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_SYINOPSIS

In this dissertation on Optimal Scheduling of
Hydro-Thermal Systems, various aSpeci‘;s of scheduling 1.e,
allocating both active and reactive power to hydro and
thernel units in & combined system have been discussed so
as to achieve maximum availability of generating capacity,
obtain énergy at minimum cost and utilise the resources
most efféctively. |

Optimel scheduling of power in hydro thermal
systems is more involved as compared to eptd.nial operation
of an all thermal system. Optlnial aperation of 2 thermal
system 18 & static optimisation problem i.e. the objective
is to mindmise instantaneous fuel cost which is function -
of type, sigze and loading of the thermal unlt 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-
tion 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 3

i) Long renge scheduling for plant mainte-
nance and short time availability of
reservoir. The time base 1s year/month
in this case. N

i1)  Short term schaduling for unit commit-
ment and unit hourly schéanles over a

- PP
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Hydro stations in Himalayan Regions of Northern
India are characterised by three distinot periods in a
year vig

1) Periocd of minimun head in the storage
reservoirs, during this period generat-
ing capabllity of the hydro siations is
minimun and meximum number of hyaro wnits
should be available during this period
for generation.

11) Maximn water period(Monsoons) when heads
© are high, ample vater is available and
maximun hydro-generation may be desirable
even at lesser hydrovplant efficiency.

i1i) water shortage mohths, during this \

- perlod even though the heads are high L

X

enough water may not be available and X,

\\\

hydro units may run as peaking units N

| v

v ., 'only. This is the period of hydro -
N ' 3
PR lund t maintenance, -
', . . \\\\
o o . ’ ‘ \\\
Based upon above considerations angd &#1s0 on type of
' Y
hydro pover plant whether run of river scheme or storage . A

plants, quantity of wé.‘te;' to be used over & day or week
is declided.

" Dapending on water availability over a day/week,
hourly generation schedules of hydro & themal stations
are to be vorked out (short te#m séhedulin_g) as to
achieve optimum benefits i.e, minimum oversll thermal
gost over the period, Tk;e yaridus optimisation teckniques

, ./A
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that have beﬁn deveioy deployed for problem of this nature are

1) Caledus of varistions,
14) Dynemic progremming
1i4) Biscrets naxisum principle

Thase methode are discussed in this dissertotion.
A coaputer prograune for optimal scheduling over a day of
ene hydro (constent hesd) and one thormal systean based on
incremental dynmmic programming nethod has bean developed
snd tested on & sample system, The mersts of dynamic
Programing mothod over other methods have bsen emumersted
and its extension to inglude mors hydre stations have been
detalled, Short term scheduling methods which sccount for
ghange of hesd by way of changs in reservoly and tall water
143?@3. and efficiongy ete, with dlesharge heve &180 hesn
described.

The Jong renge énh@du&&ng has besn viewed in the
light of determining mppropriate generating reserve bhased
on provebility nethods and scheduling maintenance of units
based on aonstent risk principle. This rosults in meximm
cupacity bensfits, optimum utilisstion of hydro mmd thermal
¢epacitles and cnergy benefits and meintenance of appropriate
seliability stendands over long periods, On this accounty
variois probability methods of determining genevating
resorves and method of woiking meintenance schedules on
conetoant oisk principle have boan axplained.



Optimm eperation of pover pysten involwes
optimising both active end reactive power. Optimum
schoduling of power plants for active power :'m obtained
by operating power plunts on the principles emumerated
above vhereas optimization of reactive power involves its .
allsestion to varicus gemerating units subject to thedy
MUTAR eapucity constraints and alao 1ts optimm ganeration
in the systom Yy use of capmcdtors/rosctors so as $0
mininise losses in the systom and eleo to naintain voltage
profileos within Nationgl Pexmissidle Standanda. The
dnsired allovaticn of vepebive powver mey be achieved by
axcitation cantrol of the generators, changing taps on
the dvznsformeys ond undavexciting or everexciting symchroe
nous condensors; This aspects conld bg looked after only
by loxd flow studles as such o triel escount of doad flow
zethods heve boen given and » computer flow dlagras for
load flow has bean ianclnded so that this sspest could be



CHAPTER - 1

INTROU CTION

1. IMPORTANGE O F OPTIMAL SCHEILING .

1.1 General - Optimum economy in operatdon of a power
system agsumes greater importance with. the size of the
system especially where power systems are expanding at‘
such a rapld rate as ours (doubling every 5 - 7 years).
with development of efficient modern powver station equipment
and campetition in electrical industry, maximum economy in
system operation is a growing c!ﬁllenga to Operation
Engineer, An electric utility system in the United States
has achieved economy to the extent of about is.k,00,000/1000
My of_installed capaclty by resorting to optimal operation
teqhnique( ’). An optime]l operation of power systems in
Kerala for the year 1971 was estimated o result in saving
of B.4.75 Lakhs(?

1.2 Development of Hydro-Thermel System in Indla - Hectrical
WRMWWMMe total

installed capacity which stood at 2.3 million KW at begiming

of first five year plan has nov touched the figure of 17

million KW and by the end of fifth plan 1t is expected to

reach 52 million KW. Per capita consumption rose from 18

Kwh :in the year 1949 to 95 Kwh at the end of Lth plan

periods and 1t is expected %o touch 250 kwvh by the end

.of the decades

(D optimum Aeonomy Scheduling and Allocation of Real Power in

a Pover System-By S.Ray Basak-Symposium on Load Despatch

Teclniques and Integrated Operation of Poyer System -
%2nd Annual Board Session of C.B.JI.P. - Dac. 1969.

(2 Feonomie Operetion - Keyala Pover System - by -V.Anantha




Power plants at present consist of hydro, thermal
and nuciear generating stations. This is because it has
been found that electrical energy &t minimum overall cosjf;
could be derived if both hydro and thermsl power plants
are developed hand in hand., The hydel and thermal power
plants ha#e meny contrasting feature and the best results
are obtained when both these are harmoniously blénded in
power expansion programme, Table I is en illustrative
statement to high light the comparative advantages of hydel
end thermal power plants. The hydel and thermal power
plants are no longer construed as competitors tut as
essential compliment to each other., This is supported by
examples of countries like Igland 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 Syeden blessed with abundant hydel resources
are implementing instellation of large nuclear powered-and
oll fired thermal plants for effective utilisation of water |
resources. In country like ours ble ssed with both hydro
and thermal resources a mixed pattern of hydel and themmal
geneéafcj.oh i8 necessary in the interest of national‘ conger-
vation df'.fuel energy and effective utillsation of wa.tér
rés’oux;ées‘.‘ ‘The relative amount of hydel m4 thermay pover
installed would have to be arrived at by examining severa:L
altemative expanaion schemes and then evaluating the
ﬁ.pérmial 1mlications a.s saving over a base case.

g
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TABLE ~ 14
(OMPARATIVE MERITS OF HYDH, AND THERMAL POWER PLANTS
SL.No. Description . Hydel Thermel -
. - R |
1«  Imtial Capital cost  High Low
2. Time for implementation | Long Short
3.  Flexibility in siting No flexibility  Flexitle
he Amual Bstabli shment ' ‘ ,
expenses Low High
5e Annual Maintemance expemses . Low - High
‘ Fuel expmses - NiL Significant
7.  Life expectancy . Long Short
84  Pient shutdown for \
maintenance Short Long
Ot ‘Forced. outage rate Low .?ligh
10. Pover availability as Limited by availa_ No 3.1m tat\ion
needed. bility of wter
11.  Spiming reserve More suitable for . Capaldlity for
N providing spimning providng spinnin
, o .. Teserve .. reserve 1is limite
12, Quick start up and = Starting up time Starting up time
shut down for stand is very 1ow - is long ,

by reserve




~~ - iIn such a vast and developing hydro t;hermdl' system
a.aﬁurs and in view of tightﬁ.nancial position'even & small
seving in operation of the system would further the poser

development progremme,

2. OB ECTIVES OF Op TIMAL OP OPERAEON

2.1 _@gggm}. The operation of pover system has to be such
as to maintain equality b_etween active and reactive power

generated and thelr demand at consumer end plus losses ineurr-
ed during trensfer of power. In addition, to maintain conti-
‘nulty of supply apprOpriate'reservas ghould be provided in
the system to account for any forced outage of the equipment
and other unforeseen eventualities,

2.2 Rasl Pgmr Balance - Difference in power generatéd and

power required is reflected in the frequency of the system.
Maintenance of fredQuency at ag constant a value as possiblal'
dep endmg upon load and freduency control eduipment provided.

is of great sigmificance for the heal thy operation of pover
system for fmlwing'xeasans s

1) A.C.motors which often contribute to the
bulk of the load run at speeds that are
directly related to frequency. |

1i)  Synchronous driven electric clocks depend
on the frequency error and its integral
for its accuracy.

1i1) The gperation of the system will be smoothe
er, efficient and better controlled if the
frequency error is kept within limits,
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Under normal operating conditions, the system
generators should nm sme@nously and generate together

T

the real transmission losses. 'Ihe ideal way to opera_ ,
the system would thus be to seét the water ga,j,eis’ﬁnd steam
valves of the various generators at values that would
axactly correspond to the load demand. Unfortunately the
reality ‘is not so .accoinodating, since the fluctuation in
load demand are entirely random in nature and a mismatch
in active power ‘balance is alﬁays present causing frequency
fluctuations, 7The rate of these ﬂ.uétuations depends on
totsl moment of inertia of the running equipment.

Adoption of proper methods of load freduency
control with due regard to the factors iike characteristics of
the generating units, loads, contractusl obligations in
energy supplies, etc., thus assumes greater importemce in |
the efficient operation of power system. The various methods

in the case of intercomected powsr system are flat frequency

contrpl; flat tie line control and tie line load blas control,

2.3 Reactive Poyer Bolence - The balance of reactdive power

generation in a system could be obtained by varying excita-
tion of the genera:!hérs, use of shunt capacitors, synchronons
condmsers, sb.unt reactors, tep changing transrormers etc.
The point of generation of reactive power lms an important
say :Ln the gystem losses and hence on the economics of the

system,
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The voltage profile in a péuver ss;stem largely
depend upan the balance between produced and cansumed
reactive powsr, whenever the magnitude of a particular b:ia
voltage undergoes variations this means that reactive
povwer balance is not kept at the bus in question.

Further practically all equipment used in & gower
gystem are designed to 0perate‘at & certain voltage level,
the rated 'éoltage._ If the system voltage deviates from
this value, the performance of the device suffers and its
1ife expactancy drops., Thus motivations for controlling
the wltage levels on a povwer system are strong. There is,
however, no excessive rigidity in the requirements for
voltg.ge constancy end nation wide standards allow a tolerable
fluctuations in voltage levels of + 12} % at transmission
level and ¢ 5% at dlstribution level, A muéh reduced 1imi ¢
would however be desirable.

2 Schadtﬁed Maintenance and Reserve Gapacij;[ - In order

to ensure un:!.ntermpted supply of power to the consumers,
& power system has to maintain some reserve capacity for
meeting the sudden forced outage of 'a generating équipment
and meet unforeseen load demands. Part of the reserve have

to be kept spiming and is called spinning reServe.

itte amount of reserve raqw.red for meeting forced
outa.ge is depmdemt upon t,he number and size of units in a
power s_ysbem and the e,xpected frequeney of the outage of
each generating unit called the outage rate, The outage
rate even for the same sige unit may vary from system to



gystem, Bach system will, therefore, have to evaluate

. performance of its generating equipment from its own operat-
ing experience, An attempt to maintain record in this direo-
tion 18 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 reliability, such as for simultaneous outages
expected once in ten years (which for example, is followed
in the U.S.A.) 1s thus calculated. Of course the once in ten
year criterian may not be considered realistic in the context
of our *presen_t econonmy in India i;nd & lover level of reliabi-
1lity may be acceptable for the seke of rapid development,

While the quantum of reserve requirements in a
system is generally governed by the atove criteria, the
memer of keeping the spinning reserve depends mainly on the
type ofv gm-emtor available in the system. uhen the system
consists mainly of thermel sets, the tendency should be to
distribute the reserve over a large number of sets in the
systeni. However when the system al_so includes hydro electric
power stations, the cold reserve capacity 1s provided mainly
by the storage hydro-electric stations, The power variations
to which the thermal sets especially mcl ear power plants
could be subjected is usually only a fraction of thelr
maximum capacity. In the case of hydro-electric sets 1§.rge
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amount ofWSpinning reserve capaclty could be conveniently
pmided by operating fey of the units as motdring unit,

.5 f H Units - Ve.r.tous
points which merit special attention with respect to co-

ordinated operation of hydro-thermal units are as followsi-

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

maintenance schedules.
1)  Well planned emergency operation procedure.

1il) A well coqordinated protective scheme with
no chances for cascade tripping.

Accordingly, the Optimum operation of Hydro—Thermal
Power System ensures operaﬁ.on 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 cost and coptimum utilisation of
water over the operating period.

2.6 Contents of Dissertation - The subject optimum schedul-

ing of hydro-thermal system is proposéd to be dlscussed under
the following headings: '

3. ' Scheduled Planned Maintenance and Evaluation
of Reserve for Optimising Capacity Benefits.

if.. TecmiQues and methods for optimising schedul-
' ing in Hydro-Thermsl Systems.



114) Scheduling for Reactive Powdr and Voltage
Control in the System.

iv) Case Study of Optimal Scheduling of a
Sample gystem, Computer Programme =
results and discussions.

V) Application techniques

vi)  Conclusiong.

Under the first heading principles of probability
methods and methods such as loss of load method, loss of
energy and frequency duration method of finding generation

reserve have been discusszed.

Bydro-Thermel Scheduling Methods, include calculus
of variations, dynamic¢ programming method and method of
discrete maximum principles. Method of dynamic programming
has been preferred for the reasons listed in this Chapter.

Vardous load flow methods are discussed in
Chapter Four of the dissertation and a flow programme
for meking a computer programme has been given so that
reactive power requirements of the system are scheduled i_‘or _
pinimum losses and adequate voltage control in the system
is achieved.



The method of optimal hydro-thermal scheduling
based on incremental dynamic programmng has beed illus.
trated by taking a sample study of one system comprising
one -hydro (constant head) and one tharmal system, The
computer programme has been developed and successfully
tested on the sample case. The results are also discusseﬁ_ﬂ-
in this Chapter, |

&

The Chapter on Application Techniques contains
@ brief account of method used in comverting these operat-
ing sé.hédnl‘as into practice, A brief account of load
despatch technidies 1s given in this Chapter.
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2,1 Generel s

The maximum plarmed capacity in a system must be
equal to the sum of the peak load, scheduled maintenance
requirement and the capacity required for forced outages.
Capacity benefits in the form of increasedng:ak load supplies
can be attained by properly scheduling plan¥ maintenance of
hydro & theymal unit in the systems and optimm evaluation
of capa‘city' required for | forced outages keeping in viey the
reliability standard requived, |

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

(1) x)atemi.natidn of Generation reserve for
forced oumges.
(1%) Detemimﬁ.on of planned maintenance Sehedule.

2.2 ggplivca-t;ton of P_robability Mevthodg 3

" Application of probability methods have been
recommended by A.l.E.E., Commlttee for evaluation of reserve
capacity in the systan( 1 . Several criteria and methods of
computations have been devalcped.oﬁei- the years so as to
bring into focua several criteria) of rddability of a
'system. In the analysis of ewvaluation of system reserve

(D A.I .E.E. Committee Report on Generat:in capacity Problen,
A .E.E.Trans. PA&S Vol .79-February 1961.



' . protlems, 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 1s complicated by the
effects on reliability of dally & seasonal load shapes, of
maintenance outages, of interconnection of uncertainities in
load forecasts and of river flow and storage wnen hydro -
electric capacity :t.s imfblved. '

Depending upon measure of réliaﬁility three methods
‘of generation reserve evaluation are as followsi-
(1) Loss of load method
(1i) Loss of energy method
(141) Erequency duraticn method

Application of these methods wtlth special reference
to the ewvaluation of the effect on system capacity require.
 ments,of maintenance schedw.ing has bem discussed.

