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ABSTRACT i

In detarmining-thé econamic distribution of -‘load between
plants in e large:powerVSystem,we éhcnﬁhter the need to take
losses in transmission lipes into acenunt and to express the
total transmission laases'of a power system as a function of
plant loedings. Eastern Grid Network of Bangladesh Pawer Develop-
ment Board (BPDB) with four majof‘genarating plants, namely at
Képtai, Siddhirganj, Ashuganj and Shahjibazar and eight major
load centres is considered to be theﬁhaéis of this study. Ther
system is simulated in an A.C. Network Anaiyzer to determine |
1naa-formﬁla coefficient matrix, which is utilized to find the

transmission loeses as.a function of the plant autputs,

On the basis of the plant heat rate data, input-cutput
curves incremental fuel rate, fuel cost versus power output
curves for various plant, supplied by BPDB, dptimum geﬁeratioh
" schedules have been obtained for cases of (i) neglecting and

(ii) including transmission losses in scheduling formulatione.

It has besn shown thaé‘a considerable economy in fuel cqst
may be achieved in the cease of generation schedule by includiﬁg
transmission losses over that when the losses have been neglected
in generation scheddles, and also over any other random methods

of generation schedules.
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CHAPTER 1
INTRODUCT ION

1.1 General

An electric pqwér system consists of three principal
compénenész'tha generating stations, the tranémissiOﬁ lines,
~and the distiibutiﬂn systems. The transmission ;ines are ths
connecting links betwéen all the ganetatihg statioens and the
distributiﬁn-syatemé. Hell-coardiﬁated, flexible and reliable
transmission systems, with per unit cost of_ﬁruductian'nf l
electrical energy as loﬁ as paaéibla, ére the most desirable
requirements to the power-generating_cumﬁany. As the system
g:oua,-mora and |more energy sources must be explaited to’
satisfy the incéuaéing demand, and ane'tranamissinn lines
must be buily to link the now generéting statiﬁns to each
_other; the-econéﬁi& aapéct of system operation becomes more

andfmote'important under the growing conditions.

The economic operation of power stations in an inter-
connected system is a complex problem to the power system
engineer, This is usuaiiy aéhieved by optimum aﬁhedgling of .
the generating units to share the total load within the usuasl
cﬁnstraints of voltage, spinning reserve and stability limits

of the system,

In an intercunne:ted-syateﬁ where electric load is
supplied from more than one generating plant, one plant with

minimum fuel cost is nurmall& chosen to supply part or full

¥ it
A




of the base load of the system. First, Hydro Stations, next
Muclear Plants, with high 'plant factor' are normally selec-
ted to do so. The rest of the losd of the aystem has to be
shared by the remaining generating stetions. The problem is:
which generator should generate what amount of power to meet
the total demand of load such that meximum overall economy
is achieved. Because of the following factors, tha nsed to

opsrate the system econowically has become indispenssble.

First, the generating plants which ere normally situated
nesr the fuel sources such as stored water, or fossil fuel
resorves, may not necessarily bs located adjecent to the load
centres. The transfer of power over long dietances from the

generating plante to the load centre bascomes unavoidable,

Second, the bulk power generated in a given aree has
to be transmitted to enother area when the gsnerating power
ie in exceses of the consumption capacity of the generating

arsa,

Third, even if the genersting area haa ths capacity
to consume the total of the locally gsnerstad power, power
eystems ara to be interconnected with anather area for purposes

of economy interchangs end spinning reserve capacity.

Because of ite relative importance, the economic distri-
bution of loads among different plants ie » grest problem to

the load despetch and scheduling engineer,



1.2 Tranamigaian Loss Cnnsidefatiaﬁa

One of the major problems involved in fhe operation of
a power system is;tﬁe scheduling nf_gena:atidn'for ihe-mdsf
econdmic system operation. Much affuft has been expended in
- the analysis of fue;‘casts and thermal performance of gahera-
ting units ntiequal'indfémental-fudl cahtsl.”ﬂuuévar,'wifh
the dchlapment‘of'ihtégrated power syatéﬁa and interconnsc-
tion of operating ﬁampanias for purposes of economy inter-
change, it is necessary to.chnsider not only the incremental
fuel costs but also the increﬁental_transmi&éion lnsées for

optimum economy.)-

The need to take the tranémiﬁaion losses into écchqnt
in determihing the econnmic-distributiuﬁ of lead bastween
plants is thﬁs graat.i?lthaugh the ‘incremental fuei cost at
one plant bus @ay be lower than that of another‘plaﬁt for a
given distribution of load bet;een the.planfs; the pléﬁt with
the 1ﬁuer incremﬁntﬁl cost at ita bus may be much farther from
the load cantre, The losses in transmissiun.frum the‘plant‘
having the lauan_incrementalncnat may be so great'that eccnémy
may dicfate lowering the load at the plant with lower incre-
mental cost and increasing it at the plant with the higher
1ncrsmenta1 cnst. The courd;nation of 1ncremental fuel cost -
and 1ncremental transmzas;nn lossaa resulta 1n a cunszderable

amount of fusl savings in terms of muney')



" Another aSpec£ of the determination of transmission
lésseS'is in bunqactién Hithlﬁilling for ﬁarious.interconnec-
tion transactions for the operation of intsrconnected systems.
The revenue to be éained by properly billing for loases involved

'during interconnection transactions may be indeed a very large.

Transmission loss considerations have often proved to
be impnftant_in the planning of future systems with particoular
regard to location of plants and the design of transmission

lines,

1.3 Réview of Published Literature

A transmiaéiun—lﬂss;fnrmula_expreasing the totel trans-
mission losses in terms of Source powers was first presented
by E.E.‘anrgez in 1943, The formula was of the following
form:

P_ = total transmission losses

2 2 2 . 2
+ 2 B P,P + 2B PJP"".J.@

127172 1313
+ ZyaPaPy b oo o425 PR .
- =2 2_PBP ) NP i . {2.1)

. where Pm. Pn = SQUICE POWBIS,

an= transmission-loss«formula coefficients.



The determination of the an coefficients was based on a
longhand praocedure which required two teo three week's wark

by two men for a systsm of eight to ten generators.

The application of the network analyger to determins a
similar loss fnrmula‘wés developed later by Werd, £aton and
Haled of Purdue Uhiversity and published in 1950.

At the 1951 AIEE Summer Conventian, G..Kron, in conjunce
tipn.ﬁith G.W. étagg and L.K, Kirchmayer, preaantgd,coﬁpanion
éapere‘?s which described an. improved methad of deriving a
total transmission lass formula,requiripg considerably less
nequrk analyzsrvmeasqrements;andraﬁ&hmatic calcﬁlationa.
Reference 4; in aﬁditian;,gvaluatad_thé discrepancies intro-

duced by the assumptions made in obtaining a loss formula.

- The appiidatidn.of'autamatic digital computers to
calculate a lnﬁa.forﬁula wes presented by A.F, Glimn,-R,A
“"Habexrmann; Jr., L.K; Kirchmayb:;_and G.U;AStagg in.thé_aummer
of 19536. An improved digital-computer methﬁd.nf caiculating

loss-formula coefficients is given in Reference 7.

W.R. Brnwnlseﬂ has indicated a method of expressing
tfansmission losses in terms of generator vu;tagas ana angles
and the X/R_ratiqs.af the transmiesion circuits. Alsc,'loss
formulas involving linear terms and a constant term, in,

addition to the quadratic terms indicated by Eqn. (1.1),



9,10

have been recently described « The form of the loss

equation is then

P, = 2. % PaPunPn * % B oPn * Bgg *+ » + (1.2)

L m

The first major step in the dsvelopment of a methad of
coordinating incremental fusl costs and increméntal trano-
miesion losses was presented im 1949 by E.E. George, H.W Page,

and J.H. Uardll

in their use of the network analyzor to prepare
plant loading schedules for a power system. At tha same time
the slectrical engineering steff of the American Gas and
Electric Servica Corporation,; also with ths aid of the network
analyzer, developed a method of modifying the incrementsl fusl
coste of the varioue plants on sn incremantal slide rule in
order to account for transmission loesss. Next, the American
Gas and Electric Sesrvice Corporastion, in cooperation with the
General Electric Company, successfully smployed transmission-
loss formulase and punched-cérd machines for the preparetion

of penalty-factor charts to bs used in the economic scheduling

of genarationlz

+ The incremental production cost of a given
plant multiplied by the penalty factor for that plant gives
the incramental cost of power deliversd to the system load
from that plant. Optimum econamy with the effect of trenami-

ssion loeess considered ie then obtained when the incremental

coet of delivared pawer is the sems from all sources.




In 1952, L.K. Kirchmayer, G.W. Stagg13 presented a
mathematical analyeis of verious methods of coordiﬁating
incremental fuel costs and incremental transmission losses
and an evaluation of the savings to be obtainesd by coordina-
ting incremental fuel costs and incremental transmission
losses. Progress in the @nalysis of the economic operation of
a combined thermal and hydro-slectric power eystem was reported

by W.6. Chandler, P.L, Dandeno, A.F. Glimn, and L.K. Kirchnayer14.

An interative ncthod of calculating generation schedules
auitaeble for the use of @ high-speed automatic digital computer
hae becn deacribed by A,F, Glimn, R. Habermann, Jr., L.K.
Kirchmayer; and R.W, Thomasls. For a given total load, the
computer calculates and tabulates incremental cost of received
power, total transmission losses, total fuel input, ponalty
factors, and received load, along with the allocation and
summation of ganeration,

The Americen Gas and Electric Service Corporation early
in 1955 instelled am incremental trensmission loas computarlE'IT.
This computer calculates incremental tranemiseion loasses and
penalty fectors for various system operating conditions, The
coordinated operation of this computer and an incremental
elide ruls furnishes & flexible and accurate method of taking
into account the chenging system conditions in the plant and

on the tranemiassion system.



wWith respect to interconnected syatems energy accounting,

methods 18¢19920421,22,23

recently developed permit determina-
tion of loss formulse for each seperste company, and analytical
interpretation of the loss-formulas of these companiee for

etudy of losses in interconnected operation. Loss«formulas

cen be derived which expreas losees iﬁ a given area in terma

of the source and interconnection loadinge of that area or in
terms of source loedings in 8ll areas and the echeduled intar-
changes between sreas. These formulas can aleo be uesed to express

change in losses from a given condition in terms of the changes

in esource loadings and echeduled flows from 8 given condition.

1.4 Scope of Thesis

The scope of this thesis lies in the determination of
tranemiesion loss equations for tha Eastern Grid Network of
Benglsdesh Power Development Board (BPDB)* uain§ e G.E.A.C.
Network Analyzer, end in tha datermination of the most economic
generation schsdules for the genesreting plants of the same
system, including transmiseion losses, Ae fer as is known ,
optimum generation schedules for the genersting plants of tha

syetem under investigetion, including transmission loeses

hes not been attempted so far, in the existing eystem, although

s Previously known se East Pekistan Wetor end Power

Developument Authority (EPWAPDA),



considered most desirable on all ac;ounts.pronomic ocperation

of combined Eaégérﬁ.aﬁd Weatern Grid System has not been attémp—
ted since the two grids have not yst been interconnected and
muradvarﬁ;the‘génerating caﬁébity of the Western Grid is quite'

Esmall in comparison with that of the Eastern Grid.

In order to achieve the above objectives; the necessary
studies and expérimental works were as follows:w

(i) to develop a simple method of determining transmi=-
ssion lossss of the system under study,

t'(ii)ftu;oﬁtain‘;osaeformulay:oefficientimatrix for the

system from network analyzer Bfudy.

(iii) to ascertain the assumptinhs to be made in
determining-losses,

{iv) to cbtain separate generetion schedules by including

transmission lusses and by neglecting transmission losses,

{v) to estimate the. transmission losses under the two

methods of schédulihg.

(vl) 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 caléulate annual savings achieved under the

most desirable schedulings,
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1.5 Summery of the Remaining Chapters

In Chaptsr 2 a theoretical diecussion of tﬁa economic
eperation of generating” plante has been made for the meﬁhud
of nEglectlng transmission losses in generation schedules.
The diffarent characterlstxc curves involved have been ocbtained
‘and drawn properly.

Chapter 3-g£vaa a theoreti&al analysis of the development
of.transmission loss eguations for the adopted system and the

>

assumptions involved.

Chapter 4 presents the practical procedure of determinae-
tien of loss-~formula coefficieﬁté py means of néfuark'aﬁalyzar
for the system un&er inveatigatiﬁn;

In Chaptex 5, inqreﬁental_p:qductioﬁ coats,nf;ths plants
hgva'haén coprdiﬁated with the tranamission losses of the
syatem to find the generation schedules, Individual plant.
generation aga;nst the total genaratlon and total recsived
load has been found fnr various valusa of 1ncremental cnst
of recaived powsr, The schedules thus obtalned have baen
compsred with thoae obtained by the method of neglecting

transmission loases.
In Chapter 64 8 brief discussion is made upon. the amount
of. annual savinge, as a result of including_t:pnsmiééion,lossss

in generation schedules. A comparative study of fusl inputs



~has been givan,.qith other arbitrﬁry hethods of loading the.

..gaharatipg:blants. ) | . S -~

- 11

Conclusions of this study are presented in Chapter 7. .

Ihisicbncludiﬁg;éhapte: é;$o_cgntains a few pdgsiblg"axtaﬁ-

‘sions Gf the work-in ‘the future.,



CHAPTER 2 -

ECﬂNbMIC OPERATION WITHOUT CONSIDERING LINE LOSSES

2.1 Introduction .

for a power system to return a profit on the'capital
invested, Proper operation is very impartant,_The_poue; de{i-
vering :n@panies; to thés end, always try to achieﬁa.maﬁimum
efficiency of Operation and to improve eff;czency :ontlnually
in oxdey to maintain a reasonable relatlon between rcost of

kilowatthour to a consumer sndithe cost to the company of

.r‘

delivering'a kilowatthour in the face of constantly rising

prices of fuel, labour, supplies and mainténance.

In nperafing the system for any load condition the
contribution from esch plant and from each unit 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 chapﬁer.

An early method of attempting to minimize théxéqst'bf
delivered powe# called_for supplying powar from only the most
efficient plant st light ;uads.,As_anq,ingreased;-pouer.wcuid
be supplied by the mnsf efficient p;ant;until_tﬁe point of
maximum efficiency of that plant was reached; Then for furthsr
increase in load, the next mnst efficient plant would start to
feed power to the system, and a tﬁird plant would not be called

~upon until the point of maximum afficiency of the second plent
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was reached. Even with transmission losses naglecféd this

method fails to minimize,

. VUWe shall study here the mest economic distribution of
the output of a plant betwssn the generator units within the
plant. Since'systém generatian'iarnften expanded by adding
units to existing plants, the various units within a plaht‘and
hence the various plants usually have different characteristics,
The method that uill.ha developed is also applicable to economic
scheduling af,varioué plant outputs for a gifan loading of the

system without consideration @f transmission losses.

