Module-3

ECONOMIC OPEARATION OF POWER SYSTEM

5.1 INTRODUCTION

One of the earliest applications of on-line centralized control was to provide a central
facility, to operate economically, several generating plants supplying the loads of the
system. Modern integrated systems have different types of generating plants, such as coal
fired thermal plants, hydel plants, nuclear plants, oil and natural gas units etc. The capital
investment, operation and maintenance costs are different for different types of plants. The
operation economics can again be subdivided into two parts.

1) Problem of economic dispatch, which deals with determining the power output of
each plant to meet the specified load, such that the overall fuel cost is minimized.
i1) Problem of optimal power flow, which deals with minimum — loss delivery, where

in the power flow, is optimized to minimize losses in the system. In this chapter we
consider the problem of economic dispatch.

During operation of the plant, a generator may be in one of the following states: 1)

Base supply without regulation: the output is a constant.

ii) Base supply with regulation: output power is regulated based on system load. iii)
Automatic non-economic regulation: output level changes around a base setting as area
control error changes. iv) Automatic economic regulation: output level is adjusted, with
the area load and area control error, while tracking an economic setting.

Regardless of the units operating state, it has a contribution to the economic operation,
even though its output is changed for different reasons. The factors influencing the cost of
generation are the generator efficiency, fuel cost and transmission losses. The most
efficient generator may not give minimum cost, since it may be located in a place where
fuel cost is high. Further, if the plant is located far from the load centers, transmission
losses may be high and running the plant may become uneconomical. The economic
dispatch problem basically determines the generation of different plants to minimize total
operating cost.

Modern generating plants like nuclear plants, geo-thermal plants etc, may require capital
investment of millions of rupees. The economic dispatch is however determined in terms
of fuel cost per unit power generated and does not include capital investment,
maintenance, depreciation, start-up and shut down costs etc.
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5.2 PERFORMANCE CURVES

INPUT-OUTPUT CURVE

This is the fundamental curve for a thermal plant and is a plot of the input in British
thermal units (Btu) per hour versus the power output of the plant in MW as shown in Figl.
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Fig 1: Input — output cinrve
HEAT RATE CURVE

The heat rate is the ratio of fuel input in Btu to energy output in KWh. It is the slope of the
input — output curve at any point. The reciprocal of heat — rate is called fuel —efficiency.
The heat rate curve is a plot of heat rate versus output in MW. A typical plot is shown in
Fig .2
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Fig .2 Heat rate curve.
INCREMENTAL FUEL RATE CURVE
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The incremental fuel rate is equal to a small change in input divided by the corresponding
change in output.

: Alnput

Incremental fuel rate =— P
AQuipui

The unit is again Btu / KWh. A plot of incremental fuel rate versus the output is shown in

Fig 3

A

Incremental fuel rate

{output) MW

Figr 3: Incremental fuel rate curve

Incremental cost curve

The incremental cost is the product of incremental fuel rate and fuel cost (Rs / Btu or $ /
Btu). The curve in shown in Fig. 4. The unit of the incremental fuel cost is Rs / MWh or $
/MWh.
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Fig 4: Incremental cost curve

In general, the fuel cost Fi for a plant, is approximated as a quadratic function of the
generated output PGi.

Fi=a+bPg +¢iPg” Rs/h
The incremental fuel cost is given by

dF,
dP,

LI}

=b;+2¢;Pg; Rs/MWh

The incremental fuel cost is a measure of how costly it will be produce an increment of
power. The incremental production cost, is made up of incremental fuel cost plus the
incremental cost of labour, water, maintenance etc. which can be taken to be some
percentage of the incremental fuel cost, instead of resorting to a rigorous mathematical
model. The cost curve can be approximated by a linear curve. While there is negligible
operating cost for a hydel plant, there is a limitation on the power output possible. In any
plant, all units normally operate between PGmin, the minimum loading limit, below which
it 1s technically infeasible to operate a unit and PGmax, which is the maximum output
limit.