Before describing the methods the follow!.ng terms
usuall% encountered in probability. studies of the determina-
t:i.on/gener-ation reserve are aeﬁned. -

2e2.1 ongs -

(a) Forced Outagess: -~ A forded outage is the one
which pesults from the failure of the turbine, generator or
- any of themrauxiliaries or pertinent structures extending
from the water passage to the gméré.tor_ lbads' that requires
that the unit be taken out of service.- .
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(b) Forced Qutage Rate - t/T, where t is quration of
forced or emergency outage in days and T is the total time
during which equipment has been exposed.

v(c) mm Duration of the outage extends from the
time the unit was removed from service until the repair
crew cleays the unit for operation. | i

| (»d) W@g - bﬂ.Iumum duration of forced outage
is the minimm time required taking recourse to overtiue, |
shift work etc. to complete the necessary repairs to make
_the unit available for service. |

- Average duration of outage (0

Total forced outage time for outages on record

4= Total number of forced oumges

- - Avérage Interval of cmtages (n .

mposed time of the unit on record

.=
Number of forced outages

: Fm’qnency of Qutages = (j/l’) , ~peclprocal of interval

(o) W - Mme of @eration is the totel
time the units was synchronised with thevsystem, vhether or
not it was carrying load. Also, on any calendar day that
& unit operated, but was st down for a peﬁdd 6r 2%- hours
or less due to light load conditions, the unit is assumed

to have operatad continuously over the P hours because the
risk of outage due to starting and stopping 1s assumed to be
a great as if it had remained in service.
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(£) Uniform System - A system where all machines are
equal, in unit size outage rate and average duraﬁj.pn: 611‘

outages.

2.2°Loss of Load Method - In this method a probability |
tdble' of cépacity outag’e,bf the various combination of the
machine based on the formilae given in ﬂ.ppmdix' entitled
WMathemat ical Methods of Reserve Studies®, is conatrﬁcted. '
The combinations are generally restricted to the capacity
outaze of tha‘ % machines at the most to avoid excessive
calculation. From this table a cumulative capacity outage
table for the system i,e, & table showing what probability
exists of loosing capuclty equal to or exceeding various
amounts, is constructed. .

The cumulative probability talle arrived at does
not indicate what probability exist of & system loss of load
but confines itself to loss of generation only. To know
what protability exists of a system loss of load, a knouledge
of system load characteristics 1s required. A load guration
curve for a tjrpica; system over a year is shown in Figure 2.1.
The steps involved to find .out ioéé’ of load probabilit& for
the year are given ;Ln flow d;:.agiam shom in Figure' :2?2".

Mvintenance should be considered &s & reduction of
capacity. However, without significant error it may be
conslidered as an increase of load. The inclusion of maintena.
nce &lters the peak load variation curve. The revised load
duration curve becomes as shown in Figure CRIS)
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Holntgnance is to be included in such & genner s
to minimise the ordinates of datly pedk lood variation curve,
Bowover a medntenanes pattern once followed is not considered
to change even though a maintenance pattorn that was mn
oplimum one at a high 1ood level might not be optimum at

~ After the maintensnce has bésn incorporated in
dolly peak loszd variation ourye, oaputor worke cub the loss
of losl probodility sssccisted wh pm hourly losd selsctad,
The flow dlapram 49 given in Plgure 2.2

‘Next step 45 to peloot various volues of peak hourly
intsgrated lood and to obtain tho agvoclatod loos of loed
probobildty for eash 8o thab the loss of ioad probatility be
plotted as function of system loed ss shown m Flgare 2434

The time required to coloulate a table of cappoity
sutage probability dopends upon numbexs and Fatings of the
‘uniby eomprining the systeme A system conposed of identical
units vill yiald o mach shorter cutoge probubility tehle than
one having seme mmber of units bt of different ratingse

The time veqired to obbaln o sel of points dsscride
ing 1ose of lost prebablitty o o function of load depends
upen swrber of polote toon, By ineroecing the wvalus of
load imarements, fow podots will be tehon and ssloniation
tms reduced for caleulation of loss of lond probatilsty for
given load, | |
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[ SELECT ONE STRAIGHT LINE SEGMENT
OF THE PEAK LOAD VARIATION CURVE
FOR ANALYSIS, DE TERMINE THE LOWER
Tn~1) AND THE UPPER( Tp,) LIMITS OF THE
TIME BAND INVOLVED AND THE MAX LOAD
THAT COULD POSSIBLY OCCURE DURING

1

SUBTRACT THE MAXIMUM LOAD POSSIBLE
FROM THE INSTALLED CAPACITY. THE
RESULT SHOWS THE CAPACITY THATCOULD
B(E)ALDOST WITHOUT INCURRING A LOSS OF
L .

T

y

Scarch the capacity outage table for the
smallest capacity outage that equals or
exceeds the amount shown by step 2.call this 0K

Y

Determine the time for which an outage of
Ok or more would cause loss of load This
could be for the entire time band or only a
fraction thereof should the load decrease

sufficiently so that an exact outage of Ok
wolld not cause loss of load.

FROM TABLE LOOKUP,DETERMINE THE
PROBABILITY OF AN OUTAGE EQUAL TO
OR GREATER THAN Ok- CALL THIS Py

TAKE THE PRODULT OF AND THE
CORRESPONDING TIiME tk COMPUTED
FROM STEP

Repeat steps 4,5 and 6 for the next period
of time within the seiected ‘timc’baad. Note
that the outage considered now is K+l

Repeat until entire time interval consideredis

covered.
i

Sum all of Pt products to obtain the
probability J‘ loss of toad during the
time interval being considered.

FIG. 22 DETERMINATION OF LOSS-OF-LOAD PROBABILITY
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An acceptable probability of load in excess of
gvailable capaclty may be taken as less than 1 day per year.

2+2¢3, Losg of Energy Method - The first step is to compute
capacity outage vs probabllity curve for the system. To find
out }:Loss of energy during each month, recourse is made to
load duration curve of ea.ch month (See Figure 2.4),

Prom the Figure 2,h, we conclude that for outage
of caopacity less than OK, there will be no loss of energy.
For capacity outage exceeding OK1, the emergy loss correse
ponding to say OK1 is glven by area A - in Figure 2.4, Simie
larly energy loss B corresponds to outage COK2 and so on.

Depending upon probabllity of forced outage and
copacity outage and the peaking energy terms (Area Ay B and so
on) the expected energy loss ( £A) for the entire month is
worked out for the load duration curve in question. The cale
culations are made for each month of the year taking into
account the representative load duration curve for each month
and enticipated reduction in net dependable ¢apacity caused
by equipment overhauls and factors such as reduced operating
heads resulting from drawdown at hydroe-electric plants,

By finding the expected energy loss during the
entire year, the index of reliatility defined below could
be found for the year.



Expected index of reliability = ( 1~expectedhenergy loss) /

Systen load by available for the
month.

The ingex of reliability for capacity outage of OK shouid
lnot be less than 1ong time hiahorical index. But tae calcula- "
tions must be repeated with other values of mserve it‘ the
ca.lwlated index of reliability is unsauafactory. 4 curve |
simlar to the curve shown in Figire 25  dis plotted and
necessary reserve corresponding to desiied :Lnd.ex_ ot reliakdlity
found out. a |

24244 FreQuéncy - Durstion Method « Expectations ‘of} forced
outages are cslculated by probability methods which ghve
results in terms of frequencies, intervals and average

durations. This method gives more significant results than
the usual §mbability calcwlations which give results in
terms of Ii'é’cio. :A probability of 01 indicates an outage
for 1% of ume but it does not state for example whether the
outage oc:curs once in 100 days with a duration of 1 day or
once in 500 days w:l.th duration of 5 days, the later being a
‘more seriaus.

Excessive calculations | are v',xféquired fof a éompiletely
diversified systems and 1t is not praetigaﬁa"ﬁé hénm.e a
complex dlversified power system of modern type évéh i-rith the
ald of digital computer . For pmctical purposes it is thus
found convenient and suff‘.i.ciently accurate to subdivide the
system :mto ‘subgroups of units which could be ¢onsidered
reasonably uniform Sub-groups shall be so selected that the
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deviation of individual sizes from the average within hth_e'
group, as measured by the standard defiations wnl give
resﬁlts ﬁ:Lthin'the desired accuracy. The standard deviation
i o. measure of the discrepancy in thgfnagnitude of mul tiple
outage introduced by using mﬁltiples of average values for
the group instead of the sum of their individual values in
their possible combination. | '

Standard deviation ig defined as

z\///Z‘f.' ¢ X‘-“; )2

=f
where X = arithmetic mean, £ frequency of occurrence and

x are the individugl values,

VAN

Vhere n 1is the number of terms, X the individual
value of 'ea.cﬁ term,
For calculating the valueq in each sub-group the AppendixA

' melhads o determination’
entitled Mathematical eal-enlation dn- reserve/may be saen.

After the. values for each sub-group have been ¢alcula~
eghed.
~ted the results are ma-rleed ma.tnemtically vith each other to

glve the values for the composite system (See Appendix A )

These values of probability, everage duration,

~ intervel between outages vs capaclty outages are then’ plotted

| and depending upon the interval acc?}:’f:.:)le as’ zaii.: of
reliability i.e, either once in five years, ( a‘normally

taken value) y the duration and outages are. round. out and as



such Zhe Tequived reseyve,

2259

The ﬁm mber 2‘6 dmct:a tho variation of dally
peak losd within sach month over sevaral years for a typical
gystem, The abscises shows the differsnce between monthly
pedk end dally poak and the ordinete shows the probadility
that thess losd differences will be equal to or greoter than
the arount showns The curve shows that for the yesar under
conslderation in 90% of the cases, it nay be expected thst the
doad will be ot leazt 65 MW elow tho monthly pesk, AS a
matter of Judgement, tho provision for the 10% cnses whers
tho lood wAght be neaver £o the pesk is not Justified, Theres
fore, the praking factor nsy be subtracted fyom the reserve
requirenents worked out. If a bhigher monthly pesking faoctor
vap taken, not only the necsssity of voltage reduction would
arise more frequently Wt also the magnitude of reduction
wold be grocter,

24245+ Gomparison of sthodes » Hedative mexits of method
4 24 3 xm .'m ;pwnim insight the mmm give and
floztidlity to changes in system conditions, Whereas methods
1 & 2 eusily socounts for the system losd variation method

3 gives more ineight into tha actusl cutags duration and
interval of outage but 1t has no relation to system losd
turvess In each one of them the reliabllity is measured by
a different index,




Plsimed mointenance schedules ars to be worked out

so that the maximm capacity benefits are achieved and also
meximas use 1s made of avellable hydro yesources. The
congtent risk prineiple is followed to work out optimum
muintenmes sohesduless It states that sum of monthly pesk

' | hanling sequirements and limitations (due to
wormer condenser ciroulating water) i1s constant throughout

the yearse This scheme bas the effect of providing essentially
the some amount of capaclty to toke care of forcad outaoges on any
mentily peﬁs day thx%mghﬂrtm years; In cgontrast excess reseve
wiil be avallohle during most of the year it the Teserve wers
plmmammwmwmmmmmw the year, .

| fscenge abdlity to meet smorgencies is essentially
gonstant throughout the yesy with reference to 12 monthly
perks, this scheme mekes the most efficient use of Feserve
espacitys The result therefors is minimum requiysd total
copacity for a given degres of servics relisbilitys

The development of tho constant yisk pmciple has
been & consegquence of change in yeorly losl euwrves

In practice the idea of constant risk principls
con not be fully sohieved for the following



o 1.2\4

It is practically impossible to match the over-

hauling schedule with the load curve so as t.o achieve 2
perfect: ~constant total of monthly peaks, overhaulings and
limitations. SIhis 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 overhauling snd maintenance of the various pieces‘

of equipment is increased by a star¥ing allowance. A stacking
~allowance of 15% applied to the calculated overhauling require-
ments is consj.dereo. adequate and this percentage is generally

used’'in calcwlating planned reserve requirement.

Second the eduipment exposed to forced outages is

" not constent throughout the year because the eQuipment in opere-
tion varies om account of qverhaulihg and 1imitations., As &
consequenée'éxpected forced outages of a given frequency are
not constent throughout the year, and therefore risk is not
strictly constant even 1f the margin in capacity provided for
forced outages is constant, Galculations shows. that allowing
for the variation in exposure results in anout 5% in |
maxlmum derivations in magnitude of forced outages from the
yearly average. - -

The constant risk principle is illustrated in
. . ’ . =
Figaufe 27 3

In case during any month sum of: montm.y peak load,

L\\m\\ot\‘\OV\S

, with no overhaul:l.ng exceseds the. su,in otf monthly *
peak load and overhauling and 1imitation forvthe o'ther
months, the required capacity can be so evaluated that a



& someyhat smeller reserve in the month is coxppensated by &
somewhat longer but constant reserve in the remaining eleven
_ months; In this way the ability to meet forced outage
mvé:ip‘a‘btedmptq,any standafd.of. feliabiliti.would stdll be
‘maintained, However a caution 15 to be exercised and in’ ho
case the reserve margin for the month under consideration
should be less than required to take case of outage of
£reque sequence onee in 2 or 3 years if the reliability
standard followed for other months is once in five years,

In case the ganeration capabil;_tiea of the gystem -
are varying throughout the year, the_ prihciple of Schéduling
is {o arrange scheduling such that water is utilised fully.
In a developing system as ours, ihe load is restricted by the
available capacity :m' the most eriticel period. For northem
reglon this perlod 1s May/June when the reservolr i depleted,
‘head is minimum, For maximum utilisation during this period
‘no unitgshould be on maintenancs (neither hydrc nor thermal).
Becé.ua'e of -re.dnced.eapabuity of hydro units at low head
maximum number of hydro units should be available for same’
generation, Maintenance of thermal units will cofiSea curtail-
ment of ¢apacity. From July to September i.e. during the -
period when reservoir is filling and weter inflow is maximum
agein no hydro units are put on operation_ 80 that maximim
number of units could be run to utilise the monsoon 'inflow &
avold spilling. This 18 ldeal time for mainiﬁance of
thermal units.
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CHAP TER - 3

3 THCHNIQUES AND METHODS FOR OP TIMISING
SCHEIULING IN HYDR) THERMAL SYSTIMS

3.1 General

The essentlal dlfference beﬁween the most economical
operation of an all thermal system and & 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
wnits of a combined hydro 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 hydro
thermal systems too, it will be found that in thse iniidal
stages the whole of the load demand is to be met from hydro
Iilants only. This is ‘because incremental cost of hydro gene-
rator is negligible as compared to thermal cost. For the
later part of operating period, the whole of the load demand
woul d have to be met from thermal sources only as the water
quantity would have been exhausted in the inltial stages only
i€ instant to instant economic criteria is followed for hydro
thermal operation. Such an operation vith limited Quantity
of water available over an operating period may be far from
Optinnim. The problem of optimal hydro thermsl scheduling is
thnhs of dyﬁanﬂ:c optimisation i.e. one has to take in account
the vater usage policy over the operating period for optimum
venefits. 1t is therefore necessary that the representation
of the operation of a hydro therpal system must, in effect,



oo

Fran October to Fobruary, the hydro resorvoirs are
£ull 1.0 hood 18 high tut water inflov starts reducing. At
this time the water should be preserved for maximum use in
future as such this 18 1deal period for maintenance of
hydro units. The reserve genorating capscity is worked out
by cither of the method described and accoydingly maintensnce
schotiules are worked ocut,



¥

be able to ™remember® all the pertinent conditions that are
expected to oceur over the operating period and then to relate
then to each other so as to results in the most economical
operation, ' |

3.2 Pertinent Factorss
3,2,1  For an all thermal system knowledge of the following
is required for the determination of the optimum operations

t. - Incremental thermel proguction cost as a func-
- tion of thermal generator, (Fige3.1).

2.,  Incremental trensmission loss ;ché.racteristics. '

e Expected fl_lture load for appropriate short
time intervals, prefeiébly at least by hours

over the operating period under study,

- %.  Units between which load is to be allocated. .