2.2 Characteristics,ﬁur&es of Plante

We have taken the Eastsrh Grid System of BPDB for ecanamic
study. Full daéc:iptinn of this system will bg found in Sec.3.2.
Four large generating plants et Kaptai, Siddhirgasnj, Ashuganj
~and Shahjibazar mainly supply the system iaad. 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 fhe plants will hsve different characteristics. To determiﬁe
the economic distribution of load between these plants (or
betwesn units considting of a turbine, generatoi-and‘boiler
uithinra plant), thé fual iﬁput in Btp perlhgur must be known
as a function of the power output in megauatts. Typical input-
output cprves' for Ashuganj; Siddhirgenj and Shahjibazar plants

are shown in fig. 2,1, with the fuel input in Btu per hour

% Obtained by the courtesy of Efficiency Engineer, BFDB.
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against the outputs in megawatts., The corresponding *heat rate!
which is obtained by dividing thas input-by the corresponding
output, is given in Fig, 2.2, It is to be noted that units

associated with hasat rate are Btu per KwW-hr.

Another consideration is to find 'incremental fuel rats’

data, It is given by the following definition:

- - _ input .
incremantal fuel rate = —2—53&—5%- e s e« o & a (2.1)

In other words, the incrementsl fuel rate is equal to a small
change in the input divided by the corresponding small change
in the output. As the A quentities become progressively amallar,

it ies aeen that tha

d{input
-incremental fuel rate = dloutput “ e v s » (2.2)

The units associated with the incremental fusl rate ares the
same as the heat rate (that is, in Btu par ' gyh. ). Fig. 2.3
gives the incremental fusl rate versus etation output graph

for tha three plants,

Againg Fig. 2,4% shows specific fuel cost in paisa per
KW«hr. with megawatt output for Siddhirgaenj, Ashuganj and
Shahjibazer planta. The fuel costs of the -above plants in Taka
per million Btu ars given in Tables 2.1, 2.2 end 2.3. These

costs wmay be used to convert the units of input-output curve

& Obtained by the courtesy of Efficiancy Enginesr, BPDB.
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to input\in Takas per hour versus output in megawatts, Figs.
Z.E(a) and 2.5(b) show such input-udtput characteristics for

Ashuganj, Siddhirganj and Shahjibazar plants.

Again, the incremental fuel rete is converted to incrs-
mental fuel cost by mulfiplying the incremental fuel‘rate in
Btu pér KH-h?. by the cost in Taka per million Btu., The incre-
mental fuel cost may also be obtained from the slope of input
(Taka per hr,) versus output (MW) curves. The unit of incremen-
tal fuel cost is usually Taka per MW-he, The incremental fuel

cost graphs for the: three .plante are given in Fig.‘z.ﬁ,

“

TABLE 2,1
. ':qul cost Data of Ashugenj Power Station
Power uutput5 Specific ' Fuel input‘ Fuel cost ' Fuel cost \
(Mw) - fuel cost ° (Thousand (paisa/ (Taka/million
(paisa/Kw<hr) Btu/KW-hr.) Thodﬁa?d ' Btu)
1w 1.78 11.1 : 1.6 =3I
15 1,72 - - 10.8 LI "
20 1.66 10.45 " "
25 1.62 10.1 S . n
o 1,58 ' 9.85 " - "
35 1.54 9.60 LI n
40 . 1,52 - 9.46 " "
45 | 1.49 9.38 " n
50 1.48 9.30 n n
55 1.48 9.30 " "

L
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fuel cost Data of Siddhirganj Power Station

Powar nutput.Specific

fuel cost Fuel cost

Fuel input
{MW) .fuel cost (Thousand (paisa/ (Teka/million
(paisa/!ﬂ-hr) Dtu/KW-hr.) Thousand Btu)
Btu)

10 2.06 18.10 16 1.6 ~» 37X
15 1.96 12.35 .16 .
20 1.89 11.50 . n
25 1,86 11.68 n "
ag 1.87 11.69 " : "
as 1.86 11.70 " ..
40 1.89 11,78 - " "
45 1.895 11.82 o "

' 50 1.90 ~ 11.90 " "

TABLE 2.3

Fuel cost Data of Shahjibazar Power Statian

Power nutput Specific fuel Fuel 1nput Fuel cost Fuel cost

(MW} coat (Thousand (paisa/ (Taka/million
(palaa/KH-hr ) Btu/KH~hr) Thousand Btu)
Btu) :
6 1.80 :19.0 .09 .9
7 1.60 17.8 . .
8 1,50 17.0 " . m
9 1.44 16.0 " n
10 1.38 15,2 " n
12 1.30 14 .4 i ' "
15 1.22 13.65 o "
-0 1'33 1590
L35 128 4 28
Qo |22 P50 e8
35 T 14 b
40 128 I14:a
4 . iy
50 ey M1 20
ég 1+ 22 '3 65

a0
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2.3 Increnentd; Production Costs

The incremental production cost of a given unit or plant
islmade up of incraﬁantsl_fual cost plus the incremental cost
of such items as labour, supplies, maintenance and water, It
is necessary for a rigorous analysis to be able to express ths
costs of these produceion items as @ function of instantaneous
output. Howsver, no methods are prnsantly_évailabla faor expresé—
ing the cost of labour, suppliis or maintenance accurately as
a function of ocutput. Arbitréry methods of determining incremen-
tal costs of laboﬁr, supplies, and maintenance are used, the
~ commonest of which is to assumse theée costs to be a fixed
percentage of the incremsntal fuel costs.: In many éystema. for
purposes of scheduling generation, the incremental praduc%ion
cost is sssumed to be squal to the incremental fuel cost. We
shall assume, for our purpogse,; the inbrénéntal production cost

as equal to the incremsntal fuel coat24.

2.4 Optimum Generation Scheduling.by Neglecting Transmission

Losses,

We can now discuss the guiding principls of the most
economic scheduling of generation for distributing the load
among the units within a plant or among the plants without
.considering transmission losses of a system, for inatance;

let us suppose that the tbtal load is supplied by two units
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.nf a plant and that the division of load between these units
is sﬁch that the incremental production cost of one is higher.'
than that of the other. Now, let us suppose that some of the
lluad is transferred from the unit with the higher incremental
cost t6 the unit with the lower incremental cost. Reducing the
load on the unit with fhe higher incremental cost will result
in a greater reduction of cost than the increase in cost for
adding that same émount 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 (withuﬁt considering
transmission losses) in a system. Thus the criterion for
economic division of load between units within a plant or
between ﬁlants in a system without coneidering transmission
losses is that all units or plants must opsrate at the same’

incremental fuel cost,

The above statements may be justified in the following

manner:—-

Let F_ = input to nth unit or plant in Takas per hour.
F, = total input to system in Takas per hour.

Then F, = Z Fn
"

[
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It is desired to schedule generation such that

Ft = Minimum s s . . & & " (203)
with the restriction that

Z P = P, = received load “ . . (2.4)
n n R ,
where Pn‘a output of unit or plant n,

As explained above and also ehouﬁ in Appendix-A, conditions

2.3 and 2.4 are satisfied when

n .
‘ 1 . a - " - &« & (2.5 )
Pn | S

dF : o
uher3<—aﬁﬂ— = incremental production cost of unit or plant n
= n . T B . . . . .

in Takas per MW<hr.
7L_= incremental cost of received poier in Takas

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

given total load is obtained when all generating units or plants

a:a-operated at the seme incremental production cost.
_Again, the incremental production cost of & plent over a

limited range may be represented by

an e ; .

-'-&"P-—'"- = anpn + fn . e & = - - ¢ @ (206)

n - : :

'uhere'Fh“ = slope of incremental p:oduptipn,cgst curve, .
fn“s intercept of incremental production cost curve.

' ~Economic'genaration schedules ars obtained by &olution of the

following equationts
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anpn + fﬂ = % - . .‘oo . -y (2 -?)
for various values of 7\ . In Eqn. (2.T7) increésing'?r\results
in increase in total generationg decrensing’?‘ results in a

decrease in total generation.

2.5 Approximation of Incremental Production Costs

" ‘Incremental production cost for a plant or for & unit
lfor any given power output is the limit of the ratio of the
increase in cost of fuel input in Takas per hour to-the corres-
ponding increase in power ocutput in megawatts as the increase
in power outputAapprcaehes.zezo. Practicaes vary greatly among
_cumpan%es in the representation of the incremental production
costs. Some companies have refined the curves of Fig. 2.6 to
includé disconfinuities due to valves, wherqaé others use a

block representation,

In_thé interest of obtaining an economic design it is
nacéssary_to discover the simplest straight-line.ﬁppruximatinn
uf the $ncremental cost detﬁ fhat may be made without incurring
appfaciable loss in operating economy, In-analytical work; the
‘curve is often approximated by one or more stréight lines.

Fig. 2.6 shows thet incremental production cost is quite linear
with respect to power output over an appreciasble ;angel Thus

the dashed étraight-lines in the figure is a good approximation
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of the curves.represénting Siddhirgenj, Ashuganj and Shahji-

bazar incremental production costs with megadétt ﬁufput.

2.6 Dif fersnt Considerations and Limitations to Scheduling

Althaugh the criterion of equal incremental production
costs will rssult: in the optimum economic scheduling of
generstion, the following methode of scheduling are sometimes
still found.in use®>,

1, Base Loading to Capacity.

The tuibineagenerator units are successively loaded
to capacify iﬁ order aof their‘gfficiencéasa
' 2. Base Loading to Most Efficient Load.

L Tha_tufbine-generator,units are successively loaded,
in_ascending order of their heat rates, to fhpir“most efficient
loade. When all units are @pErafing at their most efficient
loads they are loadsd -to capacity. in the same order.

3. Proportional to Capacity.

The loads on the units or-planta are scheduled in
_propoxtion to their rated capacity.

The discussion thus far has considersd the'nptimum allo=-

cation of generation for a given connected capacity. A problem

which is not anawered by inspection of incremental cost data

is the determination of the maximum capacity to which a plant
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can be operated for a given total amount of load, Determination
of this capacity is based upon such considerations as

1, Economic evaluatioﬁ.

2. Reserve'réquirements.

3. Stability limitations.

4, Voltage limitations.

5. Ability to pick up loed guickly.
Very fregquently; and in particulér, inlexﬁended syétema, condi-

tions 2 to 5 overrule conditionm 1.

The determination of the most economic combination of
capacity to be operated at a given time is accomplished by.
inspection of the total fuel input to the system for various
' asauﬁed cnmbinafiona of capacity; Df“cburse, for any aasuméd-
capacity in operation, ‘the economic allocation af.generaﬁiun

is given by equal incremental cost loading.

e Iﬁ general, in a given station the units ars placed in
sarvice in ascending order of fhéir heat rates assuming the
cost per Btu to be the same. To determine the mest economic
combination of units for a given station load, it is naéasaary.
to plot total station heat rate curxves of successive combine~
tions and to note,thé combination providing the lowest heat

‘rate for & given station load.

Another problem of importence is to datermine the economic

advisability of taklng units off the line for relatively short
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periods of time; such as between thaumurning.and evening peaks.
This dete;miﬁatinn is based upon;calqylating the total fuel
input in Takas to thé systém.during_thisrperiod of time with

the units in. question both on and off the line. This calculation

should include cost of restnring‘the'unita'under:cunsideerion

back in service and losses involved in benking the boilers.

An analyeis of the'eff&cﬁa of errors in the economic
despatching of power Systemsz6 is=importan£ in understanding
and‘chnqsinggthg.accuiacy requirements of the components of a

despatching system.

Devietions from the most economic écheﬁuleva:e ocbtained if
{1} The representation of the inﬁre@ental‘production cost
curve is in error.
:(2) The servomechanism loop which matches the desired
genéiation yithiyhe actual generation is inaécurataa In case
of msnual operation thE Btatian.qurator reprasents fha sarvé-

_machanisﬁ loop.

-The two typés of error indicated may occur in an automatic
despatching system as well as in the manual dESpatﬁhing of a-

power system,
From a study of the effect of simultancously displacing
" the incremental cost of one'source-by-(l4re) and the incremental

cost of another source by (1 <€) the following conclusions may
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be draunz‘i

(a) Tha loss in hourly e=conoimy varies as the square of
the per unit error ¢ in the rsprﬁsentation aof the incremental
production cost.

(b) For a given value o% € the loss of haourly economy
varies diréctly as the sgquare of the incrementsl cost level
and inversely as the average slope of the incremental cost

characterxristics of the sgurces in question, .

From a study of the effect of diaplaciﬁg the output of
one source by + AP MW and the output of another source by
'=dp MW from the desifsﬁ economic value it is noted that tﬁe
loss of hourly economy varies as the square of the AP MW

deviation from optimum scheduleZ‘.

2.7 Systems with Transmission Losses

In the general case all sources of generation are not
located at the same bus but are connected by ﬁsana of @ transe
missicn netﬁork to the various loads. Some plants will he
favourably located'uith respect to the load than others, Also,
if the criterion of equal incremental production costs is
applied, there willy; in general, be transmission of power from
low=-coet to high~cost areas, Agein, in determining the economic
distribution of load between plants, it will be necessary to
recognize that transmieeion losses occur in this operation and

to modify the incremental production costs of 2ll plents tao
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take theée line losses into account. To coordinste transmission
iosees in the problem we need_io express the total transmission

losses of a system as a functien of plant output.

‘Chapter 3 will deal with the development of transmission
loss equatian uhi:h will be mecessary to find optimum generation
Tt .

" schedules uith.transmissiun-lossas.‘



CHAPTER 3
DEVELOPMENT OF TRANSMISS JON LOSS EQUAfIUN

3.1 Introduction

To iﬁclude transmission losses in scheduling of plaﬁt
output the basic prublﬁh_iQVBlved iérthe'determinetion_af
an expressiocn for the tranamission'loases infterms of plant
outputs. For this purpase, it is desired to proceed framra
circuit in which the va:ious;sagrcés are ebhhéétéd.hy an
arbitrary transmissi;n-hatqork to the individual loads, as

shown in Fig. 3.1, to en eguivalent circuit, as suggested in

Fig. 3.2, - A
l [
am
: u
@ —— Lok it
e Arbitrary
> . * W >
Transmission [ 3% R’ BN
o > o
Network '
~
{ Lmm e hAih e »
o

Sources - , {oads .