3.3 ECONOMIC GENERATION SCHEDULING NEGLECTING LOSSES AND
GENERATOR LIMITS

The simplest case of economic dispatch is the case when transmission losses are neglected.
The model does not consider the system configuration or line impedances. Since losses are
neglected, the total generation is equal to the total demand PD. Consider a system with ng
number of generating plants supplying the total demand PD. If Fi is the cost of plant i in
Rs/h, the mathematical formulation of the problem of economic scheduling can be stated
as follows:
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Minimize Fr=YSF

Such that > Be=F

where Fr = total cost

Pgi = generation ol plant 1.
total demand.

)
=
Il

This is a constrained optimization problem, which can be solved by Lagrange™ s method.

LAGRANGE METHOD FOR SOLUTION OF ECONOMIC SCHEDULE
The problem is restated below:

i,
Minimize F.r - 2 : 5
F=1
“u
N » =
Such that l’;;,. == E fﬁ; = (
r=I|

The angmented cost function is given by

£=F; + ?J_zpm
il

The w15 Ohtaned whici

-_E”' =} and -f”' =10
""JP.;-_'.' A

£ I

i T‘FT —A=20
:_lr"l:” ‘j'F::.ln'
£ -
;}A_Pr:_zf-:rr_[]

The second equation is simply the original constraint of the problem. The cost of a plant
Fi depends only on its own output PGi, hence
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Using the above,
I, dF,
oF, dP,

We can write

bi + _-’L'| Pn'; = A

The above equation is called the co-ordination equation. Simply stated, for economic
generation scheduling to meet a particular load demand, when transmission losses are
neglected and generation limits are not imposed, all plants must operate at equal
incremental production costs, subject to the constraint that the total generation be equal to

the demand. From we have
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PGI = )
ey
We know in a loss less system
n,
Pei = Py
i=l

Substituting (8.16) we gel

2¢

. A—b
>2hop,
=1

i

An analytical solution of 4 is obtained from (8.17) as

".i I)’
Pot 2, 5.
/lz pa) Aoty

It can be seen that 1 is dependent on the demand and the coefficients of the cost function.

Example 1.
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The fuel costs of two units are given by
Fi=15+20Pg +0.1 Pe™ Rwh

Fa= 1.9+ 30 Pg: + 0.1 Pay” Ryh
Pai, Pea are in MW Find the oplimal schedule neglecting fosses, when the dengimd s
200 MWL

Solution:

i:_'u 021  Rs/MWh
dF,,

dF,
ar,

NL02IF., Rs/MWh

Py = Py + Py = 200 MW

For economic schedstle
l-'{’- -'ir;
AP, dF.,

M 442 Py =30+ 0.2 (200 - Pey)

A

Selving we get, Po = 125 MW
Pc,: =75 MW

L=2040.2{125=45Rs/ MWh
Example 2
The tue! cost in $¢ b for two 800 MW plants is given by
Fy =400 + 6.0 Py + 0,004 Pg,”
Fa= 5004 b P 4 ¢ P
where Py, Poo are in MW
tal The incremental cost of power, A is §8 / MWh when toal demand 15 S50MW.
Determine opramal eencration sehedule reglecting lnsses.
by The incrersenial cost of power is SIOSMWH when ol depsnd 15 1300 MW,
Determine optimal schedule neglecting losses.

(e From Capand ooy find the coeflicients by and ca.

Solution:
&1 1 A
a) P.= A-b = £0-64 =250 MW
AT e 2%

P =Py = By, =350-250 =300 MW
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{— )=
b) £ = e W0 sho M
20, 2%0.004

P, =P, — P, =1300—500= 800 MW

C) P =

2 JL':
: : 8.0—b
From (a) 300 = -
i
. 10,0 = D,
From (b) aill) = ———
2r.,
Solving we get b.=6.8
¢, = 0.002

5.4 ECONOMIC SCHEDULE INCLUDING LIMITS ON GENERATORNEGLECTING
LOSSES)

The power output of any generator has a maximum value dependent on the rating of the
generator. It also has a minimum limit set by stable boiler operation. The economic

dispatch problem now is to schedule generation to minimize cost, subject to the equality
constraint.