. 34242 For hydro-thermal systems, édditional knowvledge of
following is required for determination of optimum operation.

1.  Expected 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
lcomprise knoyl edge of .

&) goeneration of the units as a function
~ of discharge and the head. Thals can 9
include effect of intake losses when
.each unit is supplied by its own intake
(F1g.3.2 & F1g.3.3)



b) Pond elevatibn as a function of storage
which later is a function of pond inflow,
piant discharge and time, the evaporation
losses and other losses in the reservoir
area are noglected. (Figure 3.4).

¢) intake losses when two or more h‘ydrp
units are snppliéd by a common intake.

d) Tall race elevation as a function of the
plant discharge (Figure 3.5).

These various characteristics can extend over quite
a x;L'de range from fairly fla,t to falrly steep system incre-
menf,al thermal production cost curves, average Hydro equiva-
lent curves and tall race and pond elsvation characteristics
curves with rather high and steep and rather low and ﬁ.at
mcremental hydro eduivalent curves.

3.3 Type of Hydro»Plants and_Their Comparison with Thermal
Plant Characteristicss

Kyd_ro plan’cs may consist;! of a number of iypes of
power plants as given below having different operational
echaracteristics: '

| "41) " Run of river pla.nfs without pondage
2) Run of river plants with pondage
'3} Reserwolr plants or storage plants
%)  Pumped storage hydro plants.

. Wpter storage is stock pile o« energy # similar to
thermal plant coal pile with the essentldal difference that
1ts stock 1s replenished only at specific interval and this
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depends upon the weather conditions. Once used wber
'resources can not be replaced until the next natural perilod,
but if not used, thel;iw naturael replacement is necessarily
vasted. This givas ‘riée to a judiéious estimation of th_e .
water ensrgy based on probability approach and their use for !
~ optimum bemefits accordingly. -

3¢3.4 Rin of River Plants Without Pondage - Run of

river plants produce electric power at almost constant produc-
tion ‘eost. But 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 utillsing the water avallable to
the maximum extent possible without vasting it. This arrange-
ment relieves the generation of power, to the extent of run of
river plant maximum capacliy in other plants where water may
be easily conserved/fuel saved and betier utilised in futwre,

3.3.2 Run Of River Plants with Pondage - In these plants

pondage to take over load variatlon during any day 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 he used for peaking
purposes i.e. the daily infloy is mbst economically used over #
the daily peak load period. This means that hydro ﬁlants
dischargés over such an Operé.{.ing period is much larger than
the inflow so that a loss of pond elevation and econsequently
8 loss of head will always result as compared with maintaining
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a full pond. If we assume which generally is the case that
the dlscharges of the hydro units at the maximum efficlency
loadings taking into account thé variation of such discharges
with head is commensurate with the plant total discharge, 1f
ve should now load the hydro units for maximum efficlency
the head would be lower all day than 1f they were loaded at
less than for maximum effic;éncy during the earlier part of
the day and then gradually increased to loadings at maximum
efficiency and then beyond towards the end of the day. Some
dogree of this latter type of operation results in optimum
¢o-ordination.

3.3.3 Storage Plants - The hydel stations where water is
drawn from a storage reserwoirs, the regulation of water for
.gemeration of power should be as economical as possible, In
other words, the generating"units mist be Loaded to thewir
maximn efficiency for longer duration of a day if water .
conditions permit. Further the load allocation on the plants
should be done keeping the avallability of water in different
season in view, During floocd éeasons (Monsoon) the plants
nay be Opefated at reduced efficlency Lf necessary even
though the incremental water rate of flow is high in order to
utilise the excess water which 1s likely to go waste. Fopr
facilitating this, the drawal of water from ﬂne 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 ares of the reservolr into
consideration. The pond shortage 1ikely due to advance with-
draval 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 ideally sulted for working
on peaking units provided sufficient balancing storege can
be provided downstream of the j:ower plant to even out irriga-
tion releases in case of mul ti-purposes schanes.. '

3.3.4 Pumped Storage Plants - They are primaxly meant for
taking short term and unusual peak load ocn a power system and
for serving as an instantly available :-eserve capacity for

the system. The basic principle of their operation 18 to
store the supplus Rectricel Bnergy either hydro & themmal
generated by a power plant or available in a system in off
peak periods in the firm of hydraulic potential energy with
the aim to regain it in periods when the peak demand on

the system excoeds the total capacity of generating plants.
There is no pumped storage plant at present working in Indla.

3.4 Advanteges of Hydro-Theymal Systems 3

Pover plants at present oconsist of hydro & tmi,mal
'systems. ‘This is because it has been found that electrical
energy at minimum overall cost could be derived if both | N
hydro and thermsl pover plants are developed hand in hend. ‘-:
This also results in effective utilisation of water resources.\""'
Thermal pover plants have the advantage of less initdial cost,
less time for implementatlon, flexibility in siting and
better availability as compared to the hydro plants, Hydro
Power planis are qQuick to start and shut down, are better
in respect of spimning reserves and are ideally suited for
providing reserve and peaking capacity. Further amual mairien:
maintenence expenses, fuel expenses are low. The units are
suitable for pumped storage Ope'ration, stable operation ,
are more flexible in load sharing and ammual establishment



expenses are low. Hydro plants have less forced out age
rates and more life expectancy. Because of theéé contrast-
. ing properties of hydro & thermal systems, the best results
are obtained when both these power plants ave m:-moniously
blended in power systens,

| 3.5 - Op tdmum Schednling of Hydro - Termal Systems 3

Factors that are to be considered in the operation
‘of a system with both thermal and hyd.ro units depend largely
| on me degree of storage development md the pmpert.iom

of the two types of supply.

 The large and ef,.‘fi‘cient thermal stations are best
- utllised for base load and hydro plants with thetr favourable
characteristics are best utilised in meeting the peak loads.

'The spiming reserve requirements of the system are
most advantageously supplied by the hydro plantis,

“when steeam flows are high some ovf the hycird plants
may be operated continuously saving coal in thermal genéra.-
“tdon. Even if péak demand themal is neéeSsary'.to'suppleant,
1t should be done such that variation on the thermal energy
are minimum, Conversely,when stream now is 1ess, thermal

stations are worked longer to store power 'in the reservoir

to meintain higher heads and provide higher peé;ldng capacity.
It 1s in this connection that the economic utilisation of
pumped storege scheme is best ttilised.bn these considerations
listed here, the @ antity of water to be ut:!.:.l.ised over a
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day/veek is fixed. DBefore allocating the generation among
various units, it must be decided as to vhich are the units
to be cperated in a power plant,

3.5.1 Unit Commitment - Unit participation programme helps
the load despatcher to decide which machines aball be operated
and when a machine or machines shall be connected ;l dis -
connected from the system. The principsl consideration in
deciding number of units to be operated in power plantsjsthat
during any howysufficient units must be run to carry the
loed and provide the spinning reserve, Whereas smtting
down an inefficient unit at minimum load means that the load
could be transferred to more efficient unit, the decision

to éhﬁt dom ‘a unit depends upon number of factors including
the following :- '

1) The number of hours the unit can be shut
“down before it is reQﬁired again,

ii)  The cost of starting up the unit

iii) - Te relative efficlency of .the unit to shut
| down compared to the efficiency of the unit
left running,

" The vunit véomm.ittfex.nent. programe isv decided by mode_l
study of the system by éomputing the total product-ion cost
by caiculating the fuelv cosﬁ, the cost of sfartd.ng up ami
the cost of shut down if any, for various combmatiens of

n/c to minimise the total prodnct:!.on cost.
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3.6 Short Range Scheduling Methods of Hydro Thermsl System s

he various optimisation techniques that have been
successfully employed for solving the short range ‘Optimal

. 8cheduling hydro therwal problem i.e, dividing the total

generation required to meet system load betwesn 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 water is utilised fully for

hydro resources, are

i) Calculus of variations
ii) IDiscrete Maximum principlse
114) Dynanic programming

In calculus of variation methody performance differen-

iial' equation for minimum cost are written both for hydro sub-
system and thermal sub-system. These equations are solved for
obtimum scheduling by making use of physical system equality
constraints (i.e. generation and lossas must be equal to
system load during any hour) and also that total quantity.or
water used emals the quantity of vwater available for use

over the day. Tis method becomes extremely complicated vhen
constraints on system variables (like minimim and maximam
value of hydro/thermal generation) are imposed, the fundamen tal
assumption of this method being that independent and arbitrary

variations can be made in system variables,

Dynamlc programming method is.quite versatile in
solving problem of this nature and over cetie the difficulties
of method of calalus of variations listed above. It operates
the system :m every possible combination of hydro and thermal
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generations from hour to-hour and then selects the combina-
tion of hour to hour scheduling that results in minimum
thermal cost over the operating period. It however suffears
from the disadgantage that a very extensive search has to be
esarried out vhich results in mopé time and also requirements
of memory increases congiderably with the dimensions of state
variables. |

Much attention has recently bean given to themethod
of Pontrygin's maximum principle. This is applicable for
continuous systems described by first order differen’ciél
equations. A finite number of discontinuties and €fonstraints
oan system variables can be easily handled.

The above 3 methods are desfribed in detall below.

3.6.1. Short Range Optimum Scheduling ef a Combined Thermal

- Hydro Rectric Power System - Variational Tecimidques
The optimum scheduling problem wlth transmission
losses rigorously considered is defined as followss

The objective is to minimise the total fuel cost
over the given operating period of time while using desired
amount of water from the hydm plaxits'

i.e,

T
v § F(PS) dt= minimum cessel)
n 0 _

Where  F(PS) = Production cost per unit time of thermal

| plant n as a finction of its output P, in My
;B = 12, 3,..,& A denoted total no,of thermal plants
’ in the systen,,



Psn = Steam generation of nth unit in M.We.

PKJ = Hydro " Jth .
é_PSn + é—PHJ PL = PR | .’....(2)
n=1 I=1 ,

=42 ...,f the total number of hyaro plants in the
system, P; 1s system losses & Pp the load demand in My,

A specific amount of yater is to be used over the periogd
.- at each plant,
SRR
S qi dt = k’ a constant ..io;(B)
0

qj = discharge of 'jth unit

I PH.J is consigered thtion 6f‘ discharge alone(i.e,
constant head). | | |

q., = QJ ‘PHJ) vooeolls)

| The co-arcunation emation for optimum scheduling
of hydro thermal systems are given by Biation (5) & (6)

?i’%-’ '-'%—'3)‘. y n=1,2, opi;)o( (5)
.-Hi *AQPHJ —-)\ | 00000(6)

where J = d\+1y.._ ’(OL‘.'B)

where

ar
E%E; = Mcremental fuel cost of thexmal p].an n, in

. per Mw hours.

DL a
75% = Incrementa), transmiss:s.on loss of thomal plant n.



A
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.

ag: . )
ﬁ =z Incremental water yate at hydro plant j, in cft/Mwh.

oL o ’ .
SPH, < incremental transmission loss of hydro plant }

) = Incremental cost of recei?ed power in B/Mwh

ry = Constant which effectively convert an incremental
‘water rates into incremental plant costs.

ol = Number of thermal plants
@ = Number of Hydro Plant

Ty is also Lagrangian multiplier which effectively
converts the incremental water rate into eduivalent plant

cost ”j l1s chosen so that deplyed amount of water is used.

’ ar d g
If the "ET;%E & Efﬁg‘ terms in eqation (5) & (6) are

assumed linear functions of output pover they e¢an be yritten
in the form

oF .
E?%;:. s Fm PSn + fn i‘.oo‘ao(?)

4 o |

dP%‘ = qdj PHj + qd | 06000(8)

fransmission losses could be expressed by equation
m “m “n

LT‘ ¢ & Pp_B_ P
m n

Where P, are the plant loadings & By 10ss formula
coefficients thus (5) & (6) becomes

Fym P +E 42> (% B P&+ 32 By PHD=A  cvea(9)

Yy Qg PHy4ryqy+2 My By PH+ 2B PSHs o0 i(10)

R Y
N
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The <qns are solved for different values of )\ & Ty
sucb that ths total gensration ~ lLosses = desired load and
that quantity of water used in hydro plant ger the pericd is
the desired @ antity.

Flow chart for solution of equation is given in
Flgure 3.6 |

Effect of Wriation of Heads

For variable head problem the water conversion
coefficient becomes a function of time instead of a constant
as in the fixed head derivation. Ihe calculations and
economic schednle for this case of variatlonal head hydro
electric problem reduires solution of non.linear xﬁ.ff erentdal
aquation.

Glven below 1s the Ricard equation for a 108s less sys:
em considering effect of head variation®?l)

M=) % (E 25 at ) (11
{ — =r=s=r 0 . ' sssee\ }

where - ) = system incremental thermal cost at time t in
Bs./h/mw

gh = generation of hydro plant at time ¢ in Bs/h/Mw
4 = Hydro plant discharge at time t in thousand f£t3/S

r = later Conversion Coefficient at time ¢ in hks/hy/
thousand £t/

r, * ﬁase water conversion coefficient in Rs/hr/thousang

££3/s.,
H = Head on the hydro plant at time *t“ in ft.
A = Area of pond at time ¢ in sq.ft,

H) Inside Hydro- Thermal Co-Ordina tion,C
otion PA & 8, Vol.86 - Jenuary 1967, pp.106

.W .mtcl‘b m-1EEE transa.
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2h ' |
The partial derivative ( Y] )n' the nominal incyre-

mental hydro equivalent (before adjustment for the effect of
incrementsl, head changes with time as a result of withdrawals
from the storage) is substituted for partisl derivative S5K
given in the statement of Ricard Huations., This substitu-
tionsfmade so as to allow for the effect of changes in tail
race and intake losses in additlon to the effect of changes
in the unit characteristics with changes in plant discharges.
Inis partial derivative then accounts for all the effects of
changes in plant discharges except that of changé in pond
elevation. The RHS of equation (11) is then intended to
account for the effect of the incremental changes in head
with changes in storage. The partial —%‘i in the integrand |
of the exponential depends on the characteristlcs of the
wnits in the hydro plant and is always negative. Its value
at time ™" dependé on tha'uydro plant loa'dltng at that time,
The value of the area of the Pond A, also at time kA ¥
always poSitive and depends on the elevation of pond at that
time being smaller for lower pond elevation and. icnger for
the higher, | | |

This means that the integrand is always 'negétive with
the result that the integral exponent is always negative ekcept‘
for t = 0, vhen it equals zero & r = r,. The exponant then,
except when the hydro plant is shut down becames a larger
negative number with time. Its rate of change is governed
by the unit and pond characteristics and the loading of the
plant. 1t 1nﬁreases,t'as_tei- w:l.th heavier pl.aqt loadings and
the smaller pond areas that results from 1ower pond elevﬁﬁ.on,
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when the plant discharges are larger then the infloyw and is
comstant vhen the plant is smt down. This then means that
r is always smaller than p, during an operating peﬁod A ways
becbming smaller with time, vhich is shown by decreasing value
of r betwean ¢, and ¥, in the lower portion of Fig.3:7 -
- This requirement of decreasing ;mlue of r is matisfied with
initial values of both A and ( 2gh/ d g), being on longer
side and then both decreasing with 4ine . Figure 31  shows
that this condition for ) is met initially with larger value
of thermal generation and then with decreasing values with
time.Figure 2.3 shows indirectly that the conditions for
( dgh/d 9), is met initislly with smaller values of unit
discharge and consequently smaiier valuwe of hydro generation
as seen from Flgure 2 2 and then with increasing value of
hydro generation with time, This indirect relatlonshlp between
dgh/ 0 q of Flgured-3and ( 2gh/ 2 Q) 1s because figure 33 is
shown for constant head on the units whereas (O gh/2 Q) 1s
for the plant vhich is subject to head changes with charges in
plant discharge that must also be taken into account. ey are
related by the followings |

> 288 b |
(=B = S5 - S (& L8 L

Where I isintake losses at time "t% in £t,, M is tail
race e¢levation at time "t" in feet,

A novel feature of the Ricard equation is that
becausé"ct' ;’ta‘ éontdnualz,y‘ providing values of x owerthe
whole of épplicable" operating period, it determines a single
path alang which i_'he operation mast proceed. This operation
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will always be optimum if the amount of water s 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 velues of T, are tried until they are.

e applicablility of Ricard's equation is limited
to the comordination of hydro thermal system for a single
day et a time at the most because of 1ts continually decreas-
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 which may be
defined as the time, usually in thé moming wvaen the pond is
at its maximun elevations. This characteristic is illustrated
in Figure 37+ Tis characteriatics present no difficulty so
long as the optimum operation requires that pond be refilled
each day. Hoyeger if the optimum operation requires partial
rofill during the day or from day to day the same difficulty
of aiseon,ﬁmuons T is experienced. '.lhié is shown in Figure 32

Dynamic programming method and other conventional
methods have been found satisfactory to avold the above
dlfficul ties of the Ricard equation bﬁt they all lack a way
of knowing how far we are from the optimum operation with
the use of any of these methods.