Fig. 3.1 Schematic diagram of a system cnnneéting
socurces end loads by arbitrary transmission

network..
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' [ ]
_—~ Hypothetical equi-
valent load point

—

=
System load

Fig. 3.2 Equivalent circuit representation of Fig. 2.1 with
impressed generator powers éupplying a single

hypothetical load.

The trensmission 1086854 ef both Figs. 3.1 and 3.2 are to be

identicel and may be expressed in the following manner
For fFig. 3.1

P, = iz:iza (transmission losses in terms of
L™ X -
line parameters) . v . (3.1)
wherse ik = scalar line current in line k

R = resistance of line k
" For Fig. 3.2

i S - -
PL = % PuB,nPn (trensmission losses in terms

of source powers) . . . (3.2)
where Py Pn = outputs of sources m, n.

Bﬁn = loss-formula-coefficient matrix to be determined.
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.The method of transformation of Fig. 3.1 to 3.2, developed
by Kruns is shown in Appendix B. In this chapter, we shall
develop equations expressing system losses in terms of loess-

formula- coefficients and source powers,

3.2 Description of tastern Grid System of Bangladesh Power

Develaﬁment Boerd27.

A generél geographic layout of Bangladesh with the
electric netﬁork as existing et present is shown in Fig. 3.3,
Thé basic praoblem for the eiectﬁic high wvoltage network of
this country is created by the fact that the country is divided
into an sastern and a2 western reéion 5y the Jamuna river,
~ Therefore, the basic concept of the Power Development ﬁoard
foré;s two indepéﬁdent networks, an eastern and a western one.
‘The génsrating capacity of the western region is small in
comparison with that of the eastern pert. Hence,leaétern grid
system or network has been taken up as the basis of thia_study;

A map of 132 KV systeh of the Eastern Grid showing major
generating plants and principal interconnections ( at present
in operation) is indicated in Fig. 3.4, The intergonnebked
- system includes four major geqsrating statians._namely;.Kaptai.
Siddhirganj, Ashuganj and Shahjibazer and eight major load

centees. The system covers an approximate distance of EDQ' ‘
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clrcu1t miles. Foxr the purposes uf developing technlqu.a and
~ to determ;na th- accuracy of transmissaon loss formula, a
limpliflﬂd 1mpedance diagram af tha system is shawn in
Fig. 3.5. =~

Physical simplifications made were the following fectss

1. Multicircuit lines were paralleled
2. Small  tapping stations were um;ttad.
3. Gensrators were;directly bussed to the high

. voltage line,

3.3 Asaumptibns

The lcss-formula caefficients may be considered as sn
aqu;valant transmias;on loss circuit from each genezating

saurce to the hypothetical load point as shown in Fig. 3.2.

An éfteﬁpt tao develop.genaral'lnsaffoimula coefficients
and consequently the transmissiﬁn—loss-?ormula. as ﬂill be
obteined pressntly. requires follouing simpl;fy;ng assumptions:

l. The ratio X/R is considered to be the same for all
branches of the network _ \

2, All load currents have the same phase angln and
maintain a canstant ratio to the total current. |

3. The voltage at every source bus remains canstaﬁt~iq

magnitude.
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4. Powsr factor at each soﬁrce remains constant.

5. Voltage phase angles. at source bus. - remain constant.
This assumption is eduivalept to assuming fhat Eource currents
maintaiﬁ‘cunstant phase angles with respect to a common refere

ence since source power factors are assumed constant,

The assumption that loéd currents maintain a constant .
ratio to the total load current is reasonbly valid for mast
loads. Thus aashmption"z implies that the ratio of individual
load current to the total load current (called currsnt distri-
bution factor) can be treated és real numbérs‘ This assumptian
could be avoided if the availability of a large digital computer

made the use of more elabofate method feasible.

Where extreme variations in operating cenditions -occur
so0 that the assumptions cause appreciable errors in loss ﬁalcu-
latidns. one or two additional sets of loss coefficients may
berdetermined to apply to widely different cifcumsfanceé. ﬁany
ﬁouer companigs? howevar, obtain Bufficiently‘accpxate :esuifa
based on just one set of eoefficients calculafed for a typical

e
operating condition.,

3.4_App1icat%un of Superposition Principle to find Current
Distribution Factoxrs.

Let ﬁs consider the system of Fig. 3.1 which is redrawn

with two generating plants and indefinite number of loads as
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shown in Fig. 3.6. The technique which will be follouedzB can

be extended sasily to suit a system having any number of

v
sources,

P *— - [ ' >
£ o], N A
g ' ' ' ’ —l e —

——e] : — ‘:ij d
(99’ | (=) .

, N 2t
' .""“""——-'
(¢)

Fig. 3.6 Schematic diagram showing two generating plsnts connected

&
~
¥y

through an arbitrary network to any number of loads. One

branch k of the petwork is indicated,.

" One three-phase line within the system is designated as
branch k. In fig. 3.6(a}y only source 1 ie feeding the system,
‘but all loads are connected. Thé total loqd_current-iL is

supplied by source 1, and the current in line k due to Boﬁrce 1
is ip(1)* Let

De) | e

N = - w ® 7 - = t (3-3}
k(l) i R

1l
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Similarly, with source 2 supplying the entife lead as indicated’
in Fig, 3.6(b); let

i (s (2 |
N B -—_Li—z—l-g ___k_!_z_l s s e s (3.‘)
k(2) i i - : g
By the superposition principle with both sources connected,

@as shown in Fig. 3.6(c)s the current in line k is

= N, vy 4. + N i ' -
k(l) ) 61 e k(Z) Gz ) .o 8 . - L3N] (305)

where iG and iG are the currents from plants 1 and 2, respective
1 - ra : ' -

ly. The term Nk(l) and Nk(z) are called the current distribution

factors due to source 1 and 2 reapactivgly. For n number of

sources, the current in line k is -

S 0m N A € N i 4 . . 4 Ny i eee (3.6)
k™ Mets, * k@), kn)¥s,

Tha‘current distrihution factors Nk(h) can bé réadily found
when fhe system is set up on an a-c calculéting board. The.
values of these factors for the system congidered in Sec, 3.2

. are found in Chapter 4, Under the assumptions made in Sec. 3.3,

the current distribution factors are real, rather than complex,
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3.5 General Expression for fossuforhulaacoafficients.and

. Tranémissioh'Lass Equation

Derivation of the general form of the transmission loss
equation for sny number of sources is shown in,Appendix'C;

It is the same es given in Eqn.(3.2) and is repc-eated as

=:§j§:P B P ) ces .o - (3.2)

n O mnn

where >_ snd >_ indicate independent summations to include
m R - : :
all scurces.

for 'instance, for three sources,

2 2, 2
P = P1Byy # PaBap #+ PaBay + ZP1 2812 . 2p,P4B,

+ ZPZPEBIS LR . L AL ] (311)

Again, as shown in Appendix C, the general expression for

the loss-formula-coefficients is

Cas(Cﬁﬁ

o l“ull“ [(Pf l(pf ):Z:Nk(m) k(n)Rk cer (3.8)

where d#|=‘phaaeugnglg_of_qurrang_uf generator m with respsct
to some common reference, |
an = ﬁhase angle of current of generator n with-respect
..pto some common rafgfénce.

pfm = power fTactor of generator m,
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pfé = houer factor of generatof n. :7_ T S !
Hk(m) = gcurrent distribufinn factnf of liné'k when
all the Joad is supplied by generator m alons.
Nkfn) - cﬁtrent distribution'factn? ofﬁiiné‘k'when |
all the load is supplied by generatér n alene.
R, = resistance of line k. |

In matrix form Eqﬁa'lﬁ;ﬁ} may hE‘yritten (for g!total of no

sources) as : _ ' - o

| rﬁélll B2 P13 cees o teee By
B21 322 B23 ’ “am . an 3
Bon = oL o o “i' : --‘3.9)
Bn1 Bn2 Bn3 tee “** B

S

The numerica; valﬁes of the B matrix and the transmission
losses for our considered system are given in Chapteg‘4;

LY .



7

CHAPTER 4 ' : . 7 . -

- THE PRACTICAL DETERMINATION OF LOSS FORMULA COEFFICIENTS

4.} Introduction

Thia chapter deals with the step by step procedure showing
‘haw the loss~-formula coefficients far the system considered in
Sec, 3.2 have been determined from sctual operating conditions,
One G.E. A,C. Network Analyzer'having the capacity of represen-
ting 4 generator units, 30 transmission liné units, 10 load
units, 15 buss units, iZ chpacitor units and 4 autotransformer
~units has been utilized for this study (Fig.'l.l). The procedure

outlined in Chapter 3 has been followed in this chapter.

For the etudies and celculatione on the network enalyzer,
the system was represented as closely as possible to the existing
network. Yet a few common reductians-were made in order to

8implify the procedure.

The reductions are:

(1) Generators in the same station and on the same high
voltage bus were rspresented as one unit.

(2) Double circuit and parallel linas were represented
as one common line, |

(3) The generators were connected directly=to the high
vultage bus uithout.considefafiﬁn of the unit transformer.

(4) Loads were connected directly to the high voltage bus.
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Fig, 4.1 General Photographie view of the G.E.A.C, Netwo

rk Analyzer
cnnﬁwnmn in the study.

L=
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4.2 Simulation of the Circuit in Network Apalyzer

Fig. #.2 represenfs the Eastern Grid System of Bangladesh
Powar Davelameﬂt Board as simuleted in the G.E.A.C., Network
Analyzei. The numbers identifying generators, loads; lines, and
capacitors are given in sccordance with the particular unit
- number used in the analyzer, Fig. 4.3 shows the photographic
view -of the exparim@nfal set up as the system has been simulated

in the G.E.A.C. Network Anaiyzer.

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 impadaﬁces in this analyzer is

given in Table 4,1,

A normal operating day load {date 27.8.70), a typical day
in BPDB System is shown in Fig., 4.4, The data of the aaily
vaeriation of this loadrencountered at diffarent busses such’ as
. Kaptaij Madanhat, Halishahar, Comilla, Siddhirganj, Ullon,
‘Ashuganj and Shahjibazer &re given in Tablé 4.2; The hourly
variations ha;a.been averaéed and used in the network analyzer
study. The average;distributiun of lﬁad an diffarent busses
is given in-Téble 4.3, The séhedule af these loads in the

Analyzer is given in Table 4.4.

The purpose of using average load is to make the resulting
loss~formula coefficients consistent with the variation of daily
‘load cycle, The schedule of line capacitances in the analyzer

is given in Table 4.5,



—py

L1y
o 63 LDy LD, - LDj
LD : %
- Whs LDg g, | " SiddhirqaniPs Bg B1
B B 3 gany :
12 n . T
C1—1~ ' Cs
.T T T
L ' L . L L - Lg
S 25 20 | _ 15 6 LGy
Y
LD, | — (i
' C
Al ' . Gy : » 6,
l—?3|_ “ Comilia Madanhat Kaptai
Shohjibazar Ashugon) . ' Lig
. B
HoﬁshohcrLD6

Fig. 42- Representation of eastern grid system In network analyzer
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THURSDAY - DAY
MwW - . . 27, 8.70. - DéTE

1010/ I D B R N O B R N N N Y Y S Y N A O N B

250 . - | T
225 | B
200t~ . | | .

175 . -

1501 - ..
Average MW

125 . 120.5 MW

100

75 -
501 - . i
251 | | .
5 T T YT O Y Y B
OV 2 3 4 5 6 7 8 910 1 1213141516717 8192021 22 2324
« HOUR

Fig. 44- Actual daily load cycle of BPDB

T
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‘TABLE 4.1} ' - . Baas KVmliz -

Scheduls of Line Impedances © Base HVA=100
Circuit nems ZeRegX,  Line unit  ES/X, . 2 e sd ew?
No. (Q,met dy L) ‘ (Qsmat by R) (Ps thched)
A 0.0123+§0.0442 Ly .226(E=1) L0023 .21 - 0886
B 0.0459+50,164 Lg 6.1(Ewl)  ,0269 5.67 £ 1.89
c 0.02734 30,096 Lyg  10.4l€=l) * ,D0994 1 9.66 2,78
D 0.0132+ 50,0495 . Lyg :202(€w.1) 0,00262 - .189 0504
€ 0.0096+3§D.0362 Lil. .275{&&11) .00140 .259 U688
¥ 0.025+§0,092 Ly  -109(E=1)  i00S07 - 1008 L0276
G 0.0162¢5.0585  Lyg .171(Ew.1)  ,00368 = .158 '_ 4044

L9 |
e

6



TABLE 4.2

Daily Variaticn of Load on Different Busses

Load en Busses {MW)

Housr Kﬁptﬁi Madaﬁh‘ﬁ ﬁﬁiishahar Eumill; Siddhige | Ullo;' -Aaﬁugaﬁj“ }Shaﬁj;é '
. genj : bazar
00 3.2 8.0 - 23.0 5.2 31.0 _l 20,0 2.2 96
o1 3.0 6.5 22.0 4.7 29,7 18.0 1.9 .60
02 3.0 - 5,8 . 21.0 4.4 28.8 18.0 1.8 .80
03 2.5 6.0 - - 20,0 4.4 2.6 16,5 1.8 480
04r 2.1 6.0 20,0 4.4 28,6 6.5 1.8 .80
05 2.4 6.5 24,0 a.9 25,6 16 0 1.7 . .18
06 25 1.0 23.0 s.9 37,36 16.0 2.0 .5
o7 2.7 9,0 24.0 6.4 46.15 19,0 2.1 T8
08 3.6 10.0 8.0 6.7 53.70  20.5 2.4 .85
09 2.9 11.% 26.0 6.9 55,38 21.0 3.1 .97
1o 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 $8.53 22.5 3.8 - 1.80

Contd, to next page &



TABLE 4.2 (Continued).

12 2.9 11.0 25.0 6.7 §9,27  -22.0. 3.6 1,40 -
13 3.0 10,0 26.0 5.9 57,20, . 21.0 3.5 1,30
1s 3.5 10.0 27.0 . 6.0 55.60 20.0. . 3.8 1.30 .
15 . 3.6 10.5 26.0 6.9 55.90 20,1 3.4 1,26
16 4. 11.0 25.0 6.5 56.80 22,5 1.4 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 | ;;65
19 4ﬁ7 | 12.5 30.0. 8.5 © 65.0 32.0 4.0 1.70
20 °  4.85 13.5 30.0 8.0 63.9 3.0 4.0 1.60
21 4.5 12,0 30,0 7.6 57,50 30.0 3.6 1.45
22 4.2 11,0 24,0 6.5 45.90 27.8 2.8 1,20
23 4.0 9.0 24,0 5.6 33.9 24.0 2.4 1.0
28 . 3.0 8.0 23,0 5.2 31.0 21,0 2.2 .92
Average , : : :
Load 4.0 9.0 25,0 6.0 50,0 | 22.0 3.0 1.5
(M) ' o o ' - -

- ES
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4.3
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Average Distribution of Load .

