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In this dissertation vn Optimal Scheduling of 
Hydro-Thermal Systems, various aspects of scheduling i.e. 

locati fg both active and reactive power to hydro and 
thermal units in a combined system have been discussed so 
as to achieve maximum availability of generating capacity, 
obtain energy at minimum cost and utilise the resources 
most effectively. 

Optimal scheduling of power in hydro thermal 
systems is more involved as spared to optimal, operation 
of an all thermalsystem. Optimal operation of a'herinsl 
system is a static optimisation problem i.e. the objective 
is to mixd .se instantaneous fuel cost which is 	ction - 
of type, size and loading of the thermal unit subject to 
the equality constraints of the power system (Demand and 
losses = Generation) as well as inequality constraints 
imposed by the equipment ratings. In case of operation of 
hydro thermal systems, the problem is of dynamic optimisa 
Lion i.e * one has to take into account the water usage 
policy over a period for optimum benefits. Based on 
operating period, the problem could be classified as $ 

I) Long range scheduling for plant mainte-
nance and thort time avalla' t ity of 
reservoir. The time base is year/month 
in this case. 

ii) Short term scheduling for unit cow d.t-
ment and unit hourly schedules  over a 
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rdro stations in Himalayan Regions of Northern 
India are oharacterised by three distinct periods in a 
year viz 

i) Period of minimum head in the storage 
servoirs, ,c ring this period. .generat- 

ing capabi3,ity v the hydro stations . s 
minimum and maximum number of bydro units  
should be available during this period 
for generation. 

iMaximum water periodUMonsoc no) when heads 
are bight  ample water is available and 
maximum hydro- generation may be desirable 
even at lesser hydro. plant efficiency. 

iii) 	Water shortage months, airing this 
period. even though the heads are high  
enough eater may not be available and 

rdro units may. run as peaking units 
only. 	This is the period of hydro 
i t nzeint neoe. 

Based upon above considerations and also on type of , 

hydro power plant whether xun of river scheme or storage 
plants$  quantity of water to be used over a day or week 
is decided. 

pending on water availability over a day/week, - -. 
hourly gene 	,on schedules of hydro & thermal stations 
are to be worked out (short term scheduling) as to 
achieve optimum benefits i.er minimum ovarell thermal 
coot over the period. The various optimisation techniques 
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CHAPT- I 

I. 	IMPO RTANCH 0 F OP TTMAL 3CHUJL7S1 G ; 

.1 Genei - Optimum economy in operation of a power 
system assumes greater importance with the size of the 
system especially where power systems are expanding at 
such a rap ,.d rate as ours (doubling every - 7 years) . 
With development of efficient modern power station equipment 
and competition in electrical industry$ maximum economy in 
system operation is a growing chaallenge to Operation 

zgineer. An electric utility system in the United .States 
has achieved economy to the extent of about 5.t4,O0,0O0/10O0 
MW of installed capacity by resorting to optimal operation 
tec~hr quet 1), An opt aural operation of power systems in 
Kerala for the year 1971 was estimated to result in saving 
of x.4.75 lakhs(2) 

1.2 ' DevelQpment of dro-Therme, 	stem in In i.a - aactrical 

installed capacity which stood at 2.3 million I W at beg~,ring 
of first five year plan has now touched the figure of 17 
mutton KW and by the and of fifth plan it is expected to 
reach 52 million Kw. Per capita consumption rose from 18 
J wh in the year 194+9 to 95 Kwh at the end of +th plan 
periods and it is expected to touch 250 kwh by the end 
of the decade. 

1 OpUimuxn Economy Scheduling and Allocation of Mai. Power in 
• a Power System-W S.I y Basak-Symposium on Load. Despatch 

Techniques and Integrated Operation of Power System - 
1+2nd Annual Board Session of C.. .I .P. Doc. 1969. 

o 	Qp. ,t oT - KerG&a. Power totem.- by V.Anentha 



Power plants at present consist of hydro, thermal 
and nuclear generating stations , ibis is because it has 
been found that electrical energy at minimum overall, cost 
could be derived If both hydro and thermal power plants 
are developed hand in hand. The bydel and thermal. power 
plants have many contrasting feature and the best results 
are obtained when both these are harmonioua„y blded In 
power expansion programme. Table I is an illustrative 
statement to high light the comparative advantages of bydel 
and thermal power plants. the hydel and thermal power 
plants are no longer construed as competitors but as 
essential compliment to each other. This is supported by 
examples of countries like BagLand and Japan having predo 
minant thermal power with meagre water resources seriously 
exploring the possibilities of large pumped storage schemes 
for affecting reduction of the overall cost of electrical 
energy on one hand and on the other hand countries like 
Norway and . Sweden blessed with abundant bydel resources 
are Implementing, installatLon_ of .large..nus1..ear powered  and 

oil fired thermal plants for effective utilisation of water 
resources. In country like ours blessed vith both hydro 
and thermal resources a mixed pattern of bydel and thermal 
generation Is necessary in the interest of national. conser-
vation of fuel energy and effective utilisation of water 
resources. The relative amount of hyde). m d thermal power 
installed would have to be arrived at by examining  several, 
altöriative expansion schemes and then evaluating the 
ti4noiai implications. ,. as saving over a base case. 
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oDMPAFATIV MINTS 0 " HXD ► AND THERMAL POWER PLANTS 

Si. .No. Description : 	tdel Them 

1.  IrrLti9l capital cost High Low 
2.  Time for implementation Long Short 
3. , Flezibilit 	in siting 	No fLexibility 1 . ëxible 

1+ Arua' . £stabli shmen t 
expenses Low High 

5.  Annual M .intenance ezpeases Low. High 
6.  Fuel expenses Nil Significant 

.t Life expectancy Long Short  
Plant shutdown . for 
maintenance Short Long 

9 'Forced outage rate Low High 
10. Pottier a aiiability as 	Li.ted by aaai ,a- No limitation 

needed. 	S 	 bi.ity of water 
11. . Spinning reserve . 

12. i i ck start ttp and 
shut dawn for stand 
b r reserve 

• More suitable for . Capatdl .ty for 
providing spinning providing spinnin 

.. reserve 	 reserve is unite 
Starting up time ,  Starting up time 
is very low 	is long 



In such a vest and developing hydro therm 1. system 
a curs and in view of tight financial position even e, email 
saving in operation of the system would farther the poser 
development programme. 

2,, 	 Q3'BCZE S OF 4PTIM,AL OP~E 1!OJ 

Z.1 Genexe, .. The operation of power system has to be such 
as to maintain equality between active and reactLve power 
generated: and their deed at consumer and plus losses incurr-
ed during transfer of power. in ad4ition, to maintain conti-
nuity of supply appropriate reserves should be provided in 
the system to account for any forced outage of the equipment 
and other unforeseen eventualities,. 

2.2 	Power Balance - Difference in power generated and 

power required is reflected in the frequency of the system. 
Maintenance of frequency at as constant a value as possible 
d9pending upon load and frequency control equipment provided. 
Is of great significance for the healthy operation of power 
system for following' reasons z 

i) A.C.motors which often contribute to the 
bulk of the load run at speeds that are 

directly related to frequency. 

ii) Synchronous driven electric clocks depend 
on the frequency error and its integral. 
for Its accuracy. 

iii) The Operation of the system will be smooth.► 
ers efficient and better controlled if the 
frequency error is kept within limits. 

0 
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;r Under normal operating conditions, the system 
generators s1 )Uld rums neb oual)y and generate together 
poor that at each moment is being draun by all loads plus 
the real transnzLssion losses. The ideal may to 'opera, 
the system would thus be to set the ter gamnd 'a ta 	steam 
valves of the various generators at moues that would 

ctly correspond to the .toad demand. Unfortunately the 
reality is not so .accomodating$  since the fluctuation in 
load demand are entirely random In nature and a mismatch 
in active power balance is always present causing frequency 
fluctuations. The rate of these fluctuations depends on 
total moment of inertia of the running equipment. 

Adoption of proper methods of load frequency 
control with t ue regard. to the factors like characteristics of 
the generating units, loads, contractual of l igat&ons in 
energy supplies, etc., thus assumes greater importance in 
the efficient operation of power system. The various methods 
in the case of interconnected power system are flat frequency 
control, flat tie line control. and tie line load bias control. 

2.3  Reactive Power Balance  - The balance. of reactive power 
generation in a system could be obtained by varying excita`-
tion of the gen,ergUrs, use of shunt capacitors, synchronous 
condensers, shunt reactors, tap changing transformers etc. 
Le point of generation of reactive power f as an important 
say in the system losses and hence on the economics of the 

system, 



The voltage profile in a power system largely 
depend upon the balance between produced and consumed 
reactive power, whenever the magnitude of a particular bus 
voltage undergoes variations this means that reactive 
power balance is not kept at the bus in question. 

Further practically all equipment used in a power 
system are designed to operate at a certain voltage level:f 
the rated voltage. If the system voltage debates from 
this value, the performance of the device suffers and its 
life expectancy drops. Thus motivations for controlling 
the voltage levels on a power system are strong. There is, 
however, no excessive rigidity in the requirements for 
voltage constancy and nation vide standards allow a tolerable 
fluctuations in voltage levels of ± i.% at transmission 
level and t 5% at distribution level, A much reduced limit 
would however be desirable. 

2.tI. Scheduled Maintenance and 
~~rri ' u 	rr.rrr~•~ 	r r Sri irr 	 i r~r 

Reserve Capacity 
rrrrr~~ 

.. In order 
to ensure uninterrupted supply of power to the consumers, 
a power system has to maintain some reserve capacity for 
meeting the sudden forced outage of a generating equipment 
and meet unforeseen load demands. Part of the reserve have 
to be kept spinning and is called spinning reserve. 

amount of reserve required for meeting forced 
outage is dependent upon the number and size of units in a 
power system and the expected frequency of the outage of 
each generating unit called the outage rate. The outage 
rate even for the same sizee unit may vary from system to 
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system. Pkch system will, therefore, have to eva luate 
performance of its generating equipment fro a its own operat. 
ng eaperienoe. An attempt to maintain record in this direc-

tion is required in the country. 

Depending upon the outage rates and average duration 
of an outage of the generating units in a system, the expected 
frequency of simultaneous forced outage of various magnitude 
is determined With the help of probability studies. The 
required reserve capacity for forced outages for a desired 
standard of reliatdlty, such as for simu]. taneous outages 
expected once in ten years (w ich for example,, Is followed 
in the U.S.A.) Is thus calculated. Of course the once in ton 
year eriteri n may not be considered realistic in the context 
of our present economy in India and a lower level of reliabl-
lity may be acceptable for the sake of rapid development. 

Ile the quantum of reserve requirements in a 
system is generally governed by the . above criteria, the 
manner of keeping the spinning reserve depends mainly on the 
type of generator available in the system. 4aen the system 
consists mainly of thermal sets, the tendency should be to 
distribute the reserve over a large number of sets in the 
system. However when the system also includes hydro electric 
power stations, the cold reserve capacity is provided MiALy 
by the storage hydro-electric stations. The power variations 
to wbjci the thermal, sets especially nuclear power plants 
could be subjected is usually only a fraction of the .r 
ma mum capacity. In the case of hydro-electric sets large 



. C 

amount of spinning reserve capacitor could be convenient ;y 
provided by operating few of the units as mottbring unit. 

2.5 	t 	e 	e 	f' 	 Un is - Various 
points which merit special attention iiLth respect to co. 
ordinated operation of hydro thermal units are as follows:- 

1) Adequate transmission system for planned 
and forced outages and co-ordination of 
maintenance schedules. 

ii) Well planned emergency operation procedure. 

lit) A well coiordinated protective scheme 4th 
no c isnces lbr cascade tripping. 

Accordingly, the optimum operation of Hydro-Thermal. 
Power System ensures operation of the various units at their 
optimum efficiency and has also to maintain appropriate relia-
bility, frequency and voltage standards as discussed above so 
as to entail, minimum fuel cot and optimum utilisation of 
'ester over the operating period. 

2.6  Contents of fi.ssertation  - The subject optimum schedul-
ing of hydro- thermal system is proposed to be discussed, under 
the following headings: 

#. Scheduled Planned Maintenance and Evaluation 
of i :erne for Optimising Capacity Benefits 

ii. Techniques and methods fbr optimising schedul-
ing in i ydro- lhe rma3l Systems. 
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iii) Scheduling for Reactive Pov r and Voltage 
Control in the System. 

iv) Case Study of optimal Scheduling of a 
Sample system. Computer Programme 
results and discuss ions, 

v) Application techniques 

vi) conclusions. 

Under the first heading principles of probability 
methods and methods such as loss of load method, loss of 
energy and freq iency duration method of finding generation 
reserve have been discussed. 

Bydro-Therinal Scheduling Methods, inc ude calculus 
of variations, dynamic programming method and method of 
discrete mo 	rn principles. Method of dynamic programing 
has been preferred for the reasons listed in this Chapter. 

Various load flow methods are dis ,ssed in 
Chapter Four of the dissertation and a flow programme 
for making a computer programme has been given so that 
reactive power requirements of the system are scheduled for 
minimum losses and adequate voltage control in the system 
is achieved. 



The method of optimal bydro:thexnal scheduling 
based on increxn tal dynamic programming has beer' illus-
trated by taking a sample study of one system comprising  
one -hydro (constant head) and one thermal system. The 
computer programme has been developed and success .ly 
tested on the sample case. The results are also discusse 
in this Chapter, 

The Chapter on Application Lbchniques canons 
a brief account of method used in a venting these operat. 
ing schedules into practice. A brief account of load 
despatch techniq es is given in this Chapter. 



AFTER - 2. 

2.1 en~eral, a 

The maximum plaxxned.. capacity In a system must be 
equal to the sum of the peak ,oad) scheduled maintenance 
requirement and the capacity required for forced outages. 
Capacity benefits in the . form of increased peak load supplies 

nod 
can be attained by proper .y scheduling plane maintenance of 
hydro & thermal unit in the systems and Optinuim evaluation 
of capacity required foL forced outages keeping in vier the 
reliability standard required.' 

The above problem could thus be sub-divided into 
two parts Viz 

(1) Detex4nation of Generation reserve for 
' 	Forced outages. 
(ii) Determinationn of planned maintenance Schedule. 

2.2pi afi .on of Proba'bdlity Methods s 

application of probability methods have been 
recommended by A.I.E. . Committee for evaluation of reserve 
capacity in the system( l) . Several criteria and methods of 
computations have been developed over the years so as to 
bring into focus several criteria a of raLtability of a 
system. In the analysis of evaluation of system reserve 

( ) •A.I .L. ; Committee Report on Generatin Capacity Problem, 
A.I.E.E.Trans. PMS Vol .79-February 1961. 



problems, the simplest criteria of reliability is the computed 
probability that the outage of generating capacity would 
exceed the reserve available at the time of peak load. However, 
analysis of generation reserve problem is complicated by the 
effects on reliability of daily & seasonal load shapes, Of 
maintenance outages$ of Interconnection, of Uncertainities In 
load forecasts and of river flow and storage 'when hydro .. 
electric capacity is .involved. 

Depending upon measure of reliability three methods 
of generation reserve evaluation are as follows:- 

(I) Loss of load method 
(ii) Loss of energy method. 

(ii) rrequeney duration method 

Application of these methods iitb special reference 
to the evaluation of the effect on system capacity require- 
meats, of' maintenance srhodi.ing has been discussed. 

Before describing the methods the following terms 
usually encountered in probability, studies, of the determina-

of 
Lion/generation reserve are defined... 

2..2.1  Ini on$  s -» 

(a)  Forced. ©tita eg  ' - k forded outage :e the one 
which results from the ;failure of the turbine' generator or 
any of their auxiliaries or pertinent structures extending 
from the water passage to the generator loads" that requires 
that the unit be taken out of service... 
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(b) 7orced Outage It 	- t/T, where t is duration of 

forced or emergency outage in days and T is the total time 
during which equipment has been exposed, 

(c) ?1ratiOn- Ui ra tion of the outage extends from the 
time the unit was removed from service until the repair 
Crew cLeaix the unit for operation. 

d)  M ni . 	on 	Minimum duration of forced .outage 
is the minimum time required taking recourse to overtime, 
shift work etc. to complete the necessary repairs to make 
the unit available for service. 

Average duration of outage (d) 

d  ., Total forced, outage time, for outages on rec 
Total number of Forced outages 

. 	Average Interval of outages (T) 

imposed time of the unit on record 
Number of forced outages 

'requency of outages = ( l/ti) , reciprocal ofinterval 

(e)  ,Time of eya_tion  - Time of operation is the total 
time the units was synchroni$ed 4th the system, whether or 
not it was carrying load. Also$  on any calcmdar day that 
a unit operated, but was shut . down for a period of 24 hours 
or less due to light load conditions, the unit is assumed 
to have operated continuously over the 2# hours because the 
risk of outage due to starting and stopping is assumed to be 
a great as if it ha&reflmined. in service. 



(t) Qni System - system where all machines are 

equal, in unit size outage rate and average durat ,Qn af 

outages. 

2.22 o s  f Load Metter -6. In this method-a probability 
table of capacity outage~of the various combination of the 
machine based on the formulas given in Appendix entitled 
NMathematical Methods of Reserve Studies", is constructed. 