A modii‘icat:l.on ho overcome the above predicament
is the pmperties that tme inoremmtal wvater w.lue over
any valid Operating periOd 1s constant. Its derivatt.on is
based on the concept that ‘brua incremerntal hydro equivalent
dgh/dq, the total derivative of the generation of a hydro
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plant with respect to discharge, should include the effect
of incremental changes In head with time as a result of
changes in pondage with changes in plant discharge.

be

This requires that expression
B £ o= (q- /¢ veees(13 I

added to nominal hydro equivalent (O gh/Jd Q) in order

to obtain dgh/dq , the time hydro equivalent
g&g ‘M‘ * S\_ ‘ "‘_a'a -, 'aa"'j 00000(1"!‘)

for e convention hydro development &

dq

2
et Den . 4 &as(eed -z, @/ds- B g
s B

| I & )
For a pure pump storage project where

P = Pond or upper reservoir dlevation at time & in ft.

= Wthdrewalg from storage of the pond or upper reservoir
& the addition to the storage of the lower reservoir
in thousang ft3/S/hours at time { as compared with zero
withdrawal for & full pond or upper reservoir and zero
addition for an empty lower reservoir.

r = yate of pond inflow in thousand £t3/S at time t with
sub-vscript 1 & 2 designating respectively the upper
- and lower reservolrs for a pump storage project.

Then with e = e (gs) . deneal16)
81 =L (t) - Sh (Qgﬂ) S : R .o-.o(17)
q = Q(t) ‘ . ' . ...‘.(18)

d-
d
{
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-

we have -gg— = %g-g_. g&g s N( %: - %?):N f...(19)

where ¢ 18 cost of system steam generation in Bs/hr.

L = load at time t in My

N = True incremental water value in Bs/h/thousand ft3/S
Which have been pegtulated as being consbant over any
va:l,id @e-mting period.

' 34642 Discrete Maximum Principle 3

Aé- an introduction to this method the economic
~operation of an extremely simplified model system which may
be called the fundamatal system is considered. A general
multl reservolr system can be decomposed into a combination
of such mnaamental gystem by recursive relaxation approxima-
tion teehixique and analysls of power system can then be
carried out.

e fundamental system consists of two plants, one
hydro with reservoir and one thermal, jointly supplying a
lozd located bhetween two stations.

Available water storaée is to be utilised in such &
wvay that using glven water inflow, i:he required power demand
is satisfied and ﬁ.nally the specified value of storage is
obtained and in this process the total fuel cost Fn(CP)

is minimised, other quantiitles i.e. hydro generation p and
thermal generation @', water dlscharge On satisfylng the
constraints put an them, ‘



[

A

The total eptimisation time interwal is flvided
into K sub-intervls,

The fuWl cost of the thaymal plant diring any interwl
is assumed © ba

o By @ « L2 (0‘5§ eises{20)
Incramental fuel cost )wﬂ -ﬁ B Kqt2nal Cf‘)* snesal29)

~ Toe wetey gontinuity relation iu per unit aystan

at the yeserwoir i3 given by

x,” » Iind +30 P vs00a(22)
or  xPs2P(x™,
were 7" 1s the trnsformation cperation at the nth interwal
Tha hydroe power for conventional hydro plants may D8 approxicmes
ted in per it systom ap

PP B (146/2 (Ve M) (@ a2

visre H = basic head
C = Wntar haad correction factoy for c¢honge in sater
ptorage,

G = non effective discharge
From squations (22) snd (23) we got
P s B 4+C/23 (ax‘nﬂ .3 Q“)(Q“-ﬂ) ' uwo(“)

Ihe power belancs sQuation will be

Pg, ..Gu-f - PP §-))

[0 &84 D
13
CENTRAL LIBRARY UMIVERSHY OF ROORK
. ROORKEE



Introducing an another wariable xan représentmg the
partisl sum of the total fuel cost from the first to the n'®
sub-interval, the following relation is obtaineds -

xzn “: XE RS eveee(26) ‘

or X =1nR(x™,
where F° = fuel cost during nf'h interval
The objective of the problem is to minimise xan or

to maximise - X"

Applying discrete maximum principle, the Hamiltonian
Function can be wri_tten as

B = 28 o+ gt 1t veese27)
or  E= g (™" ) « ] (xam? + 7Y

The adjoint vector is

' 2HY O ...‘.’.‘(28).

n-1 _ — n n
24 | 3x,1 o IR 2 A
i g net _ ....,B_ ﬂl_ = 32” . ..“"(29)'

2 T N1
D

From theprinciple of optimality, it can be shown that for even
adjoint variatle the corresponding state variable of which, is
not specified, we have

82!]. z - 1 = constant . ’3§.nfc($)

Substdtuting equation (30) in equation (B) wve get



o

3111 - z1n‘1 +a...;.;a.1 yeeee(31)
| gm0 39 o
e RS (e

The optimal reservoir policy can be obtained by the reiétion
(Q® 43 control variable)

S E s‘_z‘,n‘_(@_f‘),__ﬂa 2B .

o o Tapt oQ?
) n
n = n M X -——8 . . )
21 A )\ Dpn A BQ 00600(33)

Differentiating equation & w.rst. X™ ' and @ and differentd
ating 5 w.r.t. pn’ we get

2 pt

Sx1 B (-9

apn | ol ,

F C B(1+e2@E™+3%-2@ +q)
M =4
2p° o

Substituting these in equation (32) and (33) we get
21n = 211?‘1 - )\n Hc (anq) s 00(3")

" = /{‘ B (1+0/2 (25,7 + 4" - 2 QP+ 1) wesel(3)

{

N1
owating 3 &85, v get =& e
B(1+c( X 1 qr2)
Ejuations ¥ & 35 are the two required felémons solving
these two numerically an optimal reservoir operating policy
can be determined.,
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here vould e no serious preblem fer the eare of
smnstreints on eontrol weristles, sines the eptieisation
48 enrrisd eut snly hy the mxtmisation of the Msiltoniss
fingtion Athin the simissitie contrel region, In sase ,
“ﬁ&ifﬁﬁg values of Q° ang 0" founa from equasions h &
B/ imponsh on 4%, 4ts wiue ie made edual 0 the hunded
wlus and the ether varishle Lo suitaliy changed 40 setisfy
e Load demnd, e nev walues of X%, @, P® end ® w0
found are then substituted in emation H» to get W wiue
of adjeint Wrialle in the interwl undsr considerstisn,

3.3

e sige Of the hydro thermal schedding prodlen
Gepends on numbar of hydro & thermal stations in the systm
oni time over whleh the opexnting hourly schediles are 4 b
fends Tor emaple in sass of two f1xed heed hysre station,
2 wrisile had hydro station and thrse thermal statiens, if
opereting hourly sehesules ars to ™ found over & &y,
7 2 2 = 63 nunbar of variatles are to be found, Mis i
Datause of the cenatraints on water usage sver the spenting
period, ssch hour eperstion camnot Be oomsidared separately:
nlarging the sode) to Lndlude more lydrestations and
interscmnsotions will We-esuse inerense S mabor of wrie.
Wes, Tus frem practionl view paiat it 18 adsdutdy
BOMSIATY $0 have A sohwlling method whieh is essputationally
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By using recurrsive methods of solution such as
dynamic programming, schedWling problems can be brought off
as 2+ optimisation proklem each in seven veriatles instead
of one optimisation problem in 168 variables. While this 1is
a tremendous improvement 1t still leaves a computational
problem of unmenageatile size, |

A further simpbification of the problem is achieved
by considering the overdll system as consisting of two sub-
systemé - one all themmal and one all hydro. At each hour
there is then three dimensional scheduling problem in all
memal systems (i.,e, genecration is to be allocated to three
thermal stations) and a four dimensional scheduling problem
in all hydro systems., If the two paris 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.

Ihe extension of the basie procedure for combining
hydro thermal schedules to the case of a system with more
than one fixed head hydro stations is slsc made. The
major advantage of this extension is that mul ti-dimensional
problem of scheduling several fixed head hydro stations cam
vbe reduced to scheduling each hydro plant separately using
one dimensional incremental dynamic programming as described
balow.

Statement of the Problem s . N
Day is divided into 24 hourly intervals numbered 4,2, ..

2+.
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Dy = Average hourly demand for power during hour 1
Sy - = Average hourly steam generation b " s
Lo 4
Ql . = Avexage hourly discharge though the hy dro plant
during hour 1. : :"(m .
By = Hydro generation corresponding to § P
Ly = Average line losses during hour i . Mﬂ«/‘
F(Si) = Fuel cost of supplying S; units of steam gemeration /
duaying hour 1. .
/
H= H(Q) seaes(37)
L = 132+bﬂ2+c§1 C..OO(%)

Cost F 413 agsumed to be an inereasing strict convex
diffarantiable function of "S® so that aF/as is strictly
increasing function of 8. Strictly convex function is that
fox",micn a line Joining any two points on the characteristics
~lles above the characteristies,

- It 48 desired to find S1, SZ"""'Séh
Qs 1 =1, 2+ so that
F‘S.‘) + F(Sz) + ';"“'F(Sz.‘) 19 minimum. Where

Si + Hi = Di + Li . ' Q'icci(y)
Q1 + Q2 + seseet th_ = T ' ‘soe 'al(ll'o)
(V= Vli® of wter available for use over the day)
OL %. z Q max ‘ . | veeee (1!'1)
1 = 1’2"‘

04S mnésiﬁsmx, 1= 1,2 L. (2)
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Method of Solutiom

There are many ways of cﬁ.viding system lwurly outputs
into therm@&.<maiggggx}qmtion. Different division will
result in Gifferent total fuel cost over & gay. -In detez\-
mining the optimum modoe of operating, successive hydro
schedules will be caloulated such that the corraspmﬂn/f’
cost of themmal generation decréases monotonically. The
procedure will came to an end vhen 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 schedile
vhich satisfy equations (38) to (42) and then finding the
better schedule so that the thomal cost decreasges.

Know Q,° (initial trial schedule)

H, = H (Qio ) is calculated
Corresponding 811 is caleulated Vfrom solving equation
852+ (K% 181+ (D« KO+bHK® ) =0 .0u(hd)
(obtained from equation B& ).

The constraints (42) on S; ensure that two roots of equation
arereal & positive. The physically correct; root is the one
satisfying the constraints.

Enowlng 8; 1, F (5,1) and ¢ (5, '(DF/as;") ' are obtatnea
by substitution. e value of G (H:L y. Si1) defined below are
cal culated next.



dteration 1 s+ next step is to improve the :Lnitial division
of load betwesn hydro & thermalsystem from (39) we get

S +d =d
T @%%_ as +;f§ . osoos(ls)
(1-
Or ds = - ) :o'fooo 0(""5)

(1--3%)

Let Q be any proposed alternativeto Qi" where the change
B - B(QY =& - &

Scali  From 15 1t follows that corresponding change in
thermal output can be apEro:d.mated by

1= o
( _ )(I!ZL - 1) ( Hi HJ'O) ‘w'oees{li6)
- )“& 811> |
In practice the factor multiplying (H, - H° in
eqnation (46) is always negative so that increase in hydxo
generation during hour i will result in decrease in thermal
gézlefation, whereas decrsase in hydro generation will result

in increasing thermsl generation. The change in hydm genera-
ton ( B - K®) 1s worth approximately.

A‘Si‘l % -

. C (SL) S;-'-.. = G (Hio 311) ( Hl - Hzo) ‘woes(47)

| n % '
wnere 3 (H,%, &Y = + c (8" (———%i—g» (%8 ..ei(48)

(5°%8"
and G(Ki ’ 811) are tb.e eonstants, called incremental worth
of power at bus var of Hydrostations.
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1t § LH® ( cvansl?)
is positive vhereas if H, > H,°, oo o(H7) is negative., Tus t
the altecmag hydro schedule Qi shoull be so chosen %0 as to i
minimise <« C (8" 58§ or equivalently to maximise |

i=1
2
2 G(Ho, ;N (1 - K
1=1 |
24 2l
= ¢ a(g% shE - £ 6@E%sH E% W)
' i=1 1=1 ‘

where the various constraints of equations 39t 42 are
satisfied and only value of Q; in the neighbourhood of & °
is permittad, Since the II term in equation (49)is independent
of 0.1_1, the best nelghbouring alternative to Qio is finding
values ( Qq, _Qz..;....qa,_*)‘ which maximise '

4 .

£ (K% shHH esea(50)

i=1

Byxpression (50) wlll be referrsd to as weighted output of
the hydro dectric station, where the welghts are

G. (H:LO, 811) ' ..'. . 0(1 = 1 tO . o?—h‘)

The _f.'irst part of iteration 1 consglst of calculating
Q, 'which meximise (50) subject to rouired physical constraint
next 5;2 are calculated finally the values of &K', 52
are computed. This ends iteration 1.

- The basic proporty of this method of solution is that
the total cost of the thermal schedule corresponding to Qlj‘
must now be equal to a less than the totsl cost of thermsl



schedule corresponding to Qlj"‘.
The value of Q; 1s to be selected in neighbourhopd
of Q1° and this is illustrated below o

Vi = denotes te wolume at the begiming of .tth hour
71*1 ﬂvias Qj_ : 060¢0(51)
fori =1, 23

ahd V, = Total volume of water available for use during the
dmy. The relation given by (51) is valid if appropriate

- units of measuremazts are used e.g. vol.ume in cfs/hy
(Cft/see/l:w) R

Now schedul'e Q.‘,I.'.,..,th_ could be specified by statixig
‘{1,‘660_00?23, leince o

Q‘i"vi‘ viﬂ 4 = 1,23
" Let v 'be very small increment of volume and
consider the statés V:L -V, vi’ viw, i=1,2%
at the beginning of interval 1.e. i=1, only me states

Vy = Vis permissible for :I. = 2,23,

i1t 13 possible to go from the permissible stute
. Vi",v, Vi, Vi"'v to the pel‘missible state V1*1~V, Vi_";
Vieq * Vv in at most nine possible ways or passages



.

fromvi-v toviﬁ-v .
to Vy _ - “

| to Vi+1+v

to 1‘T:LM

to Vi*,‘ + Vv ) o"o.oo"(sz

From Vj +v to V1+1' - v

t°i+1
mv,

This resultsin at the most fine dlscharges

Q -2V
Q - v
Q.l ‘ .*-ﬁ..‘a*(5-3)
Q + ¥
CL_L+2V

51 '
Of the discharges (%) only these which satisfy the constraints

adle perms sible.

_ The prase Qi is restricted to some neigh'bburhood
o Ql’ means that Qj_ may only take to these values of 53
which satisfy 40, ¥4 & 42 and vhich in tum results from
the passage equation,
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The dynamic programme technigue consists of the

. following. For each permissible state at the beginning of
hour 24, determine the optimum mode of operation during the
hour 2%. Use this to evaluate the optimum moge of operation
during the last two hours for any permissible state at 'hl;e
begiming of hour 23. Based on these results calculate the
op timum mode of operation during the last 3 hours for any
permissible state at the beginning of hdur 22. Working back
the optimum mode of operation is determined successively for
the last % hours, and continued until the optimum mode of
operation for the entire day is obtained.