1

Load et M P.U. MW™  MVAR P.U. MYAR®
Buss ' ' S
Kaptai 4.0 .04 3.0 .03
Mé&anhat. 9.0 .09 6.8 068
Halishahar  25.0 .25 18.0 .18
Comilla 6.0 .06 4.5 .045

" Siddhirganj  50.0 .50 35.0 .38
¢llan 22.0 .22 16.5 165
Ashggﬁéjp 3.0 .03 2.37 '..gzéY'_
Shahjibazar 1.5 -015 1;25 .ﬁ125

# Base MVA = 105



" TABLE 4.4

Schedule of Buss Lbads (for a nnrmal‘wéékday)

L} - A — . - - .
E Master Meter I Desired Reading

T, = -
Location of ! Buss _ Load Unit _
Load at “Unit ‘ e Multiplier Setting _ (as pey Table 4.3 )

- Buse Noe N, “5®/p® Hi*¥ o™ Current voltage . Watt(P.U.) Var(P.U,)
Kaptai B, o, P Hi .3 1.0 ;04 .03
Madanhat Bg LD, " n A 1,0 - 09 . .068
Helishshar B, ~ LD ° . 1.0 - t.0 .28 .18’
Comilla By o, =© " .3 .0 .06 . .045
Siddhirganj B, t, o Lo 1.0 1,0 .50 .38

‘ . - 't t ‘ . - - . ) .

] Ulion . Bl4 LDB Hi 1.0 1.0 . .22 0165
Ashuganj By, tpg " oon .3 1,0 .03 - L0277
Shehjibazar By, - LDg ° n 3 1.0 . .015 .0125-

® S indicates series af?ahgement_of,load.
P indicates psrallel arrangement of load.

## Hi indicatea up position of ioad‘suitch,

* o Lo indicates low position of load switch.

SS



.TABLE 4.5 Base va;peai 132 kv

' Schedule of Line Capacitances " 100 HVA
, -x . y .
Line Section Total ,%%, E?g'_n Cap. Unit Cap. Switeh Remarks
P =ud - .
Susceptance . (PJUL) (bzu var) - No. Position
b(P.U.) L (E%e1) ' .
Kaptai | 7 .
£0 . 0,168 D.084 0.084 Cg 3 ‘Set Cg Cap. &t
Siddirganj - ‘Kaptai bus and
Ca ‘g et Siddhirganj
) buss 7 |
Siddhirgan]j 7 ‘ - Set Cy Cap. at
to 0.0656 p.0328 0.0328 C 2 e b i .
Shahjibazar ' ' e S;ddhlrganq bus_
' ‘ ~and C, at Shahji-
53 : 3

bazar busS.

E® is the per unit voltage

9¢s
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4.3 Load Flow Study | | ; -

For the syetem represented in Fig. 4.2 following load

flgu data were taken:

(}i Géenerator megawatts, megavars, line charging wmega-
vars,; line megawatts, megavars and lpad megawatts; megavars
(Fig.4.5).

(2) Scalar valuqs of all line currenfs. load currents

and voltage magnitude of each buss (Fig. 4.6).

Kaptai generator buss hae been taken as the rsference
point and a detailed calculations were performed in Appendix D
for verification and checking of load flow data in Figs., 4.5
andld.ﬁ. A summary of generstor quantities as obtained in load
flow study of fFigs., 4.5 and 4.6 and verified in Appendix D is
shown in Table 4.6, A aumméry,of load current components slong

with charging current is given in Table 4.7.

Becauaé of the limitation of the Master-meter of the
'G.E.A.C. Network Anelyzer, the generator,voltage'angles were
_oEtainad through calculations as given in Appendix D,

4.4 Current Distribution Factors (Nk) from Network Analyzer Study.

As already outlined in Sec. 3.4 that principle of super=
pusition has to be applied to_find‘current distribution factors.
Each of Shahjibazar (Plant no. 1), Kaptai (Plant no.2),; Siddhir-

ganj (Plant no.3), and Ashuganj (Plant no.4) generating plants



Ullon

Fig. 45-Schematic diagram
for a typical loading condition given in Fig. 4.4

Nomenclgiure
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/[313° = = . :
-29 N Toe7 -
3 s : 032 (20 == /
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!
LDg | 938 15 05

65 078 .
1.25 ) ‘
. . Y 156 L5713 -
[ 34:9° by | .
A ~ [543 170 214 217
‘ shugan] - — G2
270 7045 LDo o | [forest |
' 4 _I H“" '
@ 30 Comilla Madanhat _‘09
' Kaptai :
o . .338 }'BE
o . .
_ -46 2 Halishahar
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297 :

d - : | L5195 |338
(CR) :

I - LDg

Fig. 46 -Schematic diagram showing magnitudes of buss voltages
and scalor values of line, load and charging current for
the loading condition given in Fig. 44 °
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 TABLE 4.6

TSummerylnf Generator Quantities

60

Generator Generator turrgggﬁ . P ,q' Vv

No. iﬁpfingglgslicqu {per'dnit) ‘(per unit) (Pei'unii)
+jeinB) (per unit) '

6y 2.97/169° 2,54 .532 .94 /46.2°
= -2.906+j,566 {in) (in)

63 2.17/-13,45° 2.1 .503 1.0/0°
=2 ,10=§.504 (out) (out)

6, 2.0/-93.6° .125 1.98 995 /-31.2°
= -.47=3L935 .. (£n) {out) |

6,4 2.70/12,4° 2.36 .517 . .895/-34.9°
=2,63+5.58 ' (out) {in)

% reference generator -

N
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TABL§-4.7

Lbad Eurrent‘Cnmponants

» lnada'ponaiderei lagging ones,

| L;:I P ] B iLDZEg__ iLD(cuaB-jéan) 1LDcaBD—j?L‘ | icapacito: ibusglnad cyrrant
it ‘ sing (charging 4+ charging current)
| N , ‘ " curxent) '
i p .04 .03 36.8 .05/=36.8° .05(.8-j.6) .04~§.,03 j.09  .0DA+j.06
-~ 2 - _ . , ' ;
ip «09  .068 37.0 .115/~37.0° ,115(.798=j.603).0917<j.0609 - «0917=1..0609
1 . i } , . - . P ‘ . . )
i .28 .18 35.7 .338/-35.7° ,338(.81-§.585)  .272-j.198 - 272,198
6 . . o g
iLD‘ .06 .045 36.8 .078 436.8° .078(.8-3.6) f0624sj‘0503 - -0624-j.,0608
7 - C o o | .
8 : ' ' | ] .
ip .03 .D227 36.8 .045/~36.8° .045(.8-§.6)  .036-j.027 - +036<§.027
9 , o B , .
LD .01 .0125 36.8 .03/=36.8 .03(.8=j.6) «.024+3,018 j.04 .0244§.022
- S - .
Total = 1,27=3..708

19
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was considered separately in tha G.E.A.C. Netuo;k'Ana;yzgr to
supply the entire load of the system; Figs. 4.7, 4.8, 4.97an§
4,10 shou,tha components of line and load currents (these values
are real accordzng to the assumptxnns made in Sed.3.3) as the
and Plant 4_reapecﬁ1vglyq The current d;strxbut;pn factors were

found from the following equations:

i .

, L, ., A, . _ | .
L . ,
k{2) . ‘
Yez) = i s - 42
R T & ‘
Nk(3) -j'L_l ' ] .. . . ) (4.3)
L : iL? N . N : ei !
N - -——'L—H 4 » o;b-o. (4‘4J
k(4) i o
where lL = current in line k (real values) when supplied
k(n)
" by plant n anly.;
T Zi = total current' . . . . (4.5)

i) | |
Ny ()™ current distribution factor of line k when

LT X

suppling.plant n onif.'

Céns;dering the proper. dlrection of flow of currents whan
all the generat;ng plants are connected tu the system (Fig.4.5),
the values of Nk'e as obtaxned are summa;xzed in Table 4.8, For a
check of the values of cﬁrrent‘distribution factors,; &he line
currentéxara calculated by uéing Nk‘s [;e given by Eq.(a.Gi]nnd

given in Appendix E.



TABLE 4.8

Summary of Calculstion of Current Diétribution‘Factérs'(Nkﬁ

[}

i

Only plant nn.l Supplying Dnly plant no. 2 supplying
Line No. Lins current Tneal current distri~ Line Lint current Tntal cu:féntméiééfim
Ly i currant bution flctor No. a currsnt bution factor
.k(l) . “Z;L t, Ly k(Z[' . iL-z;L iL
h | S ) AL
Lg .04 1.27 . -.nhis.f g 1,23 °  1.21 +.973
Lyg 272 . » +.214 Cobyg T2 e 21
Ly 232 " +.183 Ly .232 :i‘ " © +.183
L2s . 1,25 I -.984 . Lo, .02 " +.0189 .

Contd. to next page
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TABLE 4.8 (Contd.)

Summary of Calculation of Current Distribution Factors (N )

-

Only plantHnn. 3 aupplying - Only plant no, 4 supplying
Lins No., Line current Total Current distri- Lina Line current Total Current distii-ﬂ
Lk ‘iL current bution factor . No, '{L currant "bution factaor
k3)  4=H beqa), iLkm e o TR AeEL 1Lk!42
L 08 1,27 -gaaisj Lg .04 1.27 ;;.0315
Lyg  »272 d D e,214 L1g L2720 . 4218
LE .403 " ~-.317 Lﬁ ..493 " ' -5.317
Lyg . 466 o  =.367 Lys 466 h =367
Lyy .232 oo | +,1083 Lyy .232 no ko183
LZB .UE . . " ) +4°471 . ng , 1.21 n "0953 .
Log 024 | " +.0189 . Log +024 o :;?ﬁ;ag'




T 032 - '
RSN
.232‘ ‘ ' \
- ssl) o062 09
1.21 : Y ; f ? .
466 .4073 .04
| T oo
T 125 . _ 272
1.024 ‘ _
— ,
- T 127 .
= - He72
| ©1 - . . | -~

Fig. 4.7-Schematic diogram showing distribution of real components
of line and - load currents when supplied by generator Gi only



232}

AR

232

-06

.036

} 1024

024

Fig.4.8- Schemalic diagram showing real components of different line

and locad

' 062 $9 04
516 ' t
.808 .87 1.23 127{::>-
272
i272_

currenls when supplied. by generator Go only

99



232
.2321

——

.06
.036

—
_—-i—
G ] pae

0024

L il

of line and

516

load

062 09
N 1
466 . 403 .04
272
}| 272

Fig. 49 -Schematic diagram showing distri:bution'of real components
currents when supplied by generator G3only

04

L9



“YieR

232
= )

.232|| \
516|| 1
}losz 09 04
—i \r *
121 -
466 -4073 -04
— — —
oz
9 -
1o .
' |02 . .272||
' >
AN
| {1272 .
G -
Fig. 410 Schematic diagram showing reagl components of line and load

curfents when .supplied by generator Gg only

89



69

4.5 Loss=formulae Cnef?icient‘ﬂatri:

The geﬁerai expression for the loss formula cocefficients
is given in Eqn.{(3.8). Thé values of the current distribution
factors (N ta) which will be utilized in this equation are given
in Table 4.8, Other values of Eqn{3.8) a8 obtained from the
Network Analyzer study may be summarized in the following table
(Table 4.9):

TABLE 4.9

B Matrix Equation Quantities

Generator Gonerator Genetator Generator cursent = Power factor
No. Voltage current. phase angles with of generator m
IV | [i | respect to reference pfm
(coaBm)
1 .94 2.97 122.8° . .98
2* - 10 - 2.17 -13.45° 97
3 .995 2.0 -124.8°. .233

4 .895 2.7 - -22.5° .975

% Reference generator.

With the above mentioned values, the an matrix has been determined

from the study end is given in Tabls 4.10.
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TABLE 4.10

'Bmm Matrix

b1| .osea ..00938 | -.0102 | —:-.932"'5_ |
2 | - ~ .D560 +.‘ﬂza§<- > 3 ;.0151

5| b , -.m0 | -.0108

4 | | ] i .._nésa

The matrix is-qymmatriéhl

A sample cslculation cf-dgte;mination 0?-an matrix is given in

Appendix F(A) and the accuracy of the an\matrig-values thus:

obtained is analyzéd in the next section.

4.6 Chacking of B Matrix Values N

To f%gt_thh correctness of the values of the anzmattix given
in Table 4,10, it is required te find the transmission losses given
ﬁy Eqn.(3.2) and to compare this value with that found by using

Eqn.(3.1) for the same system,

The agreement of the two sets of results for trqnshissinh
losses justifies the correctness of the B matrix values. The

check of the elements of the B matrix is shown in Appendix F(B).



CHAPTER §

CO-0CRDINATION OF INCREMENTAL PRODUCTION COSTS AND .
INCREMENTAL TRANSMISSION LOSSES FOR OPT IMUM ECONDMY

5.1 Introduction

A major probiam involvgd in the npa:ation-o% large'inte-
gfated power gystems is the determination of genération schedules
for optimum ecanoﬁy, including'effbcts of both incremental produce-
tion costé and incrame;tal transﬁission 105535. Thia chapter
discusses the use of 1oss—f6rmula (su&b as deacribed in Chapters
3 and 4) in.co;ordinating incremental production cnsté and incre-
mental transmission losses an& is-intanded fo be the basis for
formulating a method which will allnw\Sys;am-dispatchBrs to deter-
mine plant loadiné schedules'qéickly for no;ﬁjl ppe;ating_cenditionq

in a large power network.

Considering the large amount of saving which may be achieved
h by economical scheduling of_generation; this chapter will give
@ detailed mathematical analysis of the exact method of po-ordinétinq

" incremental fuel costs and incremental transmission lossesla.

5.2 Exact Method of Co-ordination Equations

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

incremental trensmission losses ip terms of incremental costs.




. T2

The mathesmatical treatment is similér to that of scheduling units
within a plant except that we shall-nbﬁ incl;da transmission loss
as an additional constralnt. As shown in Appendix G, the incre- ;
mental transm;ssion losses should be charged at a rate egual to

.

the incremental cost of received pouer.

The mznlmum fuel input in Takas per heur for a given
received load is obtaihed by solutznn of the fulluwing szmul-

taneOus‘squatxonslaz

aF . P o |
EF:‘+7S$TE;— =N | S _ 'fS.l)l

where Fn = input to plént n in Teks per hour,

P_ .= output of plant n in hegauatts. .

