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1- POWER STATim E:CCl'JCMICS 

1.1. Economic Selection Of Plant: 

Economic selecti<m of plant is based on comparing the total annwal costs of 
generat ing the requi red amount of electrical energy as per the specifi ed conditions 

using different al ternatives of station desi&~· The total annual cost of gener 

atim can be augmented in th·~ following two rrain items : 

1- Annual f ixed cost. 

2- Annual ope:ating co~t . 

For a given design , as more sophisticated equipment is added to improve s tation ef

ficiency, tho< total investment increases and with it th~ annual f ixed costs . As 

shown in Fig . l, the general relat i(m between annual f ixed costs and capital inves

tment can be expressed as : 

CF=RA 

where: CF= annual fixed co$t, L.E. 
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R =fixed charge rate, as decimal. 

A = capital investment ,L.E. 
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Capital Inves tment A ,L .E. 

Fig. (1) Annual Fixed Cost 
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Fuel + 75-85% 

Waintenance 5- 20 % 

Labour 5-15 % 

Supl iel s , Supervision.·~ 2.,-7 .>% 

Capital Investment A,L.E. 

Fig . (2) Annual Operating Cost. 
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The benefit of the higher effeciency resulting from increased :nves tment 

is .. real i zed in lower fuel and naintenance costs . Maintenance and repair 

are generally dependent on the amount of fuel burned . But labour, supervi sioo 

and supplies costs can be considered constant in most cases. 

The annual operating costs C include the costs of fuel,naintenance,labour 

..... etc, and it is graphically illustrated in Fig . 2. 

The to1.al annual cost C is obtained by adding the total annual fixed and 

operating costs,i.e., C = Cf +Co 

The relation between th~ total annual costs and th< capital in'Jestment is 

graphically illustrated in Fig .3. lt is clearly shown th~t th~re is same value 

of the capital investment A giving a nnnimwn valu~ of th! total arL>ual costs . 

This minimwn takes place when de 

Substituting C = Cf +Co , 

de dCf 
= 

dA dA 

Which gives: dCo = - dCf 

dA dA 

we get 

+ dCo 

dA 

aa=o 

= 0 

= -R 

Thit; shows that th<· total annua1 costs wt 11 be min inurn only when th< s lopes of 

th~ annual fixed and aru·,ual operating cost curves become numerically equal but 

opposite in sign. 
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Capital Investment A, L .E. 

Fig.(3) Total Annual Cost 
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1.2. PLANT CAPACITY 

After defining the load requirements in the fo!m of a load duLation curve, 

the capacity 9f the plant can be detennined. The plant rrust l::e egJal at least 

to the rraximnn derrand of the load. But the station capacity is ge:1erally sel

ected to give some reserve capaci1y. This reserve cap.•ciTy di r::en fran system 

to system accordi ng to size and nlll'lher of units operated .. in t h.e system· arid the 

securi ty policy accepted by th·~ JlB.nagement. ln some of the la.rge power-supply 

systems , lll3.de up of several generating units , design ruleshav!! been adopted to 

lll3intain a total installed capacity equal to t he expected rraxi1'1lll1 dermnd plus 

th: capacity of the two largest uni1s . This is based on the ~<pectation t hat at 

the time of the rraxirrum dermnd one of the largest unil s or an e-~uivalent amount 

of capacity rray be out of service for over-hauling. Then, wit·, a: l the other 

uni ts actively operat i ng , the peale load can still be carried : f the other largest 

unit should fai l owing to mechani cal breakdown or operating ernr. 

1.3 . SIZE AND Nm<BER OF UNITS IN A NEW SJ'ATl~ 

The size and nlll'lher of unit s to be install ed in a new s tation is affected 

by many fac tors. One important factor i s whether t his new planl is being desig-

ned to .supply a load in a corq:>letely newely dectiefied area, i.e.; ·.rill fonn its 

own syst em, or to supply power to an exist i ng system. In the first case, the 

proposed capacity of th" plant, v.hich is taken equal to the est inated rraximnn de

rmnd plus th., planned reserve capacity, rray be installed in one unit of equipment 

if an interruption of service can be tolerated at any time. 1-owever, econani ca 1 

considerat ions may dictate i n case of comparatively load factors to split the 

capaci ty among two or more units . 

In most cases the interruption of service cannot be tole=ated , so , if the 

load to be served is a small one it rray pay to install two un· fs cf equipment each 

being capable of suppling the rraxirrum dermnd independently . 
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In the second case,i ,e; wh,n th,· new plant is being designed :o supply an 

existing system, th< size and nllllher of ID'Iits to be installed in t:Je new plant 

will be based oo the following coosideratioos: 

1- The expected rate of increase of th< maximum demand over a period of 

years. 

2- The gen·~ral design policy established by the system management. 

3- The available space fo! uni t s to be added . 

If th.- expected rate of size of th, maximum demand is increasing and shows pro

mise of continuing into th.· future, th, capaci ty of new units may exceed the ca

pacity of any existing unit wi r.h the expectancy of saving on total costs over a 

period of years . Othc~rwi.se, the capacity of new unit s very likely will be sel-

ected equal to thqt of th~ largest exi s ting ID'Iit . 

1.4. PLANT CAPACITY BASED 00 PROBABILITY ANALYSIS 

At the pr•~sent tillle th~ probabi lity th .. ory is being used by m:>st of the 

electric pow~r utilities to estimate their probable system outages and to arrive 

at a suitable reserve capacity based en specifi•>d security levels . 

Coosidering a system having N units and assuming th.lt the :'orced outage 

ratc~s of th~se uni1's, exper ssed as the ratio of nllllhers of days oulage to the 

nllllher of days outage to th t nllllher of days in the year, are : Ql, Q2 , ..... ,Qn 

respectively. The correspcnding operat i ng rates of th~ units 1 ,2 . .. . ,n will 

bePl, P2, .... ,Pn respectively, where P l +Ql = 1, P2 + Q2 = l, . .. ,Pn-+Q1 = l. 
Therefore : ( P l + Ql ) ( P2 + Q2 ) ......... (Pn + Qn l= 1 

This equatim can be easily used to find th•! probabl e different conhinations of 

units out of service and in service . For a system having N sirrtl~r units, i.e; 

Pl = P2 =· .. . . = Pn = P and Ql = Q2 = .... ·= ~ = Q, 

The above equation reduced to: 

( p + Q )n = 1 

To make a carplete analysis, which may be done later , th c. outage J=robabilities 

are integrated with th.- system load - duratioo curve to measure th<t total loss 

of kilowatthour generation fo1 different unit sizes before deciding which size 

is to be r ecommended f o? use . 
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(2) EQl.10.\UC OPERATIW OF POVIER STATIO'IS 

2.1. STATKN PERFORM\NCE CIJRVES 
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Performance of generat ing plants is compared by thei r average thermal 

efficiencies over a per iod of t ime. The average thermal effici ency of a 

plant is def i ned as th=· ratio of useful energy output during t he period to 

the tot al en·~ rgy input for th~ pe? iod. The condit i on of 

all p l ants sh.-ul d be operated at the same conditions , i.e.; 

coprrarizon is that 

using the same .co-

oling-..... ater tet'Jl'erature , th= same shape of load-duration curve, the same tot a l 

output and the same q_uality of fuel. If plants are ope:ated a t different co

ndil ions, whid• is th:~ most probable case, t hei r perforrrance cannct be coopared 

before cor recting them to the sank~ cont rolling condi tions. 