The calculations of the optimum discharges during
the last interval is trivial. For the slate Vo, ~ v, the
optimum and only discharge during hour 24 is th- - Vv, 8imi.
larly for Vgl.. and Vy, + v, the optimum discharges are th_ and
th_ + v respectivaly. The maximum weighted outputs for
these modes of operation will be demoted by Ry, (Vau - V),

Ry, (Vy,)s 3nd Ry, (Vy + 9.
By, (Vpd-V) = Gy B (Q, - )
Ry (V) = Gy B Q)

Roy (Vi + W = Gy H (Qq, + V)

Whereas corresponding to the states va3 - v at thebeginning

ses e .(51.[-), et

of hour 23, at most 3 discharges are possible during hour 23,
namely Q23,, Q23 -V Q23 - 2 V. The resulting weighted out-
puts over the last two hours are



Gy3 B () + Ry, (Vy, - W | |
Gy3 HQyy-¥) + Ry, (V3,) | [ee 0595

Gp3 B(Qpg = 20 + By, (Vy, + ¥)

respectively. The optimum discharge is the one ylelding
the maximum welghted output hoU$s and denoted by 323(53 -

Similarly for .-;rt:ant:et‘!r23 there are at most 3 discharges possibtle

oty |
during hour 23, namely Q23 + v, Q23, -Q23 - v(v.i'or, the weighted
outputgover the last two hours are

' G23 H (%3w) +'R2;+ (Vah_-v)

G23 H(QQ3) * Rau ( VZ.’LI-) , ‘slose 0(56)

Again the op timum discharge is one yielding the maximum
welghted outpu_t denoted by 323 (V23 ‘. A .aim:lla.r calceulation
yields 1123 (V23 + v).. The process is ecamtinued till the

we reach the first hour, Then the operation scheduling for
rest of the hours during the day 1s - retraced back from
velues sta@led earlier, o

3.7 Extension of this Basic Theory of Incremental Dynamic
Programming of One Hydro & One Therma]l System to include
More Hyarostations:

Two fixed head hydrostations and ane -steam station
are consldered now. More fixed head hydrostations involves
no neﬁ considerations and could be gimilarly consigersd.
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Let Q‘li & Qm be average howrly discherges of hydro
generetion corresponding to these discharges.

F.'(Si) = fuel cost of supplying Sj_ witsof steam generation
1ine losses L are represented by B
2 2
,009'00(5?)
B!y are loss constants,

It 1s desired to rind Q‘li & Q'ai & S:l. so that

. F1(S1) + Fa( ) + L N I F2)+ (32!{-) = 000'004(58)

(Sy#H W Hy) =D +Ly (1=, &) dici59)

é Qﬂ = 'Q = VYolume of water avallable for the day for
131 V ﬁ-rSt Hydro stations e ne oo(&)

- PO , ,

é Qm = Va = " i n _for IIngd L 0'0000(61)
1=1 - < . |
'-Qéghié Umax ,  weees(62)
0L Yl Yy gered(63)

Biuation 60 & 61 must be expressed in suitable units
Method of Solution:

To determine the division of load between hydro &
thermal systems resulting in minimum fuel cost successive

hydro schednles starting from an initial trial schedules
are calculated such that corresponding cost of thermal
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generation decreases monitonically, This procedurs vhich
is iterat ive in nature comes to an end ywhen Successive
thermal costs differ by amounts yhich Are sufficiently smaii
that may be neglectad,:

Let 31 "00082!'. Qi 'Q... 2’_‘. in % 21" be any

schedule setisfying equations 59 to 6%, It 18 desired to
Cileulate a thermal schegu)e (31’"“gah) having daily cost
less than op equal to the fuel €ost of the sehedule S

Ir Q 1 & an’ 1= 1,2% are any pmposed alternative
to 311 & Q21 such that corresponging changes
A Hy = Hy - Hu ) |  eeess(65)
A Hy = ¢ By ~ 1121 "

are small then resulting change in total fuel ‘_cost is
#pproxima tely . '

i

i E‘g% Asi o . = . 0;.;0(66)
i=1 , _
”ASi +Q§u + A Ea"_“ = ALJ_' | | | ‘..'...(67‘)

i, L
(1 '5-%111) (1- é(; )
S0l ving fords, — { L <N Hu o — A -
( ‘1"‘" S \') ' j ( 1 a"“" 6— 5 )
1 94



Substituting equation 63 in equation 66, t.he change 1n total

fuel cost is seen to be negative of the express:bon. '

2k ar a_ﬁ_l)
1%1 ﬁ "—'11.:"" DBy +

t“ 3 si
é ag doeeal69)
==1 "‘ (1- |
»n - 2
=L£ 91 (Si‘:’ ,H"if,’ gﬁf)ﬁﬁ,ﬁf i%;l : 62(31?’311.?’531‘)A H,,

The values of G,.,& G, are defined by equation (69)

: G & G, are incremental vorth of power at the tus bar of
Hydro station 1 & 2 reSpectively during hour i of we
iteration in question. '

In each step of iteration, 1t is necessary to solve
problem of the following forms |

Determine discharges (Q‘H"" .Q2+ & Q21. “0"2,21» that maxi mlse

2 2
C Gy H(Qy) + £ Gy HQy)
1=1 - 1=1

subject to the eguality and system constraints on equipment
ramgo

Becausgse of constraints

E&_(Q-‘i)* (%1)“‘1‘ ( ! H'}i’Hﬁ.) 2 D.L‘Smc'l': obcoo(?O)



and B,(Qy#Hy (Rp) = L (Spgneyss Bp)  Di=Spgp  eeesl7)

The problen of maximising the welghted outgut of
- the hydrd sub-station system 4is a two én.mensiohal Mcrementgl
dynamic “progremming. o Teduce the computational involved
in maximising the we:l.ghtea outputs of a hydro su’b»system it
is desirable to replace the two dimensionel problem by two
one dimentional problem with SOmS Gpproxiwchen-

Free Joint Variation

Unger certain circumstances, the two dlmensional
protulem reduces to two ane dimensional problem without any
approximations. Thus for hour 1 cansider all pairs (Q‘l &
Q‘Q j‘) formed by taking Q"ti & in from the glven neighbourhood

of Q 4 & Q‘ai whereqﬁ _& in satisfy the constraints (61)

to (64). If these pairshlso satisfy (8p) & (7¢) then hydro-
stations are said to be capabls of free Joint variation during
hour 1, If the hydro stations are capable of free first)cl
variation all over the day, then the maximum weight output
of the hydro sub-system could be obtained by maximising the
velghted ocutput of each hydro statlon separately using one
dimensional incremental dynamic programe.

The torm free refers to the fact thet the individual
statlons are sublect to natural end point constraints only

80 that they can be scheduled separately wlthout introducing

any approximation, The term Joint is used because bo'mqﬂ &
Gz,_ are dgefined in terms of the incremental thermal costs
dF;/d3; and incremental une# losgses of the schedule

(81}90'8&5’ (Q1,i-‘k .o..%’glff)a (%1, .""Qz,z)i",_) |
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If the hydrow-stations can not be considered separa-
toly i¥\is possidie, the possible states of hydro sub-systems
consists of 9 pairs (at the mest) obtained by taking all the
combination of state of station 1 at the beginning of hour 1
wvith the corresponding states of station 4. Thus there will be
81 passages from the 9 possible states of the hydro sub-system

at the begimning of hours i, to the 9 possilble states at the
end. These passages will however involve 25 discharges.

et
Thus, to solve one two dimensional problem require

considerable computation,

If three fixed head hydro stations had to be scheduled
similtaneously, therduould be thus 27 x 27 = 729 possitle
passages @urdng hour £ & 5 x5 x 9 possible dlscharges.

Qonstminéd Joint Variations

' To reduce the two dimensionalproblem which oceur if
frea joint variations ig not possible at all hours, to two
one dimensional problem, the following approximation will be
used. -

The order in ;&hich the statlons are to be scheduled
are speclified (If hydro stations are capable of free joint
variation dusdng this aspect does not matter). Assume that
order 1s specified by previous designation.

Hydro station 1 will then be scheduled by incremental
dynamic progranming, ocnly the natural end paint constraints
need be considered at these hours at which free joint variation
applied. At the remaining hour induced end point constraints
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must be also included e.g. if hydro-stations are not under
free joint variations during hour i, them Q,; must satisfy

induced end point constraints with Q,; aet equal to Qai
e

Bydro stations 2 will be then acbsduled, as with
station 1 only the natural md po:mt comtraints apply at

~ these hgur in shich the plantsare undezf free joint variation.

" If the plants are not under free joint veriation during hour i
then Q".ai’ the discharge through lrrydro station 2 must satisfy
the induced end point constraintsobtained by setting Qﬁ in
equation 67§ & 70 equal to the optimum value of Qﬁ Just

. obtained,

The mode of operation obtained using this approxima-
tion will be described by saying that the hydro-stations are
under constrained joint variation.

Guppose the order in which the plant schedules are
to be computed hasbeen specified on th.e bas:l.s ‘of incremental

h}’ 9.8, "‘"t‘li' dm 1“’1,.003”

p‘lant 1 schedules will be computed first, In this case
constrained joint operation means tha.b :anremmbally mnore
efficlent hydro station is pemtted tb.e first choice of.
departing from the previous optimum schedule. The departure
may not exceed the amount allowable with the less ») statdon
held at its previous optimm value, Ihe less  efficlent
plant 1s then permitted to depart from itsprevious optimun
dlscharge, the departure not to exceed the amount allowable

with more ef:t‘:!.cient plent held at 1ts new cwptimum discharge
testing for free Joint diqcharge.
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The concept of free joint variation is clearly
fundamental in reducing the computational labour involved
in solving the éched\ning protlem. To test whether equation
70 1s violated at howr 1, it is only necessary to consider
the dlscharges,

Mazx (Q‘! min? Q“i* -2 V1) | _’.0030(72)
and
Max (Q pipn, Uy - 27 N &

- If eqmuon&g is satisfied for these discharges, then
1t 1s satisfied for remainder of 25 passages involved in
‘passing from 9 possible states of the hydro sub-system at
the beginning of hour i, to the 9 possible states at the
begiming of hour i+ . This follows from the fact that
Hi(Qp)y Hy (Q,;) are increasing functlons,

‘ Similarly to test vhether express 71 is violated
at hour 1 or not, it is only necessary to consider

Min (Q1 Lax, Q‘1i + 2 71) | . ;‘_ , ,.,.,...i(7‘+)
and | | o
Min (Q2 mex, QEi + 2 Vo) : ‘. voees(79)

Cycling Scheduling s

Other approximation which will permit the hydro-
station to be scheduled separately can of course be useds,
his starting from Trial schedules, the!station’s may be

‘rescheduled in the séQuaace hydro station 1,' thermal station,
hydro-station 2, Thermal Statlion, hydroestation 1, thermal



station, hydro station 2 and so on. In this approximation
which will be referred to as cyclic scheduling it is to be

understood that if a station 1is beilng re-sechedul ed, the

outputs of the remaining two plants are to be kept eonstant

at their previous determined value in the sequence. A hydro
stationwill be dropped from the constraint as soom as addl-
tionzl reduction in fuel cost gained by retaining 1t becomes

less than a pre-assigned value, when all hydro stations

have been dropped computation siapg.

3.8 Advantage of Incrementsl Dynamic Programming Over

Method of Calculus of Variations

2

3 d

The chief advantage of the method of increment
dynamic programmling over method of calculus
of variatlons 1s more economic schedule in

less computing time while i«lk:ing operat;ing

constraints into accoun t.

Computing time increases linearly with number
cf hyaro.stations whereas it increases eXpon en~
u.auy for solution ba.sea on oa;l.c\s\lus of variation.

In calcuwlus of variations it is aifficult to
include corner points i,e. natural & induced
constraints, |
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CHAPTER - 4 |
%,  SCHEDULING FOR REACTIVE POWER AND VOLTAGE CONTROL

.1 General

Reactive power component of load supplied frrom a
generator, introduces additional component of transmission
losses, §cheduling of reactive powsr for optimal benefitsg
means its allocation to various generating wmits and circuit
elements like shunt capacitors both static and synchronous
and shunt reactors etec. For optimum benefits i.e. minimum
losses in the system, the location of its sources (other
than generating eQﬁipmm t) have to be optimised and its
allocatibn to generating units‘ properly scheduled. whereas
ind‘uctiﬂ clrceuits absorb 1agg1ng KVAR, a capacitive load,
may be thought of supplylng a }agging KVAR to the systenm
or absorbing leading KVARfReactive power requirements of
load, circuit elements have to be supplied by generating
units, angd capacitors installed in the system in case the
requirements are .of lagging KVAR, and shunt reactors in gase
system requires leading KVAR, The unbalance between reactive
power demand and generation causes the wvoltage tc vary till
the balance 1s achleved.

4.2 Effect of Reactlive Power on System Voltage :

If the reactive power supply demoted by Qg and
demand by Q4 are equal i.e, 'QB - Qp =0y the system voltages
remalins stable, In the case where t.he'_.SUpply exceeds the
reactive demand say dué to capacltive effect of cable net-
works or due to long extra high woltage overhead lines during



the period of light load?we have Q‘s - Qd. = Qr, where Q‘r
represents the surplus reactive power. In this case the.
system voltage will rise. Reducing Qr to zero by disconnecting
some cables or transmission lines or altematively by increas-
ing the reactive pover demand by connecting shunt reactors or
under exciting the synchronous condensers sta,bilises\'f‘v;gﬁltage.
Conversel&ﬁwhen‘ the demand Qq increases Q; as is the case
during peak loads or heavy loads, the static capacitors have
to be switched on and synchronous condenser are to be over-
exclted. The capacitors in such a case should be as close to
the load centre as poasible.

The change in system voltage

'Av: w | ou@u(")

Where AV is difference between sending and received end
voltage.

R & X transmission circuit resistance & reactance,
and P & Q are active & reactive power requirement of load
and Vis the load m end voltage.“)

%.3 Reactive Power Genemtion at the Load Centre.

Reactive povwer demand. should preferably be met
by generation as close to the load centre as possible. Of
course some reactive power has to be generated at the sénding
end to meet reactive loss of transmission circuit & overall
reasons of economy. F:mm equation (1) above 'we 'obaer’ve. that AV
could be feduced if Q is ,red_ﬁced ,i.e; if a capacitor is install.
ed at-the load end. It is further preferrable because this type
of compensation €. generation of Q at the load end,eliminé.-

tws—the-tine—vortage—drop, reduces transmission 10sses,releases
(1) mectric Poyer System by B.M.Weedy Book, pp.39



generation, transmission & transformer capacity thus permitt-
ing the tie line (between load & generator) to carry a higher
posttion of load.(ackive pouwser)

4k  Control of Reactive Ptmei- and Voltage @

The allocation of reactive power between its
various generators can be achieved by the control of

the voltage of the generators, which can be effected Aby
operation of exclter field rhiostats or by automatic wvoltage
regulators. Keeping the wltage of a generator constant means
maintaining for a fixed output of active power é‘&‘ fixed output
of/g?:;;ive power. I1f the reactive power demanci is sizdd@ﬁly'
increased or gecreased, the automatic yoltage regulator
commlssion adjusts the vol tags to the ‘correslaﬁnding ney

reactive power.

4.5 Optimisation of the Kllocation of -Rea.éti;.ye- Powers
4.5.1 General - Although it is preferable to generate
veactive power at point of its demand as explained above

to the maximum economic extent pcséible_,'_ yet quite a large
amount of reactive power will be supplied by generators. The
auxiliary reactlive power generators (eapacitors)! a,r‘\éj;to be
located at sultable points on the transmission syqteai\and
their co~ordinated operation have to be so arranged th\eu\: the
total real power loss is minimm and voltages are kep'fh\u\;;\
within permigsible standards at various busses, | \'\\‘ \\

\

%.5.2 Economie Aspects of Reactlve Power Generator s . )

~ The analysis of relative net cost of msqa]il{ng
K¥AR capaclity in generatorsjlarge symchronous condemse;*S, in

E N
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swltching stations, small synchronous condensers in sub.

stations and static capacitors on aistribution circuits
reveals that.( 2) _

i) The static capacitors installation
are the most economical baecause they
are close to load.,

i1) Ihe small added cost of providing
reactive power capacity in generalers
is next least expensive even vith added

system in-vestment 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
1nitial cost,

%.5.3 Methods - The problem under consideration is to
fix up the optimum value of reactive powsrs at the differenl
buses especlally in intermeshed network where no limits oR
‘the reactive capacity is specified. The capacitors so fixed
L"up mst result in a well balanced voltage distribution,small
voltage angles (from stability consideration) and the |
voltage distribution should lead to minimum 123 losses for

economic reasans.