-——-é7ihcremental_pradu$tidn-tosflof plant n in Takas per
megawatt~hour,

P, = total transmissioh losses

= incremeﬁtal tranéﬁissiﬁn_l&ss at plant n in megawatts .
per megawatt. |
7\ = incremental casthﬁf recﬁived power in Taekas per
megawatt-hour.
In genaral,rthe ipcremeﬁﬁal'traﬁamission loes at plant n -
may be expressed by |

g-f— s e ,,e]



73

- . ZZanPm . L e ,. . {5.2)
m .
where an = transmission loss<formula coefficients,

Again,:tha incremental production cost bf.a‘plant over
a limited range may be represented by the equations
dF_ _ 7 -
= F P 4 F e ' . , (5.3)

dP“ R n

whereas an = slope of incremental production cost curve,
fn ia intercept of incremental production cost curve,

Then equation (5.1) becomes

The simultanesus equations thus obtained “may be solved by choos;ng

appropr;ate ualues of 7for different tetal 1oads

'5.3 Physical Interpretation of Co-ardination Equations

The physical interpretatinn of tha co-ordinatinn Eqn.(S. 1)‘
may be visualized by 1n5pectaun of Fig. 5.1. The 1ncrementa1
production’ cust of a given plant n is measured at the plant bus
and is denoted by dF /dP + A given plant n incurs an incremental
transmisaion laoss OP; /SPE in supplying the next increment of
system load It is desimed that the incremantal cost of the power

recezued from each plant be the same at the receiver point R,
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- Incremental cost of
‘ received‘fouar = A

System load

?iga'ﬁ;l Schematic representation of cost relations.
Let us suppose that the load increases by an amcunt l;PR
and that this loéd change is first taken up by plant 1 only by

increasing the output of plant 1 by‘}?l. Then the cost of this

increment of power at the receiver is giVeﬁ.by-

- ’ A ]
A dFl ;*Pl

The eXpressian'lkPlquPﬁ may be-thought of as the.reciprocai of
'the incremental Bfficiency-of the trangmission system!
By similar reasaniﬁg we can exprass the incrementél cost

. of received power from pléﬁt_n as :

Car . Bp |
7N\ n 'n -
= -——-dpu .B_.P_R -. "

and the incremental transmission loss incurred at this plant for
supplying'fhe increment of load is'chgrgsdlat a rate equal to the

incremental cost of its received power,
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"5,4 Genaration Schedules

for the system conaiﬂarndlin our Fig. 3.4 we have designated
Shahjibezar Generator as plant no.l._Klpt-i Generator -as plant
no,2, Siddhirganj Generator as plent no.3d and Ashuganj Generstor
as-plant no.4, The generatﬁoq schedules will be obtained for ﬁll
plants except plant no.2, Fox ailumethods of solution,; plant 2
will be considered to carry the base load of 80 MW, |

From the incremental p:qduqtiqn.cost'purvgs of Fig, 2.6,
the Qaluas of the caéfficiénts of Eqns. (5.3) ere given in

Table 5,1, . .

TABLE 5.1

Values of F and f
nn n

Plsnt n F ?

nn n
1 8.0 0.08
3 15.5 0.10
4 12,0 0.09

Table 5.2 gives the valuyes of the elements of loss-formula-

coefficient matrix (on 100 MVA basa) as obtained in Sec, 4.5.
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TABLE 5.2 o

Transmission Loss-formula coefficients (B;;’
o . B
0.000564
 0.001T1
. 0.000558
' -0.000102

fﬁ;ﬂq0325

W e e B W
&> b W bW e

-0.000105
The equations for optimum scheduling of_generati@n neglec-
ting transmission losses may-be'yritten_fram Eqns..(Z,S) and
(5.3) as follows: _.
' F:’;Pa'ﬂ“ijfa' - 7\ ' - o R B T : {5.5)
BLT/RRTR

The exact co-ordination equations for optimum gensration
schedule may be writtén from Eqns.(S.l)-as follows:
F11P1+ 2P1811+2P3B13+2P4314 =A=F,
Fa3Pq¢ ZP‘533+2P1313+29d534 =7 =fq oe . (5.6)

FaaPat 2PyBgq*2P By +2P3B3, = =Fy
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With the given dete of Tables 5.1 and 5.2, Eqns. (5.5) and

(S.6) may be written respectively in the follnuing forms: .

-

G.GBP‘I + 8.0 =2 ‘
DQ!UP; + 15 .5--7‘ > . s @ (5~7)

U.U9P4 + 1‘2.0-7\

o

and

P+ 5 (0.001228) Py ~(0.000204 7 )Py -(0.000657 )P,

_(.‘0.0902947\)91»-P.mfﬁ(n..ausaz)]Ps-m.auuzl7\.)94' } . .(5.8)

‘ -ﬂ- 15.5
-(0.00065 5 )Py =(0.00021 £ )P4+ F.u9+ 7\(0.0011161]94

- '7\‘.32 .0

J

Solutions of Eqns. (5.7) and (5.8) for different valuss of P
give the required gensration schedules. Solution of these simul-
taneous equations by Digital Computer (IBM 1620) end the programe

ming for obtaining the solution are shown in Appendix J.

9.5 Graphs and Results _ ‘

Fig;‘s.zlgives a plot of generation schedules with
individual plant genceration plotted against the total genera-
tion. The calculations of generation schedules for various
values of?%asre given in Appendix H. Fig. 5.3 gives a plot of

individual generetion of plant against the total received load..
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The abscissa of this graph is nbtained by subtracting. the
trgnsmiséinn losses from thefﬁurrespnnding tatal generation of
Fig. 5.2 for different values of A. The magnitudes of total
transmission losses as obtained fraom genefation sqhedulasﬂbaqed
on the two methods [i.s.;,(iJ,includingrandj(iiirnegAecting:‘
transﬁission lesées];ere piqtted.in.Fig-“514‘as;q'funttianmaf_
the recsived losd, The details of calculation for these trans-
@ission losses are;given‘inxﬁppéhdi¥fIﬁEIﬁ”TééiliiéfﬁféfﬁﬁiER"
understanding of £he geﬁe;al_aaturé of the various géperé$i§ﬁ _

schedules (as given in figs. 5.2 .and 5.3), charts of individuel
. poandivacya

plant generation against the total generation and against the .

“total recgived~load“ijr'bqth typgs“qfdéqhgdgfﬁhg)are given in

Table 5.3, Table 5.4 and Table 5.5 respectively..
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TOTAL TRANSMISSION LOSSES (MW)

26

24—

201~

181~
Obtained by neglectin

losses In generation
16~ schedule

14}~

Exact solution
{including losses
in scheduling)

12—

1 ! | l l | L !
80 120 160 200 240 280 320 360 400 480

o RECEIVED LOAD (MW)

Fig.5.4-Transmission losses plotted as a function of received load

g
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‘TABLE 5.3

Chart of Individual Plant Generation against Total Generation

Total Plant 7 7Individualrﬁepgration7{H?1- A
Genera- ldenti- Exact Solution (inclu= By neglecting trans-

tion ficatien ding transmiassion mission losses
(MW ) : " logsses) a - '
N 1 - . . . -
4 g -. -
-1 46 : - 50
4 4 ' -
1 72 . . C 17
2 es . 8o
180 3 e o
4 28 - 23
1 92 . ] « 100
2 8 80
230 5 T . _ -
4 s1 . 45
1 lo 119
2 80 60
280 - 19 19
4 71 62
- 1 128 135
N 2 80 80
330 3 30 35
4 92 80
; . 147 156
80 80
380 3 a5 50
| 4 ? 108 94
% 169 174
A 80 60
430 3 6 66
4 125 110
1 192 192
2 80 80
480 3 66 80
4 142 128
1 222 210
, 2 80 80
330 3 73 95"
4 155 145




TABLE- 5.4

Gemeration Schedules for Exact Method of Solutiaon

(including transmission losses)

Valuas

Received

Total genara« - Ihdividuﬁl Gaﬁeéétidﬁ é? Piéhfé "Toﬁal

of tion;'Pt 'Pl PZ | 93 | P4 Logs - Load
7 (M) (W) (M) (MW) (Mw) BL{MW)  Ppline)

- 84.0 - 84 - - 4.0 80,0
10 102.21 18.21 84 - - 4.21 98,0
1.8 ° 121.7 ar.T 84 - o 4,70 . 1i7.0
12,0 126.62 40.0 84 0 2.62 4.8  121.78
15,5 208.0 B1.5 84 2.5 " s0.0 7.0 20L.0
17,0 $251.1 98,0 84 13.9 56.1 6.1 - 243.0
20,0 333.0 130.0 84 31,80 87.5 10,2 322.8
25,0 470.5 187.0 84 138.0 20,5 - - 450.0

£8



Generation Schedules by Neglecting Transmission Losses

TABLE 5.5

Received

Values Total generas . Individuasl Ggneration of Plants Total
of tion, Pt Pi le o 'Pd | Jyasa ‘.Load
A 3 ; . . , )
A (MW) (Mw) (W) Gy . (MW) P (MW) Pg (W)
10.0 103..0 - 25,0 84 - - 4.4 104.6
12,0 134.0 50.0 " - 0 5.5 128.5
. 15,5 216.65 93.78 o 0 38.9 8.65 208,0
17,0 268.1 112.5 " 15 56.6 10.6 . 251.5
20,0 370.9 150.0 - " 46 . 90.9 15.89 354.01
. 25,0 §36.0 212,5 " 95 ' 144.5 30.2 505.8
@
- e



CHAPTER 6
EVALUATION OF SAVINGS
1

5.; Introduction

The technique of including transmission losses inm gensration
schedule must havs ceztain cutstsnding value in ths field of
economic study of powsr generation. The saving in tﬁ:ma of money
is considered to be an important factor thst is associated with
such technique. The two typﬁa of scheduling curves (including
and neglecting transmission losses) for each plant have distinctly
differant néturaa ceusing significant differences in total fuel
conauupﬁinn costs. Ths differenca is the #mount of saving (Taka
per hour) that is obtainable for a particular.vulue of received

load., The saving, however smsll at one time, accumulates into

8 hugs amount when taken into account throughout the year,

6.2 Cslculetion af Fusl Input (Taka per hour) for Various

Raceived Load31¢

Fuel input versus megawatt output graphs [Figa.l.ﬁ(a)
and Z.S{h)]and individual plant gaperatiun against ths received
load grapha (Fig. 5.3) axe utilized in this section. For any
given value of recei#ed load, the individual plant gsneration
and hence the individusl plent input (in Taka $sr hour) ara

found out by the use of the sbows grephs, Table [ of Appendix K
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ngea the total fual input for partxcular values of . received
1oad for both types of scheduling along with the difference of
fuel 1nput8 involved in the two cases. Fig.6.1 ‘showe thé nature
of the total amount of fuel 1nputs (Taka per hour) as plotted
aga;nst the received load for the two caesea of schedulzng
(includ;ng and neglactmng transmxasian lusaes). A cumparative
atudy of the fuel costs for these schedulaa and also for athe:
arbitrary methods of Bcheduling of plant gene:atidns is gzven
in the next‘sectionw '

-~

8. 3 Comparat;va Study

.He shall now make & cumparatxve study of the fuel ;nputs
for wvarious cases, As shown in Fxg. 6. 1. a cnmpar;ann is mads
-at the rece;vad load of 200 MW, The tutal fuel xnputs for various
cases ald the annual laases incurrad at diffarent casas as compared
to the case of includang transmission lnsses in generation schedules

(refarence 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 200 MW)

Case no. , Types of Scheduling Total fuel Difference of Annéal Loséi.ae

input (Taka/ fuel inputs as compared to the
hr.) compared to the reference casas
reference case (Taka in lacs)
(Taka/hr.)

g :Generation Schedules obtained by exact
(refer. SOlution (including transmission losses)

ence casa)

. 1.570 - -

Generation Schedule obtained consider-
TR ing equal incremental production costs : : a1
b* . for each generating station (neglecting 14625 33 4.818
transmission losses)

Ths plants (Siddhirganj, Ashuganj snd ‘ . o
et Shahjibazar) are scheduled to eupply 1,800 230 20.148
the load equally i,e., 40 MW each,

tﬁenplénta“q;e scheduled to supply
proportional to-their rated capacity . :
td? i.e.; Siddhirganj supplies 30 Mw, 1,740 170 14 .892

Ashuganj and Shahjibazar Supply 45.5 MW
sach, o o _ *
' Siddhirganj supplies BD MW,Ashuganj .
le? supplies 40 MW and Shahjibszar, 0 MW.. 2,120 350 48.18
‘e Siddhirganj suppliés 80 MW, Shahjibazar, 1,970 400 . ' 35.04

40 MW and Ashuganj, 0 MW.

s Considering 24 hours of operation of plants.

.8
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6.4 Remarks

TabLerﬁgJ shows that different arbitrary methods of schedu-
ling as given by cases 'c', ‘'d', 'e’ and‘lf' cause annual loss
af abuué 20, 15, 48 end 36 lace of Taka respectively as compared
to the case of inclﬁdjng transmission losses in generation
schedules for a receiyed load of ZDU,HHlforrcnntinunusfoparation
of plants. Even if we consider the plants to operate 18 hours a
day or 12 hours a day, éhe net annual saving in generation
" schedules obtained by including transmigéion losses is hpteu

worthy,

Another importéntipoint is that incluéiqn of transmission _
losses in the generation schedules saves a total of ﬁ;BIGUD?Takas
énnually-(consideriﬁgicontnuous operation) over the schedules
when the 1nsses)a:e not considered. With the expansion of the
system, further transmission losses should have to be included
in schedu1ing formulations and this uillecertainly'pley an
importent part in economic scheduling of generatiqn for the

entire syatem,

e gt
E it 2
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CHAPTER T

DISCUSSION AND CONCLUSION

7.1l Genegal

Economic operation is the most important cdngideratiop in
determining whethexr a power system is being run and managed most
efficiently. It is based on ascheduling of generation to minimize
the cost of supplying all the loads on the system., Several
methods are available for the economic schedﬁliné of generating
plants, such as, (i) ecopomié scheduling by neglecting transmi-
ssion losses, (ii) economic scheduling by including transmissian
losses, and (iii) economic scheduling by penalty factor method.
For all the methods exccpt (i) determinatzon of system transe
mission losses is necessary for the optimum scheduling of power
plants and hence, of the economic opsration of a given system,
The law of conservation of energy obviopsl& requires that the sum
of the plant outputs minus the system losses be equal to the
received load, Econﬁmic.operation is obtained when the production
cost is minimized subject to the reatrictiqn forced on ¥he system

by the law of conservation of energy.