The pe: f orrrance of a generating unit is derived usually f r om test resul t s 

f or i ndividual equipment and can be graphically represented by th~ relation 

between the output power, P, of th<" unit measured in KW or t..,.,l and the corresp

onding energy input , I , per hour ope, at i on measur.;d in mi 11 ions c·f )<i localor

ies I hr . The shape of th, input - output curve of a stat:.on rray be as shown 

in Fig. 4a . 
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Fig . (4 ) Power Station Perfomm~ces . (A ) Input -Output Curve; 
(B) Efficiency Curve ; 
(C) Hea,t rate and Incremental heat rate 
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A mor e expr essive curve for the unit performan·~ e is th< efficiency curve 

shO\vn i n Fig . . 4b . Thi !; cu r.ve can be obtained d i rectly from th·~ input-output 

curve usi ng the re la tion: 

N = 0 .8604 p X 100 percent 

1 

l,r,here P is th~ output powP..r i n tiM and I is heat i nput measured in Gigacal or ies/ 

Hr. 

The fonn of t ho:: eff i ciency curve i s usually as shO\YI'l in Fig . 4 .b . In add

ition to the efficiency curve, th,~ heat rate HR and incr ement·; heat rate< IHR 

curves sh= in Fig . 4 .C. a r e also used as unit performance curves . The heat 

rate curve is derived by taking a t each l oad th< corresponding input , then 

HR = 1 = 86.04 G.CaloriesMI'H 

p N% 

i s p l ot t ed agai nst th<· corresponding value of P. 

1f t he input - output curve is expressed a l so Tmt herrat i cally in th-: f 01m of a 

polynomia l as fol l ows : 

1 = a + bP + C P2 + o!P3 

Then the hea t - rate will be given by : 

2 
HR = a +b+cP+dP 

p 

The incremental heat-rate cur.ve i s der ived from th~ input-output curve by find

ing a t any load P th·~ additional input d 1 required f or a g iven addit ionel out

put dP; i.e . ; tht• incremental heat rate ( 1HR) def ined as : 

IHR = d l G.ful ories 

dP 

Is plotted versus th~ output power P for th~ full range of the input-output cu

rve. Mitherrat i cally tho~ lHR is th <'- s l ope of th., 1-P curve, and physically is 

th~ amount of addit i onal input required t o produce an added unit of outpu t at 

any given load. The HR - P and IHR -P curves are sh= in Fig . 4 .C . 
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Now a ques tion arises about the l oading of th,, generating unit at which 

it has the highest efficiency. Looking a t the efficiency curve, it is easy 

to find that .the ·unit has its rraxim.un efficiency wh<n dN = O,.:·r 
CIT 

d (86.04 P) = 86.04 d ( P/1 
CiT 1 d l 

= 86.04 ( : 1 dP p -r-ar - ·n ) = 0 

which gives p dP or 1 dl - = -- - = , _ 
I dl p dP 

This shows that t h.,; unit has th,, highst efficiency only when its :,eat-rate 

( HR ) equals its i nremental heat -rate ( IHR) . 

Referring t o Fig . 4C. i t is easy t o show that the uni t will have .aximum eff

iciency if loaded by the power Pm corresponding to th~ point of intersection 

of th·~ HR and lHR curves. 

2.2. AVERAGE HEAT RATE 

If the generating uni1' is operated to supply a load defined by a load -

duration curve as shown in Fig . SA, th·~ i nput to t h,; unit vari•~s according to 

the output, \vhich means that it will ope1ate at different heat rates . The 

average heat-rate of th: unil" for th: \..hole t ime period of th,· load duration 

curve is defined as: 

Average HR = t otal input during th,· pe~ iod 

total output during th~ period 

To find th< average HR according t o this definition, we have to make use of 

both thE' load -duration curve (Fig.SA) and. th•? input-output curve of th e unit 

(Fig .SB) . 

The t otal output of the unit during the whole period i s given by 

L.P A t = p l,.tl + P2 .. t2 + ••. . ... . + p6. t6 
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The total output of t he unit will be measure in MIVH if P is in N.W and T in hours. 

Alse af t er finding t h< unit input 11' 1
2

, ...... 16 corresponding to t h: outputs 

P
1

,P
2

, .... P
6 

respect ively frcm Fig .SB, we can find th-e tot al unit input during 

t h t- whole per :.od as: 

~IA t= I 1 .~>t 1+ 1 2 .e.t2+ .•••• I6 .H6 . G.Calies. 

The average heat ra te will be thm given by: 

Average HR= I 1~ t 1+ 12 " t 2+ .. .. -+16 ""t 6 = Iav 

P
1 
~t 1+ P

2 
.. t

2
+ •.... +P6 "'t 6 Pav 

\\'here: 

Iav is t he average input to th·< uni 1· = l': I,. t 

And : Pav is tho: average output of th ~ unit= ~ P1 t ----,. 
T is the tota l hour.s of th. t:er iod = 'I. A t =A t

1
+ ~~o t2+ .... tt 6 

Exarrple : The input - output of a 20 Mil generat i ng station is define:!. by: 

l = 7 . 56 + 0 . 126P + 0 .164 P 2 
Where I is in G.Cal . per hour and P is in ~W. Find the ave~age heat rate of 

this s t at::on for a day when it is ope7ating at a load of 20 :•nv for 12 hr. and 

kept hot a zero load for th·~ rem;.ining 12 hour s. Carpare t his ovenge heat rate 

with the heat rat <' th"'t wo:,Id obtain if th.· same energy were produced for tho;, day 

at a con ; tm:t 24 hrs . , i.e , at 100% lead factor. 
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5o \..l..t ioY\ ·. 

At: Pe .'O: 1= 7.56 + 0. 126 x 0 + 0.164 = 7.56 G.Cal/Hr. 

At: P=20 MW: 
2 

1= 7.56+ 0 . 126 X 0 . 164 X 20 = 75 .68 G.Cal./Hr. 

P t= Ox 12 + 20x 12 = 240M.Vhr. 

I t: 7 .56 X 12 + 75 .68 X 12 = 998.88 G.Cal . 

Average daily heat rate HR: l. I .6 t = 998 .88 = 4 .162 G.Cal/Mtl . 

l.P .~> t = 240 

Average lood: :~40 = 10 Mil 

24 

At P = 10 Mv fo1 24 hr . 1= 7.56+0.126 x 10 +0 .164 x100= 25.22 G.Cal/hr. 

'i. l At = 25 . 22 X 24 = 605 .28 G.Cal. 

Corresponding HR = 605 . 28 

240 

= 2. 522 G.Cal. 

,. 

This shows that, if it were po.;sib1e to redistribute th, generat i. Jn of tho: total 

daily output to a con,tant rate for th t 24 hrs. , a saving of 4 .162 -2.522= 1.640 

G.Cal./ Mlhr. could be achieved. 

2 .3. ECONCMlC LOAD SHARING BETWEEN GENE~ATING UNITS IN A STAT leN 

It has been shown in th<' previous section that gen,•ration economics are affected 

not only by station characteristics but also by th< operat'ng loa.d ::urve . The 

study was limited in tho:: previous section to a single-unit stat j m . A system ha

ving rrore than one generating unit has tho proper l oad divi.sicnas a problem. I~ 

proper load div i s~an may appreciably decrease the th,rmal effeciency of th, station 

as a ...tlole, and consequently the cost of generation pe! M.l'hr . wi 11 be increased . 
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2.3 .. 1. TH~: CoS!' CU.iVE OF A GENc:RAT ING UNlr 

The study .in this sect ion ,as it \Ya.S in prc~vious sect ions, is con cent rated on 

fu~l fired stations. This means that a generating unit consists of a boiler,turb-

ine and gen~rator . The major coopound of a gen.-rator op .. ratin_s cost , as has been 

pr<~viosly shown, is th< cost of fu,~ l consurrption pe~ hour.· . So it i s easy to conver t 

t h , input - output curve of gen<rati.ng unit ,; g i ven in Fig .4A into :t cost curve by nul 

etjtl:ing th.,. input quant ities {G.Cal/Hr.) by the price of fuel {L .E. /G.Cal . ) to get 

th~ fuel co$s~ {L.E ./hr . ). This cist can be t aken as approximatel y equal t o the 

operating cost of the· unit {L.E./hr.) . A typical cost cur.ve is show;-! in Fig.6 

wh<-re P min . is th-;: minirrum loading limit beloo,.· which it is uneconcoi cal or techni

cal ly unfeasible t o ope~ate th~ unit and P max. is th~ maximum outpu: l imit . It is 

irrportant to note that th o act ual input-output and cost curves cf gen: rat i.ng uni ts 

has discontinuities at steam valve openings which are not shCJ".>IIl. in .:'igures given he::e. 

