4)

•• 4.1 Mill7 Pn •• 167.1MW

Pa •• 167.1 •• 4.1 •• 163.0 MW

Tot.l.r.ceived load •• 163.0 + 80.0 • 243.0 MW

(vii) 7\ •• 20.0
Pl •• 130MW

P3 ••31.5 MW
P4 •• 87. Mill

Pl •• (130)2(S.64XIO ••4) +
•

. -2 (~30) (31.5) (l.02XI0-4) -2 (130) (87.5) (3.25XlO.4)

-2 (3l.S)( 87.5) (l.05XIO-4)

•• 6.20 Mill. ::lfPn •• 249.0 Mill

PR •• 249 - 6.2. 242.8 Mill

Total received load •• 242.8 +80.0 •• 322.8 Mill.

(viii) 7'- •• 2S.0Pl- 187.0 MW.P3 •• U.S MIlI.P4•••138 Mill.

PL •• (l8n
2(S.64XlO.4)+(61.5)2(1.71XlO.3)+(l38)2{s.58XlO.4)

.2(187(61.5) (1.02XIO.4)-2(187) (138) (3.25XlO••4)

.2(61.5)(13B){l.05XIO-4)

•• 16.5 MIrI. ~P •• 386.5 Mill.PR ••3B6.5 -16~5 •• 370,0 HW.n n
Total received load •• 370.0+ BO•• 450 HW.

•
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B. Solution for Scheduling when Transmission' Losses are Neglected.
Ii) 7\ '" 10.0

Pl- 25 M~.P3 .8nd P4 ••remaining idle. P2 ••84 MW
i

PL - (25)?(5~64.X10-4)

- .4 MW PL(total) • 4 +.4 - 4.4 MW

~P - 109 MW. PR ••109 - 4.4 - i04.6 MW.=- nn

(H) 7l" 12.0
Pl • 50 MW. P2 '"84 MW. P3 '"remaining idle. P4 '"0

'"1.5 MW.
•

~ P ••134 MWn n

IH.t.) 7'- •• 15.5

PR '"134 - 5.5 '"128.5 MW

Pl '"93.75 MW. P3 '"O. P4 '"38.9 MW. P2 - 84 MW

PL _198.75)2(5.64X10-4) + 0 + (38.9)2(5.58XlO-4)

-0 -2l93.75)(38.9)(3.25X10-4) _ 0

••4.65 MW'

PR ••216.65 - 8.65 • 208.0 MW.
PL ~t6tal)

216.65 MW
•• 8.65 MW.,
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•
(iv) 7\ ••. 17.0

PI '" 112.& MW. P2 '" B4 MW. P3 •• 15 MW. P4 •• 56.6 MW.

PL '" (112.5)2 (5 .64XI0-4 l+( 15)2 (1. 7lXI0-3)

+ (56.6)2 (5 .5BXlO-4) -2 (112.5)( 15) (1.02XI0-4 )

-2(112.5)(56.6)(3.25X10-4)-2(15)(56.6)(1.05Xl0-4)

= 6.6 MW. PL(tota1) = 4 + 6.6 = 10.6 MW

of Pn '" 66.1MW PR '" 26B.1 - 10.6 •• 257.5 MW

(v) JI. •• 20.0

PI • 150 Mill. P2 •• 64 MW. P3 •• 46 MW. P4 •• 90.9 MW.

PL '" (150)2(5.64XI0~4) +(46)2(1.71X10-3)

+(90.9)2 (5 •56XlO-4 ) -.2 (150) (46) ("1.02XIO-4)

-2 (150) (90.9) (3 .25X10-4) -2 (46) (90.9) (1. 05X10-4)

•• 11.69 MW

PL +tota1) •• 4.0 + 11.69 '" 15.69 MW

~Pn" 370.9 MW. PH" 354.01 MW

(vl)7\ •• 25.0

PI • 212.5 MW. P2 •• 64 Mill. P3 •• 95 MW. P4 •• 144.5NMW.