In this thesis, econcwmic scheduling of generationé of
Eastern Grid Network of Bangladesh Power Development Board has
been obtained when the incremental production cost (an/dPn)iplus

the incremental transmission losses (bPLaPn) which is chargeé
‘ ;
at the rate of incremental cost of received power (‘79) is cohsi-

dered to be the same for all the plants and is equal to ;
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-

the incremental cost of received power (7&).'The‘ﬁain endeavour

in'this work has bean;to compare the optimum scﬁaduling obtained
by the.'exa:t' method, as mentioned,abbve; with‘that,obtainedl'

when the transmission losses are not takaﬁ info consideration

while scheduling generation.

As the system grows larger and lerger, the importance of
inclﬁdihgitransmission losses in ecaonomic and aptimum’scheduliﬁg
of'generaiiqnsrbecomes.moré and more important aﬁd indispensable.
The.trahamission-lossés_haya been correlated with the production
costs at the gemnerator to sclua,thé problem of the most economical
loading u% each generating plant,

7.2 Main Results from the Present Investigation

The_variﬁus chapte:é of this thésis contain vsluable date
and results, whiph.may.canatituté guide-lines for the economic:
bénerétion oftelect¥i¢al,powexvin_agr Gountxﬁp Specificallio'
éqme of the ‘contributions' that this work may be.conside:gd to
havé made in the field of establishing a procedure for determining
the optimum scheduling in'a power system, mayhﬁs listed as follows:-

(gl‘ﬁ_set'of't;anamission'1Q§B.tqefficients,haa been fnu;d
to utilize them to determine the system tranamiasipp losses,

(ii) Correlation between the measured and the calculétéd.
values of transmission losses has been estéhlished as a proof

of correctness of the procedure for calculating the coeffickente. .
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©(1dd) Genarationfsch@dules'have'been obtained for all the
ganeratiné plants except that of Kaptai, both by including and

neglecting transmission losses,

‘(iv) The economic consequences of scheduling based on an
approach which includes tféhsmission losses as compared to a .
partially correct method of seheduling without considefing

losaes have beasn shown,

(v) The economic consequences of ‘random' or larbitraryﬂl
operation of generating plants, as is most likely to happen
if no consideration is given to the question of dptimization of
the gysteh economy, with or without consideration of the tréna4
misainnllosseSj are aléo sgown under an assumed leading nf the

system,

In short, this work may be taken to be an éttembt; undertaken
for the first time in regard to the power system of this country
uﬁich has grown up to be considerably large and complex network
in the past,tﬁo dacaaas, to establish by an exact method Af
analysis, the economic losses incurred by the management, because
of a lack of either any ‘method? in fhe schéduling of geneiators,j

or of a8 'method' which is actually based on érrbneous ideas. -

7.3 Suggestions for imprnvement

An 1mprovement of the prasent research cnuld be done by

follou;ng d;gltal method of finding the general loss-formula
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' coefficinhts and hence tbe'geperal iosa:fb:muia; The digital
methudlcould avoid soms of the simplifying assumptions made

in obtaining loes-formula. coeffzc:anta. An 1mpraved method

of determining losa-farmula coeff;cienta and hence the incre-
mantal transmzsaxnn loss factors (P /aP ) could be obtained
frum power system admittances and voltageaz. Another suggestion
for finding the coefficients is to determine the second partial

derivatives of the'systeﬁ losses with respect to plant nutputsaa.

7.4 Future Research Areas

.Tha present anélysis of the econamic genération schedules
of Eastern Grid Network of BPDB haS'merély provided the ground
work for se?éral'stihqlating areas for future research work.
Some of them are: | |

(1) Economic control of pawer for interconnected areas
consideiing transmission losses, |

(ii) Digital method of optimizing both hydfo and stsam
stations, accounting t:ansﬁission losses.

(iii) Penalty factor approach in econﬁmic interchange'of
electrical enexgy. |

(iv) Economic operation of power systems with losses as

& function of voltage phase angles,
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{v) Computer contrxol af“pouei system operation, for
securing maximum econamy, .

 In view of the fact that_iﬁlBangl@desh,the cast of both
. industrial aé wellras domesti;_pouat erse rafhet prohibitively
high at présant;rfuture researéh‘uork,in,the field of power
Systeﬁ should be undertaken alohyg the lines suggested above,
80 as to find out ways and means for brinﬁing &ogn-the cost

of power availsble to all types of consumers.
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APPENDIX. A
A - \
‘Optimum Scheduling by Neglecting Tranemission Losses:

This derivatien foliéws directly from the mefhod of

29,30

Lagrangian multipliers . Let

Fy = total input to system in Takas per haur

where Fn.= 1nput to unit or plant n in Takas per hour. It is

desired to minimize the total input (F,) in Takas per hour for
‘a given received load (PH). Letl ) - | |
| 'PR = given received load.
By.applicafion of the methdd'o? Lagrangian muftipliers. the
equation of canstra;nt is given by | _
y'(PlaPZ.PB. e e Py =2:;P a=Pa=l. . ¢ . (ALR)

Then minimum fuel input for . a given received load 15 nbtalnad

when
) ;S‘?;,n = .U,’ for alll values'_fl_I:;‘F L T ’ \(A.?)
where 7 - ia a new expression of the type: o

FeF -ny o R . | (AL

and' =« La rangian type of mult;plier.
¥ g Yy

DF 2fe oy \
3P "3F, -PFF-=0 s o | (A.4)

L of . _ 3
LA LA

50-|
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BF

n:;—:—a——-7‘[1-u] - 0
EﬁF
or, ~§—E- ah ‘ . ‘ (A.S)
n _
or, Fr) aF,  dF ' |
Dut aP o BP =.BPn ""’dpn -".‘ . (A.6)

Then Eqn.(ﬂ;S) becomes
_::_;..l.n_:}}\ - ... ’ (2.5)
n _ . ) :
The. units ofgh are Takas per megawatt hour when iﬁe'fuel cost

is expressed in Takas per hour and output is in megawatt.
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APPENDIX B

Summary of Transformation

In the following analyéis. the lower case indices mn,j and k
are tensor indices; and the capitals G and L are;ideqtificgtion
inﬁicgg. Hhenawei a repeated temsor indeg_appaars in a product
{one upper and the other a lower index) a summation on that
_index is identified. |
Transformation to Heferepce Frame 1:

Let us consider fFig. 3.1. If any pbint R in this network
is chosen as a reference point (Fig. 3.7), |

kﬂéfarencq'point R

[

Fig. 3.7 Self and mutual impedances for
transmission net@qu (refersnce

i | frame 1),

the following set of equatiomns may be written in terms of all the
generator and load self and mutual ‘impedances with respect to the

reference point:



the 1aadh.

K. 97

i i
&, Ly
»
E "E : Z Z
a| G R | G| By Sate 1 L. (B.1)
L E - mE zL E' ' .i R S .
J d i n IL; ¥

where m, n = number of sources..

j. k = number of .loads.

-

ZE G r;prasents the self and mutualfimpedancea between

the generatnrs.

ZL _Ll.repregentéxtﬁe self and mutual impedénces between
=Ly : _ :

Z and Z répresent the mutuél impedances between
&, "Ly L G -

“the generatora and the 1nads.

!

Since Eqgns. (B 1) refer to reference frame 1 quantities,

they may be written of the form:.
.,. ) El AL le Il . . & e . (E -2)

The'Zii impedances are deffned as shown in Fig. 3.8

- ETW‘éF . .4“; :

G- - - -)%‘ --—-‘-———a-
- Y | . e -
‘ -
o N e
- :/ \\;~ S
ks e o I e
Bem By
E = 2 i {a) E, = Z A' i
A Ly" o6y Gy,



- -

e =12z, i {b) € =2 &
&, 6 ka Ly | -Lj L.‘Fk L
5 Fig. 3.8 Befihition of impedances.

Transformation to Reference Frame 2:

98

"~ It is known in general that if a set of curfents’Ij is

related to a set of currents I, by a tensor Ci'such that

P | ‘ ,
Ij = Cklk ] . LI ‘ (B 6'3_)
and if the powet remains invariantg%theh
s o - L
Ek Ck Ej [ ] w.‘ * (Bad)
SR [ PR B ! T \
and Z,, = C 2.0 « .. c | (B.S)
‘Let us definb -
iL = Z iL . R * = = . - N : (B.G)

J

Undex the assumptions given in Section 3.3, wermay write
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where Nj is the current distribution factor. Then we have for

_Eqns. (B.7),

En L : : -
T G B
En G‘n n 1 0 Gn Gn )
) - | L 3 L - (E‘B)
L - N : .
k . Lk k 0 k L | iL
S T o
i.e.’ 11 or CZIZ ) ) [ 3 - - (B,ng)
Gn L .
: G 1 : ,
where C;.- L « e (B.1D)
: L Nk
k ‘ ,

Applying the transformations indicated by Eqns. (B.3)g(B.4),aﬁd

{(B.5), the resylting voltages, impedances and currents are given

by
oo Gn L
o [ErsE— z ' 1
Gpl Gy R ,tn G =6 a . 6, {8, |
. . E . “ \ ,. . 7 ‘e (B-ll)
L, =t ‘ _ i . .
L L .R L b @ Lt - .
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where a = Z
, m

s . .. (5.12)

i [~
O
,

=

N

=

EL = NjEL

By means.of the above ttaﬁsfarmation,-the circuit of Fig. 3.7 has
béen arranged‘to the circuit as given in Fig. 3.9.

(Raference point

Eam S 1eém . ER
LY

e IR E Y
- N7

™

)
Ean @ B Vi -’ ‘ -bn / Y
N , o v t i
N 7 . : W
7 '

Fig. 3.9 Equivalent circuit with respeéct to feference frame 2.

Transformation to Reference Frame 3:
Since i, = ',g";zﬁn , . o - ' (B.13)

the load current may be eliminated by the transformation

I, = CiI, | e ~ (B.14)
l' .‘ . E '——%;“w . \ o
where I, =g | %g I, =™ on . s o - (B.15) . ¢
a n " L C : .
and
& 8 |
n n a i 1l i . .
~ - | . ) E G Y (B-lﬁ)
i L T n " ,
L n

Hypothetical load point



1m

where Tn = 44 1 for al) values of f. Thus the érannfo:matipn

matxi; is given by

2 G_| : §

ol a1 \

{B.17)

By qpplicétiun nf-Eqns.'(B.3)} (B.4) and (D.5),; we obtain

<

E_ - & 1= | Z. +a_ +b 40
G L Em-ﬁn m n

_.lﬁlf Zm-n ‘ - | iG . $ s % | (B.J.ﬂ)

The circuit of refersnce frame 2 is modified as given by Eqns.

-{B118) to that given in Fig. 3.10. The power losses in this

Hypothetical load point
|~ Hymot p

W
—

-

Fig. 3.10 Equivalenf ciicqit with respect to feference frame 3.

equivalent circuit ere:
P, = @I%.’ S : 5
t 33 e (2.19)
_ -
= R132,1,
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where 53‘ 13 and Za denote reference frame 3 quantitias{

_ Sincef Iy = ;Gn = i, + ji

n T - o
' . - _ (B.20)
and £, I, = Z (4, + §i_ )
3 3 M=n d“ .qnl,
we have -
P =i, R i, + i R i +i, (X' =X )i_ .. {B.21)
‘ L dn Q-n.dn qn,ﬂam Q, _dm n-@ “men’Tq
where i;"a reel part of Qenerétor m current.
iq = imaginary part of generator m current, -
- Tag | _ ) .
In general, xhan - Xﬁ_m is negligibly small, Thus
P, =i, R4, +4i R_ i - -
L dm m-n’:dn q n=wq A . (B,22)

The asymmetrical Rm-n in th.iBJZZ)-may be replaced by the

symmetrical R__ . Then from Eﬁns.(ﬁ.IZ) and (B.18),

Symmetrical R~
M=h

‘ . Z +Z
= real part of _ﬂ:§4ﬁﬂzﬁ
. ! -
ad & OO _
] n n . :
: ‘h + bm
where dm‘é real part of —— .. {(B.24)
. of X | )
and ® = real part of w . e (B.25)

Hence, expreasion for the power loss may be written aé:

P, = (i, 4, + 4 i )R ' . e (B.26)
L % 9n g 4 "0 .

where R__ is the real symmetric part of Eqn. (B.23).
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Transformation from Raference Frama 3 to Reference Frams 6.

It is next necessary to obtain the equivalent circuit

with impressed pnwarﬁ_ingtead‘of impressed currents as indicated

in fFig. 3.11, That is; it is necaqsa:y;fq express the generator

-eurrents 1d +3i

-

in interms of generator powags:Pm.'

/nypothetical load point

Fig, 3,11 Equivalent circuit with. respect to reference frame §.

Let 0. be the angle of generator current iE’

to some reference. Then

A

i " - i‘;;

NG

I sin JE

i = I:.G ' cos Om
m .

: ‘Qith'reapebt'
m .

_(a.zn-'

Substituting €qn.(B.27) in Eqn. (H.26), we have

L =

i.
Gﬂ

|

= |15m l liﬁnlr;oa_ (O - ¢n): ﬁm- '- . e

cos Gl-ﬂ*cuﬁ On «+

i i .lsin Omsin.On )
n . Ben

Eﬁ]

n (B.,28)



Again i = Eq _ ]
’ | Gml Valvmlipfm)

i | Pil'i | ¢
| Ba VSIV&I (pf,)

Hence Eqn.(B.28) becomes

cos (On - Gh)

m "
R

=P B P ..

mmn n

. cos '(O'mz-%G?n;
, uhere Emn = |Vm'{vn| Pp?m)(p#;]

( pf )(pf, ) |

m=n
3

104

(3,2)

(8.30)
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APPENBIX C
Derivation of General Expression for Loss-

formule Coefficients and Transmission Loss Equations,

Let us consider the czrcuxt af Flg. 3.6 where the’ current

in line k is given by
'_‘ fy - Meinytey - Yiz) i, (%.5)
If we let s S o
= Iiel|casaT+jliE'lain i ‘ | -
- and i

GZJ

uherefr and b’zare the phasse anglaa'of‘ iG and ié with respect
‘ 1 2
" to some common raference, we obtain from th (3 5) Lylth Nk(l)

and Nk(?) real, accaording to assumption made in Seec. 3.3
kl ["k(1)| 6 lcos@-r N i % 2
i k(2) %6, | cos 2 ]

+ [ﬂk{l)'is |si

from where

sin 5;_] . ('C.l‘)

J.GiHiﬁz [cos (S -6-2 )

2 ., & oL
+ Nk(z)]‘é2|+ 2”k(1) N

Gy
P2

. . 1 o
Since 1i = and i
t 51| VB3IV, ](pfy)

G av

2 V2 "2’

ué obtain total transmission loss as (for k lines )
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. 2
1 . p ,
1 2 _
>3 R, = . 2 Ny ,.+R
PL = > Fk| k 'V1|2‘Pf1’2 K k(1)K

2P,\P, cos (¢ O= 52) , :
M AN GO R T RO
\ | |

2 __ = n2,.. & (C.2)

+

This may be written in the form:

20 . 2p.p 2 (c.3)

111 172812 + PaBy, e

P =P
where the loss coefficients are

1 2 S
B.. = - W R -
11 |v1F(pfl)?_K | kfl) k .
cos (0« 03)

Br2 = |v11|vzi(pf1)(pf27'35” (1) ”kfz)“g r e (C.a)

1 : 2
B = E——y Z N R
22 hlr(ﬁfz) k ®(2)7k

The units of loss coefficients are per megawatt.