The combinations are generally restricted to the capacity 
outage of the t+ machines at the most to avoid excessive 

calculation. From this table a cumulative capacity outage 
table for the system ire. a table showing what probability 

exists of loosing capacity equal to or exceeding various 
amounts, is constructed. 

The cumulative probability table arrived at does 
not indicate what probability exist of a system loss of load. 
but confines itselfloss of generation only. To know 
what probability exists of a system loss of load, a knoul, edge 
of system load characteristics is required. A load duration 
curve for a typical system over a year is shova in Figure 2.1. 
The steps involved to find out loss of load probability for 
the year are given in flow diagram shoes in Figure 2.2. 

r intenance should be considered as a reduction of 
capacity. However, without significant error it may be • 

considered as an increase of load. , The inclusion of maintena- 
nce alters the peak load variation curve. The revised load 	* 

. 	duration curve becomes as shown in Figure'. t&) 
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SELECT ONE STRAIGHT LINE SEGMENT 
OF THE PEAK LOAD VARIATION CURVE 

I  FOR ANALYSIS. DETERMINE THE LOWER 
,..1) AND THE UPPER(T)LIMITS OF THE 

TIME BAND INVOLVED AND THE MAX.LOAD 
THAT COULD POSSIBLY OCCURE DURING 
THE YEAR 

SUBTRACT THE MAXIMUM LOAD POSSIBLE 
2  FROM THE INSTALLED CAPACITY. THE 

RESULT SHOWS THE CAPACITY THATCODU 
BE LOST WITHOUT INCURRING A LOSS OF 

Starch the capacity outafe table for the 
3 smallest capacity outage that equals or 

exceeds the amount shown by step 2.call this 0 

Determine the time for which an outage of 
Ok  or more would cause loss of load This 

4 could be for the entire time band or only a 
fraction thereof should the load decrease 
sufficiently so that an exact outage of Ok 
would not cause loss of load. 

FROM TABLE LOOKUP, DETERMINE THE 
5 PROBABILITY OF AN OUTAGE EQUAL TO 

OR GREATER THAN Ok CALL THIS Pk.  

TAKE THE PRODUL r OF Pi AND THE 
6 CORRESPONDING TIME tk COMPUTED 

FROM STEP 4 

Repeat steps 4,5 and 6 for the next period 
of time within the seiected time bard. Note 

7 that the outage considered now is 	k*l 
Repeat until entire time interval considered is 

Sum all of Pk  t k products to obtain the 
8 	probability of loss of load during the 

time interval being considered. 

17 

FIG. 2.2 DETERMINATION OF LOSS-OF- LOAD PROBABILITY 



An acOeptable probability of load in excess of 
available le capacity may be taken as less than I day per year. 

2.2.3.  I 	 - The first step to to ccr4 ute 
capacity outage ors probability curve for the system. To find  
out loss of energy ding each month$  recourse is made to 
load duration curve of each month i (See Fire 2.l4), 

Prom the igure 2*1+o we conclude that for outage 
of capacity less than O, there will be no loss of energy• 

z' capacity outage exceeding 4110 the energy lose COr SM 

ponUng to say oic i is given by area A -in gura 2.f. Stmi.-
larly energy loss B corresponds to outage 0K2 and so on. 

Depending upon probability of forced outage and 
capacity outage and. the peaking energy terms (Area A, 'B and so 
on) the expected energy loss ( £A) for the entire month is 
worse, out for the load duration curve in question The cal 
Culaions are made for each month of the year taking into 
account the representative load duration curve for each month 
and anticipated reduction not depen able capacity caused  
by equipment  o erho .s and factors such as reduced operating 
hem restilting t dradon at bydroelectric plants. 

r finding the expected energy lose duringthe 
entire year, the Index of reliability Wined below could 
be found for the year. 



pected index of reliability ( 'expected energy loss) / 
System load bS  available for the 

month. 
The index of reliability for capacity outage of OK should 
not be less than long time historical index. it the calcula-. 

t 

bons must be ,repeated. with other values of reserve if` the 
calculated index of reliability is. unsatisfactory*  A curve 
similar • to the curve shown, in $Lgure 2 5  is plotted and 
necessary eserve corresponding to desired index 'of reliability 
found out.  

2.2)4. Fre uenc.. - Axrat±ofliett4 	Avectations of forced 
outages are calculated by, probability methods r4iiclz give 
results in t terms of frequencies, intervals and average 
durations.,. This method gives more significant results than 
the usual probability calculations which give results in 
terms Of ratio. A probability of .01 indicates an outage 
for 1% of time but it does not state for example whether the 
outage occurs once in 100 days with a duration of .1 day or 
once in 5OQ days with duration of 5 days, the later being , a 
more Serious. 

ceeaive calculations . are required for a completely 
diversified,- systems and it is not practicable to handle a 
complex diversified power system of modern type  even with the 
aid of digital computer. For practical purposes it is thus 
found convenient and sufficiently accurate ti , subdivide the 
system into $ bgroups of units which could be .considered 
reasonably uniform Sub-groups shall be so selected that the 
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deviation of individual sizes from the average within the 
group, as measured by the standard de .ations vi.l give 
results within the desired accuracy. The standard deviation 
is 0. measure of the discrepancy in t.Li ag it ide of multiple 
outage introduced by using multiples of average values for 
the group instead of the sum of their individual values in 
their possible oomtd.nation. 

standard deviation-is defined as 

Where 7 = arithmetic mean, f frequency of occurrence and 
x are the individual ^values. 

or 	0— :C 
/ )2 

 , 

where n is the number of terms, %n the individual 
value of each term. 

For calculating the values in each sub- group the Appendix A 
~~ 	 wee tvZAS 	determination" 

entitled. Mathematical  *a- on in reserve/may be Seen. 

After the . values for each sub-group have been c alcula. 
meshed ted the results are 	mathematically with each other to 

give the 'values for the composite system (Seo . ppend x A ) 

These values of probability, average -duration, 
interval between outages vs capacity outages are theca'.plotted 
and depending upon the interval acceptable as basis of 

or! e" 	.1~(ovears 
reliability i.e. either once in fire years, (,\a normally 
taken value) , the duration and outages are found out and as 
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t is practically impossible to match the over-
hauling schedule with the load curve so as to achieve a 
p$ ►foat-ton5; ant total of monthly peaks, overhaul .ngs and 

limitations. 7.is problem increases as large units with over- ' 
hauling period of longer duration . are added to the system. 
For this reason the sum of megawatt month figure for the 
required overbauling and maintenance of the various pieces 

of equipment is increased by a sta .ng a lowance. A stacking 
allowance of 15% applied, to the calculated overhauling require. 
meets is considered adequate and this p ecentage is generally 
used'in calculating .ng planned reserve requirement. 

Second the equipment exposed to forced outages is 
not cons tan t throughout the year because the equipment in ope ra-
tion varies on account of overhaulingg and limitations. As a 
consequence expected forced outages of a• given frequency are 
not constan o through t the year, and therefore risk is not 
strictly constant evs if the margin in capacity provided for 
forced outages is constant. Calculations shows that alloAng 
for the variation in a osure results in about 5% in 
maximum derivations in magnitude of forced outages from the 
yeaxl.y average. 

The constant risk principle is illustrated in 
F1 gufe l ,7 	 1  

In case d ring any month sum of month 'yx peak load,. 

t 	S, wth no overhauling exceeds, tI e. s (fr moni  uay '• 

p yak load and overhauling and limitation toz' "the other  
months, the required capacity can be so evaluated that a. 
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a somewhat smaller reserve In the month is compensated by a 
sorhowbat longer but constant reserve ib the rewaxing 1Qwen 
months In this way the ability to meet forced outage 
expebted~upto •a y standard .o f. reliability . wou],d still be 

ma ►wed. However a caution is to be exercised and in 'no 
case the reserve margin for the month under consideration 
should be less than required to ta4e case of outage of 

eqi a sequence once in 2 or 3 years if the 1rel .abili Cr 
standard followed for other months in once in five years* 

tn.  case the generation capabilities of the system 
are varying throughout the year, the principle of scheduling 
is to arrange scheduling such that water 3.8 utilised fully. 
In a developing system as ours, the load is restricted b r the 
available capacL4,y in the most critical period. For northern 
region this period is 	y/Jw-i hwn the reservoir is depleted, 
head is minimum. For ma ;.mum. utilisation during this period 
no unit should be on maintenanco (neither hydro nor thermal) . 
Because of reduced. capability of r dzo units at ,ow head 
maximum number of hydro units shouldd be available for same' 
genera taon ! Maintenance of thermal units I41l coiaaa, curtail-
raent of capacity.From July to September ±.eb during the 
period whir, reservoir is filing and water inflow is maximum 
again no hydro units are put on operation so that maximum 
number of units could be run to ut3.lise the monsoon inflow 
avoid spilling. This is, i :eal time for maintanoe of 
thermal units. 
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CATP. 3 rrrr r.nrrr.~~ it ~~w 

n arrta a. A ► 	.•r 	~• ~~ YMr 

3•1 
The essential difference betweut the most economical 

operation of an all thermal system and a hydro-thermal system 
is that the most. economical loading of the units in all 
thermal system depends only on the conditions that exist from, 
instant' to Instant whereas, the most economical loading of the 
units of a combined l rdro and thermal system depends on the 
conditions that exist over the whole of an operating period. 
If instant to, instant economic criteria is followed for irjdro. 
thermal systems too, it will be found that in the initial 
stages the whole of the load demand is to be met from hydro 
plants only. This is because incremental cost of hydro gene.. 
rotor is negligible as compared to thermal cost. For the 
later part of operating period, the whole of the load demand 
would have to be met from thermal sources only as the water 
quantity would have been exhausted in the initial stages only 
it instant to instant economic criteria is followed for hydro 
thermal , operation. Such an operation with limited quantity► 
of water available over an operating period may be far from 
op tintum. The problem of optimal hydro thermal scheduling is 
thus of dynamic optimisation i.e. one has to take in account 
the vatisr usage policy over the operating period for optimum 
benefits. It is therefore necessary that the representation 
of the operation of a hydro thex 3. system must, in effect, 
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be able to member'" all the pertinent conditions that are 
expected to occur over the operating period and then to relate 
them to each other so as to result# in the most economical 

1 

Operation, 

3..2  Eer' lneati Paotorss 

3,2.1 	For an all thermal system knowledge of the following 
is required for the determination of the optimum operations 

	

I. 	Incremental thermal production cost as a func- 
tion of thermal generator, (Fig.3.1) . 

	

. 	Incremental transmission loss characteristics. 

3. Irpected future load for appropriate short 
time intervals, preferably at least by tours 
over the operating period under study. 

	

fit. 	Units between which load is to be allocated. . 

	

3.2.2 	For hydro-thermal systems, additional Inowledge of 
following is required for determination of optimum operation. 

1. &petted future pond inflows for the same 
short time intervals as the system load$ 
also over the operating period under study. 

2. Hydro plant characteristics, which may 
comprise knowledge of 

a) generation of the units as a function 
of discharge and the head. 1is can  
include effect of intake losses ' when 
each unit is supplied by its olwn intake 
(Fig-3,2 & F19-30'3) . 
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b) Pond elevation as a function of storage 
which later is a function of pond inflow, 
plant discharge and time, the evaporation 
losses and other losses in the reservoir 
area are neglected. ( Figure 3.)+)  . 

c) Intake losses when two or more hydro 
units are supplied by a common intake. 

d) ..1 race elevation as a faction of the 
plant discharge {Figure 3.). 

These various characteristics can extend over quite 
a Ode range from fairly flat to fairly steep system incre-
mental theraa1 production cost curves, average liydro equiv. 
lent curves and tail race and pond elevation characteristics 
curves with rather high and steep and rather low and flat 
Incremental hydro equivalent curves. 

3.3 	e of I dro-Plants and Their Con arison 4th 'Thermal 
,ant Characteristics: 

Hydro plants may consisto of a number of types of 
power plants as given below having different operational. 
characteristics: 

y I n of river plants without pondage 
2) Run of river plants with pondage 

eservoir plants or storage plants 
4) Pumped storage hydro plants. 

aster storage is stock pile.  C' energy x similar to 
thermal plant coal pile With the essential difference that 
its stock is replenished only at specific interval and this 
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depends upon the weather conditions . Once used -eat er 
resources can not be replaced until the next natural period, 
but if not used' they 0 natural replacement is. necessarily 
wasted'. This gives rise to a Judicious estimation. of the 
water energy based on probability approach and their use for 
optimum benefits accordingly. 

3.3.4 	FM of 	River 'lants Without Pondage - 	&n of 

river plants produce electric power at almost constant produc- 
Lion cost. Bat the river discharges may vary from season to 
season. In flood seasons there may be excess of water availa- 

ble for generation. In such plants the maximum possible 
energy must be generated by utilises the water available to 
the maximum extent possible without wasting It. This arrange-
ment relieves the generation of power, to the extent of run of 
river plant maximum capani.ly in other plants where water may 
be easily conserved/fael saved and better utilised in future. 

3.., .2 	Xin Of Id.ver Plants with ponce e - In these plants 

pandage to take over loan variation curing any clay in the 
week is provided. The plants are required to be scheduled in 
accordance with short term optimum methods described in this 
Chapter. 

These hydro plants could also be used for peaking 
purposes i.e. the daily inflow is most economics ly used over 
the daily peak load period. This means that hydro plants 
discharges over such an operating period is much larger than 
the Inflow so that a loss of pond, elevation and consequently 
a loss of head 411 always result as compared Uith maintaining 



FRANCIS WHEEL 

1.0 
HEAD 0-95 
Pu 0.90 

KAPLAN WHEEL 

I.0- 
HEAD 0.95 

I.0 0.90 
z 

0 

LL 0 
z 0 
a 

z 
w 

PRCDFI I FR WHFFI 

I•C 
HEAD p.9 

P.0 09 

..1 	32 

UNIT 	DISCHARGE, q,-MCFS 

FIG.3-2 POWER 	DISCHARGE CURVES OF HYDROELECTRIC GENERATING UNITS 

/ 
 

110 
~I~ HEAD 0.95, 

P.u. lo •90 
z 

art^ 
aq 

z 

0 FRANCIS WHEEL i 	KAPLAN WHEEL PROPELLER 
z WHEEL 

7 aeh  
L aq I 

aeh) 1.0 
W HEAD, Pu• 0. 95 

aq 0.90 
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a full pond. If we assume which generally is the case that 
the discharges of the hydro twits at the maximum efficiency 
loadings taking into account the variation of such discharges 
with head is commensurate with the plant total discharges If 
we should now load the hydro units for maximum efficiency 
the head i ould be lower all day than if they were loaded at 
less tan for maximum efficiency during the earlier part of 
the day and then gradually increased to loadings at maximum 
efficiency and then beyond towards the and of the day. Some 
degree of this latter type of operation results in optimum 
40.. ordination. 

3.3.3 Ptora a P~.aants - he hydel stations where water is gYiiMM 	t Mi~R ~r 1~ Yti 

drawa from a storage reservoirs, the regulation of water for 
generation of power should. be as economical as possible. In 
other words, the generating units truest be loaded to tai' 
maximum efficiency for longer duration of a day if water 
conditions permit. Further th© load allocation an the plants 
should be done keeping the availability of water in different 
season in view. I ring flood seasons (Monsoon) the plants 
may be Operated at reduced efficiency if necessary even 
though the incremental water rate of flow is high in order to 
utj.lise the excess water which is likely to go waste. ior 
facilitating this, the drawal of water from the reservoir is 
increased in adgance depending upon the probable water inflow 
estimated by past experience and by taking precipitation and 
surface water flow in the catchment area of the reservoir into 
Consideration. The pond shortage likely due to advance with-
drawal of excess of water is replaced with excess river flow 
which would otherwise have been spilled over. 
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Storage plants are also ideaUy suited for working 
on peaking units provided sufficient balancing storage can 
be provided downstream of . the power plant to even out irriga. 
tion releases in case of multi-purposes schemes. 

3. 3.f Pumped Storage Plants «. They are p inajily meant for 
taking short term and unusual peak load on a power system and 
for serving as an in$tantty available reserve capacity for 
the system. The basic principle of their operation is to 
store the supplus I.ectrical &ezgy either hydro & thexma „ 
generated by a power plant or available in a system in off 

peak periods in the form of hydra4ic potential. energy with 
the aim . to regain it in periods when the peak demand On 

the system exceeds the total capacity of ga~erating plants. 
There is no pumped storage plant at present working In India. 

3.)- Advantages of Hydro. Lhermal Systems s 

Power plants at present consist of thjdro & theme. 
systems. This is because it has been found that electrical 
energy at minimum overall cost could be derived if both 
hydro and thermal power plants are developed bland in hand. 
This also results in effective utilisation of water resources. 
Thermal power plants have the adv'anntage of less initial cost, 
less time for implementation, flexibility in siting and 
better availability as compared to the hydro plants. Hydro 
Power plants are quick to start and shut downy are better 
in respect of spinning reserves and are ideally suited for 

providing reserve and peaking capacity.. Further annual maiatal~ 
maintenance expenses, fuel expenses are low. the units are 

suitable for pumped storage operation, stable operatl.on 31 
are more flexible in 1oad s ba.rinLr and arnnal estahlishmrnt 
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expenses are low. Hydro plants have less forced out age 
rates and more life expectancy. Because of these contrast.. 
ing properties of hydro & thermal systems, the beet results 
are obtained when both these power plants are harmoniously 
blended in power systems. 