PL • (212.5)2(5.64X10-4) +(95)2(1.71XIO-3)

+ (144.5)2(5.56XlO-4) -2(212.5)(95)(1.02X10-4)

-2 (212.5) (144.5) (3.25XlO-4 )-2 (95) (144.4) (1.05XlO-4)

•• 26.2 MW. :2ff Pn •• 536.0 MW

PL +tota1) •• 4.0 + 26.2 '" 30.2 MW

PH ••505.6 MW.

."
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APPEND!X J

Digital Method of Solution of Coordination Equations

a. Executing form of Equationa:

The exact coordination equations as given by equations
(5.4) may be rewritten in the following form:

.' .f nnPn+ fn +7\ ~ .. 2BmnPm '!' 'A
Collecting all coefficients of P • we obtain. n

Pn (f nn + hBnn + = -Jl.( lj~Bm~P m) -fn+ 'fI. • •

(5.4)

(J.ll

(j.2)

(J.3)• •

.
• • •

•

P •n

Solving for p
n -
7' ::fn - ]I. ( ~l?BmnP III )

f+2Blin nn
f n .

1- .""7t - ~~BmnPm

'nn
-,: + 2Bmn

Putting the numerical values from Tables 5.•1 and 5.2. Eqns.
(J.3) become

1 -(a.o/~) +.000204P3 + .00065P4
O. DB} J\ + .00112B

1 - (15.5/ 'A ) •• 000204Pl +.00021P
4

0.1/ '/I. + .00142

1 - (12.01 ~ ) +.00065P1 + .00021P3
0.09//\+ .001116

• •

• •

••

(J.4)

(J.5j

(J.6)

;



b. Comput.sr Program

C SOLUTION OF NONLINEAR SIMULTANEOUS EQUATIONS
PI = 0.0
pJ = 0.0
P4 = 0,0

AMD = 10,0
PHINT 2. Af~D

2 fORMAT (lFS.2)
001 ••8.0/AMD

200 D1 •• 1.0 - DDI + 0.000204 !!! P3 + 0.00065 • P4

131

.
BBl= O.OS/AMll
B1 = BEl + 0.001128
PN1 •• DI/El

DDJ = 15.5/AMD

•

DJ ••1.0 - DDJ +.0.000204 • PNI + 0.00021 • P4
BBJ ••o.l/AMD
BJ ••BBJ + D.00342
PN3 = ))3/B3

DD4 = lz.o/AMD
D4 ••1.0 - DD4 + 0.00065 .PNl + 0.00021. PN3
BB4 = 0.09/AMD
84 •• BB4 + 0.001116
PN4 = D4/B4
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PRINT S. PNI. PN3. PN4

FORMAT (3F13.4)

IF «PNI - PI) - 0.1) 10. 10. 11
IF «PN3- P3) -0.1) 12. 12. 11
IF «PN4 - P4) - O.l} 14. 14. 11

s

10
12
14 GO TO 100

11 PI •• PNI.

P3 •• PN3

P4 = PN4

GO TO 200
100 CALL EXIT

END
•

•

C Result

:I::t JOB 5
+ * FORX5

01950 CORES USED
59999 NEXT COMMON
END OF COMPULATION
EXECUTION

\

ER Fa .IDGOOOOOE + 02
0.0000

.2191

.2188

0'.0000

-.4098
-.4098

0.0000

-.197~

-.1976

,



The above results are closely near to the calculated values
given in Appendix H for" =10.0. In a similar waYi other

133

;.values of Pl • P3 and P4 are obtainable by putting different
values of J\ in the same programming.

•



134

APPENDIX .K

TABLE I
Table showing the Difference of-fuel Input for Two Schedules

Received Load
PR(MW)

J " .\ _ ITotal fuel input Total fuel input Difference of
(Taka/hr.) when (Taka/hr.) when fuel input
losses neglected, losses included.(Taka/hr.)

ft tt

BO ••
100 240 240 0
120 470 460 10
140 755 735 20
160 1,020 9B5 35
IBO 1.310 1,265 45
200 1,625 1,570 55
220 1,910 1,850 • 60
240 2;190 2;120 70
260 2,470 2,390 80
2BO 2.770 2,6BO 90
300 3,062 2,960 102
320 3,,3BO 3,270 110
340 3,690 3.56~ 125
360 4,000 3,855 145
380 4.;330 4,150 180
400 4,690 4,460 230

\
\
~
\
\.\
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