Upon loaking Eqns. (C.3) and (C.4) the general form of
transmission loss equations and loss formula coefficients may

be written respectively as fullnws: _ .

_ - cos (Om-Gn) A
and B = e -8 N N R . = (3.8)
mn |vm||vn|(pfm)(bfn).55: k(m) Yk (n)PK
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Deteiled Calculation for Checking of Load Flow Data

This appendix deals with the step by step verification

of the different values of linz currents, load currents and

charging currents and bus volteges as obtained from the network

analyzex reasding with the calculated values which in turn, will

be obtained by using known values of the correepondiﬁg real and

reactive power readings frxrom the analyzer as shown in Fig. 4.3

and Fig. 4.4.

(a) Calculation of line currents

(i) iL ( current from Kaptai to

5

P = 2,06 (out)
u Q f .55.(out) f _vkaptai

50y 8 =/=35.3°

P = V] cosB

and bus voltages

Madanhat )

a1l

Ox, 2.06 ull.D'x'iL X cos 15.3o
: by
i, = 2.14 [=15.3°
g _ .
YMadanhat = YKaptai (iLé)(ZLS)
= 1, 4% < (2.14) £15.9 x (.01234j.0842)
w95 /=5,13° :
(ii) 1L {current from Madanhat to Halishahar)
19
P = .26 (out) Y o .95 Z5.13°

R = .19 (out)

Hadanhat



lpe

Sop 8 w =36.0°

S50) 26 » .95 x c0836.0% x 4
Lo

, : , . ac®
Hence iLig » ,338/ « 36

v e ™ VL - 4 Z
Halishahaxr = “Madanhat Lio Lio

= 95/ =5.18% (,338/ -36°)(,013244.0495)
= 94/ «5.85° | |
(iii),iLs (;urzent £rom Madanhat to Cormille)
Pu .6 (out)
Q= .05 (0ut) Vydiinee = 95 £495,13°
So, 8 - - 1,78° |

106 = .95 % CQSi-b?B x iL
(]

Hence ‘Ls' 1.70/ ~1.76°

Mz, )

VComilia * YMedanhet ~ uL6 Ly
= 095 /«5.23% «(1.70 / -1.78%) (,045945.164)
= .938/ »22.65°

-(iv) iLiS {current from Comilla to Siddhirganyg)

P = 1,44 (out)

; 9 , o
Q= .25 (in) Veamille = +938/-22.65%

Se, 8 = 9,8°
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Now 1,44 « ,938 x cos9.8 x §
L1s

Hence - l.’56L9.E°

¥
Lys

v = Y . - i Z
Siddhirganj | Comilla L;S L15

= .938/ «22.65 - {1.56 /9.8%)(.0273+5.096)
* .995/ -31,2°

{v} 1L (eurrent from Siddhirganj to Ullon)
11

P = ,23 (Ouf)

v . . = ,995/ -31.2°
Q= ,17 (out) S5iddhirganj
So, B & « 36.4°
Now .23 = .995 x cos36.4 x i, so i, = .29/ «36.4°
_ L1y ‘i L
Vuilon vﬁiddhirganj'” iLll ZLil
= .995/ -31.2 - (.29/ -36.4)(.0096+].0362)
= .99/ -31,9° |
(vi) i (current from Siddhirganj to Ashuganj)

20

P = .32 (out)
V= .995/ -31.2°

Q= 1.2 (cut)
SD. a8 -760
P = VI coeB (per unit)

Hence .32 = .99% x cos 76° x
“20

Ory & = 1.25 /a76°
20
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2

Vnshqganj = vSiddhirgﬂnj = 1L2D L

20
= .995 -31.2 - (1.25 /~76°)(.025+3.092)
= ,B95 A"‘34.’90

(vii) i (current from Ashuganj to Shahjibazar)

Lag

P = 2,62 (out) '
V & .895 £-34.9°
Q = .55 (out) :

So, 1= ™ '-'120

Hence,2,62 » ,8995 x casl2® x iL
_ 25

L =30l

25 *

lJr.. i

v i,z

Shehjibazar = Unshuganj - L25 L

= .895£-34.9 - (3£.13%)(.0162+§.058%)
= ,94 £-46,2° |

The above values of currents snd volteges closely asgree with the
those obtained from analyzer readings as given in Fig, 4.3 and

Fig. 4.4,

{b) Calculating of Load currents

(i) ian (Kaptai load)
P = .04 (out
Kantai = 1.0 La®
Q = .03 (out pta
P = VI cosB ( per unit )
So. .04 = 1fD x coa‘aﬁ.ﬁ x iLD o' iLD' f .05
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(ii) iLB {Madanhat load)

1
P = .09 (out)
: ' Vv = 095
Q= ,GGB_(qut) h Médanhat
Hence, 09 = .95 x c0s37° x i
| LD,
Or, i,., = .115
o LDy o
(i4d) i | (Helishahar load)
) .
P = .25 {out ,
' Vv . = ,94
Q = .16 (out) Halishahar
8 = -35,7°
S50, .25 = ,94 x.cu%ﬁs.? X 1&D6
Or, ILDG = .34 °
(iv) iLD4 (Comilla 1°5d,.
P = .06 {out) : o
- ’ . v N = .933 9 =‘36.B
Q = .045 (out) - Comille !
Hence, .06 = ,938 x cous36.8 x i
e LD4

Cr, iLD4 = 078

(v} 1 (S5iddhirganj load)
Lo, -

i

P = .5 {(cut}

4% .38 (out Vsiddhirganj = +993

8 = -37.2°
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Hence, .5 = .99 x cos 37'2‘x~iLD

Or, i = .65
7 LD7

(vi) iLDG (Jllon loed)

P = .22(Uut)
_ VUllun = .99
R = 7165 {Cut) o
B = - 36.8°

Hence, .22 = .99 % cos36.B x'i
: LDB

e .29
LD,

e ((vdd) iLD (Ashuganj load)
9 o

P = .03 (out)
' v .895
Q = .0227 (out) Ashuganj = *07

8= - 36.89
) Hence, .03 = .B95 x c0836.8 x iLD
. . - . a 9

DI‘;. i = .044

Lﬂg

(widi) 4 (Shahjibezsr lead) , - »
© LDs |

P = ,015

Q9 = .0125 VShahjibazar = ,94

8 = - 36.8°

Hence, .015 = .94 x cos36.8 x iLﬁ Dr, iLB = ,028

5 5

The above calculated values of load currents.closely resemble the

values obtained from network analyzef studies as shown in Fig.4.4.

ry
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(c) Calculationlﬂf charging currents,

(i) ic {current through the capecitor at Kaptai:h&s)‘
6 .

Q= .084, 8 =90° , Ve l.0 o
Q = VI sinB (per urit)

So; i

5

(ii) i. (current through ths cepacitor at Siddhirganj bus})
# .

Q= .004, 8% 90°% V = ,995

Q = VI sinB
. SGI"j.C. = 085 N
8 - .
(iidi) 4 (current through the capacitor at Siddhirganj bus)
€y
Q = .03
So, ic =. ,031
1
(iv} ic {(current through the caﬁacitor at Shahjibazar busg’)
|
g = .032 )
V = .94
‘3

The values of the charging currents thus calculated closely .

agreecwith the values obtained by means af analyzer readings as

“given in fig. 4.4.
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APPENDIX E

Check of Current Distribution Factors (Nk)

To check %the values of current distributien factors, line.
currents as given by Eqns. {3.6) have to be caleculated by using

these factors. These are dane as follows:

i = N . i + N i + N i + N i
Ls  Lgy) B Lts(2) 52 ls(3) %3 Lg(4)’®

= (-.0315)(~2.906 + j.566}+ (.973)(2.1 - j.504)
+ (-.0315)(~.47 - j1.935) + (-.0315)(2.63 + j.58)
= 2.06 - j.47 = 2.10 £-13°

i =N i + N 'iI+N i. "+ N
L191) B " tigzy Bz 0 Ttio(a) ®3 - o) s,

+ i o+ i)

= N (i, + %
G Gy ¥ 6,

Lig¢a) 63 B

-
= (,214)(~.74 «5.789 + 2.1 « j.504)
= 284 ~ §.273 = .4 [-43,2°

i =N (i

+i - +i )+ N i
e  teqa) 6

=(=,317)(=.74 = .789) + (.685)(2,1~j.504
= 1,67 ~ j.297 = 1,69 /~3,32°

i = N (i, + i i
b1s  Lisy R B3

+ iG ) + N

4 Lis(2) ©

s 2
= (=.367) (+474 ~ §.789) + (.635) (2.1 - §.504)
= 1.6 = §.032 = 1.6 /=.9°
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+ i, + 41 + i
11 L) &

&, 2 3

= (.183) (1.36 « j1.28)

= ,33/43.2°
i + N i + N
Lag(2) B2

: i
Gy

&

N, - i + N
o L20(1) | L2p(3) B3 Lt20(4) ©a

= (=,958) (_-2,506 + j.566 + 2.63 + j.58)
. (.0471) (2.1 - 3.504 ; 47 - 1‘1.935)_
- .343_;'31,21
=125£Qn° _ ~

(i ” i o+ )

i =N i +
Gz Gy B

) + N
Las  Las(1)

By t2s(2)

= (=-,984) (=2.906 4+ j.566) + .ClBB)f(é.?E"l'jl}Bﬁj'

=2.93 - j.891 = 3,0/ ~11.4°

The values of the line currents (Lk) thus obtained clesely agree
with the values obtained in Appendix 0. This provas'a chaeck faor
the correctness of the current distribution factors given in

Table 4.8.
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APPENDIX F(A)

A Samﬁﬁe Calculation of Loss-formula-coefficients (an)

Using the valuss of Table 4.8 and Table 4.9, the B
matrix élementa may be calculated for the system of Fig, 3.4.

‘Calculation of Bil is shown beluw,

cos 1 =67 )
Byl = | VATV I GFYGTT N Ny R
| VATVIEF )T | "gy) Tbsqny bs
+N, N R, + N N R, + N N R
Lig(1) L19(1) Y29 Lequ) “5(1) “6  Lis(1) L1s(1) L
+ N N + N N - R + N

. . --N . R
L1a(1) L) " Y20(1) "20(1) ‘20 tas(1) tas(1) Lzs}

-

. ’ =' 2 :. _ - i . . M
= ““E’""‘E («.0315)7(.0123) « (.214?(.0132)
- (.94)%(.98)" [. | -

v (=.3171)%(.0859) + (-.367)% (.0273) + (.183)2 (.0096)
| 2 | - 2 |
+ ( ~.958)° ( .025) + ( = .984)% ( .0162{]

= ,0564

In 8 similar way other values of B o

mayrhe-Found.as given in |

Table 4,10,
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APPENDIX F(B)

Ll

Check bf'an Matrix Values

(a) Line laaaes (P ) from iE S: PmanPn

For the system having 4 numbers of plants,

) 2 2 2.
L = PaByy * PoBgy 4 PaByg + P B, + ¢PyPaB1a + 2P P3R4

+ 2P1P4514 +2P2P3B23 + 2P2P4B24 + 2P3P4334
With the vslues given in Table 4.6 end Table 4.10,
P = (2.50)2(.0564) + (2.1)%(.056) + (.125)2(.171) + (2.36)2(.0558)
+ 2(2.54)(2.1)(.00938) + 2(2.54)(.125)(-.102) + 2(2 54)
(2.36)(-.0325) + 2(2.1)(. 125)( 0289) + 2(2 1)(2 35)(-.9191)
+ 2(.125)(2.36) (=.0105)
= 1.0348 - ,5924 = ,4424
(b) Line losses (PL) from S isﬂk.
i K
Here; P = i2 R + 12 R 4+ i
; =
L Lg Lg Lyg Lyg Lg Lg

R+ i%2 r* 32 g

i
11 h1a 0 tag Lapg Tlas Lpg

2 R + i2 R

With the values of Fig. 4.4 for the system of Fig. 3.& the loss
becomes ;
L =(2. 14)2( B123) + (.338)2(.0132) + (1.7)2( 0459)
+(l 56) (.0273) + (. 29) (.0096) + (l 25) (.025) +(3, U) (.0162)
= ,4432
The-agreement between ths two sets of losses thus calculated out

;hacke the correctnass of the elemenfs of an matrix.
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APPENDIX G

Determination of Cobrdihationquuatiuhs

The'derivation of these equations fqilnus diréctly from
29,30

the method of Lagrangian multipliers . Let

F = totel fuel input to system in Takas per hour.
cFr
B -

vhere Fn = input to plant n is Takas per hour.,

pet P

L
= ?%' Palmn' n

where Pnls loading of plant n

total t{ransmission losses in megawvatts,

Bmﬁ = transmission loss-formula coefficients.

1t is desired to minimize the total fuel input (Ft) in Tekas psr
hour for a given received load (PR).'Leﬁ

FR = given received lpad

By application of the_methnd_of-Lagrangian multib1iers the

equation of constraint is given by -

YJ:(_P‘[L'PZ'"P-S « a -o.P-n) =§ PI'I - PL - PR =0 . 4 ,. (Gol) .'i_.

'Then'miﬁihum input for a given received load is ob#ained when

a%
3 =0
n

T

et I e m y—

Co Wt

\

P =

-

~

e



119
where 7 is a new expression and is given by
£

N e w . (A.3)

where A = Lagrangian type multiplier.

¥ R | | |
Hence, gp = aFt - A gp = 0 _ . . {(A.4)
o aPn' n |
oF :
s S [z , ]
Ors Fp- = TP RN o P - Fpi=l
3F 7\[ ap ] |
£ Ly
| Or, 'a'?': - l - W;‘ = 0
OF ap A : ' ‘ :
, t AL :
Or‘.--é-ﬁn—- + '—-apn . : . (5.2)_
oF , JFEP) ek oF -
But =z~ — -~ =
BPD ﬂEn aPn ap

'- Then Eqn. (6.2) becomes

dF AW 9
% L
'S'P: = ﬂ . @ [ (5-1)
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APPENDIX H

A. Calculation of Generation Schedules for Exact Equations

(Transmissien Loss Iﬁcluded)

Case(1) M = 10.0 _
“he Eqns, (5.8) may be written a follows:
-09126P, - .00204P4 - {0065P, = 2.0

: B . = (H.l)
-.00204P1 + .1342!’3 - .UIJZ.I.P4 a «5.5

—.DDGSPl'- .0021P3 + .10116?4 = «2.0 J

Sblving fgrlPl. Py and P, we get .