3.5 i p timum Sche2 l3.n g of ifydro .. Thermal Systems  3 

Factors that are to be considered in the operation 
of a system wzi.th both thermal and hydro units depend largely 
on the degree of storage development and the proportion 
of the two types of supply. 

. The. large and efficient thermal stations are best 
ufidlised .for, base load and hydro plants with their favourable 
characteristics are best utilised in meeting the peak loads. 

The spinning reserve requirements of the system are 
most advantageously supplied by the hydro plants. 

. When seam flows are high some of the hydro plants 
muy be operated continuously saving coal in thermal genera- 

.on. Wen if peak demand thermal is necessary to supplement, 
it ' should be done such that variation on the therma energy 
are minimum. Conversely%hen stream flow is les.s,thexxn]. 
stations are worked longer to st©re power in the reservoir 
to maintain higher heads and provide higher peaking capacity. 
It is in this connection that the economic utilisat.ton of 
pumped storage scheme is best btilised.6n these considerations 
listed here, the u entity of water to be utilised over a 
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day/wee% is fixed. Before allocating the generation among 
various units, it must be decided as to which are the units 
to be operated in a power plant. 

3.5.1  Unit _Commint  - Unit participation programme helps 
the load despatcher to decide whidi machines shall be operated 

or 
and lien a mare or machines shall be connected A dis .. 
connected from the system. The principal consideration in 

iS  

deciding number of units to be operated in power plants that 
during any howv suf %cient units must be run to carry the 
load, and provide the spinning reserve. Whereas shutting 
down an inefficient unit at minimum load means that the load 
could be transferred to more efficient unit, the decision 
to shut down a unit depends upon number of 'actors including 
the following s- 

i) Die number of hours . the unit can be shut 
down before it is required again. 

ii) The cost of starting up the unit 

ii),. the relative efficiency of the unit to shut 
down compared to the efficiency of the unit 
left running.. 	 . , 

The unit committement programme is decided by model 
study of the system by computing the total production cost 
by calculating the fuel cost, the cost of starting up and 
the cost of shut down if any, for various combinations of 
m/c to minimise the total production cost. 
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3.6 Skirt Fa.nge . Scheduling Methods of Hydro Thermal System s 

The various optimisation techniques that have been 
successfully employed for solving the short range optimal 
scheduling hydro thermal problem i.e. dividing the total 
generation required to meet system load between hydro & 
thermal system so that minimum thermal cost is obtained 
over the operating period and constraints on equipment rating 
are met with and quantity of later is utilised fully for 

hydro resources, are 

i) Calculus of variations 
ii) 11.screte Ma um principle 

iii) Dynamic programming. 

In calculus of variation method performance differen-
tial equation for minimum cost are written both for hydro sub-

system and thermal sub-system. These equations are solved for 
optimum scheduling by .r .icing use of physical system equality 
constraints (i.e. generation and loss as must be equal to 
system load during any hour) and also that total quantity of 
water used equals the c antity of water available for use 
over the day. ihis method becomes extremely complicated w en 
constraints on system variab]. es (like nl.WJ1rtum and maximum 
value of bydro/therinst generation) are imposed, the fundament tat 
assumption of this method being that independent and arbitrary 
variations can be made in system variables. 

Dynamic programming method is ,quite versatile in 
solving problem of this nature and over c e the difficulties 

of method of calculus of variations listed above. It operates 
the system in every possible combination of hydro and thermal 
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generations from hour to hour and thei selects the combdna . 
Lion of hour to hour scheduling that results in minimum 
thermal cost over the operating period. It however suffers 
from the disadpntage that a very extensive search has to be 
earned out which results in moat time and also requirements 
of memoir increases considerablywith the dimensions of state 
variables. 

Much. attention has recently been given to icnetbod 
of Pontrygin' s maximum principle. This is applicable for 
continuous systems described by first order differential 
equations:. A finite number of discontinuties and constraints 
can system variables can be easily handled, 

the above 3 methods are des tribe d in detail below. 

3.6.1.  Short Aare Optimum Scheduling of a  Combined The zmal 
r - 

rdro Rectric Power System - Variational Techniques 
The optimum scheduling problem 14th transmission 

losses rigorously considered is defined as follows 

The objective is to minimise the total fuel cost 
over the given operating period of time while using desired 
amount of water from the by dho plants 

i.e. 

S F( PSn) dt = miinnimum  n 

"t4h a re 	F(PS) = Production cost per. unit time of thermal 
plant n as a function of its output P% in MLA 

n = 1,2, 3 	denote, total no,of thermal plants 
in the system,, 



4) 
J 

P = Steam generation of nth unit in M.w, 
P} = 4dro 	 3 th 

0 
t IvHj . P = PR  x 	J=I 

1, ..,i the to' 	number of hydro plants in the 
system, FL is system 1.03505 & PIt , the'load demand in MW. 

A specific amount of water is to be used over the period 
at each plant. 

T 
S 4j dt = k, a corps tant  

qj = discharge of 3 tb unit 

If PH is considered function of discharge alone(i.e. 
constant head) . 

q, = q~ (PHi) 	 ., ...Of) 
The co-ordination egaation for opt scheduling 

of h, dro thermal systems are given by Bluation (5) & (6) 

T 	dap 	s 	n = 1,2, •..• oC (5) 

.....(6) 

Where 3 	c,+, 	, ( c'+ 	) 

mere 
dF 
d p= incremental fuel cost Of thex~nai p .an n, in 

B. per 1MW hours. 
22L 

= Incremental transmission loss of theme, plant n. 
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dQ, 
Incremental ,water rate at hydro plant 3, in oft/Mwh. 

cZL 	 - 
~ 	incremental transmission loss of hydro plant 3 

= Incremental cost of received po.er in WMWb 
r= (mstant which effectively convert an incremental 

e► ter rates into incremental plant costs. 

= Number of thermal plants 
Number of Ear dro Plant 

r3 is also Lagrangian multiplier which effectively 
converts the incremental meter rate into equivalent plant 
cost r3 is chosen so that deoi~►ed. amount of water is used. 

If the dF 	d q & 	terms in eq~ a on (5) & (6) are 

assumed linear functions of output pot er they can be written 
in the form 

t F P 	+ 'fn 	 ...... (?) 
~a 

d qj3 PH + q3 	 .....(8) 

ansmission losses could be exnressed by equation 

LTA 	£ .Fm B P m n 

ere P are the plant loadings & B loss formula 
eoe f i cient s thus (5) & (6) be come s 

PSn+fn+2 (m ByJ a+ 	B PH'' .....(9) 

r3q33 pH3 +rS g3+2 ( 	: B~ k .P+ -Bj 'sm)=,A .....(1o) 



ate ec1ns are solved for different values of \ & r4  
such that the total generation losses = desired load and 
that quantity of water used in kWdro plant Per the period is 
the desired .qa antit r. 

Floe chart for solution of equation is given in 
Figure 3.b 

Effect of ' aria. tion of Head  t 

For variable bead problem the water conversion 
coefficient becomes a function of time instead of a constant 
as in the fixed head derivation. the calculations and 
,economic schedus for this case of variational head hydro 
electric problem requires solution of nonii.linear cliff erential 
eQuation,. 

{ tven below is the RLcard equation for a loss less sysi 
em considering effect of head variation 1)• 

) 	.i f•i!il 

Where ) system incremental thermal Cost at time t in 
&s, jh/mw 

gh += generation of hydro plant at time t in WS/hrMW 
q s Hydro plant discharge at time t In thousand ft3/S 
r = 'Water Conversion Coefficient at time t in Rs/hr/ 

thousand ft3/S 
ro  Base water conversion coefficient in Rs/br/thousand 

ft3/s. 

• H Head on the hydro plant at time et" in ft. 
A 	Area of pond at time t in a9.fti 

P Inside Eydro.. Thermal Co-OrdjnaLion C.WtchornLEFtrQnsa.. 
otion PA C S#  Vol.86 - January 196 '1  pp.106 . 
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The partial - derivative ( 	)n, the nominal incre. 

mental hydro equivalent (before adjustment for the effect of 
Incremental head changes with time as a result of withdrawals 
from the storage) is substituted for partial derivative 
given in the statement of Ricard DJivations . This su'bstitu-
tionsmade so as to allow for the effect of changes in tail. 
race anti intake losses In addition to the effect of changes 
in the unit characteristics with changes in plant discharges. 
This partial derivative then accounts for all the effects of 
changes in plant discharges except that of change in pond 
elevation The RTC of equation (11) is then intended to 
account for the effect of the incremental changes in head 
with changes in storage The partial ~ 	in the integrand 
of the exponential depends on the characteristics of the 
units in the hydro plant and is always negative . Its value 
at t1me "t" depends on the l gdro plant loading at, that time. 
The value of the area of the Pond A, also at time "t"' is 
always positive and depends on the elevation of pond at that 
time being smaller for lower pond elevation and longer for 
the bier. 

This means that the integrand is al' ys negative with 
the result that the integral. exponent is alvays negative except 
for t = 0, hen it equals zero & r = ro• the exponent these, 
except When the hydro plant is shut down becomes a larger 
negative number, with time. Its rate of change is governed 
by the .t and pond characteristics and, the loading of the 
plant.. It. increases . faster with heavier plant loadings and 
the emsUer pond areas that results from lower pond elevation, 



45 

when the plant discharges are larger than the inflow and is 
constant when the plant is shoat down. This then means that 
r is always smaller than ro  d ing an operating period S ys 
becoming smaller with time, U4i is shown by decreasing va] 
of r betaeea to  and to  I.n the 'cower portion of Fig. 3.1 
This requirement of decreasing value of r is aati.sfied with 
initial values of both 1 and ( gh/ a g)n  being on 'longer 
side and theca both decreasing with tiine. Figure 3• I spews 
that this condition for ,X is met initially with larger value 
of thermal generation and then with decreasing values 'tale 
time Plgu re 1,- 3 shows ire dire ct .y that the conditions for 
( aghfi q)n  is met initieUy with smaller values of unit 
dIsdargo and consequeat3.y smaller v'alue of hydro generation 
as ae i from ',i.gurre 3.2- and then with increasing Value of 
hydro generation With time. This indirect relationshLp between 

gh/ a q of Figure 3-33and (agh/r  d q) n  is because figure 3.3 is 
shovA for constant head on the units whereas (a' h/ a q) n  
for the plant which is subject to head changes with changes in 

plant discharge that must also be tiken into account.. They are 
related by the followings 

a 
Where I is,intake losses at time "t" in ft., M is tail 

race elevation at time "t" in feet. 

A novel feature of the Ri.oard equation is that 
because of its oont3nuatL.y providing values of r o*erthe 
whole of apaicabLe' operating period, it determines a singe 
path 4gng wk .ch the operation must proceed. This operation 

11 



will sways be optimum it the amount of water Is used is 
equal to that which is to be used in that operating period. 

In the event of required and desired water uses are not 

equal, new values of r0  are tried until they are.. 

The applicability of RLcard' s equation is limited 
to the coordination of hydro therms. system for a singLe 
day at a time at the most because of its , continually decrsas-
ing value of r. This is because r is discontinuous and 
takes on a sudden increase in value at the time the operation 
for one day ends and that for the next begins àiich may be 
defined as the time, usually in the morning when the pondd is 
at its maximum elevations. This characteristic is Illustrated 
iz Zigure 37. This characteriatics present no difficulty so 
long as the optimum operation requires that pond be refilled 
each day. Kowggar if the optimum operation requires partial 
refill during the day or from day to clay the same difficulty 
of discontinuous r is experienced. This is shown in i.gure 3.8 

.1►nami c programming method and other conventional 
methods have been found satisfactory to avoid the above 
difficult .es of the ELcard equation but they all, lack a way 
of knowing bow far we are from the optimum operation Lth  
the use of any of these methods. 

modification to overcome the above predicament 
Is the properties that true incremental water Value over 
any valid operating period is constant. its derivation is 
based on the concept that true incremental hydro equivalent 
dgbjdq, the total derivative of the generation of a hydro 
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FIG. 3.7 VARIATIONS IN GAMMA AND POND ELEVATION 
AS FUNCTIONS OF TIME FOR OPTIMIZED HYDROTHERMAL 
COORDINATION WITH DAILY REFILL OF THE POND AND 
NO PARTIAL REFILL DURING THE DAY 

MIDNIGHT NOON MIDNIGHT NOON 

FIG. 3.8 SAME AS FIG. 3.7 EXCEPT WITH PARTIAL REFILL 
DURING THE DAY 
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plant with respect to discharge, should include the effect 
of incremental changes in head w3. th time as a result of 
changes in pondage with changes in plant discharge. 

This requires that expression 

13• dP 	 f,  

be added to nominal hydro equivalent ( a gh/2) 4) n in order 
to obtain dgh/dq I the time hydro equivalent 

for a convention hydro development & 
c, d/ds( ~i -0 ri dP/ds . rr  

For a pure pump storage project where 

P = Pond Cr upper reservoir elevation at time t in ft. 
S = 'ir~.thdxe.walofrom storage of the pond or upper reservoir 

& the addition to the storage of the lower reservoir 
in thousand ft3/S/hours at time t as compared with zero 

.thdraual for a ft ,U pond or upper reservoir and zero 
addition for an empty lover reservoir. 

r = rate' of pond inflow in thousand ft  3/S at time t with 
subscript I & 2 designating respectively the upper 
and lower reservoirs for a pump storage project. 

Then with e = e (gs) 	 ... ( 16) 
g1 	t) - gh (a,  
q = q (t)  
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we rive 	 = T 	- 	3  	• . • 9) 

zere c is cost of system steam generation in Whr. 
L=  load. at time tinMi 
N = True incremental water value in 'b/thousand t3/S 

Which have been postulated as being constant over any 
valid operating period. 

.f~.2 1 iscrete Max.mum Princilo 
iI1liYlpr~11'1Y ~~~I~I~1~fIM1 I~r 	14r IYII~W//~Y~~pll 

As an introduction to this metro d the economic 
Operation of an extremely simplified model system which may 
be called the ndamntal system is considered. A general 
multi reservoir system can be decomposed into a combination 
of such fuudwnexltal system by recursive relaxation approxima-. 

I„on technique and analysis of power system can than be 
carried out. 

The fundamental system consists of two plants, one 
hydro Stith reservoir and one thermal , jointly supplying a 
' load located between two stations. 

Available water storage is to be utilised in such a 
way that using given water inflow, the required power demand. 
is Satisfied and finally the specified value of storage is 
obtained and in this process the total, fuel cost . F11( ') n=i 
is minimisod, ogler quantities lee. bydro generation pn' and 
thermal genexalion (P, water discharge On' satisfying the 
constraints put an them,. 
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Introducing an another variable x representing the 
partial sum of the total fuel cost from the first to the rte 

sub..intertaly the fol ,owing relation is ob# .neds 

n~ 1 + 	
(26) 

or 	= '' ( X n" ~, 	) 

Where 	*1 fuel cost during nth interval 
The objective of the problem is to minimise 	or 

to maximise 

. pplying discrete maximum principle, the mil.tonian 
\action can be written as 

13.ai*(27) 

or 	n = Z1fl ( X ! +3 	) + Z2n (Xt + 

The ad joint v etor ill 

nm I = 2 	3r'1 

n + 	1! 	•s.4b*(a8) 

'~ 	,....t 

From theprinci.pl.e of optima.it ', it can be shown that for even 
point variable the corresponding state variable of which, Is 
not spec .#`led, we have 

constant 

Substituting equation (.37) in equation (20) we get 
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a 	a 
	? 

e optimal reservoir policy can be obtained by the relation 

(c is control variable) 

0 

I~i.fferentiatLng equation 	w.r.t. C n" 	and Qn and differenti 
acing 5 w.r.t. pl, sae get 

a x n-1 

H ( I + C/ 2 (2 ǹ  1 + j 	Z 	+ Q ) 

~pn 

Substituting these in equation (32) an (33) we get 

= 	- 	HC ( o Si)  

,,n = B(1+C/2(2 n"I,+Jn_2qu +q' .....{3 

equating 4+ & X35, ye get n 
E{ 1+C{ x "I 

E` uatdons ,1+ & 35 are the two required relations solving 
these two numerically an optimal reservoir operating policy 
can be determined. 
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Zr using reourrsioe methods of solution such as . 
dynamic programming, scheduling problems can be brought off 
as 2+ optimisation problem each in seven variables ,nstead 
of one optl3flisation problem in 168 variables. U=e this is 
s. tremendous improvement it still leaves a computational 
problem of unmanageable size. 

A further simpbific .tion of the problem is achieved 
by considering tba overgU system as consisting of two sub.» 
systems -> one an thermal and one a , l hydro. At each hour 
there is than three dimens ,onal scheduling problem in aU 
thermal systems (i.e. generation is to be allocated to three 
thermal stations) and a four dimensional scheduling problem 
in all hydro systems» if the two parts can be scheduled 
separately and combined to provide a solution to the overall 
problems a further reduction In magnitude of computation Will 
have been achieved. 

The extension of the basic procedure for oombdxiing 
hydro thermal schedules to the case of a system With more 
than one fixed head hydro stations is also made. The 
major advantage of this extension is that multi-dimensi.ona3. 
pzoblem of scheduling several fixed bead kWdro stations can 
be reduced to scheduling each hydro - plant separately using 
one dimensional incremental dynamic programming as described 
below. 