The cost curve of unit I i n a sta t.f. on having N uni t s can be expressed as: 

Ci = Ci {Pi) L.E./Hr. at output PO\~er Pi MW. 

This funct ion can be approximated , by applying a suituble curve Ii:ting method, to 

a second degree polynanial with a sufficient degree of accuracy as ::ollows: 

Ci = !ai Pi
2 

+ b i Pi + di L.E ./hr. 

Where ai, bi and di are constants for the unit I. 

The slop•; of th·= cost curve 

mantal fuel co~t {lC)i a nd 

at any output pO\V'er P. ,i.e., 
1 

i s expressed in L .E ./M\I'hr . 

dci is called 

dpi 

t h>C> incre-

If t h .. cost curve is approximated t o a second order polynaninal ,the incremental cost 

'~ 11 be giv,m by: {IC}i = a.P. + b. L.E./MNhr. 
1 1 1 

\l'hich is a linear relationshi p . Alternatively , we can fit a J:olyn:minal of suita-

ble degree t o represent th~ lC -P curve i n the i nverse f O!m: 

Pi = <:(i B (IC)i + e\ i (1C)2i +. • • • . •. 
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2.3 •. 2 . ECO'l0.\11CAL LQW SHARING BY T\'.0 UNITS IN A SI'ATICN 

Con,idering firestly a two-unit stat t on that is ask~ to supply a load 

conn~cted to·its fu~es by a power PD at the l~~est ?CSsible co~t . I t is 

requi red to find tht sh~re of each unit in th~ generat•:d ?Olver to fulf:l this 

requi1·ement . Let th~ share of uni t 1 be P
1 

and tha t or unit 2 is P
2

. Ass

uming t he corresponding cost of genera t ion t o c
1
and c

2 
ror uni ts 1 and 2 re

spectively . 

The to~al co~ t of gen.rat~on will be: 

C = C1+ c2 = c1 { P1) + C2!P2 ) . 

Also P
1 

and P
2 

are related by : 

Pl+P2=Pd 

The co1-t of gen.rat: on e will be minim.un only if :ic. ~ 0 
71 

Which gives dc1 = - dc2 = - dc2 dP2 - -- ----
dPl dPl dP2 dPI 

But th~ equaticm P1 + P2 = Pd gives dP
2 

= -1 

d.Pl 

\Oktich when substituted in th·= last equatitlll yields: dC
1 

: dC
2 

dP] dP2 
Or: {IC)

1 
= {IC)

2 

This means that the condition fo1 minim.un loH of genera:iun in a two-unit 

station is to ope!·ate th~ two units at equal incr ement a l :osts . 

Example : The incremental fuel costs in L.E.Mmr f-:>7 a p l !i!:t consisting 

of two units are: {IC)l= dCl= 0.027 P
1 

+ 5. 32 

dPl 

oc> 2= dC2= o . o33 P
2 

+ 4.oc 

dP2 

LE/MIIH. 

LEJt.t.H. 

[ 11 1 
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.., Asswne , that botll units are ope7ating all tt< : ine to supply a load having thr:: 

followtng load-durat i on ct:rve: 

.... 

,...., 

r 

n 

Load,MI~ ·40 

Duration, t 6 

80 
6 

120 

4 

160 

4 

2.JO 

2 

250 

2 

and thAt the rraxinurn and minirn.un loads on ;a.ch ·1nit are to 125 and 20 MW r espective!"-'. 

a) Construct th·: daily loading table fo-:: ·3oth ·.mif: if th;:y are ope!a t ed to supply 

th< given load at minimum possible cost . 

b) Calculate tho daily saving due to ecoL:minal rathe~ t han equal load sharing 

between th t · two units . 

Solution: 

a) Economical load sho:tring based on equa: inct"3llental fuel costs can be ::alculated 

from tho;, followi.ng equation: 

P1 = 0.033 PD - 1.32 
0.06 

\~here PD is the station loading. 

The foll<'M\ng table gives t h< required ecoocnical a:-.d constrc.ined loading of both 

units: 

PD .MI~ 

t,hr. 

40 

6 

Opt irrum loading 0 

pl 

Of uni ts,lvM P 
2 

40 

Constrained 20 

opt. p 1 

Min .lcxtding, 20 

IYAV P
2 

80 

6 

22 

58 

22 

58 

120 

4 

44 

76 

44 

76 

160 

... 
615 

9-4 

6c 

9 .. 

200 

2 

88 

112 

88 

112 

250 

2 

1155 

134 5 
125 

125 
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. : b) The .qptirrum' 1o.:<ding tab-e obtained shows t hilt f or a ll l oads th~ unit 2 i s asked . ' 
to carry rrore th;m half th~ load, v.hich mea!ls t hat its ope~ating co:st for ec;,ually 

d ivided loads will be less throm fo! optUrum loa:l sharing. 
' ' 

Total daily increase in cost of ope:ating tnit 2 at tabulated loads ratl:er t han 
' 

equ.9l load shring is given by: 5$ · . 

6 x r5\,.o33 f'..z .. 4·o) elf:~.-+ . s (o.o 33 fA.+~·o)dftJ-\-
•• .Yc 

4- 'f. rr d.o 3 3) p-'l • b ,o) Jp '- ol )''r o." ~j' Px ..;J •O) "'f .t J -1 . . 

L.x : .• 33 h-t$·oJd.f.t + (o.".Jj r-'~-"4·o) dtb.z) ~ 
• [ ~ . .t ~] 

"' "·~3J 6,(SS~4o)-+4x(r6"'- to':. 94 2
- ga<).-t--2.<(11 .2. - Joo) 

-+ it.>< [ 6~ (S8-;_o) +4x (rG -&o >f 1t -!Jc)o~.:<x (IILf<>o)] 

= /S'?o. gg L.f 

Total dai l y decrease in cost of ope:ating uni t 1 at t abulated loads rath~r than 

equal load sharing i s given by: l 
0 ,l() I . 

6x [~(o.o21p, -t 5'.32.)-td~-; {c.o.Zzp; -t5.3.Z)df,] -t · 

-1 ~;. , LS.(o.oh f 1 ... 5:3.2) dp, +
66

) ~(6.0 2;t~-+ s.n ) dp,) -1 

,.. t'~f 0 

+ J._x [ $ (o o Up,< 5 . .32) clf..lt t.?:r.J (o ,'c:.t.f'f)'-1 S.32)ctpJ;;. 

"' 16CJ2.;8 L.E . 

~o:al dai ly saving = 1692. 18- 1570.98 = 12: .2 L.E. 

Co:responding annual sav:ng = 44268 .3 L.E. 
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2,-3 .3. Optirrum Load sharing for M.tlti-Unit Station~ 

The sirrple procedure followed in deriv!ng the necessary conditions for 

optirrum load sharing in a two-unit statioo cannot be easily followed for get 

ting the optimality conditions for load shar ing in multi-unit stations. So it 

is better to have-a ' more gen.ral fo1nulation for th-= nult i. -unit case. 

~ssurrdng that N ~its are selected to supply th, load PQdur' ng the pe:iod 

~der study and that t~ese units are selected according to acceptable :ules of 

scheduling units i r. th-. stuti on . Obviously tb< fcllow\ng constraints shall be 

considered while s~ppl~ing th• combined load o: tht station. 
1"\ t 1: 
. 2. "h ........ (>;.. · )>. r .D ) 
~ \ ..... . 