ZPGe'zpﬂ

=l
and the inequality constraint

Pai jmimy = Py = Pt'r-.-:m.u'-.J 4 L3 FRae Iy

The procedure followed is same as before i.e. the plants are operated with equal
incremental fuel costs, till their limits are not violated. As soon as a plant reaches the limit
(maximum or minimum) its output is fixed at that point and is maintained a constant. The
other plants are operated at equal incremental costs.

Example 3
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Incremental fuel costs in $ / MWh for two units are given below:

IF .

— 1 —0.01P,, +2.0 $/ MWh
dF;

ﬁ:().()l 2P, + 1657 MWh

The limits on the plants are P = 20 MW, P = 125 MW, Obtain the optimal schedule
il the load varies from 50 - 250 MW,

Solution:
The incremental fuel costs of the two plants are evaluated at their lower limits and upper

limits of generation.
A' pn {min)L— :‘] \1\\'.
ir
=00 0.00x 20420 = 228/ MWh

[
dP,

_ dF,

2imin)

=0012x 20+ 1.6 =1.84 S/MWh

d G2

Al Po oy =125 Mw

Ay =001 X 125 4+2.0=3.253/MWh

Maomay = 012X 1254 1.6 = 3.1 $/ MWh

Now at light loads unit 1 has a higher incremental cost and hence will operate at its lower
limit of 20 MW. Initially, additional load is taken up by unit 2, till such time its
incremental fuel cost becomes equal to 2.2% / MWh at PG2 = 50 MW. Beyond this, the
two units are operated with equal incremental fuel costs. The contribution of each unit to
meet the demand is obtained by assuming different values of I; When 1 = 3.1 $ / MWh,
unit 2 operates at its upper limit. Further loads are taken up by unit 1. The computations
are show in Table
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Tauble Mant eatpul and outpul of the two unils

ol [ dF, CPlant P, [ Poz Plan CHLput
e s | | MW
MW VW WNTWh MW pae

33 106 | 06 g 30 3
2.2 7.2 253 i St) 70
2.4 2.4 14 10 66,7 (06,7
2.0 26 2.6 Bl B33 143.3
18 28 18 R0 T 1501
3.0 30 30 1 116.7 216.7
3. 3 1.1 T | 250 235

For a particular value of 1, PG1 and PG2 are calculated using (8.16). Fig 8.5 Shows plot of
each unit output versus the total plant output.

Figd%: =xampliz S5 4
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129
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SO 100 150 200 250
sutput NV

For any particular load, the schedule for each unit for economic dispatch can be obtained.
Example 4.

In example 3, what is the saving in fuel cost for the economic schedule compared to the
case where the load is shared equally. The load is 180 MW.
Solution:
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From Table it is seen that for a load of 180 MW, the economic schedule is PG1 = 80 MW
and PG2 = 100 MW. When load is shared equally PGl = PG2 = 90 MW. Hence, the
generation of unit 1 increases from 80 MW to 90 MW and that of unit 2 decreases from
100 MW to 90 MW, when the load is shared equally. There is an increase in cost of unit 1
since PG1 increases and decrease in cost of unit 2 since PG2 decreases.

Y, \

iF. )
J. (F ‘”)r;l
‘IPm J

Increase in cost of unit | —
Ri)\

g
- j(u.an,;l F2.0MP,, -~ 2855/ h

o

Ol ' \
o dl, P
Decrease in cost of unit 2 = || P AlGa
100\ ¢ 72
<90
= |(0.0128,, +1.6)dP,;, =-27.4%/h
i?ul
Total increase m cost il load 1s shared equally =285 -274=1.15/h

Hence the saving in fuel costis 1.1 $/ h if coordinated economic schedule is used.