Statemc t of the Problem  s 
Day is divided into 2+ hourly intervals numbered 1,2, 
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Average hourly demand for power during hour I 
5i  Average hourly steam generation 	0 	* 	, 
$ '. Average hourly discharge though the hythb plant 

during hour i. 
= Uy3xa generation corresponding to 

Li 	= Average line losses during hour i 
P( SS) Fuel cost of supplying Si  wiits of steam generation 

during hour I. 

L= a S2  ♦ fi 	t  + c 	 .. r • r (38) 

• Cost F is assumed to be an increasing strict convex 
differentiable function of "S" so that d.'/dS is strictly 
increasing function of S. 	Strictly convex function is that 
for which a line Joining any two points on the characteristics 
lies above the characteristics. 

I.t is desired to find 5, , S2.. r....S 
Q%1 1 19  24 so that 

* 	+ ......F(S)  s minimM m . Where 

(V u Vø1ue of water available for use over the day) 

C , 3 min 	SMax,  i = , + 	r.«..(2) 
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Method of Solutions 

'`~--- 	 There are many ways of dividing system hourly outputs 
into ti 	-. 3rogeneration. flLtferent division wi .1 
result in different total, fuel, cost over -duy, •.In deter. 

• mining the optimum mode of operating, successive .Oyd 

schedules will be• calculated such that the corre r L 
cost of tLtQrmal. generation decreases monotonica ly. Thd 
procedure will came to an end when successive thermal. cost 
differ by amounts which are sufficiently small that they may 
be neglected and also that there is no change in state. 

The procedure consists in assuming a trial schadut* 
which satisfy equations (38) to (42) and, than finding the 
better schedule so that the thermal, cost decreases. 

Know Qlo (initial trial. schedule) 

Hi = H (q10 ) Is calculated 

Corresponding Sl1 is calculated from solving equation 

S 	r{e x°.. 1) S + (D *+bMlo ) 	d •...(13) 

(obtained from equal on 38 & 39) . 

he constraints 042) on Si onsure that two roots of equation 
xerea1 & positive. the physically correct root is the one 

satisfying the constraints. 

Kno4ng S , F (Si'!) and C {5 	' (I /dS 1) 	are obtained 
by substitution. The value of G 	Sf1) defined below are 
calculated  next. 
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aiozii s next step is to improve the initial division 
of load between hydro & thermalsystem from (39) we get .  

dS + dIL 	dG 
"`T 	i i.4+1 + 	• dl 	• .. i . L 

or 	itS = 	
( 
	- G ) dli 	 •',••i(i`5) 

(1--a) 

Let Qj be any proposed alternativeto Q °  where the change 

H(%)—ItcQ° =L_HlO 

U From 1+5 it follows that corresponding change in 
thermal output can be ap roxLmated by 

. 	.. 	w 	( ° S) ( 	fl) 

fr)(O,  

in practice the factor multiplying ( i  - j 0) in 
equation (1f6) is always negative so that increase in hydro 
generation during hour i will result in decrease In thermal 
generation, èiereas decrease in hydro generation d1l re sul t 
in increasing thermal generation. The change in hydro genera-
tion .( Hi lie) Is worth .approximately. 

4,, 

 

(1- 	Q 
Where -3 (H ' Si - + ((Vii) (1 	) ( 	,S ) •••.( 8) 

anti (j10  8 1) are the constants, called incremental worth 
of power- at bus bar of Eydrostations. 
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If Hi L ,°, 	 .....~ .. E ?) 

is positive whereas if a,,> lei°, ...(1.7) is negative. Thus t 
the alternate hydro schedule Qi should be so chosen so as to X6 

	

minimise 	C (Sid) 4Ili1 or equivalently to maximise 

G ( .,oI SO (H - , 

	

2# 
	

24 
a (H°1 Sit) T «, 	a (Hi0, s „l) 	,°'  

i=1 

here the various constraints of equations 39 1+2 are 
satisfied and only value of 4., In the nei,dhbourhoed of Qic 

is permitted.. Since the II ten in equation 9) is independent 
of %1, the best neighbouring  al terna tIve to Qio is finding 
vetlue s ( %, Q.2....... j } which mazLnmi se 

J+ 
t' ( Hi°, 6 I) Hi  

i=1 

; ression (5th) will be referred to as weighted output of 
the hydro o a ctric station, here the we g .ts are 

G (iii °, Sit) .....(1 = I to ...2-4) 

the first part of iteration I consist of calculating 
Q 1which maximise (SO) subject to required physical constraint 
next Sid are calculated finally the values of {J(Hi1, Sit) 
are computed. This ands iteration- 1. 

L.e .basic proporty of this method of solution is that 
the total. cost of the thermal schedule corresponding to QiJ 
must now be equal to ar less than the total cost of thermal 



schedule corresponding to QLj-1 

The value of 1 is to be selected in neighbourhood 
of Q10 and this is illustrated belo~r 

Vi = denotes the. v lume at the beginning of itb hour 

V +1 = Vi "r' Si 	 •iiii(5i) 

for i = I t 23 

for 	I 2+, its), = V23 - ~i23 	V22+ 

&hd Y1 = Total Volume. of water available for use during the 
day. Mae relation given by (51) is valid if appropriate 
units of measurements are used e.g. volume in c s/hr 
(cft/sec/Y) • 

Now schedule q,~, .... y 5 , could be specified by stating  
a... .V23, since 

1 =1*23 

Let v 'be very small increment of volume and 
consider the states Vi - v, Vii Vi+v, i = i,24 

at the beginning of interval i .e. , i, = 1, only the states 
9i, = V is permissible fox' I. = 2123, 

it is possible to go from the permissible state 
Vi-v, Yip Vi+v to the permissible state '11+1-rrq Vi+,1, 
li41 + w in at most nine possible ways or passages 



60 

fromZ .v toVi+1 «v 
to vi+1  
to 

From ' i 	to V,~ «. V 

to vi+i 
to VL .,~ + V  

From iii tv 	to Vi  - V 

to Vi }l 

to  

This results~Ln at the most fine discharges 

« 2 V 

+ V 

S3 

Of t discharges {%yam} only those which satisfy the constraints 
de permissible. 

The .p .se 	is restricted to some neighbourhood 
cC Qi* means that Q. may only take to these values of 53 

w 

which satisfy 140, 14 & 42 and which in man results from 
the passage equation, 
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The dynamic programme technique consists of the 
following. For each permissible state at the beginning of 
hour 2+, determine the optimum mode of operation during the 
hour 24. Use this to evaluate the optimum mode of operation 
during the last two hours for any permissible state at the 
beginning of hour 23. Based on these results calculate the 
optimum mode of ope nation during the last 3 hours for any 
permissible state at the beginning of hour 22. Working back 
the optimum mode of operation is determined successively for 
the last 4 hours, and continued until the optimum mode of 
operation for the entire d.a r is obtained. 

The calculations of the optimum discharges during 
the last interval is trivial . For the slate V24 - vy the 
optimum and only discharge during hour 214. is Q21, v, eimi.-
larly for V214 and V21, + v, the optimum discharges are Q and 

+ v respectively. The .max mum weighted outputs for 
these modes of operation -..1 be denoted by R21, (V21 - ') f 
i2 {V24), and B (V24 + ') 

v) 

(V21+) -V) 	R 4q2 . - v) 

(Vs) 	= 	U C ~► ,} 

Whereas corresponding to the states V23 - v at thebeginning 
of hour 239 at most 3 discharges are possible during hour 23, 
namely Q23, Q23 - vI 423 - 2 V. The resulting weighted. out- 
puts over the last two hours are 



62 

a (Q23)+ 	(V 	 v) 

G23 M( 3.- v) + R (Va) 	 ''  55 

G H( -2 +%4 (V+v) 

respectively. The optimum discharge is the one rielding 
tha ,maximum wei gbtod output "1 	s and denoted by 	(V23 -r, v) 

Sjnijla4y for stateV.3 there are at most 3 discharges possible 
during hour 23s namely Q23 + vI 3, Q 3 - v .torn the wei opted 
output 'Over the last two hours are 

G 3 i K23+ ~ + R (V2 ." vv 

G23 H( 3) + 2k (VJ+,) 	 A.(56) 

G23 H ( 3- v) + R211 (V ,+v) 

Again the op timum . discharge is one yiel chin g the maximum 

weighted output denoted by 3 (Vi. A similar telculation 

yields R23 (V23 + v) . The process is ccntdnued till the 
we reach the first hour. _ Then the operation scheduling for 
rest of the hours during the, day is . retraced back from 

values stO' ed earlier. 

3.7 ztension of this Basic Theca , of Incremi.tal Dynamic 
Programing of Qne yydro & One Uhex. System to include 
More Hydras tattons ; 

Two fixed head i ydrostations and one •steam station 

are considered now . More fixed head Irdros tations involves 

no new considerations and could be similarly considered* 
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Lot q1i & 	be average hourly discharges of hydro 
generation corresponding to these discharges. 

{S) fuel cost of supplying Si unitsof steam generation 
line losses I. are represeited by 	 6 

L = B1 R12+B22 R2 + $ S2 + 2B1, 1E2+2 11, 3U,18 +2 B H 5 

BO are less constants 

it is desired to find Q~,3 & Q2, & Si so that 

F1 s1) + 	(Se) + .... 	(S) = mm 	....:CS 

H2 ) = D1 + Li ( I = 1 2)  

Volume of water avail abi a for the day for 
first .vdro stations 	...0. ( 60) 

24 
" 	~" for IIn  

i=4 

0 q  g1max 

© „w 	,w Q2max 

0 1. S 	Si ,. 	S 

.ivaticrt 60 & 61 must be a ressed in suitable units 

14ett&of_S 1 iorl s 
To determine the division of load between hydro & 

therma systems resulting in minimum fuel cost successive 
hydro schedules starting from an initial trial schedules 
are calculated such that corresponding cost of 'derma. 
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generation decreases monitonicaU 

Y• This procedure whtC~i 
is iterat jve in nature comes to an end when successive 
tbez,ml costs differ by amounts which are sufficient. sma tt~at may be neglected. - 	 Y 	ll 

Let S 	© ~ 	~i ~ 	~'t ~ 2~ , ► q 	be any 
schedule satisfying equatjoris g to 64« it is desired 
~l cu1.~ to 	to e, there i schedule (S..•. 4~ having daily Cost 
less than or equa' to the fuel, cost Of the schedule c. 
 1 ~ 1 & 	i w i, 24 are any proposed al ternatir. 

to Aid & 	such that corresponding changes 

are small then resui#,ng change in total fuel cos
t approximately. 

A+Si +/~ i +8$gi 	L , 

2 

Where the partial deri try ives are eirzlua ~ 	* 	 ted at 	& 	* 

Solving ,ford  
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Substituting equation 68 in equation bib, the change in total 
fuel cost is seen to be negative of the expression. 
21+ 	(1 ) 

~ 

2 	(1_a 
~~.,  

24 	 24 

=~ . ca, x11*, 	
Hi 	 - 	G t s .*, 	 ,~ 

Mae values of t ,~ & G2 are defined by equation (69) 

& G2 are incremental. worth of power at the bits bar of 
Hydro station I & 2 respectively during hour i of the 
iteration in question. 

In each step of iteration, it is necessary to solve 
problem of the following forms 

Determine discharges {41I~....q & 21 	that maxLnd.se 

	

G1 H (S11) + 	Q Ii() 

subject to the eQuality and system constraints on equipment 
rating. 

Because of ccaistraints 

	

{ { Vii) +Ha( q" ) " y 	.ma ,Hsi, 	) 	S 	•... C '0~ 



ss 
ry. 

and H1(g1i)+H2 ((Z2i) ,. L (fi 	~,Hli, 	) 	....(71) 

The problem of maximising the weighted output of 
°- - the hydro sub- station system is a two dimensions . incremental 

dynamic pi ammj g. reduce the computational involved 
in maximising the weighted outputs of a hydro sub- s rstem it 
is desirable to replace the two dimensional problem by two  

one dimentional probe, em vith some approx+v tw, 

E'ree Joint Variation s 
Under certain circumstances, the two dimensional 

problem reduces to two one dimensional problem 14tbout any 
approximations.. Thus for hour i consider all pairs ,i,i & 
Q ,i) formed by taking Q, i & ' Q from the given neighbourhood 

of Q  & Qji where ,, 	& 	satisfy the constraints (61) 
to (6t1.). It these pairs „ so satisfy ( ) & (7) then hydro-
stations are said to be capable of free joint variation daring 
hour i. If the t rdro stations are capable of free rs-tJ ^-(- 
variation all over the day, then the maximum weight output 
of the hydro sub.. system. could be obtained by m 	tmising the 
weighted output of each hydro station separately using one 
dimensional incremental dynamic programme. 

The term free reThrs to. the fact Q*t the individual 
stations are subject to natural end point constraints only 
so that they can be scheduled separately w thoub introducing 
any approximation. The term joint is used because both. Q~ & 
t1 are defined in terms of the incremental thermal costa 
dFj/dS4 and incremental. line# losses of the schedule 

~" (S1a ...5 4'" , (S 1 ,i "'~+ 	"~~ • •~ 
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If the hydro .stations one can not be considered s~rpara-
tely i i3-'po13sib1e, the possible states of hydro sub-systems 
consists of 9 pairs (at the most) obtained by taking a l the 
combination of state of station I at the beginning of hour i 
with the corresponding states of station a,. Thus there will be 
81 passages from the 9 possible states of the hydro sub-system 

at the beginning of hours i, ' o the 9 possible states at the 
end.. These passages will however i volvo 25 discharges.. 

Thus. to solve one two dimensional problem require 
considerable computation. 

If three fixed head hydro stations had to be schediaed 
simultaneously, ter could be thus 27 x 27 = 729 possible 
passages u: ' hour i& 5 x 5 2 5 possible discharges. 

Constrained 'oint Variations 

To reduce the two dimensionalproblem which occur if 
free joint variations is not possible at a l hours, to two 
one dimensional problem, the following approximation will be 
Used.. 

The order in which the stations are to be scheduled. 
are specified (If hydro stations are capable of free joint 
variation ring this, aspect does not natter) . Assume that 
order is specified, by previous designation. 

Hydro station 1411 then be scheduled by incremental 
dynamic programming, only the natural, end point constraints 
need be considered at to a hours at which free joint variation 
applied. At the a aremaining hour Induced end point constraints 



must be also included e.g. if hydro stations are not under 
free joint variations during hour i, then (~ i must satisfy 
induced and point constraints 4th 	&at equal to Q . 

gdro stations 2 will be then scheduled, as with 
station I only the natural id point constraints apply at 
these hour in which the plan tsare under free joint variation. 
If the plants are not under free joint variation during hour i 
then %I, the discharge through hydro station 2 must satisfy 
the induced end point cans traintsobtadne d by setting Qr, 3 in 
equation 4 & 70 equal to the optimum value of Qjd just 
obtained. 

The mode of operation obtained using this approximia-
Lion will be described by saying that the h rdro..stations are 
Under constrained joint variation. 

uuppose the order in which the plant schedules are 
to be computed hasbeen specified on the basis of ineremsntsl 
hydro e.g. if  

plant I schedules 4U be computed ±1 sty► In this case 
constrained 3 oin t pperation means thatincrementally more 
etiicient hydro station is permitted. the first choice of 
departing from the previous optimum schedule. The departure 
may not exceed the amount allo wabl a with the less 1) station .on 
held at its previous optimum value. The less 	of dent 
plant is then permitted to depart from itsprevious optic  
discharge, the departure not to exceed the amount allowable 
with u re efficient ient plant held at its new optimum discharge 
testing for free joint discharge. 
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The concept of free joint variation ► is clearly 
fundamental in reducing th.e computational labour ;evolved 
in solving the scheduling pro` L e&. To test whether equation 

70 is violated at hour it it is only necessary to consider 

the discharges,, 	 f 
Max (Q Ying ?Yi1.i - 2 V  

and 

Max (q2 min, ' . - 2 V 	 .. ... ( 7 
0 

	

If equation 	is satisfied for these discharges, then 
it is satisfied for remainder of 25 passages involved in 
j,as sing from 9 possible states of the hydro sub... system at 
the beginning of hour i, to the 9 possible states at the 
begiin .ng of hour i +1. This follows from the fact that 
H, (Q& , H2 ( ) are increasing functions. 

Similarly to test whether express ?1 is violated 
at hour i or not, it is only necessary to consider 

.n. t 	Max, ~' i + 2 v1) 	 ....: ( )+) 
and 
Mm (S2 	Q. + 2-  

Cycling Scheduling : 

Other approximation which will permit the hydro. 
station to be scheduled separately can of course be used. 
IhUs starting from Trial schedules, the stations many be 

rescheduled in the sequence hydro station 1, Urnl atation, 
hydro-station 2,, Thermal Station, bydro.»station 1, thermal,. 

a 
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station, hydro station 2 ,and as on.. In #his appro ma i.on 
Bich vill be referred to as cyclic scheduling it is to be 

understood that if a station is being re.secieduled, the 
outputs of the remaining two plants are to be kept constant 
at their previous determined Value in the sequence,. A hydro 
statioiwtll be dropped from the constraint as soon as addi--
tionEl reduction in fuel cost gained by retaining it becomes 

less than a pre-assigned value. When all hydro stations 
have been dropped computation stop . 