1'1• Ml "l· ~ ?,• < P~ "' "X, l i <. I 1 2.1 ~ ,, J·""- cJ.) 

In addiUon to that th~ considerations of spinning reserve, to be db;cussed la"-

ter, requ i r~s that 
~ t'i MMC. > j'J) . (3) -~ 
t ~ \ 

By a ?roper margin, which means that Eq.(3) is a ~trid inequality. 

Since th, effect of reactive loading of genera:ors m th t·it· active powoer losses 

in of negligible order. it is assumed here tha: th, manner in which th ~ reactbe 

load of the station is shared among various on-t i me generators has neglig i ble 

effect on th<· econaTCf of gen~ ratico. 

The problem now :3 " wh11t is th-. opt :nal IIBrlJ!er in whi<:h the l oad d eJIB!ld PC 

must be shar·ed by th"' gene:ators oo the fuse?':' The solution to this problem i~ 

to mdninrize tht cost :unction. 
C ~ :t C1 ()>,) 

\~\ 4 

(4t ) 

Under th~ equality coo;traint of rr.eeting th< load C.emar·d, i.e . 
~ 0 (r' ;£_ ri _ "?D ;o o,~ 
'~\ ~ 

and the inequa~ity con;traints•given by Eas . (l) ;(2) -and (3) . 

This problem is a typ:•.:al separble 11101'1-linear programning problem. Assu;ning 

that the inequali ty constraints are not effective at p r esent,th•: probl;!lll can b~ 

sol~ed by the method o: Laarange Multipliers. The La~ranian is defined as : 
~ 9 "" 

of. -:. ?.. . Ci (PI) - A [~ Pt ~ ? D J . · . . · c~' .., '" '"' "'./ Where~ is th~ Lagrange multplier. 
: 

-
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The conct'. t. on of Opt irra li ty is 
~ -: 0 or ::;o,C' "' 1\. fo,. t' :. I, .2 .J .. --... ..,_ 

,: pi J p 

·.v.-.e::e dci is the increme::ttal cos t of the i th generator (LE/MIIh) . 

c£i . 

Equation ( 7) 

CC I 

M 

can be rewrilt~ as: 

= d.C.t "' .... .:. d C"" 
d.Pz a•p,.._ -= 'A 

>-T.-.id• rresns that the opt : r.::tl loading of generator corresponds to the equ<\l 

inc::e'llerr:a! cost point of :tl: generator s. The numerical solution of the 

opt i.rral : oad sharing proble~-;, can be easily done applying it erat i. ve tech

niques ustng digital campu~ers. The procedure of solut ! on can be arranged 

as foll-::"s: 

l. :ho:.'e a trial value 0: , i.e. IC = (IC) . 

2. Sol·...e equ,\tions (8) fer= ?i, i = 1,2, .... ,n . 

3. f- \ ~ p, • Po\.: E 

( a spe:- fi•~ acceptable acc.1racy 

:tch:d . O:h: rwise, 

of solution) , th< optimal solut i on is r~-

4. lnctea5e ( lC) by an iocrement l:> (IC) 

1:. (IC) decceas~ (lC) by th~ incr~t 

and repsat from step 2 . 

~ 

if [ ?- I\- ?n j <.. o , 
~ :. \ 

if ( i p; _ ?o) > c 
i : \ 

... 

.. 
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(7~, 

_ , 

5. 1f enr'.ng th~ iterative process th 1 loading Pj of any genera to:: J rea.C:1.•e s 

th .. limi.: Pj min. or Pj rax . ,th-,! share of this g ene rat or in the derra.nd 

shO'; ld ·=~ held fixed at the =each«! limit and th,; r emaining load pow~r 

[. Po- ( fi l"..a!t. "" fo· "''"· ) is th: n shan~ between the rermining gen: :-ators 

on squ"l incremental cost ~is. 

2.3.4. CPTIMJM g)EOOLIU:; :>F GENERATING UNITS IN A STATICN 

Scheduling, of geo~n.ting stations units rr:eans determining th : uni - s of 

th: stat , cn that shoul d be cpe: ated to supply a part i cular load . This probl311 

is also ·:alled the unit ccumitmer>t (UC) problen •. I t is initiated by econaTLcal 

C::ln~idecatlons , since it :5 clear that it is not econ=ical to JiUO all t h e =its 

a-.railabl~ in a station al: t:lt time whatever rmy be t he val ue of th e· load on it . 

It is b f': t-er to clarify tb: s point throug!-. an exarq>le . 
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Exa!Ple : The t~o units considered in the pro~vious example are operated to 

supp:y a ioad ha'l.:ng a daily load curve as follows : 

Load , Mlf 

Ti= of day : 
f,..,..,_ 

t< 

716 ,Vo 

. 1 M./YI.., F •• "' 6 <1.· ,... • 

6 0.. "'- . -to 6 T·""' 

The cos t curves o: the two uni t s are given by: 

C,: o . r;J~,. P/ + 5.)..1 p,-+ /6,o L.f.JAr·) ...,4 
C:z.:. o.r;I G~ :r; + '4 •oe ?;~.. t 13. 3 L.f: /Ar. 

?6 
f, 0"" 6 (>· '"'' 
-t• 11,., . .., , 

The cost of taking eil'he~ ur.i t off the 1 ine and ret uming it to service is LE . L5. 

Fin:i if i t i s e•:oncmical to keep both units in service continuesouly or to remcwe 

one of the unit; for t:.e 12 hours of lighl load . 

Sol.r: i on: 

Op tiiJUD'l l oad shari::.g on th e basis of equal incremental for both ur:its is 

as J olla-'S : 

p ,1-!W 

Ecro.:rnical P 
1 

Sharing ,).fiol' P 
2 

Cons:rained P
1 

Sharing ,1'111 P:!. 

7£ 
J 9. ff 

5&.::. 

J..o 

-st 

.2~o 

~3 

t:<..l 

9) 

I ~I 

Total cost of gen..:ration to supply t h e 220lvM load f a!' a 12 h r .peri od is: 

c = S'" c2 
= !(OtO f3o;- ,;:2; 

= L.E . . 6"Jo:r. b34-

.f, J.z, 'j')-tlt .o)-t (o · oltf1U/, LJ,oer /.21 + \3. 3)] ?I~ 

Total cost of ge."l-.ratjon tc supply t h< 76 MW load for th·e other 12 hr.peri.od i ; : 

~- c, -; c~ 
-::.. - (o.o\3c' .Z:o "-; 5.32 >~o-t /6.o) 1' (•· .,/t5xf6 ;;_-t 4·"'• ' ')/, + /3. 3) 1 ,;.z 

c 
-: £-' 1,. 0 4n:J . J'28 
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Total c?st v.hen b oth un:ts are operating throus;hout the 2L hrs . per iod :s : 

L .E . 21107 .362 

By insp~cting th: two co3t equations it is easy t o find tr.at unit 2 is 1110re 

econcnrl:al for tig~t loads thdn unit 1, so if it is r equired to put one of 

th: units off during th~ light load period, it will be ecooanical to pu: unit 

1 off. The total cost of generation dur~ng th,; light load period will be: 

( D.O /Sf 1 '!6 1 -+ 4-••~ ;rt 1 13. 3) ~ /2 "'l,f, 4~f/. 14J 

Total a)e~ating cost fo~ tht light load pe:iod will be the coat 

of ge~e~ation plus the start-up cost of unit 1 , i . e . 

4951. 248 + 45 .0 = LE 4996.248 

compa.:-i:~g this with t:1e earlier case, it is <!lear -chat :. t is more eccnomica:. 

to put I:it 1 off during the light level :period and to start it up a~in to 

take ?art in the lal"~r load than keeping it running all the time. 

It is easy to see that if the s:ar:-up cost is. LE. 50, than it 

will ::.e more economical to keep both units r·.mning all :he time. 