Py = 18.21 M9

i L

Since plants 3 and 4 are giving negative generation, they should

r

not generate and plant 1 only sﬁﬁbld gene;ate.

Case (1i)N = 11.8 g

Eqrss. (5.8) for this casé becomes

v

-

.D933P1 - 1'."0024P3 ~i.0€}GEPZ = 3.B

~-.0024P) + .1404P, - .QUZ48P, = - 3.7 (H.2)

-.00766P, ~ ,00248P, + ,104IP, = -.2

o
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Solving these equations we get

That means plant 1l is only generating. plant 3 remaining 1dle,

and plant 4 output very near to zero (in terms of MW).
Cese (iii) A = 12.0

Solvable equations are:

.00264P3 - .UGTBP4 = 4,0

-.00244P; + .1410P, - .0025P

y = =3.5 4 o e T(Ha3)

f,DDTBPI - .0925P3-+ .-1033Pd = 0 .

Solving the.eduétiona.
Py = 40 M@ B
PS = = 24.28 (not genarating)
Py = 2.62 M- |
Case (iv) p = 15.5
Eqns, (5'8) becume ‘
U9?3P - BD316P3 .0101P4 = 7 5,
.00316P1 & .153P3 —M.DB325P = U , . (H;Q)

1
After solving, we get




Case (v) 7‘ = 17.0

tqns. (5.2) becomes

.09904P, - .00346P, - ,D1105P, = 9.0

1 3 4
-.BB346P1 + .158193 -—.UU357P4 =15 - .o

.-.01105P1-- .!0357P3 + .IU_BQP4 = 5,0
Solving these equations,we have

Py = 98.0 MW
Py ¢ 13.0 MW
Py = 56.1 MW
Case (vi) N o= 20.6 .
Here, Egns. fS.B) beﬁuma"

.1024P, - .00408P, - .0130P, = 12.0

-.00408P, + ,1684P, - .0042P, = 4.5 .

4
Solving these equations; we have

P Y ’ b
P = 31.50 MW , Pe = 87.5 MW

1l 3

= 130 MW, P
Case (vii) N\ « 25.0
Here; Equations (5.8) become

.1080P, - .0051P, - .01625P, = 17.0

-.01625F, - .00525P; + ,1179P, = 13.0

Solution of these equations gives

o

-~ i . . N
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(H;SJ

(H.6)

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

Transmission Losses,
Case (1)7\ = 10,0
From Eqne. (5.7}, it is evident

Py = 25 Mu,plants 3 and 4 are not generating

Case (id) A = 12,0

From Eqns. {5.7), we have
D.UBPI = 12.0 - 8.0 = 4

) o . . (H.8)
l:l.].F';;l a 12=-15.,5 = =3,5

0.09F4 = 12 = 12,0 = 0

Salving these

Pl = 30 MW, plant 3 is hat generating, P
Case (idd) A = 15.5

g =0

Egns. (5.7) become

0.08P, = 7.5

. L L ‘Hig)
‘u_D .

ﬂ.lP3

0.09P, = 3.5

from which
Py = 93,75 M
Py = O
ﬁd = 38,9 M
Ca;e (iv) A .= 17.0
Here we have,_.GBPlke 9.0 _
0.1P5 .= 1.5 } . . e {H.10)
= 5;0

B.OQP‘
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Solving Eqna, (H,10); we get
.. Py = 112.5 M4y Py = 15 MW, P, = 56.6 MW
Case (v)?m = 20

Eqns. (5.7) beceme
01P3 =.4'5 a2 i ) (H-ll)
.09P4 = ﬂ.ﬂl

and we have frem here .
Pl = 150 _HH... P3 ll46 MW, P4 = 90,9 MW
Case (vi) For A = 22,0, Egns. {5.7) bacome:
0.08P, = 14.0 o . |
U.1P3 = 6.5 . .e . (H.12)

0.097¢, = 10

4
from where we get

P gllTE MW

1

PB = 65 MW

Py = 1111 My
Case (vii) For,7\ = 255 we get

P, = 212.5 MW

1
P3 = 95 Mw
P4-= 144 .5 MW,
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APPENDIX I

Calculation of Transmission Losses,

A. Exact Method of Solution:

2

. 2

P, = 84 « 4 = 80.0 MW

R

L3

Here, Plant 2 is operated to carry 80 MW basg_lqu-qf(&he,gyatpm.
Evsntu;lly it has to generate 84 MW with a transmission loss. of'

4.0 M¥ to supply the required load.

(i;) N = 10.9 P, = 18,21 t

P3 and P4 = remaining idle

P = (18.21)2 (5.64x10°%) = .21 mw

2
L= 1By
Total received load = 80.0 + 18.0 = 98.0 MW

P3 = not generating

P, = 0
P, = (37.71)% (5.64x107%) < .70 MW
Pg = 37.7 - .70 = 37.0 MW

Total received load = 37.0 + 80 = 117.0 My
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(iv) 7\ = 12.0 Py = 40 MW

Py = not generating

P, = 2.62 MW

4.
64)

FL - (40)2 (5;64!10‘4) * (2;62)(5;58X10

= .04 MW .
o 42.62 ~ B4 = 41,78 MW

Pa

Totel received load = 80 + 41.78 = 121,78 MW

N

(v)’ = 15.9 PI;? 81.5 Mw
P3 = 2,50 MW
' -Pa = 40 MW o
p Pza + P2B P°p 2P, P.B 2P P,B
L= "1t 3 33 * Ta%aa * 173713 T TT1Ta%aa
+ 2P3P4B3,
- (81.5)2(5.6ax207%) + (2.5)2(1.71x1072) + (20)%(5.58x107)
, . . ,, |
- 2(81.5)(40)(3,25x207") - 2(81.5)(2.5)(1.62X107")
- 2(2.5)(40)(1.05x10™%)
z
= 3.0 MW R P, = 124.0 Mw
Pp = 124.0 - 3.0 = 121.,0 MW
Total receivad_laad = B0 4+ 121.0 = 201 o My,
(vi) (AR Py = 98.0 M |
P3 = 13,0 MW
P, = 56.1 MW

4
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P = (98.0)%(5.6ax107%) & (13.0)2(1.71x10")

+-(56.1)2(5.59x10'4)_- 2(96.0)(13,0{1.02x107%)
2(98.0)(56.1) (3.25x10~%) - 2(13.0)(56.1)(1.05x10~%)

=41 M 2P = 167.1 MW
Pp = 167.1 « 4.1 = 163.0 MW

Totel received load = 163.0 + 80.0 = 243.0 MW

{vii) A 20.0
Py = 130 MW
Py = 31.5 MW
Py = B7. MW

P = (130)%(5.64x107%) & (32.5)2(1.71x0073)4(87.5)(5.58x20™¢)

-2(130)(31.5)(1.02x16™%) -2(130)(87.5)(3.25x10~)
-2(31.5)(87.5)(1.05x10™%)

= 6.20 MW, :%:Pn = 249.0 MW
PR = 249 - 6.2 = 242.8 MW |
Total received load = 242.8 + 80.0 = 322,68 Mw _
(visd) N = 26,0 P, = 187.0 mu, Py = 61,5 HN,P, = 138 MW,
PL = (287)%(5.64x107% )4 (62.5)2 (1. 71x107%) 4 (138)2 (5. 58x20~%)
© -2(187(61.5) (1.02x20™%)-2(187) (138) (3.25%1074) |
| -2(61.5)(138)(1.08x107%)
= 16.5 MW, :%; .Pa = 386.5 M, Pa ;336.5 ~ 16.5 = 370.0 MW.
Total received load = 370.0 + 80 = 450 Mw.
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B. Solution for Scheduling when Transmission Losses are Neglected.
(i) 7 = 10.0
P1 = 25 H?;Pa,and Pd = remaining idle, Py = 84 Mw

P = (25)?(5.54.x1u'4)'

= .4 MW PL(total) - 4 4,4 = 4,4 MW

= 109 - 4.4 = 104.6 MW,

;Ezpn'- 109 MW, P

(41) A = 12.0
Py = 50 MW, Ea = q4 MW, P, = remaining idle, P, = O

-4

P, = (50)%(5.64x10
= 1.5 Mw'

PL(total = 9,5 MW .,

>-P =134 MW Py = 134 - 5.5 = 128.5 MW
n n

Pa

4

P, = (98.75)%(5.64x10™%) + 0 + (38.9)2(5.58x107%)

-0 «2(93.75)(38.9)(3.25%10~%) - o

= 4,65 MW"
PL ttotal) = B.65 MW.
] ) \

= 216.65 - B.65 = 208.0 MW,

%Pn a 216.65 MW F"ﬂ

- —
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(iv)A = 17.0
P, = 112.8 MW, P, = B4 MW, Py =15 MW, P

-3

2 =. 56-6 HH.

- (112.5)%(5.64x107%)4(15)% (1. 72x10

4
)
+ (56.6)°(5.58X10 ) ~2(112,5)(15)(1.02X10 ")

L

~2(112.5)(56.6)(3.25%x10"%)=2(15) (56.6) (1.05x10™%)
= 6.6 MU; . PL(tQtal) = 4 # 6&6 = 1[]‘6 MW

I’;-T‘Pn,.«- 68.1 MW P
(v A\ = 20.0
Py = 150 MW, P, = B4 MW, Py = 46 MW, P, = 90.9 MV.

R = 268.1 ~« 10.6 = 257.5 MW

3

= (150)2(5.64x10™%) +(46)%(1.70x2073)

+(90.9)%(5.56x20™%) - 2(150)(46) (1.02x20"

PL
4)

~2(150)(90.9)(3.25X20~%) -2(46)(90.9)(1.05x10™%)

= 11,89 MW
P_ 4total) = 4.0 + 11.89 = 15.89 MW
=, .
=P, = 370.9 MW, P, = 354,01 MW
(vi) = 25,0
Py = 212.5 Md, P, = B4 MW, P, = 95 MW, P, = 144.5:M.

4
P, = (212.5)%(5.64x207%) +(95)2(1.7x207%)
+ (144.5)%(5.58%207%) -2(212.5)(95) (1.02x18™4)

-2(212.5)(144.5)(3.25x10'4)-2(95)(144.4)(1.05x10'4

)
2p =
= 26.2 MW. =P, = 536.0 MW
P, #total) = 4.0 + 26.2 = 30.2 MW

PR = 505.8 MW,



130

APPENDIX J

Digital Method of Solution of Cunrdination Equations

8. Executing Form of Equationsa:

The exact coordination equations as given by equations

(5.4) may be rewritten in the following form:

FonPn * fat A3z o2 o w A (5.4)
Collecting all coefficients of P n* we obtain

; = - - - | :

Pn(an +)\ZB 4 N m;?zB P ) -f nt A o (4.1)

Solving for P

7\'-f - N %@a P

P -- ..oo ' (j.Z)
n an + 2B nn
- 1“ iﬁ:ﬁ mn' @
[ ] - @ (Joa)
-7r + 2B

Putting the numerical values from Tables 5.1 and 5.2, Eqns.

£

(J.3) become
1 =(8.0/ ) +. m:u:lza:m'3 + .DUOGSP

Py = T 0.08/ A ¥ .001128 -

1 - (15.5/ A ) +.000204P, +.00021P
Py = ' S TgE— : (J.5)
2 _*_‘77{0.1 + .00 + oW

1 = (12,0/ A ) +. uuussP + .00021P
P = 3 (J.6)
4 0.097 7%+ amns ve 07

(J.4)




131

b. Computer Program

C SOLUTION' OF NONLINEAR SIMULTANEOUS EQUAT IONS
Pl = 0.0 :

P3 = 0.0 "
P4 = 0.0
AMD = 10.0
PRINT 2, AMD

2 FORMAT (1F5.2)
DDl = B.0/AMD

200 Dl = 1.0 - DD1 + 0.000204 = P3 + 0.00065 = P4

BBl = 0.06/AMD .

Bl = BEl + 0.001128 | o
PNl = D1/31 |
DD3 = 15.5/AMD

D3 = 1.0 = 003 +°0.000204 = PNl + 0.0002) x P4

BB3 = 0,1/AMD | |

B3 = BE3 + 0.00342

PN3 = D3/B3

DD4 = 12.0/AMD

D4 = 1.0 - DD4 + 0.00065 = PNL + 0,00021 » PN3

BB4 = 0.09/AMD |

B4 = BB4 + 0,001116

PN4 = D4/B4



PRINT 5, PN1, PN3, PN4
5 FORMAT (3F13.4)

IF ((PN1 = P1) = 0.1) 10, 10, 11
10 IF ((PN3 = P3) -'0,1) 12, 12, 11

12 IF ((PN4 =~ P4) = 0.1) 14, 14, 11

14 G0 TO o0

11 Pl = PN1.

F3 = PN3

R ' P4 = FN4
GO TO 200
100  CALL EXIT

END |

C Result
t 1 JOB 5
1  FORXS
01950 CORES USED
59999 NEXT COMMON
END OF COMPULATION
EXECUT ION
ER F8 .10G00000E + 02

p.0000 0. 0000
2191  -.4098
.2188 -.4098

0.0000
-.1976
-.1976

L8

132
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The above results are ciasely near to the calculated values
given in Appendix H for A =10.0. In a similar way; ather
values of Pl } P3 and F'4 are obtainable by p&tting different

values of A in the same programming.
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APPENDIX K
"TABLE I

Table showing the Diffarsnce~qF_Fuel Input for Two Schedules

.ReceiVEd Load Tbtal fuel input %Tntal fuel inptt Difference of

Pa (MW} (Teka/hr.) when (Taka/hr.) when fuel input
losses neglected, losses included.(Taka/hr.)

80 ' - e - o
100 .- 240 240 0
120 470 . 460 | 10
140 755 - 735 20
160 1,020 .. 98§ as
180 1,310 1,265 45
200 1,625 1,570 55
220 1,910 1,850° 60
240 - 24190 2,120 70
260 o 2,470 | 2,390 80.
280 2,770 2,680 90
300 ‘ 3,062 2,960 102
320 3,380 3,270 110
340 3,690 3,565 125
360 4,000 3,855 145
380 4,330 4,150 180
400 4,680 - 4,460 230
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