3.8 Advantage of Incremental Dynamic P~^v ramm3.ng Over 
Method of Calculus of riations 

1. 1tie chief advantage of the 'method of increment 
dynamic programming over method of calculus 
of variations is more economic schedule in 
less comput Ln time while taking operating 
constraints into account.. 

2. Computing time increases linearly . with number 
of t ro.s tations whereas it increases expo nen.. 
tiai..y for solution base . on calculus  of variation. 

3. In calculus of variations it is . difficult to 
include corner points i.e. natural & induced 
constraints.. 

{~E UWAY UNIVERSEZ'( 0 OA KEE 
R~1~E 
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cEAPTER- T 

i..1 G .'sue, 
tractive -,cower component of load supplied from a 

generator, Introduces additional component of transmission 
losses, scheduling of reactive power for optima, benefits. 
means its allocation to various generating units and circuit 
elements like shunt capacitors both static and synchronous 
and sIwzt reactors etc. For optimum benefits i.e. minimum 
losses in the system, the location of its sources (other 
than generating equipmai t) have to be optimi,.sed and its 
allocation to generating units properly scheduled. whereas 
.inductive circuits absorb lagging KVAR, a capacitive load, 
may be thought of supplying a lagging KVAR to the system 
or absorbing leading KVAB eactive power requirements of 
load, circuit elements have to be supplied by generating 
unitss, and capacitors installed in the system in case the 
requirements are , of lagging K VAR, and, shunt reactors in ease 
system requires leading KVAR. the unbalance between reactive 
poz~er dem fld and generation causes the voltage to nary till 
the balance Is achieved.. 

4.2 effect of Reactive Power on System Voltage 

If the reactive power supply denoted by %,s and 
demand by Qd are equal  equsj. i.e. qs - Q,D = 0, the system voltages 
remains stable. In the case wire the supply exceeds the 
reactive demand say' due to capac tine effect of ' cable net. 
works or due to long extra high voltage overhead lines during 
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the period of light loedwe have ~;. - 4d = qr, where q , 
represents the surplus reactive power. In this case the. 

,System voltage will rise. Reducing $% to zero by disconnecting 
some cables or transmission lines or alternatively by increas-
ing the reactive power demand by connecting shunt reactors or 
under exciting the synchronous condensers stabilises vo .ta, e. 
Conversely when the demand q,d increases qs as is the case 
during peak loads or heavy loads, the static capacitors have 
to be witched on and synchronous condenser are to be over-
excited. The capacitors in such a case should be as close to 
the load centre as possible. 

• The change in system voltage 

V 	 .....( i) 

Where 6 V is difference between sending and, received end 
vol tag e • 

R& X transmission circuit resistance & reactance, 
and P & Q are active &, reactive power requirement of load 
and V is the load * end voltage.( 1) 

k.3 Reactive Power Generation • at, the Load Centre: 

Reactive power demand.. should prefex~bly be met 
by generation, as close to the load centre as possible. Of 
course some reactive power has to be g ern erat ed at the sOnding 
end to meet reactive loss of transmission circuit & overall 
reasons of economy„ From equation (1) above we observe that 6 V 
could be reduced if Q~ is reduced .i.e* if a capacitor is install. 
ed. at -the load end. It is further pre€errabl a because this type 
of compensation i.e°. generation of at the load end,elimina. 

he 11n 	 p, reduces transmission losses,, releases 
(1) Electric Power System by B.M.Weedy Hooks pp.35 
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generation, transmission & transformer capacity this perinitti. 
ing the tie line (between load a generator) to carry a higher 
poayttion of load. (olive doter) 

4.4 (control. off` Reactive Powerand . Voltage 
The allocation of reactive power 'between its 

various generators can be OXWeved 	by the control of 
the voltage of the generators, which can be effected by 
operation of exciter field rhiostats or by automatic voltage 
regulators. Keeping the voltage of a generator constant means 
maintaining for a fixed output of active ,power 	11.xed output 

re- 
of/active power. If the reactive power demand is suddenly 
increased or decreased, the automatic voltage regulator 
commission at usts the voltage to the corresponding new 
reactive power .  

)+.,K Q t misation of the &ilocation.of •10acti.'cre Powers 
1+.5.1 ,General.. Although it is preferable to generate 
reactive power at point of its demand as explained'sbo` e 
to the maximum economic extent passible, yet quite a large 
amount of reactive power will be supplied - by generators. lie 
auxiliary reactive power generators (capacitors) .1 are ; to be 
located at suitable points on the tran s nission . system'\and 
their co-ordinated operation have to be so arranged that the 
total real power loss is minimum and voltages are kept ► 
within permissible standards at various bu:~ses, 

4.5.2: onc c Aspects of Reactive cower Generator : 

The analysis of relative net cost of installing 
I UA,R capacity in generators l arg e synchronous condense l in 
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switching stations, small synchronous condensers in sub, 
stations and static capacitors on distribution cticuits 
reveals that(2) 

1) 	The static capacitors installation 
are the most economical because they 
are close to load. 

ii) 	The small added cost of providing 

reactive power capacity in genera rs 
• is next least expensive even th added. 

system investment and no saving in losses. 

iii) 	Adding capacity in the form of synchronous 

condensers wherever located is the most 

expensive of alldue to their higher 
initial cost.  

4'4.5.3 Ms_ -. The problem under consideration is to 
fix up the optimum value of reactive powers at the different- 

, buses especially in intermeshed network where no limits o 
the reactive capacity is specified. The capacitors so wed 
up must result in a well balanced voltage distribution, small 
voltage angles (from stability consideration) and the 
voltage distribution should lead to minimum 12R losses for 
economic reasons. 

In the minimisation technique K. Zoll enkopf 4) 
has employed load flow programme. 

Sets Hel1is K and Seely Iheodox "Facility for supply of KW & 
KVLR" .IEEE Transaction¢PA&S, Vol .PAS..613pp.2 ,Kay 1942. 
Zollenkopf,K., "Load Ilow calculation U sin Loss minimisation 
%chniquesfl Pr 	di oceengs of I.E.E. Vol.1119 No.1, pp•l21»127 

~ , 	 Tanuary 1968. 
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The rigorous determination of minimum real 
power loss dependent on the reactive power input at different 
buses is very complex. For this reasons it is more convent 

eni-eri,n 
to substitute the imaginary components of current aiiiB 
at the buses In place of reactive powers. 	uations for 
loss minimisation based on this modification yield rely t~.uely 
simple expressions, which can easily be incorporated into 
iterative process of a load flow calculations. This simpl ►fi. 
cation is based on the assumption that all nodal voltage 
vectors do not deviate substantially from the real axis. 

The nodal voltage equations with respect to the 
reference bus bar can be expressed as 

Where Y is the nodal admittance matrix 

Then 	.. 	~~ 	 .....(3) 

The ibotal nodal currents , are composed of the 
lowing parts - 

tanexatian 
11 Load 

Io = Line charging, static capacitor or other 
reactances to ground*. 

. 

The real part of the total system loss is given by 



where the current vector Al.  

Assuming that all impedances to earth such as line 
charging are pure reactances, the last scalar term in 	/ 
equation (1i) may be neglected. 	 (I 

By separating real and imaginary parts, equation (4) 

then becomes, 

• ,' + I 	R 	..... C 5} 

'here superscripts, 

' means real part of a complex quantity 
means imaginary part of a complex quantity. 

and subscripts, t means transpose 

I=Ig +Il  +Ic 	 .....(6) 

and R = Real part of 2 matrix 

According to the assumption, the approximation to 
minimum loss is to be evaluated dependent on the reactive 
power generation.`his quantity can be found from the 
partial derivatives of the total system power loss with 
respect to the nodal current I 0, assuming that all other 
current remain constant. 

On taking partial derivativ4Df pL  in equation (5) 
with respect to I", the first term becomes zero and so far 
cc veniance expanding only the second term of equation (5) . 
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I 

7? 

It n 

'" I 	R1+I I fl2t 13 R31- _ "' ` I'nRxi 

L 141 
n 	n 	 n 	 n 

on taking now the deriaab i~ves with respect to I" say 
first r.th it ' , and equating' to zero,  

n 
"' 1 1 	R31 

3=1 
 

~1 
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n 	n 
or, 211 R1.~+ 	i 9' = Q 

jIi 

n 

mr 21 a11+ 	CRia+R ,1} 1 	0 

311 
n 

11 3=1 

Similarly, 
n. 

and for any bus k, 
n 

Equation (7) gives the value of the imaginary part 
of the cirrent for mint mloss conditions from which the 

value of the reactive power can be calculates.. 

In equation (5) R is the real part of the complex 

matrix Z., Where Z =)"l x 

Then to evaluate R, let} 
Z= G + j B  

Also 	= C +3 D 	 .«...C9) 

C and D are to be evaluated from equation (8) & (9) 
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r11 != CG DB +J (DG +C) = I + J4 

Where 1= unit matrix 

equating real and imaginary parts 

CC _ DB = I = GG . BIB .►....('lad 

ate, 	DG + CB = 0 = GD + BC .....('!'1) 

on Multiplication iLth t1"I in equation (11) 

t I GD+ cr1 BC=0. 

or 

Similarly C = ( G + Btu" 1 `" 

This real part of Zmatrix is given by 

C = ( G + B 1 B ) 1 	 •.. • •` 12) 

4 	_•'•a 	w ♦ 	• 	w 	_~_ ti 	•fit • ~r T.il f 

The equations developed above can be Lncorporated 
into the iterative process of load flow caLculationin the 
foiloing sequences. 

(1) Farm the nodal admittance matrix, Y. 
(2) Take inversion omatr1x so that r1 
( 

	

	Calculate real part of Z matrix according to 
equation (12y 

(4) Estimate initial nodal voltage V (except the 
swing bus bar whose voltage .s cowplete'Ly knows 
I + JO) 

( ) Estimate initial reactive power. Q, for generator 
as well as load buses. 



(6) Set all total nodal currents I 0 0 

(7) Calculate additional Injected nodal current. 
It representing to a charging from 
IC  = (L0' + J IC  = (Vr, + J vi)(jetc) 

S.uatt g real and imaginary parts 

c 	Vi. we 

i 	Vr . ' We 

(8) CaLculate real component of Generator as veil as 
load currents)since active power is specified at 
all the buses, from the fo to tng relations 

At any bus 
Total Power 6 = P + J Q, = V.1* 
(Were superscript*indicates complex conjugate) 

or 	P +3 Qs Vr +3 Vi) (i' - 3 I"), 

Equating real and in ginary parts, 
PQ i  

v2r +l? . 

d here P is the specified active power( Generation or load) . 
and 	5 is the reactive peter as calculated by the 

preceding iteration step.. For the first er&tion step, 
is . taken From the estimated, initial values. 

( q) 	Calculate total real componen is of nodal cu rre tS 
for generator as veil as toast buses according to 

uat on (6) then 	 I 

= I+ + 11  c 	 i 



(10) Calculate imaginary components of all currents 
according to equation (7) 

2 

t 11 calculate total imaginary component of nodal 
currents for generator aswell as load buses 
according to equation (6) , then 

batal) = 	+ 'C 

(12) , Calculate all nodal voltage from equation (3) 

-- nodal 'o itage 
1R = Voltage of i eferenee~ar suing bus 

and I = {1' ( otal) ', "(Total) Total) 

i.e. I is compaBed of (Laneration, load. and 
line charging components. 

~i,~ `; ' 	(13) Calculate again aaitLonal injected nodal 
currents Ic representing Une charging lee. 

It c = _.'Ui we 

/:. 	 0o = Vr . we 
i 

I)+) Calculate actual nodal currents due to generator 
or load from 19 +II I~Io 

81 
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4 8. 1'(net) ` I-(Total) 

end"(net) - R~( bt ) "' i' a 
y 	 r 

15) Calculate actual values of Active & Ieactive 
poiaers according to relation 

which yields, P' ,r '(not) + V1 1 *( net) 

and Q= Vat 1t(net)  "' 	I '(net)r 

(16) Compare mismatches In a l active powers with 
specified precision index 

2.e. 	
11)(c4culated)l 	1POSpe .tied) 	 a 

Where v- is the precision index. 
4roM 

(17) Aapeat seeps i (8) to (16) until mismatches 
in all active powersexceeds the spec, Red 
precision index. 

The f,;ow chart sbo .ng the sequence of steps to 
be followed in the determination of the reactive capacitors 
at different buses is given in Lg.L.g 

1. 
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interval for Vi and used in the maiimisation procedure. The 

division of discharges to various units so as to result in 

maximum station efficiency is found by model studies of 

the system and the input output characteristics so arrived 

at is ca .led. exact curve of the station. A typical exact 
curve for a IWdro station  i s shown inFigure 5.2. There 
is a discontinuity in this curve' at the moment a new unit 

is started$, The maximum discharge, Amax' is 39500 efs and 
the corresponding output is 382.00 MW. ?, 11,000 ofs hours 
of water is initially available for use over the day. 

The thermal station selected for this example 	` 

contains four essentially identica3. units, each 4th a 
maximum net output of 100 MW. The input output equation for 
. the thermal plant determined by fitting a parabola into 

input outh d to obtained from tests on these machines is 
given below. It was assumed in this sto3y that all thermal 

units are on the line at all times., lUximum plant efficiency 

is then obtained by operating all units at equel incremental 

values vbieh in this case mean that all unite must be operated 

at equal, output. 

P(S) = 373.70t 	9 •6O6 	+ 0.001991 	 (fir this sample 
problem). 

Where 8 is in W and F(S) in millions of BTU per hour. The 
station incremental heat rate in million of BU per MW hours is 

C(S) -~ 	$ ^ = 91606'44 + 0.00 9822 S', 
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READ SYSTEM 8. PROBLEM DATA 
(ONLY FIRST OF Y MATRIX ) 

READ ESTIMATED VALUE OF REACTIVE POWERS 
AND VOLTAGES 

I 	 COMPLETE THE Y MATRIX 	I 

CALL SUBROUTINE (INVERSION 
v INVERTED —+Y 

COMPUTE ALL BUS CURRENTS 
I'= Re ( 	Yo Vo) AND I"= IM ( 	— Yo Vo ) 

COMPUTE REAL PART OF Z MATRIX 
USING EQUATIONS (7) to 

FORM C MATRIX ( ONLY BELOW DIAGONAL) 

READ VALUE OF CAPACITIVE SUCEPTANCE 

COMPLETE C MATRIX 

COMPUTE LINE CHARGING CURRENTS 

INITIALISE ITERATION COUNT ILM 
i__- 

LOOP 

	

L: NI,NF, NG 	fl 

F— 	INCREMENT COUNT ILM :ILM tI —~ 

COMPUTE ALL CURRENT USING 
IK= Re ( — Yo Vo) AND 

I K = R KKJ ° ( (RKJ t RJK) Ij" 

J K 

COMPUTE ALL VOLTAGES [V)= [Y] 
WHERE I = I't JI' 

COMPUTE LINE CHARGING CURRENTS 

I  COMPUTE NET NODEL CURRENTS 

COMPUTE NET POWER AT ALL BUSES 
P: Re(VI'D 
O..IM(VI') 

	

LOOP J= I.M 	rI 

/ IS 	NO 	 IS 

	

ACTIVE 	 ILM = POWER WITHIN 
-- TOLERENC 

	

YES 	 fYE S 

L END LOOP_~  PUNCH VOLTAGES 

PUNCH ACTIVE POWERS, REACTIVE 
POWERS & VOLTAGES OF ALL BUSES 	 END LOOP 

STOP 	 STOP 

FIG. 4•t FLOW CHART FOR LOAD FLOW USING LOSS MINIMIZATION 
T ECHNIQUES 
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5„I gnerai s 
3 eta led description of method of d rnamic progranmi-

ing for optimal hydro thermal scheduling is given in. Chapter 1+. 
A computer programme in Fortran - II has been developed for 
optimal solution of one bydro (fixed head) and one thermall • 

sub-system over a day. The programme has been tested on a 
sample problem taken from the paper entitled "+Hydro Thezmal 
Economic Scheduling Part •- I ", B.Berrhal tz & L .J .Graham, 
published in. I . E. E. E. Transaction,? A & S December 1960 
pp 921-..932!+ and the results arrived at by the Computer tally 
4th those listed in the reference. 

5.2 The Problem & Lta ; 
The hydro station selected for this example contains 

two groups of four units* Units 1, 2, 3 & 1+ can be considered 
identical and constitute one group , wh1i le units 5, 6, 7 & 8 
can be considered identical and constitute the other group. 
The most efficient mode of operation of the entire station for 
discharges exceeding 22000 cTh (only these values are required 
in this example) and a net operating head of 131+ feet is 
fed, as a data to computer I i.scharges are tabulated at an 
Interval of 500 cts since v = Soo cfs hours a,s the tabular 
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interval for Vi  a used in the maximisation procedure. The 
division of discharges to various units so as to result in 
maximum station efficiency is found by model studies of 

the system and the input output characteristics so arrived 

at is called exact curse of the station. A typical exact 
curve for a Fide► station Is shown in Figure .2. Them 
is a discontinuity in this curve' at the moment a new unit 
is started, Lie maximum discharge, Q nux' is 39500 eta and 
the corresponding output is 382.00 MW. 7:11,000 eta hours 
of water is initially available for use over the day. 