Th i s e xample shows that the uni: commitment problem is of economical 

impor:a,ce. A simple ::.ut sub-optional approach to this problem is to impose 

prori-::y ordering basej en unit efficiency; i.e. to co~t the most efficien-: 

unit ~i.:'stly and the:t t-he less efficient cne and so on as the load .i:-~c:>eases • 

. 

.. 
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A simple, but highly time consuming, way of finding the most econo

mical combination of uni'ts to supply a given load, is to try all possible 

cottbinations of uci1:s in the sta'tion that can supp~y this load, to divide the 

load among the unitE ~f each combi~ation using the equations (IC) i = 

fori = 1 ,2, ••. , m where m is the number of generators selected to op~rate 

in parallel in th~ combination. Yne object is 'to d~termine the combina=ion 

which bas the least cpera1:ing cos~ . 

OPTI!1UM UNIT COMM:TMENT APPLYING DYNAHIC PROGRAMMHG. 
-----------------------------------------------------

The appli:ation of dyna::n:ic programming uethods to find a unit 

colllmi.tment (UC) table for a complete load cycle can lead to a considerable 

saving in computa~b:> effort and time as compared to the above method. The 

reason for this s,.vi:>g is that the unit combinatic:ns to be 'tried appl::;ing 

dynam:.c programmi::.g aetbods are much reduced in m:mber; in addition it is 

not necessary to sQJ.'7e the coordination equad:onac for optimum load ~baring. 

In the dynamic programming approach the total number of uni -:s, N, 

available in the sta=ion, their individual cost curves and the load ctli've 

on which the staticn will be operat ed are assumed to be a ll known in advance. 

Also , i t will be ~s.uned that the load on each un:.t or combination of units 

is changed in sufficiently small and iniform steps of ~p mw (e.g. l ~) 

-------- - ----·-----

. 
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Starting arbitravily with any two uoits, the most economical 

combin:rtion is deterlLined for all the discret3 load leyel:; of the comtbe:! 

output of the two ur.it:s . At e~ch l oad level tne most econ·~mic answer nay be 

1:0 rur. eitbe.r unit or J:oth units wi-::h a cel:'tain load st.aring between the two. 

The mast economical ccst curve obtained in the discrete nrm for the 

combination of th~ t.·c units can be viewed as the cost cUI:'ve of a sinr;le 

equivalent unit~ A thi::od unit is no·• added tc the sing:.e unit equivalent 

to the first two and the same procedure i s repeatec to find the cost ccurve 

of a rew single unit equivalent to the three combined ·.mits. It is im:>c·rtant 

to no-::e here that in tiis procedure there is no ~eed to rrake combinations 

of the first and thiTd units or of the second and thir1 Lnits since al: of 

these co:nb~ati=s a.."'e already considered in the secon1 C:.ynamic progr-:mming 

~tep. 7he process is repeated till all available units are included i~ t he 

study. This approaC:'I has the advantage that :. t is quite easy to detei":!Ule 

the optinnm manner of loading (k-tl) Wlits if the op-::irnal way of loading l: 

tmits is already knO'..r.~ or determined. 

Let a cost function F ~ (X) be defi:led as folloos : -

F~ ( x ) ~ 

F k ('J) = 
F~ ; ( X·:D 

1he minimum cos-: in LE/HR of generc.tbg x MW by k units. 

Ccst of generating y ~ by the Kth unit . 

~The minimum cost of generating (x-y) ~!W by the renaining 

(k-1) units . 

According to the dynamic programming approach the fol lowing 

recu=sive relatio~. 

h ('X) = ..... . ..... ..... ·t I t...-< 'j) ~ ~11'-, c .,_~)~ 
vo,.~t.S . :rt ~ .. _ 

4 . ' •u r u ll r•H, o f ~ 

: 9) 

can be easily used 1:0 determine t te combina~ion of units yielding mL•:.mum 

operating cost for loads ranging in convenient steps , f-oom the minillllm per

miss~le load o= th! smallest tmit to the S 'Jm of -:he capacities of all 

available units. In this process the total mini mum operating cost and the 

loac sba!';!d by each unit of the op1:imal cou6inction are automatically de

termined for each load level. 

,/ 
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EXAMPLE: - A power station having four thermal generating units with para~ 

UNIT 

1 

2 

3 

4 

. . . 
me'ters li~ted in the ;f'ollowing table is required to supply a 

load of 9 JlW. Determine the most economical UC tabulat:ion. 

PMID 

l.C 

l.C 

l.C 

l.C 

PMAR 

12 .0 

12 .0 

12.0 

12 .0 

COS~ CURVE PARAMETERS (d=o) 
a ( LE/MW ) b ( LE/MW) 

0.10 

0.21 

0 . 27 

0 . 33 

3. 13 

3 . 53 

4 . 00 

4 . 27 

sol~tion. let the lead changes be ~n steps of 1 MW . 

;; (9) ~ f, (,:) : ~ o., r} -t'.·htl\: IM5ll J:t , ·3.13 ,!) ' Lf. 32. .'.u/~,--

f1 (Q) =· "' '" ·1 z[·"z(o) ... F, (9)] ~ [ Fl (,)., F, Co]> [ Fl { .(), F, ,'1)1 .. -1 
[F!. (J) ., F..( 0) }. J 

computing these quantities term-by-term and comparing, we get 

· F2. (9) ,. f F.t c~)t F, (1)]: L.£. 31 . St./ ..ir. 

In -:he same way, we can calculate F ~ (g) ' Ft. ( 7) ) ... . J F). (I)' f ~ :0) . 

Using the recursive relation (9), we can now calculate F3(0) , F3(1) , • • • F3(9) 

f)(,)'· ~~--aj~[F~[") .. 'ft(9)] ,f3_C.J;f2W}, ... , [ ·f3 (9)-hCo)] S 
::: [f3 {o)r{,t('J)J ~ · l.f. 3).81, /hr: 

Proceeding similarl.y , we get 

+~t0)., [r4·c:~,f:,C9)] ~ L£. 3 1.8i/Ar. 

The obtained values for r,f9) J f2 (,)) /3(9).;,_,\ Fz. (<J) lend to or conclusion 

that optimum Ul)its -:o be committed for a 9 M\1 load are 1 and 2 sharing the 

load as 7 MW and 2 MW respectively with a minimum operating cost of ~. 31. 84/KR. 

It should be noted here that the solution accuraly is dependent 

on t:le ste p size . !f a higher accuracy is required, the step size shoU:.d be 

reduced. But care :nust be taken because reduced step size may result :.n a 

considerable incre:se in computation time and required storage capaci~. 

~ 
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The described procedu;re ::.s repea-:ed f or c.;abir.ed loads ranging 
. . 

from · i MW to 48 111\' ( n:2Ximum J?Ower -:~t can be deli VE!'e d :by the four units) 

in steps of 1 MW to p>epare the opti:Jrum u:: table shcl'n te l ow. It is easy 

to note that load values for which t~e uni-: commitrrEt:t coes not charge are 

combined in one range . 

The UC tabl e is usual ly y!'!Opare::l only one€ fol:' a given set of 

units, and as the load cycle on the ~tatio::1 changes.! .It would on ly n:e an 

changes in s t arting and stopping of tmits 'Vith the ::-asic unit co=itment 

tabl e remaining unchanged. 