3.5 ECONOMIC DISPATCH INCLUDING TRANSMISSION LOSSES

When transmission distances are large, the transmission losses are a significant part of the
generation and have to be considered in the generation schedule for economic operation.
The mathematical formulation is now stated as
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Minimize Fr.=XF

Such That ZP. =P+ P

where Py is the total loss.

The Lagrange function is now written as

The minimum point is obtained when

(}[’G : ()P

£ oF, of, |
mielB '1—' =03 1=
r.y

rH. o :
= Z F.—P,+PF =0  (Same as the constraint)

dF, iF,
Singce ( T 0 g 27) can be written as
()I’Gi ("[:,70
dF, A aP, ol
dF, dl’,
i= dF, I l
dfy | 1=0F,
&,1ﬁ J
The term ;{”13 called the penalty factor of plant §, L, The coordination
] 3 L
dI}ﬂi

equations neluding losses are given by

i
2 Loil=1......0
ff!zh

A=

The minimum operation cost is obtained when the product of the incremental fuel cost and
the penalty factor of all units is the same, when losses are considered. A rigorous general
expression for the loss PL is given by
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o \: ° L
l)L — 1 2-:1 l’(Jm B:nu l)Un X% -\-n l)br. Bnu + Buu

where Bmn, Bno , Boo called loss — coefficients , depend on the load composition. The
assumption here is that the load varies linearly between maximum and minimum values. A
simpler expression is

PI.: Em E-r. Pt}m an F{'m

The expression assumes that all load currents vary together as a constant complex fraction
of the total load current. Experiences with large systems has shown that the loss of
accuracy is not significant if this approximation is used. An average set of loss coefficients
may be used over the complete daily cycle in the coordination of incremental production
costs and incremental transmission losses. In general, Bmn = Bnm and can be expanded
for a two plant system as

P. = By Pg; + 2 B2 Poy P2 + B Poa®
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Example 5

A generator is supplying a load. An incremental change in load of 4 MW requires
generation to be increased by 6 MW. The incremental cost at the plant bus is Rs 30 /MWh.
What is the incremental cost at the receiving end?

Solution:
1F
it S Ty
¥
P,
af
e
T AP, = MW
,’f G ﬁ\"sl - —* Loud
'\ /
Al = BMW AP = AMW

Fig ; One line diagram of example 5

A F; = i F-r, A P[';. = 2 MW

A at receiving end is given by

IF, AP . L
A= dry, A _ 30x 2 = 45 Rs/ MWh
dP., AP, 4
or A= ak, oy J = 3 t =45 Rs/ MWh
AP AP

=
Gl | o [——
AP, f
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Example 6
In a system with two plants, the incremental Tuel costs are given by
dF,

dP;,

=001P, +20 Rs/ MWh

dF,
(‘1 IJ 32

=0.015F,, +22.5 Rs/MWh

The system is running under optimal schedule with Pg, = Pg: = 100 MW,

dF, : ' dp,
If —==0.2. find the plant penalty factors and —=.
@2 P,
Solution:

For economic schedules.

7 o
St L, =A4: 1., = - i
I, s L
P,
T'or plant 2. Pgz = 100 MW
A (0.015S=<100 4 22.5) . = A.
1 - 0.2
Solving., A = 30Rs / MWh
I = ! = 125
1 0.2
#£E L, —A = {0.01%100+20) L, = 30
dFe

Ly,=1.42%

I 1
= | =5 —
o r.'lF’;
E}F.L"!I
=Y
g L o seayemia SN
ar, e g
E_ y Ll |
""H]GI
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Example 7

A two bus system is shown in Fig. 8.8 17 100 MW is transmitted from plant 1 1o the load,

a loss of 10 MW 18 incurred. System incremental cost is Rs 30/ MWh. Find Pg, P, and

power received by load ir

I

‘I:' = 0.027, +16.0 Rs/ MWh
(fg)
_‘,.’5 —0.04P,, +20.0 Rs/ MWh
args

G

— P

()

Load
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5.6 DERIVATION OF TRANSMISSION LOSS FORMULA

An accurate method of obtaining general loss coefficients has been presented by Kron. The
method is elaborate and a simpler approach is possible by making the following
assumptions:

(i) All load currents have same phase angle with respect to a common reference (ii)

The ratio X / R is the same for all the network branches.