The thermal station selected for this a 	le 
contains four essentially Identical units, each with a 
maximum net output of 100 MW. The ix p ut output equation for 
the thermal plant determined byfitting a parabola into 
Input outA  ta obtained from tests on these machines is 
given below. It was assumed in this study that all thermal 
units ore on the line at all timos.. 2 i,ximum plant efficiency 

is then obtained by operating all twits at equal incremental 

values which in this case mean that all units must be operated 
at equai output. 

F(S) = 373•?©)+ + 9 .bob S + 0.001991 S2  (fbr this sample 
problem) . 

Where 8 is in MW and F(S) in millions of BTU per hour. The 
station incremental heat rate in million of DTU per MW hours is 

() = 	$ 	9.60644 + a .0039822 s , , 
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of 35 minutes for one programs execution in Fortran - It 
on I3! - 1620 at $.E.R.C• Boorkee because of the huge rush. 
The final optimised cost value (with $ -10.0 as difference 
base) was arrived at after 7 Iterations and in 30 minutes. 
time. 

5 .4 Results s 

The results are listed under an appendix -2. 
Fax' each iteration the values of hydro generation, the 
corresponding thermal generation during 2. hours of the 
d y and thermal cost during the day and also the value of 
maximum weighted output E in million BTUs have been punched. 
The initial trial scheduling vas costing $ 28215.02 and 
optimised op--ration schedules worked out after 7 iterations 
cost 280+9.L+6. There is thus net saving of 4 165.56 or 
Say 166. The optimum cost reduction using $ 1.0 as the 
cost difference taken from the reference was $ 172.0. Thus 
about 96% cost reduction have been achieved in 7 iterations. 
The cost reductions constitute about  2 6 	x 100  = 0,59% 
of the total cost per day which when integrated over a year 
or so a period becomes considerable. le optimum operation 
hydro schedule has been shorn, in figure 5.1 • The schedule 
of ,hydro generation shoui in Figure 5.1. exhibits during the 

hour from 12 mid night to 8 a.m. a rather complicated be- 
haviour which arises from the discrete nature' of the digital 
calculations and the complexity of the hydro st i.ons input 

output curve. The results described above tally with the 

reference under considerations. 
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.5.5  Effect of Trial Schedule and Tabular Interval on the 

The dynamic programming mans at optimising an 
initial trial schedule . The computing time required depends 
uponntTh initial trial schedule and so is the savings in 
cost obtained. Large savings in cost with longer computing 
time is the result of obviously poor trial schedules. In 
the example under consideration the trial schedule is very 
near to the optimum schedule as such numbs r of iterations 
required to arrive at optimum results is considerably less. 
The final optimum schedule has almost the same total op erat. 
ing cost wb3tever is the initial trial schedule. 

Reduction of tabular interval taken to be 500 cfs 
increases the computation time in almost same proportion. 
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6. 	APE PLICA" tON T HNIQUI+S 

	

6.1 	nel i 
Load Despatchers organisation are required to 

ensure titt the operational planning aspects discussed 
earlier are translated into practice. They also continuously 
search for new aver►*es of savings which only continuous moni- 
toxin g can reveal. 

The type of organisation would depend on the acdepted 
policy in respect of interconnected operation; It is desired 
to have a separate load despatch organisation for each system  
which will monitor detailed operation within the system. 
A central load despatch to act as a clearing house for trans-
actions between systems may also help though may not be indi-
spensable ifindividual load despatch departments can work with 
enlightened co-operation. If completely integrated operation 
between the systems is desired, central load despatch organi.. 
cation would be valuable 

	

6.2 	uipmeat z 

The system size and complexity as well as economic 
considerations influaice the methods used to collect and 
utilise the Information required to operate the system. 
The main equipment in load despatch statbb s s~ 

(a) 	A mimic board foaming a Mature of the power 
system showing a single line diagram of the system with 
generating units, transformers, circuit breakers,# disconnects, 
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6. 	4PLICAZLON _  TJEHNI U s 

6.1 Sn -l% 
Load Despatchers or nisation are required to 

ensure that the operational planning aspects discussed 
earlier are translated into practice. They also continuously 
search for new avenues of savings which only continuous moni.. 
toring can reveal. 

The type of organisation would depend on the acdepted 
policy in respect of interconnected operation, It is desired 
to have a separate load despatch organisation for each system 
which ill monitor detailed operation within the system. 
A central load despatch to act as a clearing house for trans» 
actions between systems may also help though may not be indi. 
spensable if individual load. despatch departments can work with 
enlightened. co-operation. If completely integrated operation 
between the systems is desired, central load despatch organi-
sation Gould be Valuable. 

6.2 Btuipmen t s 

The system size and complexity as well as economic 
considerations influence the methods used to collect and 
utilise the information required to operate the system. 
The main equipment in load despatch stat6a s :a 

(a) . 	A mimic board forming a miniature of the power 
system showing a single ;Line 4iagx'ni of the system with 
generating units, transformers$ circuit breakers,. disconnects, 
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station bus bars, transmission lines etc ► with blue and red 
indications for open and close p+et tiols , of breakers and 
semaphores for disconnects. 

(b) 	Indicating and recording meters and instrument . 

for measuring and knowing 

	

i) 	power flow both active and reactive from each 
generating stations , tie lines, key points in 
important transmission lines. 

	

l) 	as voltage at each generating station and 
sub-station 

iii) System frequency 

iv) ,,accumulated frequency time error based on 
scan rd time. 

v) Tap positions of load ratio control transformers 

vi) Fuel supply for each plant and Reservoir water 
level, at,  each hydra electric generating plant 

having storage. 

vii) 1hergy supply from hydro & thermal st ttions 
and tie lines.., 

viii) River flow data in the vicinity of hydro electric 
station. 

In addition system operatta►* must hage upto date 
information of weather data including storm warning & contra-
ctual obligation in load and frequency control rith neighbours. 
ing systems. 
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(o) 	The use of telemet eJring and telecontrol Car equipment 
required for the functions listed above is a matter of 
economics and depends upon the size of the system. 

(d) Oornmimication and control equipment required mus t 
be fool proof. Communication is the backbone of load despatch. 

ing , To guard. against interruption, parallel. telephone 
circuits and different mode of communications are provided 
as follows.*- 

1) 	Automatic telephone exchange connections 
ii) Power line carr± :r comunica tion 
l) Microwave communication 
iv) A code call system of communication. 

(e) Teleprinters for collection of data, statistics, 
reports and for administrative purposes.- 

(f) Supervisory control equipment if employed for 
control functions such as s itching of des, starting 
synchronous condensers, hydro plants, change levels in 
transformer taps etc. 

(g) 'Net work analyser or digital computer used for 
planning controlling and load despatching functions. 

6.3  Types of Load Despatching System  s 

The load despatch station may be manual or automatic 
depending upon potential benefits that could be achieved from 
the integrated operation of the system. 
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6.3.1 •  I anua ; .Load Despatching. System 

The first step in manual load despatching of a power 
area is that of predicting daily system load vs time curve 
of that system. Total generation necessary to supply the 
system load will include reserve 'requirements and tie line 

ows. The base load part of system load is allocated among 
various generating plants in the area giving due consideration 
to the types of generating plants and availability of boater 
or fuel, etc. The variable part of system load is allocated 
to efficient big and new plants and this part of the load is 
controlled by manual despatching techniques. 

A$ a part of load despatching, the system frequency 
and net tie line power flows are measured and compared with 
standard frequency and the net estimated system variable 
load aid th r deviation are recorded in the despatching 
office. Depending upon the ngnitude of comUlned deviation  
the load allocation between regulating plants or units is 
worked out on the basis of equal, incremental cost of power 
received at a point on a tie line. 

The ca'lculatid values are allocated among regulating 
units of every station by the hip of incremental loading 
slide rule manually. By making use of incremental cost 
curves in the case of steam plants and incremental rate of 
water flow or incremental plant cost a ►rve in the case of 
hydro plant, load is regulated among generating units in 
each station. 

ii 
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The manual controlling becomes cumbersome if load 
variation of system is very frequent for the fact that eve, 
luation of incremental fuel cost of incremental water flow, 
etc., involves 'lot of time and work: Moreover, by the time 
a desired scheduling is calculated, system condition may change: 
In such cases, automatic controlling is preferable. 

6.3.2. Automatic Lad• ]des atgbin . _Arran ement s 

s caUy$ load despatching arrangement comprises 
load frequency control and economic loading of generating. 
units of the basis of techniques discussed in Chapter IV.. 

As in the case of manual despatching, prediction 
of system load requirements is done and total regulation 
of generation required, etc., estimated and the economic 
aspects for allocating generating units, etc., are taken 
into consideration. 

6.3.2.1. toad Frequenpy Oontrol - Load frequency cy control ~r rYWrr .rri it r r • n i r   	i+++.rrr• 

system comprises measuring and computing system which has 
a amber of sensing elements to measure the not interchange 
of power system frequency and time error. The tele..metered 
signals from the various interchange points are added to 
gether and sent to a totalizer (or interchanger) : The net 
interchange from the po,er totalizer is compared 4th. the 
schedule by the net interchange measuring circuit. Similarly 
system frequency is compared with frequency standard and 
the time error is compared iith time error set point* Any 
resulting error is applied as input to the area requirement 
computer. The net error signal which Is the algebraic sum 
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of net interckr .ng a frequency and time error signals, is then 
sent to the controller which converts it Into proportional 
and reset actions either combined or . separately. TI combined 
signals of all the mentioned error signals becomes the 'area 
load requirement signal'. 

The '.rea load requirement signal" Is then fed into the 
controller manually for semi.-automatic load control and automa-
tically for automatic load control. The controller generates 

• signal In the form proportional and. reset controlling signals 
which. are in terms of electrical phase shift from reference 
supply, i.e. system frequency. The actioxn of the proportional 
and reset controllers is such that "area requirement" signals 
cause an integration of electrical degrees of phase shift and 
the integrated degrees indicate the level of generation 
under control. 

The proportional controlling signal corrects 
major portion of the requirement quickly and the reminder 
is sioj y by the reset action. The reset action continues 
to function until. the requirement signal is reduced to zero. 

The degrees phase shift due to 'urea signal" 
from the system frequency many be increased or decreased 
manually to compensate for line losses .(*xa. The supply 
frequency signal is then fed to frequency dividers, one 
for each station. Where, »t is reduced to 12. to 24 cycles/ 
sec. signal for transmissions to the generating stations in 
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order to reduce unnecessary interference and use only one 
channel between despatching office and generating plants. 

At station,  there isa master station equipment 
which produces the same angular displacements of the signal 
received and translates the combined action of proportional 
and reset controlling :and penalty factor effects. Then 
these signals actuate circuits to allocate the extent of 
load to be generated by each regulating unit, on the basis 
of economic principle described earlier in Chapter 4. 

The. master controller at station actuates 
circuits for governor motors such that as soon as the 
desired load regulating signal is received, proportional 
control and reset control come into operation and the 
desired generation, is attained.,, When the desired genera 
tion is obtained,. tie control. actions by the master 
controller stop, 
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? • 	 CONCWSION 

7.1 	Optimum maintenance scheduling described could 
help in considerable energy/capacity benefits. Detailed 
probabilistic stic methods be employed to find, out generatoxi 
reserve for different months of the year. The outage 
rates and average outage duration record. of the power 
plant units should be properly maintained so that realis-
tic figures could be taken. 

7.2 	The regional grid should function with arrange- 
ment for optimal hydro thermal scheduling so as to derive 
marnum economic benefits. Various methods of hydro thermal . 
scheduling (short range) are airailable,Dynemic Programing 
method of hydro thermal scheduling is recommended for adopt-
ion, It is further considered that for this purpose an 
encyclopedia of operating schedule for various conditions 
which could be revised from time to time with current 
change in conditions be made and that an on line computer 
be used for continuous optimal operation of power systems 
at the basis of methods outlined in this dissertation., 

7.3 	Optimum scheduling of reactive power by ailoca- 
ting the same to various sources of its generation i.e.. 

Generators, capacitors etc. may result .n substantial mini-
misation of losses and is also conducive to better voltage 
regulation in the system. 
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7.1+. 	A computer programme has been developed for 
optimal solution of one hydro and one thermal system 
based on incremental dynamic programming method. This 
programme has been applied to a sample system to show the 
saving achieved by resorting to optimal operation. 

A load despatch centre is required to apply. 
and co-ordinate the various techniques of scheduling both 
active as well as reactive power in the system and also 
schedule maintenance of the units,. 
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X. PrequeRncy and 3 fixation of Forced Outages of a Uniform 
5,yste~m s 

Assume a uniform system of -. n units of equal sire 
of M mw with a uniform outage rate of p. Then 

p = t/T 

vbhere t is the average duration of individual,. outages in 
tars, and T is the average interval, of individual outages 
in days. The frequency of Individual events is 

.i•  

The probability of r-fold simultaneous outages is expressed 
by the binomial formula 

The average duration in days of r-fol si simultaneous outages 
is 

TP (i-p) 	t (i-p) 
r+p(n .2r) 	r+p(n-2r) 

Fin equations 3 and ) the average interval, in days of 
r-fold simultaneous outages Is derived by 

t 
....: ( Vii)• 



lot 

and the average frequency by 
P 

r 

The magnitude of the r-fold outage is 

If the system is actually not uniform with regard 
to size of Quits, but consists of units with An average 
size H and a standard deviation 1-, then the magnitude of 
an r.-fold outage becomes r M 4th a deviation of t 57 - 

U. Derivation of EQuation for Duration of r-fold 
$ir 1 taxleous Outages:  
*11* 	Il41 II llrli/gi~rYlIIY 

The derivation of equation is as follows: 
Fora system of n machines with an individual outage rate 
of p, an average outage duration of t days, and an average 
interval between individual outages of T days, the average 
duration of r-fold outages is 

tp. 
t 	 days r+p (n - 2r)  

Assuming first , that the events can change position 
in time only in units steps, then for each of the T possible 
positions of an event in the . period d T, there will be t time 
units occupied and ( T . t) unoccupied. There will be 
therefore for the T possible positions , (Tt}. occupied time 
units and TZ T-t) unoccupied time units.` . For each position 
of an event there are t( r" 1) positions iLti the (r-1) other 
simultaneous events can take# so that t ,! ~r overlap partly 
or completely with this event. Tberetoi,, for the T, 



possible positions of the event, there are Tttt r'' l) or Tt 
time units It can occupy together 4th the ( -1) other 
events• That just r and not more than r events coincide, 
the (n-i') other events, which are not involved in the r-told 
simultaneous outage* must take positions not overlapping 
any part of the interval occupied by the i simultaneous 
events,. In other words, the Interval. occupied by the r 
simultaneous events must be unoccupied by the (n-i') other 
events* This is possible in (Tt)~' ways. Finally, there 
are ntt/r%(n.r) t. possible mays in yhich r events out of n 
events may be combined. Therefore$ for all possible different 
positions of n events in the interval T, the total number of 
time units Occupied in simultaneous r.-told occurrences Is 

n'./r'.(n r) +.) ti" (T. t) 

Individual r-fold simultaneous taneous events can have 
durations varying from the n ;nimum overlap of one time 
unit to complete. overlap of t time units. To obtain the  
average duration of overlap of r events, the total number 
of T n'./rt..(n-r)'. tr(,T. t) -r' tune Ito whidi can be 
occupied must, be divided by the number of possible r-fold 
individual events, An individual event is defined as a 
succession of occupied time units not affected by the 
start of a new event, nor 'the and of. an event, nor the 
simultaneous end of one event and the start of another 
event, vhicN while not changing the number of simultaneous 
events, would change ` their identity,' Th,s latter requirements 
Is important In calculations where events may involve, for 
example, outages of equipment of diffearent capacities. 
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Of the t successive time units of an individual 
event there are (t.1). Units directly preceded by another 
unit. These may be called for simplicity "cormected"tu ts; 
and there is one unit not preceded by another 'which may be 
called the "leading" unit. Since the t successive units 
of an individual event should be counted onlyy, as one event,. 
only the leading unit out off` the t units should be counted 
and the connected units should not be courted. Similarly of 
the T-01), unoccupied units, only the leading unit should 
be counted in determining the number of unoccupied intervals 
and the ( T - t - 1) connected units should not be counted. 