Unit commitment table 

load range 
l1W 

1.5 

6 . 13 

14-18 

19- 48 

2. 3 . 5 St ati on Cost Curve ------------------------

for t he st~died systems , 

lbits to ;,e com- i; 
;: mitte:l 

:..,2 
:.,2,3 
:.,2,3,4 

Spinnin5 capacity 
~w 

12 

24 

36 

48 

Using the UC table and L,c~asing l oad i n s t eps , the most econo

mical operating cost of the station is calcultated =::>r -:he complete range 

of stations Ci'paci ty by applying the crh:eria of op-::im:J.ll l oad shal"''ing amo:~g 

comitted units for each load value . Che result is -:h~ ::>7erall station cost 

characterist ic in the for m of a set ·::>f data points . This set of :lata poi nt s 

can be used to apply a suitabl e curve ficting techni~u; t o obtai::l t he re

quired cost curve of the station in the fc:rm of a se=o:l:l or h i gl>:r order 

pol ynomical. T'nis c=ve can be used for e.cor.omic l ea:! 3:"larring z::long 

generat ing stati ons i n an int erconne::ted system. 
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2.3.0: . SECURITY CQIISTF?.ll'lED OPT IW.L UN IT CO.\tv!ITMENT 

Every el.,ctric ..1::lHy is norrrally under obligatirn to provide its con

sume~s a ce=tai0 degree ~I continuity and quality of service. The=efore,econaqy 

and ~ellability rrust be ?~ope:ty coordinated in arriving at th~ operational uti l 

canni.tme:>t decision. A ?U=ely econanic· UC decis;on nust be modified to take rel 

iability requirments int~ consideration. As has bet>n already explained,the only 

cons:rai:lt :aken into ac::>wlt v.hile preparing th, econcmic UC table was the fact 

thdt th~ to:al capacity :m. line should be at l east equal to the load . The rr.a.rgin, 

if any, ":>etween tht ca:;-:t·::l'y of conmitted units and load was incidental Under 

thes~ condi:ions if one ~=more of th~ running units were subjected to a forced 

outage (random ourage), it may not be possible to meet t h < load requirments. To 

bring a ::old spare uni': ~ steam and to synchronize it to take up the load will be 

taking seve=al hours ( Z-J hours), so that tht load canuot be met for intolerably 

long pe:iod:; of time . Therefore, tomet·t contingencies, th.: capacity of carmine:: 

unit: rrust have a definit~ margin over th< load requirements at all times . 