Consider the simple case of two generating plants connected to an arbitrary number of
loads through a transmission network as shown in Fig a

II'.-"':"‘\\ - ’-_I__,-"" i lis
h"ﬁ._\_ _'_./-"'II Il_j_' = '..I
[lnd)
b Iy =10
S
f'f 1 T —— et
h"-—-' o
. L'_:_' — I|.= I I.'
ll_,..-" B "\I ; K7 n
| £ ;
Mozl
()

Fig Two plants connected to o number of loads through a ransmission nebwaork

Let’s assume that the tolal load is supplied by only generator | as shown in Fig 8.9, Let

the current throwgh a branch K in the network be Ty, We define
Iy
y _ 'K
Ny T
(]
It is & bz noted that Iy = 1y in this case. Similarly with only plant 2 supplving the load

current Ip, as shown in Fig 8.4, we deline
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Mur and Nga are called current disiibunon factors and thesr valuzs depend on the
impeilianees of the lines and the network connection, They are independent of [, When
Both generators are supplying the load, then by prnciple of supeposition

Ik = My1 lai + Mgz 1oz

where Igp, Igx are the curremts supplied by plants | and 2 respectively, to meet the
demand Iy Becavse of the assumptions made, Ly and Ip bave same phase angle, as do

Iin and Ipe Theretore, the curient distribuon Tactiors are real rather than complex. Lea

Lo =T 20, and I, =|I|<o,.
where o, and o, ame phase angles o L aml b with respect o g common elennce. We
con write

|f¢|: £ ["'":.-ulfr.-ul"-"-“‘“'-’u + N e, g IV | Fa|sine, + 8 | siner, |

- -

NI kosto, tsin? e, ] N,
+ 2'["“"r.'.ll‘lrnl.l

1 1 7 § |
Iz oo, 1 sin?o,]

coser, N T cosa, + N T, |r.1'|1 ::I'I."'-’h_.lﬂ',‘._. s r.l'_.]

L2

_'a"r.'n:lfq.:-'l 1 j'."'-r:ﬂz 'r-ﬁ'.':l 1 1'i""r.lu:l'Ill"-.l..'!'i-:_'.|'!I-:.':E""r'":"'f"""': -|::|"_.,]
P P,
Nuw |Im|—.__# und|f,.,| = = s
3V, cosg '-.-:”r":. SR

where Py, Pgo are three phase real power oaiputs ofF planth aml plant 23V, Vo ane the
line to line bus voltages of the plants and &, &, ane the power factor angles.
The tisal transmission loss in the svsiem is given by
Py = %ﬂfrl Ky
where the summation is taken over afl branches of the network and By is the branch

resistance, Substituling we 201

it = AP Pocodeor —er, o
Py —— l""'.n.ﬁ.r 0 ,E_ b T Jlﬁni""'..tzﬁr;
V| leose, | % VoV |cosg cosa, F

A ;
.h'—1 'l --._R-
Vo[ e, I g it

P = Py By + 2Py Py By, = Ty By,

1 & .
whicm: Hy=————% Np Ry
1-"'||' oo g i T
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cosle, -, )

B:‘\ = ‘N. Nx_\R

© V|V, cosg cose, %’ o ¥
l - . :

Bn-\ — NA" R“,

|\ff.,|:(_c0843: VT
The loss — coefficients are called the B — coefticients and have unit MW .