In determining the number of rr.fold simultaneous 
events the following observations apply. Only a leading 
unit can create a leading its of a multiple event either 
by coincidence with nether leading units or with connected 
units. The coincidence of connected units 4th connected 
units creates only connected units of multiple events. This 
applies both to intervals of occupied as well as to intervals 
of unoccupied units. The leading unit of an interval. of 
unoccupied units starts , a change in events as it is equiva-
lent to the and of an interval of occupied units. The coin.. 
cidence of connected unoccupied units with connected un.. 
occupied units does not cause a change in events. 

loo'w, for the 
t( i-p) tx, 	 dais 

r i p(ni.. 
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units occupied in all possible, r-fold simultaneous events 
4 . 

in the interval. T, 'there are T(t- i) r coxmected occupied units 
combined 4th (T- t-1) ǹ ` r connected unoccupied. units in 

Y1.}..+-..C.....w~- 
rt{-r)+. 

possible combinnat .ons, 3:orefore, there are 

connected occupied units in all possible cases of r-to2.d 
sinzult rieous events in the interval T. As a consequence 
tiere are 

leading occupied units or , different Individual events in 
allpossible cases of ri»fold individual events in the 
interval To 

Table ' - Sehematid Pattern of Meshing of Two Sub9ron 

System 	 System A 
B- 	.. 	. ~ , 	.. 	 AA 

' 0110 AB A3 AfB3 

B1 B1 &1B1  

B2 2 A B2 "A2B A'382 2 
83 . 1.83 A  AB3 

r 
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The average duration of an rw.fold. simultaneous 
event is the ratio of the number of aU occupied. units to the 
number of all individual events or 

tr 
s 
 T 	tr( t) r 

t ,, r (Tt1,, l)nr 

r  n-r 
or tr 	tr( 	rx  t- r C1" 

The restriction that events can change position 
only by unit steps can be removed by expressing both t and 

as f 	ctions of T and by letting 	Increase to infinity. 
iy~ det' .n . tLon p = r/T. 	Therefore sub 	 .ng pT for t 
yields the fo Uo .ng: equations for the average duration of 
an r. f+r .d event expressed as a fraction of Ts 
t 	(PT)r(T- 

or, after dividing numerator and denominator by 

pr ti _V)` -r 
'~ 	 i~iY ~l ~ri.irirr~~~r~q urr~~r+rrrr~o~~f--wren -u~ NY r1r111 rI~4r .~ _ ~..I~~i~iMr 

prt 	 l n`r 
rib 

 t "~1~? r E j-P. 1l► n- r 
Then, by expanding and omitting terms which 4U vanish if T 
becomes infinity 
1.m 	t 	P ( 1 `p) 
T.  r+p n.2x+3 
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log 

or ter sa r+pnw2r)  

III. Meshing of Ito Subgroups of a Nonuniform System 

Consider a system. AB composed of two uniform 
subgroups A and B. For each of the subgroups the fol ,oving 

values are determined for all values of r from a• to r 
according to the equations in section 1. 

MA and. 4 ma .tude of r-fold outage 

CA and CB, standard devlat „on for refold outage 
gA and PB , probability of r.fold outage 

,A and t$ , average duration of r.. to]. d .outage 

Tben,r the values fcr the . composite system are calculated 
from the values for the subgroups for all possible combius-
tions of r according to the matrix pattern shoe, in Table . 

The composite values are as •fo loss 

1 A +lea 	 .'.... $~ 

= GA2 + :B2 

PAB' PA FB 
tAt 

to 	to + tB 

TAB to AB 

`A '/TAB 

The combination of. a third subgroup C S.th a 
coipbined group AB is done in a -similarwa7. 



iie derivation of equation 11 for t4S Is as 
follows3 

Assume t and 	are the duration andInterval. 
of an i-folt. outage in system & and tB and T are the dura» 
tion and interval of an s fold outage in system B. in T tera3. 
TA and T iwiU be ditterento so that T~ = fT or the event 
in system 3 will occur once in the Interval. TB but f times in 

' the interva TA. iccord.ing to equation 12 of reference 1, 
the combed duration to is thv `~ term of the expression 
of 

t T7t 	ftBX+ (TA - 	) 
ft +(Tg. 	(t -i)x+(Ti t 1) (tt 

The' 	,term is 
t . 	 t, t 

Tr fib. n
$AtB .. 	t 

to+ , - 1 

ao ;renving thelimitation of unit steps by making the 
s1e ot th.o s tep s very small, or to and t very large, Compared 

t rl 
+t 
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IV.  Going and  Plotting of Results: 

A plot of the interval versus magnitude of forced 
outages for a complex composite system calculated according 
to the methods described in section IIX results in an , array 

Tx, 

of points as shown by the crosses in Fig* 6 These results 
apply to a 5,608 mw system composed of eight subgroups of 
different sizes and outages rates. The apparent, irregular 
array of the pointsis clue to the nature of the, system. 
Certain combinations tf outages are relative?' more likely 
than other intermediate values . In eva ,.uatIng these rata, 
it must be recognized that the values are by nature disconti. 
nuous• Only certain combinations of magnitudes of outages 
are pbssible, and the frequency of intermediate values is 
arc►. Nevertheless, to apply, the results to reserve studies, 
it is necessary to express them by a continuous curve of in 
terval versus magnitude of outages. This curve must represent 
the swmtion of the individual frequencies, This can be 
most .readily accomplished by grouping the results in ranges 
of magnitudes, Such as 50 or iOO. mw steps and determining the 
total frequency for each group. In selecting the group 
width, it must be recognized that a large group width will 
result in smooth curves, but co!iservatively high values of 
expected outages. Grouping in. narrow, me„a ,tt steps will 
result in more accurate magnitudes of outage but more irregu-
jar curves. A group width equal, to the, 'average size of all 
units of the combined system was ` found to .VO most 
accurate results. The grouped results in Fig. , are shown 
by circles. The grouping was done . iii P 1Oo-mgr ,steps, why. di 
is close to the average size of the u , of this system. 
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The curve through the grouped points is slightly beyond 
the en elope curve of the ±ndividual points o as should be 
expected,  because the curve represents the summation of the 
individual frequencies, and the frequencies of the envelope 
points have the greatest weisht. 

The parameters of a ,group are deiive8 from the 
individual values of the group by the following equations t 

where 	" 	is the frequency of the group and F are the 
frequencies o ff' i divi cal terms in the group. 

re 2g Is the probability of the group and P are the 
individual probabilities; 

T9 = i 9 

Where T is the interval for the group; 
t +g """ Pg TD  

where tg is the average dura on 'for the group; 

:AN4ur~r~t~rr~r 
 

where Mg is he average magnitude of outage for the groups 
M are the individual magnitudes,, , and p the corresponding pro-
babilities, and.  

ail` 	 . 	 i5 	¢,  
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where cc  is the standard deviation for the group,, and is 
the standard deviation for the individuel, values. 

V. ILiSiOn Of (ins from Interconnection of TWO Systems: 

NOM I {LA J.R 

C 	 apacia 
Ii 	load  

 forced outages 
OR 	a verhaulin g 
` limitations 

excess of emergency load capability over normal 
load capability. 
interruptible load 

T 	= help from previously existing ties 
= peaking factor 
= interchange over new interconnection 

D 	I +T+PF 

*rtbermore, &bscriptsA and B apply to the two 
intereoneoted. systems respectively, and subscript AB to 
the combined. systems. 

Vision of 	utred (a aci $e 	stems Based on  

!2 al Intorchangei 

CAB =CA +OB 

X 

CB* 16B t ( B  + ORB  + 3B'  X 
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Within relatively narrow limits, it is pez'idssije 
to assume that ( P + OH + J 	is proportional to.-C-of  
equal to IC. Then 

GA LA+ ZA 'CA  N D4 )C 

X 

is obtained. Setting a = I a Y yields 
S 

CASA= 	DA X 

CB$B*B 

which results in 

CA 	
+ 

* cB I) + 

pLte?changg Over ,  Tie 
T aLUB of X i$ obtained by substituting the 

value of CA  in the equation 

CA 	DA X 

or from equation 

X= 

which is derived from the following tour equations: 

04A* LA + F, 	 ORA 	3A' E 	. 

CBLB DB. 	Z 



• 

t . r i 1 fJ 

c 	, rA + , + 'AA + (OBA +©Ha) + 

A+YB) - (ZA + E) (DA + 

0AB * GA + c 

4 	from Inte nne ct o 1 
,'itwrtrrwdtti.ryrrrrtr«rrrirw`ni wr.rr:a~wiwnpw..r+~ 

The reduction in capacity made possible by the 
interconnection is determined for each system respectivei i 
by 

I4ui,ed capacity before Interconnection 
C=L+CZ- 7. 

quired capacity after intereonneetthn 

C,, --•y + CRY- D.,. X 

.7 
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MAIN COMPUTER PROGRAMME 

C C OPTIMAL HYD-0 THE—MAL SCHEDUL+NG US+NG +NC—EMENTAL DYNAM+C P—OG MLG WRI 
DIMENSION IQ(40)iIH(40),IQT(24),IQMIN(24)►IHMIN(24),IDEM(24) 
DIMENSION ALV(3f24),R(3,24). 51(24),IHDR(24),AIS©PT(3,24),COSTl(2) 

C  IQ AND IH STAND FOR DISCHARGE VS CORROS HYDRO POWER IN MW 
C  IDEM FOR LOAD IN MW,IQT FOR TRIAL DISCHARGES 
C  ALV IS VOLUME MATRIX CORROS TO INCREMENTS ON TRIAL SCHEDULE  ,; 
C 	R IS WEIGHTED OUTPUT MATRIX  
C  Si IS THERMAL GEN,IHDR HYDRO GEN 
C  AIQOPTISOPTIMAL DISCHARGE 
C  ALVOL IS TOTAL VOLUME OF WATER, INCD—INCREMENT 
C  AL1,AL2sAL3, ARE LOSS COEFF AL1-'S*Ss AL2—H*H 
C  AC1,AC29AC3t ARE COST CONSTANTS,AC1—S*S,AC2—S 
C  SMAX,SMIN►IQMAX ARE CONSTRAINTS ON THERMAL/HYDRO GEN 
C  F RATE COST OF FUEL PER MILLION BTU 
C  DDIFF STANDS FOR PERMISSIBLE DIFFERENCE OF COST BETWEEN2ITER 

READ10,M,INCD,ALVOL 
10 FORMAT(2I5,F10.1) 

READ15,(IQT(I),I=1#24) 
READ15s(IDEM(I)sI*s1,24) 

15 FORMAT(14I5) 
READ16,AL1*,AL2,AL3,AC1,AC2:AC3 

16 FORMAT(3E20.8) 
READ18,5MAXsSMIN,IQMAX,FRATE 

.18 FORMAT(2F10.2yi5*F10.4) 
READ15n(IQ(I)sIH(I)*1=1#M) 
READ17rDDIFF 

17 FORMAT(F10.1) 
C  CALCULATION OF MINIMUM HOURLY DISCHARGES 

DO 231=1#24 
LD=IDEM(I) 
CALLDI SCH(LD-,5~4AXsAL1,AL2,AL3, I NMI N ) 
D020J=1*M 
IF(INMIN-IH(J))19,19,20 

20 CONTINUE 
19 NN=J 

IHMIN(I)=IH(NN) 
23 IQMIN(I)=IQ(NN) 

PUNCH 24 
24  FORMAT(5X6H IQMIN'5X6H IHMIN5X5H IDEM) 

PUNCH21s(IQMIN(I),IHMIN(I):IDEM(I),1 1,24) 
21  FORMAT(6X,I5,6X,I5,6X•I5) 

C  GENERATION OF ALV(3►24)MATRIX CORROSTO TRIAL DISCHARGES 
ITERa0 

28 ALV(1►24)=IQT(24)+INCD 
ALV(2,24)ZZIQT(24) 
ALV(3.24)=IQT(24)—INCD 
ALV(1,1)=ALVOL 
ALV(2►1)=ALVOL 
AL.V(3,l)=ALVOL 
D0221=3,24 
IX=26—I 
AIQT-IQT(IX) 
D022J=1*3 

22 ALV(J,IX)=ALV(J,IX+1)+AIQT 
C  EVALUATION OF HYDRO GEN CORROS TO TRIAL DISCHARGES 

nn2ST=1.24 



COST=0.  _ 
D030Is1,24  i l 
LDOIDEM(I) 
LHDR1=IHDR(I) 
CALL THERM( LD,ALl,AL2,AL3,LHDRl9S11) 
COST =COST+FRATE*(AC1*511*S11+AC2*511+AC3) 

30 S1(I)'Sll 
COST1(1)=COST 

PUNCH 33 
33  FORMAT(6X5H IlIDR8X2HS1) 

PUNCH31,(IHDR(I),S1(I)*I=1#24) 
31  FORMAT(6X,I5,5X,Fl0.2) 

PUNCH32,COST1(1)*ITER 
32  FORMAT(19HTOTAL THERMAL COSTnF1O.2,2X,15HAFTER ITERATIONI3) 

C  CALCULATION OF MAXIMUM WTOUTPUTSAND OPTIMALDISCHARGES 
DIMENSIONLQ2(3).R2(3),R.I(3),AVOPT(24),R©PT(24) 

C 	CALCULATION OF R FOR24TH HOUR 
LD=IDEM(24) 
D035J=1s3 
LAQ=ALV(J,24) 
AIQ©PT(J,24)OALV(J:24) 
CALL POWER(LAQ,IQ,IH,LAH,M) 
CALL. THERM(LD,AL1,AL2,AL3,LAH,S1A) 
CALLGQ(AL1,AL2,AL3, ACl,AC2,LAH*S1A.R1) 

35 R(J,24)$R1 
D0701C3,24 
NX=26—I 
D070J=1,3 
0065 1J1,3 
LQ2(IJ)~*ALV(J.NX)—ALV(IJ,NX+I) 
LLD=IDEM(NX) 
IF(LQ2(IJ)—IQ1'4IN(NX))40,50,50 

50 IF(LQ2(IJ)—IQMAX)55,55,40 
40 R2(IJ)=0. 

GO TO 56 
55 LLQ2=LQZUIJ) 

CALLPOWER(LLQ2, IQ, IH,LFF,M) 
CALLTHERM(LLDsAL1,AL2.AL3,LFFOSd,B) 
CALLGQ(AL1,AL2,AL3,AC1,AC2#LFF,S38,Rll) 
R2(IJ)=RU 

56 RI(IJ)=R(IJ,NX+1)+R2(IJ) 
65 CONTINUE 

R1aRI(1) 
R2I.uRI(2) 
R31=RI(3) 
CALLGMAXI(R1,R21,R31,RMAX,IIX) 
R(J,NX)=RMAX 

70 AIQOPT(J,NX)*LQ2(IIX) 
C 	CALCULATION OFR FOR 1ST HOUR 

LDDIDEM(1) 
D075Ja1,3 
LQ2(J)-ALV(lol)—ALV(J,2) 
IF(LQ2(J)—IQMIN(1))76,77,77 

77. IF(LQ2(J)—,IQMAX)78,78,76 
76 R2(J)=0. 

GO TO 79 
78 LIQ2=LQ2(J) 

CALLP©WER(LIQ2,IQsIH,LBH,M) 
CALLTHERM(LD,AL1,AL2,AL3,LBH,S1C) 
CALLGQ(AL1,AL2,AL3,ACl,AC2,LBN,S1C,Rl) 

R2(J)=R]. 
79 R(J,l)=R2(J)+R(J,2) 

AIQOPT(J,1)=LQ2(j) 
75 CONTINUE 

------------------- 
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110 
105 

100 

120 

155 

161 

162 

150 
151 

152 

170 

(((((c 

SCANNING OF TABLE FOR OPTIMAL PATH 
R1I=R(1,1) 
R2I-R(2r1) 
R3I=R(3,1) 
CALL GMAXI(R1I,R2I,R3I:RMAX,IPX) 
ROPT(1)-RMAX 
IQT(1)¢AIQOPT(IPXi1} 

A2QTaIQT(1) 
AVOPT(2)aALVOL—A2QT 

D080J=1,3 
IF(AVOPT(2)—ALV(Jr2)) 80,90,80 
CONTINUE 
II=J 
I0T(2)$AIQOPT(II92) 
ROPT(2)=R(11,2) 
00100 I3,24 
A3QT=IQT(I-1) 
AVOPT(I)=AVOPT(I-1)—A3QT 
D0110J=1,3 
IF(AVOPT(I)—ALV(JiI))110,105,110 
CONTINUE 
II=J 
IQTUI)=AIQOPT(II,I) 
ROPT(I)'R(IIPI) 
COST=0, 
D0120T=1,24 
IIQT=IQT(I) 
CALL POWER(IIQTsIQsIH,LHDR*M) 
IHDR(I)aLHDR 
LD=IDEM(I) 
IIHD=IHOR(I) 
CALLTHERM(LD,AL]. AL2sAL3, IIHD,S12) 
COST=COST+FRATE*(AC1*S12*S12+AC2*S12+AC$) 
S1(I) S12 
C©ST1(2)=COST 
DIFF=COST1(1)—COSTI(2) 
IF(DIFF—DDIFF )150,150,155 
ITER=ITER+1  
PUNC'H161 
FORMAT(3X4HROPT) 
PUNCH162,(ROPT(I),Ia1,24) 
FORMAT(F10.2) 
GO TO 28 
PUNCH 151 
FORMAT(6X4HIQT 5X5HIHDR 8X4HROPTIIX2HS1) 
PUNCH152t(IQT(I),IHDR(I),RQPT(,I3,S1(I),I 1,24) 
FORMAT(5x,i5,5X,I5s5X,F1O.2,5X,F10.22) 
PUNCH170,COST,ITER 
FORMAT(21HTOTAL OPTIMISED COSTaF1O.2i5X,17HAFTER ITERATIONS 15) 
STOP 
1'U( C ((((((CCC ((((((CC ((((1 (U( C (CC ((( ((((((@@@@@@@c@ 
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SUBROUTINES OF MAIN PROGRAMME 