In the minimisation technidue K.2zollenkopfl™"
has employed load flow ‘programme. |

(2 ge1s Hellis K and Seely Theodox "Facility for supply of K &
KVAR® ALEE Trensaction,PA&%S, Vol .,PAS-61,pp.249,May 1942,

(%) ZollenkOpf;K., “Load Row calculation Using Loss minimisation
Techrmiques®, Proceedings of I.E.E. Vol.119, No.1, pp.121-127
January 1968. ' .
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The yrigorous determination of minimum real

pover loss dependent on the reactive power :anut at different
buses 1s very complex. For this reasons it is more convenlent
to substitute the imaginary components of current m}
at the buses in place of reactive powers. HBuations for '
loss minimisambn based on this modification yield rela q.%ly
simple expressions, which can easily be incorporated inﬁo
iterative process of a load flow calcul.ations. This simplifi-
cation is based on the assumption that all nodal voltage

vectors do not deviate substantially from the real axis,

The nodal voltage eqQuations with respect to the

reference bus bar can be expressed as

Y(E“.YB) =l 00000(2)
Where Y is the nodal admittance matrix
men ' I--YB = ZI bco-.(s)
where z=11

The Botal nodal currents I are composed of the
followving parts -

I g = Generation

11 = Load ‘

Ic = Line charging, static cepacltor or other
reactances to ground..

The real part of the total system loss is given by
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PL=R6 (;;ZI'AE; 1) ooooo("l‘)

where the current vector AL = f& o
.

Assuming that all impedances to earth such as line

charging are pure reactances, the last scalar term in /

/
equation (4) may be neglected. , , /

By separating real and imaginary parts, equatiqh (W)

r

PL ‘J-‘-E.{h . Rl' .+ IE RU oooo;(S)

where superseripts,

' means real part of é. complex quantity

® means imaginary part of a complex Quantity.

and subscripts, t means transpose .

4
and R = Real part of Z matrix

I =1 +Il +Ic . ooo’co(6)

According to the assumption, the approximation to
minimum loss is to be evaluated dependent on the reactive
power generation. 7This quantity can be found from the
partial derivatives of the total system 'power loss with
respect to the nodal current 1%, assuming that all other
current remain constant,

On taking partial dez_'_:i.vative,kf P, in equation (5)
with respect to 1% the flrst term bocomes zero and so far

convenience _apméing only the second term of equation (9).
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On taking nov the derivatives with respect to I* say

first w.thl,"' , and ecmating to zero, )
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n n
or,ax R+ =R 31"-;2 By Ip =0
=1
B
n .
01'21 R“"' Z (R J*R"") I =90
=1
71
n ' . .
* . B | -
. . 11 - 2 311 z - (R;u + 331) If
331- <
;1#1 |

Similarly" |
v -
» 0

and for any bus k,
: ' n

‘N = . —--1—- - | (
, 1£ ) Bkk. ﬁ (Rk:} B.’;k) Ij' eoeeel?)
a#k

Fauation (7) glves the value of the imaginary part
of the current for minikum loss condition, from which the

valus of the reactive power can be calculated.

In equation (5) R is the real part of the complex
matrix Z., Where 2 = Y’1,

‘Then to evaluate R, let,
X=G+ 3 B voeed(8)

Also & = r1 C "'j D 00600(9)

C and D are to be evaluated from equation (8) & (9)



¥l Y=C0~ DB+J (DG 4CB) = I + JO
where I = unit matrix

equating real j_ﬂi‘xd imagi.na;ry parts

CG-DB=1I=GC~ BD eeeee(10)
and DG+ CB=0=0D+BC ST
on Mul ﬁ.plicaﬁion with @1 4n equation (11)

claps+ TlBCc=0

or D= .61 BC
Similarly ©= (» ¢ + gt B)""'
Thits real part of 2 metrix is given by
R=c=( G+ B¢1p)? coeed(12)

%.5% Incoxporation of |
Load Flow Program s

The equatlons developed above can befincorporated
into the iterative process of load flow calcm.ations{m the

followlng sequences=-

(1) ‘Form the nodal admittance matriicg T,
(2 Take inversion of’Zﬁatrix so that YV = a
- {(3) Calculate real part of 2 matrix according to
equation (12) |
(W) Estimate initial nodal wiltage V (excgpt the
swing ‘bus' bar whose voltage‘i.s completely known
1 +J0)

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



(6) Set all totsl nodal currents I = 0

(7 Calculate additioml injected nodal current.
1t representing fime charging from

'C = (Dc’ +J Ic") = (Vr +J Vi)(:lwc)

-

Biluating real and imaginary parts

1 = - . o U
I, ==« %.w

”~

I‘ﬂa =‘ vr‘ wc‘ ,

(8) Caloulate real component of Generator as well as
‘load currentskince active power is specified at
all the busges, from the féilom_ng relations

At any bus

Total Poyer 5= P + J Q = V.I*
(wWhere superscript¥*indicates complex aonjugate)

or P+J Q= (V,+] V) (I' - 319
Euating real and imaglnary parts,
PV, +Q Y

I! = PRS-

‘where P is the specilfied actlve powexr( Generation or load) .
and  Q is the reactive pover as caleuleted by the
| preceding iteration step. For the first :Ltera‘tion stap,
Q is taken from the estimated :Lnittal values., j
\
(9) Calculate total realcomponents of nodal airre t:s
for genera’oor as yell as load buses acuording tn
equation (6) then "
|
{! .

I'(qotayy = 1 + 1



(10)

(13

()

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

n
I = °§—%‘E~ s By + Ry 1%

. yeq
I

Calculate totsl imaginary component of nodel
currents for generator as well as load buses
according to equation (6), then

IM mtary = 1% * 1%

_Caledlate all nodal woltage from eluation (3)

V- “R = Z4d
¥ = nodel wltage
V, = Voltage of Referencepr swing bus

g=Y1

and 1= (' poeary * 1% Tota1)

i1.,e. I is compased of @eneration, load and

| line charging components,

Calculate again additional injected nodal

currents I, representdng line charging i.e.

I'c = "Vi we

Calculate actwal nodal aarrents due to generator

or load from Ig +I1 % 1 « }Zc

81



R It(mam) - Itc |

203 I%nety = +"(motar) = '

-

(1’3) Calculate actual values of Active & Reactive
powers according to relation

P +J Q= VI

which yields, P = V, I'(het) + 7 I“(net)

ond ©= % ety = Y I(net)

{(16) Compare mismatches in &ll active powers with
| specified precision index

1e2e  |P(carcutatea) - [P(specifteq) Lo
-wWhere ¢ is the preclsion index.

(17) ©Bepeat seeps '{i&“(s) to (16) until mismatmesv

in all active powsrsexceeds the specified
~ precision index,

The floy chart showing the sequence of steps to

be followed in the determination of the reactive eapacitors‘
at different buses is given in Fig.l4.



interval for V, asd used in the maximisation procedure. Ihe
division of discharges to various units so as to result in
maximum station effi:ciahcy is found by model studies of

'the system and the input output characteristics so arrived

at is c»alled‘exact curve of the stutlion. A ﬁypical exact
curve for & hydro station is shown in Figure 5.2. Thers
is a diécon'cinuity in this curve'at the moment & new unit
is started, The maximum discharge, Q .., is 39500 cfs and
the corresponding output is 382.00 MW. 7,111,000 e¢f's hours
91’ water 1g initially available for use over the dry.

The thermal station selscted for this example
contains four essentia},ly'identl.cal units, each with a
maximum net output of 100 Mw. The input output equation for
‘the thermal plant determined by fitting a parabela into
input outt‘ﬁgta obtained from tests on these machines is
glven below. It vas assumed in this stugy that all thermal

units &re on the line at all times. Maximum plant efficiency
1s then obtained by operating all wnits at equal incremental
values yhich in this cage mean t.ha’,i_;' w1l wits must be operated

at equal output.

F(S) = 373.70% + 9.6064% S + 0.001991 82 (for this sample

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

(o9 = ﬂaf:—s@ = 960644 + 0,0039822 8 '



h 83

C READ SYSTEM & PROBLEM DATA
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AND VOLTAGES
¥

L COMPLETE THE 7 MATRIX ]
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5. E STUDY OF | OF A §
SYSTEM, COMPUTER PROGRAMME -~ RESULTS AN
PISCUSSION ‘

5.1 Genexsl:

Detailed description of method of dynamic programm-
ing for optimal hydro thermal scheduling is given in Chapter k4.,
A computer programme in Fortran - 1I has been developed for
optim&l solution of one hydro (fixed head) and one thermal -
sub-system over & day. The programme has been tested on a
sample problem taken from the paper entitled “Hydro Themal
Economic Scheduling Part ~ I W, B.Bemhaltz & L J «Grahanm,
published in I.E.E.E. Transaction,P A & S December 1960 -
pp 921-932% and the results arrived at by th@ Computer tally
with those l1isted in the reference.

.9+2 The Problem & Data |

~ The hydro station selected for this example contains
two groups of four wnits, nits 1, 2, 3 & b+ can be considered
identical and constituté one group, while units 5,"6, 7&8
can be considered identical angd constitute the.other group &
The most efficie’nt mode of operation of the entire station for
discharges exceeding 22000 cfs (onl'y these va;ues are required
in this example) and‘é net operating hsa:j of 13+ feet is
fed as '9. data to computer Discharges are tabulated at an
interval of 500 cfs since v = 500 cfs hours ws the tabular
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interval for V, amd used in the maximisation procedure. Ihe
division of discharges to wvarious units so a&s to result in
‘maximum stat ion ef ficiency is found by model studies of

“tho system and the input output characteristics so arrived

&t is called exact curve of the staution. A fypical exact
curve for & hydro station is shoun in Figure 5.2. There
is & discontinuity in this curve at the moment a new unit
is started, The maximum dlscharge, Q.4 1s 39500 cfs and
the corresponding output is 382,00 MW. 7,411,000 efs hours
of water is initially availtable for use over the day.

The thermal statlon selected for this example
containg four essefntiallybidentical units, each with a
maximum net output of 100 MW. The input output egquation for
the thermal plant determined by fitting a parabola into
input out}ita\;,ta obtained from tests on these machines is
glven -bel,OV‘Wa It was»assumea in thds study that all themmal

units &re on the line at all times. Maximum plant efficiency
1s then obteined by operating all units at equal incremental
values yhich in this cagse mean thaty all units must be operated

at equal output.

F(S) = 373.70% + 9.6064% S + 0.001991 82 (for this sample

Where S 1s in MW and F(S) in millions of BIU per hour. fThe
station incremental heat yate in million of BIU per MW hours is

(  os = “fg@ = 96064k + 0,0039822 §
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The noximum station outputy .. 4= 400 HW and
minisus output g, = 40 MW Cost of fuel was asaumed to
be 35 cents/million BIU. The genarating stations are
conneoted to the load centre by a transmission network.
The following 48 the 1ino loss cquation,

L = 0300045 B° + 0500005 &% + 0,00002 HS
Where Iy B & 8 are in MW,

The ioad curve for the day is shown in Figure 5,1,

woloped and attached s Appendin Ay The progrome vas
run on 1B 1620 Computer st 8.E.R4Cs Roorkes and the
amecut&m time taken for the progremme was 30 minutess -
The conpilation tine was 12 minutess

The programe consists of a maln prograome end
£ive subwroutine subwprogrenmes (Appendix A-2). The rumber
of commends in wein programue is about 1603

The eriterian for optimloation was token as when
the successive thermal cost differ by $40:0. The actual
yalue taken in the reference was $4:0 and it required 12
iterations to errive at the finsl optimised value by taking
$7.0 53 the cost difference base. This difference was taken
a8 £1050 in the study undertaken hecsuse there way ldmitation
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-5 . Results i
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of 35 minutes for one programme execution in Fortran - II
on IBM - 1620 at S.E.R.C. Roorkee because of the huge rush.
The final optimised cost value (with § 10.0 s difference
base) was arrived at after 7 iterations and in 30 minutles 5
time.

o The results are llsted #nd,er an Appendix A-2.
For each lteration the values of hydro generation, the
cbf?réSponding thermal generation during 2% hours of the
day and thermal cost during the day and also the walue of
maximum welghted output R in million BWs have been punched.
The initial trial scheduling Wwas costing § 28215 02 and
optimlsed oparation schedules worked out after 7 iterations
cost § 28049 b6, There is thus net saving of § 165.56 or
Say § 166. The optimum cost reduction using § 1.0 as the
cost difference taken from the reference was $ 172.0. Tius
about 96% cost reduction have been achieved in 7 iterations.
The cost reductions constitute about 5-&%%—- X 100 = 0.59%
of the total cost per day which when integrated over a year
or $0 a period becomes considerable. Ihe optimum operation
hydro schedule has been shown in Figure 5.1. The schedule
of hydro generation shown in Figure 5.1. exhibits during the
hour from 12 mid night to 8 a.m. & rather complicated be-
haviour which arises from the discrete nature of the digital
chlculations and the complexity of the hydro stations input

output curve. The results described ahbove tally with the

reference under considerations.



5.5 Effect of Trial Schedgule and Tabular Intervel on the
Besults: - | o
The dynamlc programming aims at o;:ﬁiniising an
'\5..\:;3}113.&3. trial schedule. The computing time reqﬁired depends
-up;mé:timtul 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 numbter of iterations
required to arrive at optimum results is considerably less.
The final optimum schedule has almost the same total operat-
ing cost whatever 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. APPLICATION TECENIQUES

6.1 (eners] 3

Load Despatchers organisation are required to
ensure thut the operational planning aspects discussed
earlier are translated into practicé; ‘They also mntimously
search for new avenues of savings which only continuous moni-.

toring can reveal.

The type of organisation would. depend on the acdepted
poliey in respect of intercomnected 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 transe
actions between systems may &also help though may not be indi.
spensable if indivijual load despatch departments can work with
enlightened co-operation. If completely integrated operation
between the systems is desired, central load despatch organi-
sation would be valuable.

6.2 Bluipment s

The system size and complexity as well as economic
considerations influence the methods used to collect and
utilise the information yequired to operate the system.

The main equipment in load despatch stutédrvis 3=

(a). A mimic board forming & miniature of the povwer
system showing a single line diagram of the system with
generating wits, transformers, circuit breakers, dilscormects,
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6. APPLICATION THCHNIQUES

6.1 Senersl 3

Load Dsspatchers organisatlon are required to :
ensure that the operational planning asp écts discussed
earlier are translated into practice., They also contimiously
search for new avenues of savings wyhich only continuous monie

toring can reveal.,

The type of organisation would depend on the acdepted
poliecy in respect of intercomnected 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 & clearlng house for trans.
actions between systems mey 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 would be valuable. '

6..2 Bluigmant .

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 statédvis s«

(a) A mimic board forming & miniature of' the povwer
system showing a single line diagrgm of the system with

generating wits, transformers, circult breakers, discomnects,
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station bus bars, transmission lines etc. with hlue and red
indications for opén and close pes:&'tions‘of breakers and

semaphores for discomects.

(b) Indicating and recording meters and instruments

for measuring and knowing

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

ii) . s voltage at each generating station and
sub~station

iii) System frequency

1v) Accumulated frequency time error based on
standard time.

v)  Tap positions of load ratio control transformers.

vi)  Fuel supply for each plant and Reservoir water
level at each hydro electric generating plant
‘having storage. |

vii) IEiergy supply from hydro & thermal statlons
and tie lines.

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

In addition system operatdem must hage upto date
information of weather data including storm warming & contra-
ctuel obligation in load and frequency control with neighbour-
ing systems.
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(e) The use of telemetering and telecontrol fes equipment
required for the functions listed above 1s a matter of

economics and depends upon the size of the system.