This margin is kno..n as th, spinni~S-~!:~!:~e and should ensure cent inui ty of supply 

~~~= a_cer:ain !:Xtent af probable loss of generati<>n capacity . 

Since tho< unit -..hllch is to provicle thoo spinning reserve at a particular 

time has to started severa: hours ah,ad,th, probl em of supply relia5ility "{cr sec

urit;tJ has t o be treat~ in totality over a pe:iod of one day. The analysis here 

depe.-xl.s en failure and rE?ai rates of running units . The fail rate is tho! nu."lber 

of ra'ldan failures of tr-~ unit per year, and th< repair rate is th~ nurrbe~ of rep-

airs pe: year. 

unit:( or o:h.r 

The failu=e and repair rates can be found fran th ! past date. of 

similar ~:Is elsev.htre) nd are calculated as th~ inverse of mean 

time to failure (:nean ''9' time) and th~ mean time to repair (mean"do.n" tirrP

resp~tively. Denot :~ :he failure rate by and the repair rate by , we can 

writ: th, p=obabilities (pc..-g- ) of a unit being in "up" (service) or "down"<for

ced ::utage) states at aLi time as 

f ~ _L'\ (t") 
'(1-t/' 

~ = _2._ (1\) 
' r- • '>-

The jlTobabiHties P and Q are also termecl as availability and unavailability 
resp~t i vely . 
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Fo~ a system having N operating (running) uni H , the probabil ity for the 

system to be in th~ stat e I defined by K units in service and ( n-k) in fo

rced outage i s given by "' 

r;: · ~ n \' t~ 
~~\ l'k~l 

( f ~) 

The probability that the available generation capacit~ (sum of capacities of units 

corrnri tted ) at a particular hour is less than the system load at t hat time, is de-

fined as: 5:2..1 i ~ri lfJ) 

\'<here Pi is the probabi lity of system being in s tate i as define<: by equation(l2) . 

Ri is th t probability that system state i causes breach of syst !!Ill securit:t . 

This formula is known as Patton's security function when sy3tem load i; det er

ministic (i . e . known ~th xomplete certainty), Ri=l if available capacity is 

less than load and 0 othHwise. ln this sen.e is a quantitative <!stimate 

of system insecurity . 

Theoretically eqwtion (13) must be sumned over all pcssible system states,what 

is very large, but since the probabi lity of accuran.; e of s tates ~th more than 

t1NO units on fo?ced outage at a time is very low,th< SJmration is carried out 

practically over states reflect i ng a relat:vely small nurrber of units on forced 

out age . 

The securi ty level of th< syJtem should not exceed a certain maxirrurr. tolerable 

insecurity level (MriL) , W.,ich is a figure to be deter:nined by syst em maoagement 

based on past experiency . The:-efore,once t h . unHs t :> be corrrni. t ted at a part i

cular· load l evel are known from purely economic consl lerations,th~ securi ty fun

ctinn is computed as ?er equation (13) . If th~ value of exceeds MflL ,th~ 

econcmic UC schedule is nodified by bringing-in the ne:<t most econar.:i.cal unit a s 

per the UC table. is th;m recalculated and checked and th~ process is continued 

tillS~ MTIL ' Practi cal experi ence shows th.H as :he economic U: table has 

same inherent spinning reserve, rarely more than one it!ration is fou.• d to be nec-

essary. lUter getting c. aecure and economically optiel UC table f:>r all inC.ivi-

dual periods of the load curve ,such a table is to be checked to find if certain 

unitt• have to be start ed and s topped more th.:~n once. lf so, start-·~p cost of t~e-

se units must be taken i~to considerat i on from the poiot of vi~~ of ~erall economy . 

This means that we have to examine wh~·ther or not it w-. 11 be more ec:)I)amical to av

oid restart i ng by contin~ing to run these uni1 s . 

p.... . ...... .. 
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Exarrple :. Cons~der that th·= stat i on fo!: which th-= econani1~l UC table haC. been 

ob: ain.;d in th·: previous exarrple is ust-:1 ; o supply a load having th-; f oll :Ming 

de. . ly load cycl(•: 

Da:1 time ll ~ . ,,--t. 4.o.k, 4-f. 

Load ,M\1' s lo 

g_,:z_ ,._ 

15 
ll~- L. p "'' 

/0 

4-8 

20 

~-1.2 ... • -

15 

Co•st rct th·< econanir~l UC table fo1 this load and check if it is secure in e•J

e:-; period assuming identical failure an.::l repair rat es of 1 and 99 pe: year re

sp<:ctively for all th~ four units and tln: the systen: MI'IL is 0 .005 -

Soluticn : The UC table shon below is ~irectly obtained for th; given load =ycle 

u sing ~~~ previously prepared UC table in th. last exarrple. 

Day tir-.e : t 1. ,. .•. f.. 4·~'"'- • 4 -8 3-r1 ,... I 1" - f;/'"''· 4-8 g - 12 "" ... . 

L::ad ,MO 5 \0 \5 

Conni t ~ ed unit" I 1;1. 1, 2; 3 

Tr. e prcbability of any unit being in service is : 

? - "' : __2i... ~ 0' '!' - "' ... ). ,~., 
TI-e probability of any t.<ni t being on forced outage is: 

q - _}_. - _j__ ':' 0, c ( 
0 - I" T 1- - ''• I 

\O :{o 

I' 2. 1;2; 3> I; 

'Ire pnbability of having a state i defined by X units in servit:e and•n-x) 

urits ~ fo:ced outage out of n unit ; cpe!at:ng in parallel at a time : s 
).. \ ( '><.-~<) 

Q , - 0. !j~ 'f;O•O 
I I -

IS 

I J .z, 3 

Considering now the fit·st time pe: iod (12 m.n . to 4 a.m.). Nuni>er of ccnni.tted 

units ~s given in th-= economical UC tab:e = 1 ~th this unit ope~at ing there 

is only two possible states, eitloet th :· t:nit is available or unavailab l e . 

Tbe probability of the first state P1 = 0 .99 

The probability of th~ second state P2 = 0 .01 

W: th tht' unit available,running capacity (12 Mil) is greater th.m th-, load,tilere-

for e t:
1 

=0 . 

The security 

In th~ second state,th~ urit 

index fo1 :hi s per iod is: 

is not available , the·refore r
2
= : 

S, o.~~)yo + o.o l r I • o.o l > tJ.oo5 ( Mll LJ 



~ 

•.. 

[25] 

Thus Q,il 1 alooe :upplying th~ 5 ~v load fails tc satisfy th~ prescribed s~cur:ty 

criterion. ln ~reer t~ obtain opt : mal and yet secure UC, it is necessary •o run 

th~ ne't r.ost econonrical unit, i . e . uni 1 2 along wi:h uni1 1 . 

Witl1 both ur.i t l a.,d 2 operating , there will be hur diffen;nt possible stateE : 

- Be t , u.,11 s ar~ a·.-ail<Dle, both units are onforced outage, uni1 1 availal•le an.:J 

unit 2 ur:3.vailable. uni1 1 oo fo~ced ootage and unil 2 available . The prcxability 

thdt t:t< system ~tate causes breach of system security r equ.1ls 1 only i:'l th: 

secet". state. 
;;;1 ~ o.~? x!' 519 ~ o . ~8ol ) f',_ ~ o,ol "" · 0 ' , O• oool 

1 •- = o.~l) ~ ".11 I : 0 .oo 99 ) ?~~o.o l r-"·~~= o•oo99 

The ccrres?ondin; :ecuri.ty 

S : "· '!8o l XO' 0· ceo/)'- J t-0•"'1' y.; + 

< o.tw5 UITI L) 

index for this cas is: 
D.o,:~jJto 

: ~ · "'• I 
Proceedirg similarly anc checking ~ecurity functi ons foy th~ other peYiods of the 

load cycle,we ol:tain th< follo..ting econanical and ;ecure UC table for th~ consice

red ~1atioo to rupp·ly th: giv~.n load according to : he shown load cycle. The obtai -

ned :cble is given ·~elov: 

Peri:xl : . ' ~ ... -& 8-I.Z "" ):/.,_- 41'·"'. 4 -8 8-'z""·"· 
"~"' ,..._ .4·""'· 

Load ,l-+1: 5 to 15 IO Jo t5 

Units conmitted: I; l I J 2 I, 2, 3 1, 1 ,, 1,3, 4 1, J,J 
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3 OPTIMUM GE!\'t:R!'.TIJN SCHEDULE 

For a given system, if the transmission losses are negligible , 

the -:otal system load can be optitnally devi1ed amcng various generating 

stations by applying the equal incre~ental ~ost criter i on given in equa

tion (8) to the cost curves obtainec. fo-:- in·iividual stations as described 

in section 2 . 3 . 5 . It is, however , ur:realistic to neglect transmission losses 

part:::.cularly when long distance trar.smission of pc-wer is involved. Trans

mis~on losses may very from 5 to 15\ o= the total load of modern electric 

util.:.:.ties serving vast areas of rel.rti·1ely load density. Therefore , i t is 

essential to account for losses while devel opping the economic load dis~atch 

policy . 

In this case the objective is t::> cinimize the overall cost of 

generation as gi ven by the equation . 

c 
"""-

= ~c. . ~ 
I':. \ 

i =l 

( pi ) 
(4) 

At any time under equality constraint of meeting the load demand 

with trasmission losses, , . e . 

wher-: 

-2.. ?, ?u - (\ : o 

' " 

m = Total numer of generating p~ts, 

Pi= Output power of the i t:1 plant , 

(14) 

P =·System :oad demand (Su~mation of load demand at all buses , and 
0 