SUBROUTINE GMAXI(G1,G2,G3,GMAX,IX) 
IF(G1—G2)5,5,8 

5 IF(G2—G3)6,6r1O 
6 GMAX=G3 

IX=3 
RETURN 

8 IF(G1-03)6,7,7 
7 GMAX=G1 

IX*1 
RETURN 

10 GMAX=G2 
IX=2 
RETURN 
END 

SUBROUTINE GQ(AL1,AL2sAL39AC1•AC2.LFH,S1,R1) 
C  ACICOST CONS RELATING TO S*S,AC2—S 

DF=2.*S1*AC1+AC2 
ALFH=LFH 
DLH=2.*AL2*AJFH4AL3*S1 
DLS =2.# AL1*S1+AL3*ALFH 
R1=DF* (1.—DLH) *ALFH/ (1.--DLS ) 
RETURN 
END 
SUBROUTINE THERM(LD,AL1,AL2,AL3,LFH,S1) 
ALD=LD 
ALFH=LFH 
B=AL3*ALFH-1. 
C=AL2*ALFH*ALFH+ALD—ALFH 
S1=(-8—SORTF(B*8-4.*AL1*C))/(2.*AL1) 
RETURN 
END 
SUBROUTINE POW:R(LAQ,IQ,LH,LFH,M) 
DIMENS.IONIQ(40),LH(40) 
0041=1 ,M 
IF(LAQ—IQ(I))3s3s4 

4 CONTINUE 
3 JsI 

LFH=LH (J ) 
RETURN 
END 
SUBROUTINE DISCH(LD,SMAX►AL1,AL2,AL3,IHMIN) 
ALD=LD 
B=AL3*SMAX-1. 
CAL 1*SMAX*SMAX+ALD~*SMAX 
HMIN=( —B—SQRTF(B*B-4.*AL2*C))/(2.*AL2i 
IHMIN=HMIN 
RETURN 
END 
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APPENDIX A3 

IQMIN IHMIN 	IDEM 
22500 232 460 
22500 232 430 
22500 232 420 
22500 232 410 
22500 232 400 
22500 232 410 
22500 232 470 
22500 232 550 
27500 234 660 
28500 294 670 
29500 304 680 
32000 330 700 
22500 232 580 
22500 232 600 
22500 232 610 
22500 232 610 
32000 330 700 
37500 372 740 
32000 330 700 
30500 315 690 
25500 263 640 
22500 232 600 
22500 232 550 
22500 232 500 

IHOR Si 
258 215.41 
258 184.64 
258 174.40 
258 164.17 
258 153.96 
258 164.17 
258 225.69 
268 298.84 
330 354.97 
343 353.31 
352 355.40 
366 363.35 
298 301.66 
298 322.44 
298 332.84 
298 332.84 
366 363.3.5 
377 395.10 
366 363.35 
359 359.36 
315 348.13 
298 322.44 
268 298.84 
258 256.60 

TOTAL THERMAL COST= 	28215.02 AFTER ITERATION 	0 



I 

ROPT 
73527,71 
70940.76 
68429.64 
65930.48 
63443.25 
61006.81 
58558.67 
55999.37 
53169.76 
49776.13 
46265.84 
42670.36 
38988011 
35918.26 
32899.54 
29786.45 
26673.35 
22938.36 
19065.66 
15353.20 
11687.93 
8403.63 
5384.91 
2595.78 / 

IHDR rS1 
263 210.70 
258 184.64 
258 174.40 
258 164.17 
253 158.66 
255 168.88 
258 225.69 
279 288.44 
330 354.97 
343 353.31 
352 355.40 
359 369.82 
304 296.04 
294 326.20 
304 327.20 
304 327.20 
366 363.35 
375 3994 
363 366.12 
359 359.36 
320 343.45 
294 326.20 
274 293.16 
258 256.60 

TOTAL THERMAL COST= 	28160.24 

119 

AFTER ITERATION I 
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ROPT 
73602.93 
70976.56 
68465, 44 
65966.28 
63518.14 
61120.91 
58672.77 
56073.52 
53203.77 
49810.14 
46299.84 
42704.37 
39075.51 
35920.14 
32901,43 
29868.65 
26668.76 
22956,30 
19106.22 
15393.76 
11728.49 
8444.19 
5425.47 
2636.34 

IHDR Si 
268 205.99 
258 184.64 
258 174.40 
253 168.88 
248 163.37 
253 168.88 
263 220.97 
284 283.73 
330 354.97 
343 353.31 
352 355.40 
352 376.31 
315 285*76 
294 326.20 
294 336.61 
315 316.90 
363 366.12 
372 399.72 
363 366.12 
359 359.36 
320 343.45 
294 326.20 
274 293.16 
263 251.87 

TOTAL THERMAL COST= 	28128.99 

19 

AFTER ITERATION 2 
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ROPT 

73664.20 
70990.96 
68479,84 
66019.97 
63571.83 
61174.61 
58765.88 
56079.91 
53210.15 
49816.52 
46306.23 
4274.1.25 
39143.18 
35987.82 
32969.10 
29856.01 
26656.12 
22943.66 
19093.58 
15381.12 
11768.97 
8484,67 
5465.95 
2636.34 

IHDR 
274 
258 
253 
253 
248 
248 
274 
284 
330 
343 
348 
348 
315 
294 
304 
315 
363 
372 
363 
352 
320 
294 
279 
263 

TOTAL THERMAL 

Si 
200.36 
184.64 
179.11 
168.88 
163.37 
173.59 
210.63 
283.73 
354.97 
353.31 
359.11 
380.03 
285.76 
326.20 
327.20 
316.90 
366.12 
399.72 
366.12 
365,85 
. 343.45 
326.20 
288.44 
251.87 

CO$T= 28104,61 AFTER ITERATION 3 

m 
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73701.42 
71028.18 
68517.06 
66057.19 
63648.47 
61251.24 
58842.51 
56156.54 
53207.50 
49813.87 
46334.40 
42807.83 
39209.76 
36054.40 
33035.68 
29835.79 
26635.91. 
22953.66 
19103.58 
15421.34 
11809.19 
8524.89 
5506.17 
2676.56 

IHDR Si 
274 200,36 
258 184.64 
253 179.11 
248 173.59 
248 163.37 
248 173.59 
274 210.63 
294 274.34 
330 354.97 
339 357.03 
343 363.75 
348 380.03 
315 285.76 
294 326.20 
315 316.90 
315 316.90 
359 369.82 
372 399.72 
359 369.82 
352 365.85 
320 343.45 
294 326.20 
279 288.44 
268 247.15 

TOTAL THERMAL COST= 	28090.54 

I 

AFTER ITERATION -4 
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ROPT 

73745,42 
71072.18 
68561.06 
66.01.19 
63653.05 
61255.83 
58847,10 
56161.13 
53212.09 j 
49818„46 
46338.98 
42843.38 
39284.12 
36128.75  
33030,11 
29830.23 
26630.34 
23001.48 
19151.41 
15469.16 
11857.01 
8572.71 
5553.99 
27224.38 

IHDR Si 
274 200„36 
258 184.64 
253 179.11 
253 168.88 
248 163.37 
248 173.59 
274 210.63 
294 274.34 
330 354.97 
339 357.03 
339 367.48 
343 384.68 
315 285.76 
304 316.80 
315 316«90 
315 316.90 
352 376.31 
372 399.72 
359 369.82 
352 365.85 
320 343.45 
294 326.20 
279 288.44 
274 241.50 

TOTAL THERMAL COST= 	28074.58 	AFTER ITERATION 	5 



121 . 

ROPT 
73787.87 
71114.63 
68603.51 
66143,64 
63695.50 
61298,27 
58850.13 
56164.16 
53215.12 
49821,49 
46380.83 
42885.23 
39357,24 
36201.88 
33016.87 
29816„98 
26617.10 
22988.24 
19138.16 
15509.30 
11897.16 
8612.86 
5594.14 
2724.38 

IHDR 
274 
258 
253 
253 
248 
253 
274 
294 
330 
334 
339 
339 
315 
315 
315 
315 
352 
372 
352 
352 
320 
294 
284 
274 

TOTAL THERMAL 

Si 
200.36 
184.64 
179.1.1 
168.88 
163.37 
168.88 
2_10.63 
274.34 

. 354.97 
361.69 
367.48 
388.41 
285.76 
306.51 
316.90 
316x90 
376,3.1 
399.72 
376.31 
365.85 
343.45 
326.20 
283.73 
241,50 

COST== 28058.55 AFTER ITERATION 6 



m 

.l©T IHDR ROPT £1 
26500 274 73813.14 200.36 
25000 258 71139.90 184.64 
25000 258 68628.76 174.40 
24500 253 66129.63 168.88 
24000 248 63681.49 163.37 
24500 253 61284.26 168.88 
26500 274 58836.12 210.63 
28500 _.294 56150.14 274.34 
32000 330 53201#11 354.97 
32000 330 49807.48 365.42 
33000 339 46398.11 367.48 
33000 339 42902.51 388.41 
30500 315 39374.52 285.76 
30500 315 36219.16 306.51 
31000 320 33034.16 312.23 
30500 315 29795.35 316.90 
34500 352 26595.46 376.31 
37500 372 .22966.60 399.72 
34000 348 19116.53 380.03 
34000 348 15518.46 369.56 
31000 320 11936.96 343.45 
28500 294 8652.66 326.20 
28000 289 5633.94 279.03 
26500 274 2724.38 241.50 

TOTAL OPTIMISED COST= 28049.46  AFTER ITERATIONS 
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DATA 
35 500711000.0  

?500025000250002500025000250002500026000320003350034500365002900029000 
?9000290003650038500365003550030500290002600025000 
460 430  420 410  400  410  470 550  660 670  680 700  580 600 
610 610  700 740  700  690  640 600  550 500 

00005 .00015 •00002 
.0019911 9.60644 373.704 
x00.00 40.0 39500  .3500 
?2500 23223000 238'23500  24324000 24824500 25325000 25825500 263 
?6000 26826500 27427000  27927500 28428000 28928500 29429000 298 
?9500 30430000 30930500  31531000 32031.500 32532000 33032500 334  ~. 
33000 33933500 34,334000  34834500 3.5235000 35535500 35936000 363 
36500 36637000 36937500  37238000 37538500 37739000 38039500 382 
L0.0 
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A Note an Bibiiogz phy: 
rw~i r4 rrr 

A detailed bibliography on the "Optimum Operation 
of Power Systems 1919 - 1959" has been given in AIEE Trans. 
actions on Power Apparatus and Systems February 63 pp.86l.&7 1. 
This bibliography contains 436 authorized papers, books .and 
other material in the field of optimum op+erdtion of Power 
System and related areas. 

This bibliography has been supplemented upto 1969 
by Shri A.L. Puttaswamy in his 	WRD) dissertation 
entit'~.ed ')ptimum Scheduling of Power in Power Systems" 

University of lborke e, Roorke e, 1973. He has added 131 
references on the topic. 

The references on the topic taken from IEEE 
Transaction on Power System & Apparatus upto 73 have been 
listed here. 

A detailed bibliography on application of probabi-
lit r method has been compiled by R. Killington and published 
under the above caption in l:STE transactions, on Power Systems 
and Apparatus - March/April 1972- pp.6'49. .This bibliography 
is divided under six sub-parts as listed below:. 
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1. Static Generating Capacity reliability Evaluation .~ 
103 references on this aspect have been listed and 
contain papers on the above subject from 1933 onwards 
to 1971. 

2. Spinning Generating Capacity reliability evaluation 
9 papers have been grouped under this sub-beading. 

3. Bibliography on equipment Outage rate .. 22 references 
have been given on this topic. 

Bibliography on transmission system reliability 
evaluation •. 29 references have been given under 
this caption. 

Bibliography on general considerations - 49 references 
have been compiled under this sub. heading . 

,. 	Bibliography on Theory .. 36 references have been 
given under this sub-heading. 

The papers on the topic after 1970 published in IEEE 
Transactions PA&S upto 1973 have been brought up in 
the bibliography of dissertation. 

(1>.0t l scram 
1979 

N.R~xmamoorty & 3. Gopala Rao, ,"Economic Load Scheduling 
of Thermal, Power System using Penalty Function Approach" 
I.LE.E. Trans, PA & S, Vol. 899 Nov./DDec.1970g pp.2075. 

2. 	N.V.Arvantit3.dis & J.Eosing, 'Optimal. Operation of 
l ti Reservoir Uydro lectric Power Systemf, I.E.E.E. 
.^r~nsaction$ P.A. & s 'col .89, February 1970, pp +319 • 
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1971 

3. 	D •i( . Subramanian,'optimum Load Shedding through 
Programing Techniques", I.EJ. ., Transaction P A & 89  
Vol .90, 'anuary 1971, pp•89 • 

. 	J .Rees & R.1.Uarson, "Oomputer Aided Despatchtng 
and Operation Planning for an aectric 'Utility with 
ZbXLtiple type of Generation", I . E. .E. Trans. P A & 8 
N&rch/April 1971, PP.891. 

5. A.K. roub & A.D.Fa. ton, 'Optimum Thermal Generating 
Unit Oommi ttmen t ", i . R. E. Z. Transaction, P A & S, 
July 1972, pP .'1752 • 

6. 1 »E.1«E. committee ,Report Present Practicesin 
nonomc Operation of Po rei' System, 1. .LL, P A & S 

Juts 1972, pp.1768. 

?. 	A. Tbanikachalant & 3 .R. 1\r, "Optima]. Scheduling of 
power -fOr System Rtiabilitywt 	Transaction 
P A& St  "41.90, September 1971, PP •2186. 

8. 4.]rns'. Tc. Giras & N.R,Carson, 'load Rows by 
ffyuia Computation for Power System Operation" 
I.LE«.E., Trans. P A& S, Vol .9Q, Nov.1971 f  pp.22)40 . 

9. J .F. .drich, H.H. Iapp & J . '.Lenery "Multi area 
Dispatch", I. ,E.B. Vo1.90, Novemberr 1971, Pp.2661. 

10. A.PJbnaert, A.H,.Abiad & A.J .ICoivo, "Optimal Scheduling 
of Hydro Thermal Systems", IMP" A & S,Sanuary/Feb. 1972 
pp.263. 

11 • Thomas . Becbert & Harry U.Kvanty, "On the Optimal 
Dnand.c Despatch of Real. Power", I WaE, P A & S, y/June 
1972, pp.889. 



130 

12. H.Nicto ,son & M•J.H.Sierling, 'Optimum z ,spatch of 
Active and Reactive Power by Qudratic Programming", 
I .E. .E., P A& 6, Marcb/Apri . 1973, pp.6 +. 

13. R.DL ,lington & S.S.Sachdev, - *Re'a . & Reactive Power 
Opti tisa.tion by Sub-Optimum Techniques", I.E.E.E., 
P A & s, ray/3unne 1973 - pp .9O. 

(2) 	 thods in Reserve Determinations 

1971 

1. R.Rt11ington & C.S .ngh, *Generating Capacity Reliability 
Evaluation in InterCoz ected System Using Frequency 
Duration Methods including Effect of Over-Loads & 
Maintenance", Part I to III, 1. E.E.E., . Trans . P A & S 
`u y .. 1971, pp x 1646 	1677. 

2. Robert 3. RLngl.ee & Alien J .Wood, *Frequenc r & Uira-
tion method for Power System Reliability Calculation -► 
Part IV", I.E.E,E., P A & S January 1971, Pp.79.. 

1972. 

3. R.Ri.11ingtcn & A.V. Jain, "The :"tact of Rapid Start 
Hot Reserve •Units in Spinning. Reserve Requirements", 
I .E.E.E., P.A. & 8, IUrch/Ap ril 1972, pp .511. 

~+. 	R.B,i'1hington & A.V.Sain, interconnected System Spinning 
Reserve,Requirevents", 1.E.E..E., PA & 8, March/April 
1972, 2, pp.517. 

W.R.Christiaanse &.:3.,H. Palmer, !a Technique for Auto.. 
•matic Scheduling of Maintenance of generating Unit ,% 

.E.E. E. Trans. P A & S, Janubtry/February, 1972, pp • 137. 



131 
1973 

6. 	R.Bil.ingfion & ..V.Jain, "Power System Spanning Reserve 
Determination in a . Multi-System Configuration"$  
P A & St  March/April 1973, PP.133• 

(3) .Misceilaneousi s 

1. 	"Symposium on Load Despatch Techniques and Integrated 
Operation of Power Systems", C.S.I.P. Publication i2nd 
£nnual Board Session. December 1969. 

2,• 1 port of the Load Despatch Committee of the Northern 
.eion, Printed .nted ty M .flistry of Irrigation. & Power, 
Goverment of India. 

3. 	S.N.P.Siima, optimisrAtion of teattive Power Blow in 
interconnected System with Special Reference to North 
B hs.r Power System", M.F. WED, University of Roorkee 
Dissertation .1973. 

1+. 	A.L .Puttasuami, "Optimum Scheduling of Power °in 'Power 
Systems", M.E.(WBD) Dissertation, University of Boorkeey 
1971. 

5. I .Ramanatban, ' ptima,l. Active and Reactive Power loca-
tion in Interconnected Power System', M.E.WRU Ilsserta.. 
tion, University of Roorkee, 1972. 

6. L .K.i rchny er, "boizitLc Operation of Power Systems", 
Book John Wiley & Sons. 

7. B,M.Weedyy, "ELectric Power System", Book John Wiley & 
Sons. 


	WRDM108840.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Conclusions
	Appendix
	Bibliography