For & general system with o plants the transmission loss is expressed as

2

o

Pt i & -
—:u’—, J\'m-'i‘ ........ ++ Kn-RR'
V,| {cosp, ) F V,| (cose, )” T

*, PP cosle, -0, )
R o, NN Ry
pa ! IV 1 IVqlcnsor COsQ,
=y
In a compact form
n n
R = ZZP«@B»J’@
nlegl
cos(ar o e)
Z NKPNK., Ry

NIV cose. ¢
|\P||V,’ cos@, coso F

B — Coeflicients can be treated as constants over the load cycle by computing them at

average operaling conditions, without signilicant loss of accuracy.

Example 8
Calculate the loss coefficicats in pu and MW ' on a base of SOMVA for the network of

Fig below, Comesponding data is given below.

I,=1.2-70.4pu Z,=0.02 4 70.08 pu
Iy =0.4-j0.2 pu 75 =008 + j 0.32 pu
le=08-70.1 pu Ze =002 4 JO.08 pu
Li=08-j02pu Zy=003+j0.12pu
L=12-j03pu Z:=003+;0.12pu
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I
.'f*:il S h
— —
= L Iy
I
I.| l Id
l Lakad 1
Fiz : Example 2
Sofutioemn:

Total load current

o= lg+ le=20-j05=2061 £-14.03%4
Iy = la=M8 - 2= 08246 ~-14.00" 4

I b

L 2 -4 =AL6
IL II.

]

2
1(®)

@ y L

l favad 2

I penerator 1, sapplies the load then 1y = T The curment distribugion is shown in Fig a.

Cory| = ; - D
| | o e N
L
i | 4041 e | 4061
M ——
v Load | y Lovad 2

Fig a: Generator | supplying the total load

/ /
N = f{ =10 N, _'i: =04% N, =0 N,=04 N, =00

b,

Similarly the current distribution when only generator 2 supplies the lead is shown in Fig
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'/Eﬁ‘l i b 4 |
./ =0 % =

l (6 L

l Luad 1 l Load 2

Fig b Genecator 2 suppiving the fotal load

d | 4040,

L

."';J: =L :"";m = '||.-|-: ."'L_.: = Al Nd: =1kd: “;.\_.:\--_ L0
From Fig B.HL Y =Y + 7l

LA L2 = Oy 02+ §0L0R)
LG 78" = 1056 + | RS po.

Was ""'.r-'l 4 ]I' EI| T J-' -E

1O 07 (04 025008 [ 035 108 01002 + §0.08)
= (928 — | 008 = 93 210" pu,

Current Phase aogeles

I R
e, = angle of [ji=l) = tan™ % =—15.43"
e, =angle of I,1=F_}=tan b LY B ST
C R 1

cosler, o7, )= 098

Dower Tuctor ungles
o= 478" £ 1842 =232 1" cosg, — 0,92

g, =T.13 3" = 4013 con g, = (LO9R

1’_ ".I ; H -y - “y
— e T CLOPRO02 06008 | 04% 2003 + 0,67 %103
bW, Flcosd, I (1L.o6Y (0020

= (LAGTY pu
| :
=TT 8 — - 154107 MW
a6

Cakle, —F j,
iy L 3 S .
Tk |1"r||.|l"l:1':":_|bﬂ; IL':I_"-}@! :|T- it gy
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B 01,08
(1.06)(0.93 K0.995 0,92 )
= - (LO033Y9 pu

— 00078 x 107 MW

[— 04 06= 008 +04x 040,03 +0.6x0,6x I,'I,IEI._’-]

1

L Ny Ry
B = h.—
- |P':|" {““-"'.5*"':; ]

=047 0084107 x 0,024 0.47 2 0.03 4 0.67 x0.03
(93] (998

= 0.056pu =0.112x 1072 MW !

Department of EEE, ATME College of Engineering, Mysuru



Department of EEE, ATME College of Engineering, Mysuru