() Commnication and control edulpment required must
be fool proof. Communication is the backbone of 1oad despatch-

ing, :Ep guard against interruption, parallel telephone
elrcuits and different mode of communications are provided
as followss- ' '

1) Automatic telephone exchange connections
ii) Power line carrier communication
1ii) Microwave communication

iv) A code call system of communication.

(e) Teleprinters for collection of data, statisties,
reporté and for administrative purposess

(D Supervisory control equipment if employed for
control functions such as Svﬂ.tching of ﬁimes, starting
synchronous condensers, hydro plants, change levels in
transformer taps etc. |

(8 Net work analyser ar dlgital computer used for
plaming 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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603.10 mual Loa-d IBSpa‘bching gstem 3

- The first step in manual load des;;atching 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

flows. The base 10ad part of system load 1s allocated among
various generating plants in the area giving due consideration
to the types of generating plants and availabillty of weter
or fuel, etc. The variable part of system load is allocated
to‘ ef ficient big and new plants and this part of the load is
controlled by menual despatching techniques, |

As a part of load despatching, the system frequency
and net tie line poyer floys &re measured and compared with
standard frequency and the net estimated s;fstem variable
load..'and their deviation are recorded in the despatching
office. Depending upon the magnitude of combined deviation
the load allocation between regulating plunts or units 1is
worked out on the basis of equal incremental cost of power
received at a point on & tie line.

~ The calchlatéd values are allo@téa among regulating
units of every station by the help of incremental loading
slide rule menually. By making use of 4incremental cost
curves in the case of steam plants and incremental rate of
water flow or incremental plant cost curve in the case of
hydro plant, load 1is regulated among génerating un:!.té in
each atatié;x. | :
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The mamual controlling becomes cumbersome :Lf ioad
variation of system is very frequent for thewi‘ac'i’:' ‘that Vi~
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 méy'cmngea
In such cases, antomatic controlling is preferable.

6.3.2. Automatic Lomd Despatching Arrangement 3

Bagieally, load despatching arrangement comprises
load frequency control and economic loading of generating
‘units on the basis of techniques discussed in Chapter IV.

, A8 in the case of manual despatching, prediction
of System load requirements is done ang total regulation
of ganaration'reqﬁired, etc.y estimated and the economic
aspects for allocating generating units, etc., are taken
into consideration.

6.3:2.1+ Load Frequency Control - 'Load frequency control
system comprises measuring and computing system which has
a mmber of sensing elements to measure the net interchange
of power system freduency and time error: The tele-metered
signals from the various interchange points are added to-
gether and sent to & tbotaiizer (or interclmnger) . The net
interchange from thé powér totalizer 1s compared with the
schedule by the net interchange measuring circuit. Similarly
system frequency is compared with frequency standard and
the time arrof is compared with time error set point. Any
resulting er:ro.i is appli‘e;i as input to the area requirement
computer. Te net error signal vhich is the algebraic sum
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of net mtercmzige, frequency and time error signals, is then
sent to the controller which converts it into proportional

and reset actions either combined or separately. The combined
signals of all the mentioned error signals becomes the 'ures
1oad reduirement signal't.

The' area load requirément signal® is then fed into the
controller manually for semi-automatic load control and automa-

tically for automatic loed 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 action of the proportional
and reset controllers is such that "area req’uirementﬁ signals
cause an integration of electrical degrees of phase shift and
thé integrated degrees indicate the level of generation

under control.

The proportional controlling signal corrects
major portion of the requirement quickly and the reminder
1s sLowly by the reset action. The reset action continues
to fxmctd.bn until the requirement signal is reduced to gero.

- The degrees phase shift due to *area signal®

from the system frequency may be increased or decreased

manually to compensate for line losses.gkxa. The supply
frequency signal is then fed to fredquency dividers, one
for each station. Where, it‘ is reduced to 42 to 24 cycleé/
sec, signal for trunsmissions to the ganexw'tting stations in



order to reduce unnecessary interference and use only one

channel between desputching office and generating iglants.

At stution, there isa master stution 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 circults to allocate the extent of |
load to be gencrated by elach regulating unit, on the basis
of economic principle described earlier in Chapter k.

The master controller at station actuates
c:m:\:l."d‘.:'a= for goveynor motors such that as soon as the
desired 1oad regulating signal is received, proportional
‘control and reset control come into operation and the
desired generation is attained. When the desired genera-
“tion is obtainea,:,.tpe control. actions -by the master
controller stopy |

N
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C 'ER = 7
7 CONCIIUSIONS
7.1 Optimum maintenance scheduling deseribed could

help in considereble energy/capacity benefits. Detailed
probabilistic methods be employed to find out generation
reserve for different months of the year. The outage
rates and average outage duration record of the power
plent units should be properly mainteined so that realis-
tic figures could be taken.

7.2 The reglonal grid should function with arrange~
ment for optimal hydro thermal scheduling so as to derive
maximum economic benefits. Various methods of hydro thermal
scheduling (short range) are available Dynamic Programming
method of hydro thermal scheduling 1s recommended for sdopte
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 camputer

be used for continuous optimal operation of power systems
at the basis of methods outlined in this dissertation.

73 Optimum scheduling of reactive power by alloca-
ting the same to various sources of its generation i.e,,
Generators, capacitors etc. may result in substantial minie
misation of losses and is glso conducive to better voltage
regulation in the system.
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7% | A computer programme has been developed for
optimal solution of one hydiro and one therml 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.

7.5 A Load despatch centre is reduired to apply.
and co-ordinate the various tecimidues of scheduling both
active as well as reactive power in the system and also
schedul ¢ maintenance of the units,
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APPENIL X — A

I. Frequency and Daretion of Forced Outages of & Uni form
System s

Assume a uniform system of . n units of equal sigze

of M mv with a uniform outage rate of p. Then
P= t/T ooooo‘(")

‘where t is the average duration of individual outages in
days, and T 1s the average interval of individual outages
in days. The frequency of individual events is
; P '
FP= %—ﬂ“"t- .....(2)
The prdbabilit_y of r-fold simul tanecus outages is expressed
by the binomial formula

_ n_'.# - ko _ ¢ T o
P " . 1 - ées to
" ri(n-r)?* P » (9

The average auration in days of r-fold simul taneous outages
is
B (1-p) - t (1-p)

‘ eoesells)
r4+p(n-2r) r+p(n-2r)

=

From equations 3 and 4 the average interval in days of
r-fold simultanecus outages is derived by

I, = 'P!L : . o'o.o,oo'(s)
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and the average freduency by

Fra ' .b.’.(6)

e} o
ol ¢

. fhe magnitude of the r-fold outage is
Hr*rﬁ ‘ o '.05060(7)

If the system is actually not uniform with regard
to size of unlts, but consists of units with an average
size M and a standard deviation § , then the magnitude of
an r-fold outage becomes r M with a deviation of + § /T

II, Dérivation of Ex;ﬁation for Ii:ration of r-fold
Simul taneous Outagess | |
The derivation of equation 4 is as follows: '

For a system of n machines yith an individual outage rate
of p, &1 average outage duration of t drys, and an average
interval between individual outages of T days, the average
duration of r-fold outages is |

t(1=p)

.t, - days
T pep(n - 2r)

Assuming first that the events can ehange position
in time only in units steps, thsn for each of the T possihle
positions of an event in the period T, ﬂlere will be t time
units occupied and ( T - t) unoccupied. There will be
therefore for the T possible positions 1(3!1;). ‘occupled time
units and N I-t) ‘unoccupied time units.’ .\‘F\‘or each position
of an event there are {21 ositions w\m.ch the (r-1) other
simul taneous events can take, so that t&ﬁy 6ver1ap partly
or completely with this event. Therefof&, for the T

s
A
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pos;iblie positions of the event, there are Ttt,(”""‘) or T¥ -
time units it can occupy together with the (r-1) other ’
events. That just r and not more than r events colncide,
the (n-r) other events, which are not involved in the r-fold
simul taneous outage, must take positions not overlapping
any part of the interval occupied by the r simultaneous
events, In other words, the interval occupied by the »
simxltaneoua evam;s mist be unoccupied by the (n.r) other
events, This 1s possible in (T-t)™ 7 ways. Finally, there
‘are n&/rt.(n-t)'. possible ways in which r events out of n
events may be combined, Therefore, for all possible different
p‘cs:}.tions of n events in the interval T, the total number of
| tamé‘_m’xit.s occupied in simultaneous r-fold occurrences is

Kav/ri(neD Y tF(-p>TF

" Indj_.vidual r-fold simul taneous events can have
aurations varying from the minimum overlap of one time
wit to -coinplete .overlép of ¢ t';ime units. To obtain the
average duration of overlap of r events, the total number
of T nb/Th (a1t t"(:r-t)“"” time units which can be
. accugied must be divided by the number of possible r-fold
individual events, An mdiviﬁual evezzt is defined as a
succassion of occupled time units not affected by the
start of a new event, nor the end of an event, nor the
simul taneous end of one event and the start of another
event, which, while not changing the number of simultaneous
evmts, would change their 1dentity. This latter requirements
is inportant in celeulations where events may involve, for
»axample, outeges of equipment of different capacities.
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Of the t successive time wits of an indlvidaal
event there are (t-1) units directly preceded by another
unit. These may be called for simpliclty %cormected*unitsy
and there is one unit not preceded by another vhich may be
called the "Leading" unit. ©Since the t succeasive units |
of an individual event should be counted only as one event,
only the leading unit out of the t units should be counted
and the comected units should not be counted. Similarly of
the T-t)1) unoccupied units, only the leading unit should
be counted in determining the number of unocéupied intervals
.and the ( T~ t- 1) comected units should not be counted.

In getermining the number of r-fold similtansous
events the following observations apply. Only a leading
unit can create a leading units of a multiple event either
by coincidence with dther lesding wunits or with comected
units, The coincidence of comected units with comected
units creates only cormected units of multiple events. This
applies both to intervals of occupied as well as to intervals
of uncceupied units. The leading unit of an interval of
unoccupied units starts a change in events as it is equiva~
lent 'to- the end of an interval of occupled wnits. The coin.
cldence of comected unoccupied units with connected un-
occupied units does not cause & change in events.

t(t-2). . .
= ‘ . JAyS
T +p(n-2r)

ty
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units occupied in all possible, r-rold simltamous events
in the interval T, there are T(t—'i)r comected occupied units
combined with (Tp-bfl)_n"’_'v comected unoccupled units in

- | T

r'.(n-z')'

possible combinah:l.ons‘ Therefore, there are *

T = ——(&-—r,‘ Losy (81T (Bt-p™>T

connected oceupied units in sll possible cases of r-fold
simul taneous events in ﬁhé interval T, As a conseqmence
there are S N |

1‘. ;;‘Tﬁé%r- t¥ (T-t)n"r ;q—n';)—." (t«-‘l)r(ﬂ!-t-ﬁ)n’r

leading occupied units or different incﬁ.vidnal events in
all possible cases of r-fold individual events in the
interval T. | |

?abla - Schematia Pattem of Heshi.ng of Two Subgzgupa | )
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The average guration of an r-fold simul taneous
event is the ratio of the number of all occupied units to the
number of all individual events or

mt'.'nar A ¢ (T
T g X D=1
T r'{n-1) % (-0 -

-

T mEET n{;, p ()T (Bte)™7

or t.= —Bb KL (ERTT
F t"(r-m“"" w--n“w—z-ﬁ“*’

The restriction that events can change pdsit:l.on
only by unit steps can be removed by expressing both ¢ and
t.' as frections of T and by letiing T increase to infinity.
By definition p = x/T. Therefore submtitdting pT for &
yields _the; following equations for the average duration of
an r-fnl_d» event expressed as a fraction of Ty
3% 4 (D (Tpn™*

T pDNTpDT . (pBNT (TpT - DT

or, after dividing numerator and aemomina tor vy T

;rs’} pr(1_p)nir
| “(1 P . cp—1/m” (1-p~1/1'>“

Then, by expanding and omitting terms whieh will vanish 4f T
becomes infinity

1in ';gz pl1-n N
T o "~ rip(ne2r) '
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Tp(1-p _t(1-p
r + p(n - 27) rip ( n =27

or %=

I1I. Meshing of Two Subgroups of & Nonuniform System

Consider a system AB composed of two uxﬁfom ,
subgroups A and'B. For each of the subgroups the followlng
values are determined for all values of r from 0 to
according to the equations in section I,

M, and Mg, Dgnitude of r-fold outage

(A and §'gy standard deviation for r~fold outage
p, and Py , probakility of r-fold outage
L7 and tp , average duration of r-rold_outage.

Then, the values far the composite system are calculated
from the values for the subgroups for all possiltle combina-
tions of r according to the matrix pattern shown in Table.

.flhq composi te values are g8 ‘followss

Mg =M, e My | deresl®
»= GG | eeesl®)
Pyp= P, Pp R ,"*?‘;*;'(10)'
by s tz* ;B- | C aeeee(19)
JERY, S | coens(12)
Fp= Vi | OO CE

The combination of. a third subgroup c vith a
comm.ned group AB is done in & similar vays
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7

me derivation of equation 11 :(‘or--tm :L's as

followss

Assume t, and T, are the duration and interval
of an r-fold out.age.:m system A and ty and Ty are the dura- |
tion and interval of an s-fold outage in system B, - In ‘general
T, and 'I.‘B willba aitraréht. so that T, = fT; or the event
in system B will occur once in the interval Iy but £ times in
the interval T .‘ A‘ccordiné 1:6 equation 42 of reference 1,
the combined duration t,5 is the %% term of the expression
ot | | o
Mt fhge (T, - ftg)
bEKTrt)  fhpx HTpfoy - (BrDaTpeten (Sord

f[‘he xaterm is

t,% b, A tA...AB.
7V e €y ) YT
" WG ReD T e (en (g 0
e - ‘a%
. /‘\/ tA + tB - 1

JER

Then, remov:l.ng the limitation of unit steps by making the
siée of the steps very smau. or t, and ty very large, compared
ui/‘th 1, yialds

v‘ E"'tB



IV. Grouping and Plotting of Results:

A plot of the interwal versus inagnitude of forced
outages for a complex composite system mlculated according
to the methods described in section III results in an arra.y
of pointe as shown by the crosses in Fig. 6 These resul te
sprly to a 5,608 mw system composed of eight subgroups of
different sigzes and outages rates. The apparent, irxregular
array of the pointsis due to the nature of the systenm,
Certain combinations df outages are relativaw more likely
than other intermediate values. In evaluat;ng these data,
1t must be recognized that the wvaluves are by nature disconti-
nuous, Only certain combinata.ong of magniﬁzdes of outages
are pbssible, and the freqqmcy of intemed_iate values 1s
gero. Nevertheless, to apply. the results to reserve studies,
it is necessary to express them by & continuous curve of in.
terval versus magnitude of outages. ' :ﬂ'x:!,s curve must represent
~ the aummati:on of the 1ndi.vidnai‘ freqﬂencies. This can be
most readily accomplished by grouping the results in ranges
of magnitudes, such as 50 or 100-mw steps and determining the
total frequency for each g‘roup.'/ In selecting the group
width, it mist be recognized that a large group width will
yesult in smooth cwrves, Wt eouservaﬁively high values of
expected outages. Grouping in narrow m'é@uatt steps will
result in more accurate magmtudes of outage but more irregu-
lar curves. A gmup width equal, to the average size of all
units of the com‘bined system was found to give most
accurat.e results. The grouped resulta :Ln Fﬁ.g.é are shown
by eircles. The grouping was dane itx 100—-mw steps, which
is c}.ose to the average siza of the uni\bq of this systeum.