PL= Total system transmissi~ losEes . 

To sclve this 

,_/_ "0 

problem, we write the lagrangian as 
'w\. .• •• ') 1. 2_ c, ( I I ) - A ~. 

' . 
~ -·~u _ i\ 1 ( \.5) 

l ~ \ 

for optimu"' real power dispatch . 

~ t . ' .,1, . .. _, I ({I .Jc - ": ' .. ' • \ 1 ~- ' -~ - >. • .~ - -
~ 

"'\ I' . ._~ r 
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3earr.mging ; q:>ation ( 16; , we h<:~ve 
·_I··/ · 1c ' ::>\ C• · / '•l · pI = )._ <> r Ol I 

I J'l ft..//)f •' · d:[>': 
L . = ). ., : = I ' 2) . ' . . ......... 

~bere L I ~ 
, _ -JPl/"V p; 

is c~led ths ?enalty factor of the ith plant, 

The Lagrangian multiplier f. is in LE per ~lWHR, when t he gene:raticn 

::oos t ;: :s in I.E ;>er hour and pm.•er is in MW , 

Equation (17) shows that minimum generat ion cost is obtaine~ wher. 

t:.e : ncremeucal cost of each plant mult iplied by its pe3alty factor i~ the 

33Dle for- all -::~e plants . 

-

Tl:e (mTl) variables (P
1

,P
2

, ••• , Pm' can be obtained by solving 

t~e £optimal dispatch equations (17) together with the power balance equa-

t=.on (l'+) . 'Th~ partial derivative /;) PL j!J p: ; .s referred to as the 

i:~cr~tal ~smission loss ( ITL) , associated with t he ith generating 

stati.:::r • . Eq1..ation (17) can a lso be written in the alternative form. 

( 1 ~) , = ·r. .,, _ u-n·) i J) i= 1, 1., - ·.·· )""' - - ... 
( •( 

-wbic is re:'e.t:red to as t he exact coordinatiO!l equation . 

To s ol ve the optimum load shcedulin~ problem, it is necessary to 

con:p<.:~e ITL £cr all plants. Therfore, before s tarting the solution, we have 

to d=t'e:rmine the functional dependence of tra::smission loss on real powers 

cf g:r_erating plants, i.e. to determine the f'.mction . 

(' ( ") -;) ':) \ FL. : 't I I ' I l ' . . . 1 t '>t ) 

( \'3) 

,. 



.... 
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3 . 2. GEKE IAL TAANSMISS:ON LOS~; FO:wJLA: 

The n:twork losses can be obta:ned by simp~y adding the fus power ~: all 

f.lses wi :J, a noded voltage Vi at th.:! node i and noda 1 injected pow'!r SI, 

Clr=-er.t :i at the sam.: node, the total active and reactive paver loss PL - J<;L 
in :he ::1-:!twork is g i v.m by : -r- '<" -r 

"'l "' ~ G-L : ~f: S I = ;~ VI ..t- 1 

The 3as: sun can be writ1en as t he ve: tor produc: 

~he:e: 
\J -rw ~ [\1,

1
'1.t

1
, •• v .... J 

• • 
o-.\ 1 ~ ~ \ \• 1 •s He. "'~"'~n.tc. 1 1-l.e. 

T .1. u.n e"'t ve c-r"r '1 ~ . 

•• 

., 
1/ ~wS 

~ 

>,1: 

r bo.~.s > 

'!. - -r .,. 
,_...,.1.. 'J '~ ~ J ))....l -r 2 bu.J 1 wif<k 

E<.t t \' l.--> = Jh..l z ~) 

(.1<) 

( 21) 

'.U) 

is the bus irrp'edance rrat rix of th, ner,.,ork .., 

r,. . .. r ..... l [ ...... , ;l ... ,.~ ... -t ~ X.:).' 

'Z h..s 

( 

·'II 

.,.~, zL~ R~,Jx h-1 = 

::(' 2. • ~ .Z.t n. 

:X: l:t .•. 7-.Z .... J U') 

~ ..... rn tl X.Wl 
' '.2. ~"·• 

X "1·· ~ • :t:r~n.J 

~im:.larly,tt.e bus current vector can te written as a sum of a real and react be 

:omp0:1er.t vector as fol:ows : 

"JL.,Jr.Jit· r~::·l 
bl'»-

-\' 
0 [if•] ~F 

If" 
Sut;tit~ting a l l thtse equations i~ e~ation (20) we ~et : 

- I 'T" ](. . 
0 L + \ C. L = '1 k, Z J4., .J- !J:.,. -= .:f ).l.<:_, Z 

'"' = C"J:f'•Jit>'(fi. .. JX)(Tp - j'i[) 

b«..l 
- ;)f 
J. L.O<I 

-' 2 b"VV'):s taken eqUE.l to Z bus tecause it is a synmetri<".al JTBtrit> . 

(~q) 

(:<5) 
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Taking th t real part of b·:>th sides o f ~qw1. tinn (25) ,wlt get: 

YL ~ r • R I ·l T ~ J( I 1 -t r > R ;:1 - 1. ~ .. s ? -P t - r ~ 

u:.) 

It t s easy to proove th;> t th·~ second and f our:h ten .• s are equal 

X is sy.nnet rical , there: cre Equ.(26) reduces to 

because th-= rra tt5 e 

PL , I t R .: f' -+ .L } R I ; 

?L :2_ 
c.l ~ • 
K ":- ' 

r j 1\ ( i Pd r f K "' r/d. 

To e>q>ress th: t otal powe:- loss in terms of bus pow~rs and bus voltage ins-:ead C•f 

exp~ssin.; i t i n terms of !:us currents as given in Equ . (28) ,we will proceeC. as fol.: 
- - . C' ~ ?· & . 
J i,J{ •-IJL$''w • ~ • -s\ 1 

• 

7( \ V: \ (C~iSi -JS~S ;) 

~ r; - j<ti (C,; Si-1~ ':i"" ~~) 
, Vi\ 

., .. Ji'; ~~Jgt'~ P
. ., - . ,., . 

I L.-'4 ) J' ,l "'-'\~ 

'" :\ 
. 

-\- 0 
" . ' (:'\ s 5 \ .· ) ... "'-- s . - 1....X. ...... j. 

'.,V •' \ 

( : <::) 

Whe::-e Si is t he angle o f Vi with r espect to the reference bus voltage( i.e. s leek 

bus vol t age) . By sepera: ing th~ irraginary and real pacts of Eq . (19), we get ~ 

(P; G ,.s S i * Q. i S i \'l 5 i ) 11'; I 

' \V>\ 

1 g•' : \". \ (Pi s., 'Si _ a C-4 s.·) (?'-'> 

Substituting t hese expres;~ons fo! t h~ currents int o the Eq , (28 ) , we get PL ,aftEr 

SO!ll.e algebra i c ope~atinns . 3.5: 

?L , i_ [ £\ j " c rJ· P li • a ; a ,, ) 1 ~ <>. 1' ( <.c7 (\' - Po· Q 1-:) ] ( .st) 

Whe~: 

~ : ' 
k;, \ 

•.Z.)ko 

"' . 1\ ' r ·l 

-d 1\ 

\\i \\ VI\ \ 

y~ \( 

\.,;~\\ 'v ·~\ 

C-<> (Si-S~) 

)"" c s6·- s )() 
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3. 3 . 1 NCREMENTAL TRAN Siv1- SS 10.\J LOSS ITL : 

The increment31 trcn.nrission loss (:fL) i fo! t~< power plant i de:iver-

ing an ou·put P"'-·er P"'·~ is given by: 

(ilL) . :. -a i'L -- ~ .jL, (d. j K ( ~ ~" ~ L~· t:i.,c), i3a·x ( Q~ fl(_ ~-a :\)J 
J 1'"'' .i" ~r ~ 

1<! I 

),) P"-; is replaced by .f.)p,· because th~ ?::~Wer balru ce equ.ttion at node i, is 
-:->· 0 ;) . to-\ ~ {I -i ) i) 1 

l1'here Pl)i is th: demmc pow~r a t this b·~s and is kept constanl so that 
<> ?(>; , o ev--A /j p~: ~ .0? ~· · 

Manipulating Eq . (33) and :-earranging it (IT:.) i ::an be ch-mged to th< for7l: 

l. 
1 
n.) I ~ 2 2._ ~ r" ., ,k _ u ~~ r, K) - ~ [ c P J. Pr.. ct.J a I(') -;J d j 11 

1<•\ _J' {) f>r' 
• (\\lll _ Qj f,c; > JJP,j)l rl 

r.Jf', 

...,....\ <! • k 
-o r~ :. 
-:~p.· 

A 1 S<' i t can be shO\>n that _ 1 

~ ~' , . ~ !\~ i;,J ~ ~:) L\-,~~ --; ~-,-'. ,-.i:-;:'---:-5,.....-(;:-:S,::-:.-_<'$ i * 1'1\; ) 

\. -~; ~ \\ \; '< ~ s.-. (SK- 5 ~ M' ' k) J 
y-J' k (,... ( S;- 5 .,-) r I r\' ) 
'";\W~\\V~"\ L \~tk\\'/1:: \ s~, (SK'-s~·., ;k 

,~·~\.\VA\;_( .)cl- S.: - R·)) J 
':) ,-.<' \"1;11"\ \f'l(~Y- """-j, J;b • \vj·~ \ ~ Where : 

0 
I 3t.) 

(.ss) 

are th•' elf'men t s of th-t bus admittance II'B t r~x of t h~ ne:work having tho? i ndiCtS iK 

and iJ respectively. 

Equations (!35) togeth:r "'citt. equation (3~:· pe:mit us to CC11l)ute th~ lTLs : r an : ·'l: 

knowledge of bus voltages 3nd bus pow~rs . 

Experience wii'h typical system parameters h._s show th.;t th~ contributicn of the do

ublesum term in Eq.(34) to lTLs, is usual : y insignificant ,INhich IIBY allo-"' us tone

glect this tezm to get th~ foll(:Mjng approximne b·.lt time saving fomula for (Ill.) • .,.. 
(\1'1-. ) , ~ 1 2_ ( l)k .x, k- G?k r ~·k) o~J 

1(,\ 

{n) 



I 

3.4. Digital Computer App: ication to Solve th= OptirrumGene~ation 

Sch.duling Problem: 

:31] 

The pmblerr, here is s::mewiMt complicated because th•! ''Optirn.nn dispatch :;:q-t

atior3" and th: ''Power balo.:1ce equation" contain loss t enns which t hemsehes are 

funct:ons of all t h : indivic:.tal gene~ator outputs . This rre.kes th : di ~patch ec_uat 

ions coupled , i . e . each eqVltion is a function of all generator rutpu,t powers. 

Figure 7 shows a fl<7W chart fo! a proposed digital computer program to soh:e ttl,: 

optioom Cispatchlng problerra for a lossy sy.;tem. The basic carq:>utation step~ are 

as fc~lows: 

1. G: vir.g available infcrrre.:ion about all lood derrands SDi, specified voltE!l~ rBJ

r.: tuces/Vi/ for control buses and assumed ini tic- l values of gen:rat<'r P""ers, a 

solur:cn to th e· load flow p::· lblerr. is th-<:1 pe~ fomJed . 

2 . f-'..av ing found, from th·: C·utput of l oad HOI~ solut ion ,inforrration about all bu;; 

voltages,power angles.gwerator powers,the (In)i can be computed whic;J- pe!:ni t 

us to start an iterativ£ process by to solve th"' optirral dispatch E-:juati ::x:s 

to find a fi rst set of opt ~Imm gen:rator rutputs . 

3. In initial guess is rrad€ regarding th·~ gene:ator output 

an~e thHt htese initi:l values are aptirml in any sense. 

,we have nc ass~r-

4. Tr.e generate:: outputs ace th,·n readjusted in accordance with computed O!=til'll.l.n 

v:.lves, tho<n we solve th ·! load fl<7W problem. 

5 . T~.e inn:r an·~ outer itetative proces3es will continue unt :l a solution \d.thir. 

t ~.: specified accuracy is reach:d. 
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