’ms curve through the grouped points is slightly beyond
the envelope curve of the individual points, as should be
expected, because the curve represents the summation of the
individual frequencies, and the frequencies of the envelope
points have the greatest waialt. '

. Tne pazameters of a group are derivea from the
individual velues of the group by the foll-ou:mg equationss

F ;g i F ‘ o b//’aooo(‘l")

4 where ?s is the frequency of the group and are the

frequmgie;s oi’,indiv:l.mal terms in the group,
Pg= 2P . ,.....(m

- where Pg :Ls the pmbability of the group and P are the
individual probabilities;

'Tgn -:Vpa' | - o -....<.(1§)
‘Where T, is the interval ,_foi' the groups. | |
\tg = P_ T . S o . '_1.‘:‘.‘.‘..'('*7),
where ts is the average duramon for the groupg

| 5 up o S
ng = ._5.;..... . R RN e i “..,(18)

where Mg is the avefage magnituda of ,oﬁtage for the gxfoupg
M are the individual magnitude Sy a_n;i? ftuef" corresponding pro-
babllities, md R

26 R
. ) oo f
8 4 --n?n—u ' ) L . .. R C o !?'1"‘.#‘” _‘329.75'006(19)
. 8 P » N .-\‘l..., 4‘ A\
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vhere @ is the staridard deviation for the group, and 4is
the standard deviation for the indlvidual values.

s
'Y, Division of Geins from Intercomecmon of Tuo Systans-
NOMH&ATURE 4
c = cepackty e

= load e
F = forced owtages
OH % overhauling
J = limitations

= excess of emergency load capability over normal
load capability'

1 = interruptible load

T = help from previously existing ties
PF = peaking factor

X = interchange over new intercommection
p =1 «14+PF

Furthermore, subscriptsA and B apply to the two
interconnected systems respectively, and subscript AB Yo
. the comba.ned systenms, '
Division of  Required Capaclty Between Two. Systems Based on
Biual Interchanges
Cap=Cat Cp

cA”LA*(FA"'OHA"'JA* BA) L DA«- x

GB*"B""(FB'*OHB*‘TB" EB) ~Dg~- X




EERR TV

Within relatively narrow lm:l.ts, it is pernd.ssible
to assume that ( F + OH +J « I) 1s pmportional to CooF” i

=LA+ I, Cy - DA,-'}C.
Gp=lp+IgCp- P X
15 obtained. Setting Z= 1 - ¥ ylelds
Cplp =Ly~ Dy - X
o g - % - X
which results in
“‘A:B&) - (LB Dy -I-C

%" 8yt Ey
'« o Un- DB)"(I“'DA) St
%= - By + I

Interchange Over Mo’
- - The value of X 1is obtained by substituting the
~ value of C, in the eguation

Cp B =Lp-Dy-X
or from equation "

Pyt Fg - Fin
X= 5

which is derived from the following four eauationss
CB”LB*FB”’HB*"'B By~ Dg~ X



. -113
Cyp = (By #Lp + Fyg + (OE, +OHp + =
(T4¥p - (By + By - (D + Dy

Gein from Interconmections

- The reduction in capaclty made possible by the
intercomection is determined for each system respectively
by

Required capacity before intercomection
C=L+CY-D

BaQ};ire& capacity after intercomection

S C' =L +C'Y¥-D- X

- -
S

™erefore
=
Gan=c- 0= iy = G
’4/;‘,' ot _ i

s

4
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1 1 4 APPENDIX- A

MAIN COMPUTER PROGRAMME

OPTIMAL HYD~-0O THE=-MAL SCHEDUL+NG US+NG +NC-EMENTAL DYNAM+C P=0G MLG WRI
DIMENSION IQ(40)sIH(40)sIQT(24) sIQMIN(24)»IHMIN(24) s IDEM(24)
DIMENSION ALV{3924)9R(3924)s S1(24)9IHDR(24) A1 Q0PT(3924)9C0ST1(2)
IQ AND IH STAND FOR DISCHARGE VS CORROQS HYDRO POWER IN MW
IDEM FOR LOAD IN MWs»IQT FOR TRIAL DISCHARGES )
ALV IS VOLUME MATRIX CORROS TO INCREMENTS ON TRIAL SCHEDULE ,Jf
R IS WEIGHTED QUTPUT MATRIX s*
S1 IS THERMAL GENsIHDR HYDRO GEN Adh
AIQOPTISOPTIMAL DISCHARGE . o
ALVOL IS TOTAL VOLUME OF WATERs INCD-INCREMENT
ALLlsAL29AL3 s ARE LOSS COEFF AL1~S%5s ALZ-H¥H
AC1sAC29AC3s ARE COST CONSTANTS»AC1~S*S»AC2-5
SMAX +SMINs IQMAX ARE CONSTRAINTS ON THERMAL/HYDRO GEN
F RATE COST OF FUEL PER MILLION BTU
DDIFF STANDS FOR PERMISSIBLE DIFFERENCE OF COST BETWEENZITER
READ1IOsMs INCDALVOL,
FORMAT(2159F1041}
READ155 (1QT(1)s1=1s24)
READ1S5s ( IDEM{I)sI121924)
FORMAT(1415) ‘
READ169ALLSAL2sAL3»AC19AC20AC3
FORMAT (3E2048) .
READ189SMAXsSMIN» IQMAX»FRATE
FORMAT(2F10425159F1044)
READ1S5s (IQ(I)s1H(I)sixz1lsM)
READ1T7»DDIFF
FORMAT(F10,.1)
CALCULATION OF MINIMUM HOURLY DISCHARGES
DO 231I=14+24
LD=IDEML(I])
CALLDISCH(LD»SMAXsALL1yAL29AL 39 INMIN)
DO20J=1sM
IFCINMIN-IH({J) 119219920
CONTINUE
NN=J
IHMIN(I ) =IH(NN)
IQMINC(I ) =IQ(NN)
PUNCH 24
FORMAT(5X6H IQMINSX6H IHMINSXS5H IDEM)
PUNCH2L1 s ({IQMIN(I ) o IHMIN(I)»IDEM{I)sl=1ly24)
FORMAT(6X»I556X91596X915)
GENERATION OF ALV(3924)MATRIX CORROSTO TRIAL DISCHARGES
ITER=0Q
ALV(1+24)=IQT(24)+INCD
ALV (2924)=]QT(24)
ALV(3+24)=1QT(24)~INCD
ALVI1s1)=ALVOL
ALV{2s1)=ALVOL
ALV (3y1)=ALVOL
D0221=3s24
IX226~1
AIQT=1QT(IX)
D022J=1+3
ALVIJa IX)=ALV(Je IX+1)+AIQT

EVALUATION OF HYDRO GEN CORROS TO TRIAL DISCHARGES
NO26T=1.24




30

33
31

32

35

50
40

55

56
65

70

17

16

78

79
715

COST=0. -
DO301=1,24 113
LD=IDEM( )

LHDR1=IHDR(1}

CALL THERM(LDsAL1sAL2yAL3»LHDR19S11)

COST=COST+FRATE* (ACI*S11¥S11+AC2#S11+ACE}

S1(1)=s11

COST1(1)=COST
PUNCH 33
FORMAT{6X5H IHDR8X2HS1)

PUNCH31» (IHDR(I)sS1(1)sI=1s24)
FORMAT{6X»1595XsF1042)
PUNCH32»COST1(1) s ITER

FORMAT ( L9HTOTAL THERMAL COST=F10e2y2Xs15HAFTER ITERATIONI3)

CALCULATION OF MAXIMUM WTOUTPUTSAND OPTIMALDISCHARGES

DIMENSIONLQZ2(3)sR2(3) yRI{3)sAVOPT(24) sROPT(24)

CALCULATION OF R FOR24TH HOUR

LD=IDEM(24)

DO35J=1»3

LAQ=ALV(Js24)

ATQOPT(Js24)=ALV(J»24)

CALL POWER(LAQsIGsIHsLAHIM)

CALL THERM{LDsAL1sAL2sAL3sLAH)S1A)
CALLGQUAL1»AL25AL3» AC1sAC25LAH»SIASR])

RtJr241=R1

DO701=3524

NX=26~1

DO70J=143

DO651J=1»3

LQ2 (1JI1=ALV (JsNX)=~ALV (1Jy NX+1)

LLD=TDEM(NX)
IF(LQ2(IJ)=IQMININX) ) 40550550
IF(LQ2(1J)=1QMAX) 55555540

R2(1J)=0,

GO TO 56 )

LLG2=LQ2(1J)

CALLPOWER(LLQG2s IGs IHsLFF sM)
CALLTHERM(LLDsAL1sAL23AL3»LFFsS1B)
CALLGQ(AL1sAL2sAL3»ACL,AC2sLFF+51BsR11)

R2(1J)=R11

RICIJ)=R(IJINX+1)+R2(1J)

CONTINUE

R1=RI(1)

R21=RI(2) ,

R31=RI(3)

CALLGMAXI(R1sR21sR319RMAXs11X)

R(JoNX) =RMAX

ATQOPT (JsNX)=LQ2( LIX)

CALCULATION OFR FOR IST HOUR

LD=IDEM(1)

DO75J=143

LG2 (J)=ALV(151)=ALV(Js2)
IF(LQ2(J)=TQMIN(1)) 76977577
IF(LQ2(J)~1QMAX) 7847876

R2(J)=04

GO TO 79

L1Q2=LQ2(J)

CALLPOWER (LIG2»1Qs IHsLBH M)
CALLTHERM(LDsAL1sAL2sAL3»LBH»S1C)

CALLGQ(ALYI»AL2vAL39ACL AC29LBHYS1CeR])
R2(J)=Rl '
R{Js1)1=R2(J)+R(Js2)

AIQOPT(Jsl)=LQ2(J)

CONTINUE -

Erra MR iem - - e - — e e - —_— .



C SCANNING OF TABLE FOR OPTIMAL PATH
R1I=R(1s1) | 116
R2I=R(2s1)

R3I=R(351)
CALL GMAXI(R1I»R2IsR31,RMAXsIPX)
ROPT(1)=RMAX
IQT(1)=AIQOPT(IPXs1)
A2QT=1QT(1)
AVOPT (2) =ALVOL=A2QT
DOB0J=1,3
IF(AVOPT(2)=ALV(J12))80+90+80
80 CONTINUE
90 I1=J
1QT(2)=AIQOPT(I152)
ROPT(2)=R(1152)
DO1001=3924
A3QT=1QT(I-1)
AVOPT (1)=AVOPT(I~1)=A3QT
DO110J=1+3
IF(AVOPT(I)=ALV(J51))11051055110
110 CONTINUE
105 I1=J
IQT(1)=AIGOPT (11,1}
100 ROPT(I)=R{I1s1)
COST=04
DO1201=1s24
11QT=1QT(I)
CALL POWER(11QT»1Q»IHsLHORsM)
IHDR( I )=LHDR
LD=1DEM()
ITHD=IHDR(I)
CALLTHERM(LDyAL15AL25AL35 ITHD»S12)
COST=COST+FRATE* (AC1%S12¥S12+AC2¥S12+AC3 )
120 S1(1)=512
COST1(2)=COST
DIFF=COST1(1)=COST1(2)
IF{DIFF~DDIFF)1505150155

155  ITER=ITER+1 e
PUNCH161 |
161 FORMAT ( 3X4HROPT)

PUNCH162+(ROPT(I)s1I=1v24)

lez2 FORMAT{F1042)
GO TO 28

150 PUNCH 151

151 FORMAT(6X4HIQT 5X5HIHDR 8X4HROPT11X2HS1)
PUNCH152s(IQT(I )9 IHDRUI) sROPT(I)9S1(1)sI=1924)

152 FORMAT(5X91555X915s5X9F10e295X9F10e2)
PUNCH170sCOSTHITER

170 FORMAT(21HTOTAL OPTIMISED COST=2Fl0s2+5Xs17THAFTER ITERATIONS 15)
STOP

((((((END((((((((((((((((((((((l(((((((((i((((((((((@@@@@@@@@@@@@@@@@@@@@
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SUBROUTINES OF MAIN PROGRAMME

SUBROUTINE GMAXI(GlsG2+G3sGMAX»IX)
IF{G1-G2)555,8
IF(G2~-G316396510Q
GMAX=G3

IX=3

RETURN
IF(G1=G3)697s7
GMAX=G1l )
IX=]

RETURN

GMAX=G2

IX=2

RETURN

END

SUBROUTINE GQ(AL1»ALZ2sAL39ACLyAC25LFHsS1sR1)
AC1COST CONS RELATING TO S*5yAC2~5
DF=2.%S1%#AC1+AC2

ALFH=LFH

DLH=2 e *ALZ2¥ALFH+AL3#S]

DLS=2¢% ALLI¥#S1+AL3*ALFH
Ri=DF#({le~DLH)*ALFH/{1e~DLS)

RETURN

END .

SUBROUTINE THERM(LDsALL1sALZ»AL3sLFHsS1)
ALD=LD

ALFH=LFH

BrAL3®ALFH=1,

C=AL2%ALFH*ALFH+ALD~ALFH
S1={~B~SQRTF(BXB~4 o ¥ALI¥C) )/ (2+%ALL)
RETURN

END

SUBROUTINE POWZRILAQ»IQsLHsLFHM)
DIMENSIONIQ(40)sLH(40)

DO4I=14M

IF(LAQ-IQ(I) )33 94

CONTINUE

J=1

LFH=LH(J)

RETURN

END

SUBROUTINE DISCH(LDsSMAX»ALL19AL29sAL3 s IHMIN)
ALD=LD

B=AL3%SMAX~1,

C=AL 1#SMAX* SMAX+ALD~SMAX
HMIN=(-B=SQRTF(B*B~4 s *AL2%C}) )/ (2. *AL2Z)
IHMIN=HMIN

RETURN

END -
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RESULTS

IQMIN THMIN I1DEM
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

IHDR s1

258 215641

258 184464

258 174440

258 164417

258 153496

258 164417

258 225469

268 298484 .

330 354497

343 353431

352 355440

366 363435

298 301466

298 322444

298 332484

298 332484

366 363435

377 395410

366 363435

359 359436

315 348413

298 322444

268 298484

258 256460 :

TOTAL THERMAL COST= 28215.,02 AFTER ITERATION




ROPT

73527471
70940476
68429+64
65930448
63443425
61006481
58558467
55999437
53169476
49776413
46265484
42670436
38988,11
35918426
32899454
29786445
26673435
22938436
19065.66
15353,20
11687,93 |
8403463 f /
5384491 2
2595,78 J
IHDR /s1
263 ' 210470
258 184464
258 174440
258 164417
253 158466
253 1684688
258 225469
279 288444
330 354497
343 353431
352 355440
359 369462
304 296404
294 326420
304 327420
304 327420
366 363435
375 396b94
363 366412
359 359436
320 343445
294 326420
274 293416
258 256460

TOTAL THERMAL COSTs

28160424 AFTER

ITERATION

1
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ROPT g
73602493 i
70976456 IZU
68465.44
65966428
63518414
61120491
58672677
5607352
53203,77
49810,14
46299.84
42704437 ,

39075451 \
35920414
32901443
29868,65
26668,76
22956430
19106422
15393, 76
11728649

8444419

5425447

2636434

IHDR s1

268 205699

258 184464

258 174440

253 168488

248 163437

253 168488

263 220497

284 283,73

330 354497 o

343 353431 e .
352 355440 , N
352 376431 "s
315 285476

294 326420 f

294 336461

315 316490

363 366612

372 399472

363 366412

359 359436

320 343 645

294 326420

274 293416

263 251487

TOTAL THERMAL COST= 28128499 AFTER ITERATION 2



ROPT
73664420
70990,96
68479484
66019,97
63571,83
61174461
58765.88
56079491
53210415
49816452
46306423
42741425
39143,18
35987482
32969,10
29856401
26656412
22943466
19093.58
15381e12
1176897

8484467

5465495

2636434

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 COST=

S1

200436
184464
179411
168488
163437
173459
210463
283473
354497
353431
359411
380,03
285476
326420
327420
316490
366012
399472
366412
365485

343445

326420
288444

251487
28104461

AFTER ITERATION

3



ROPT 2
7370142
71028.,18
68517406
66057.19

- 63648447
61251424
58842451
5615654
53207450
49813,87
46334440
42807483
39209,76
36054440
33035468
29835479
26635491 .
22953466
19103,58
15421,34
11809.19

8524489

5506617

2676656

IHDR
274
258
253
248
248
248

274
294

330
339
343
348
315
294
315
315
359
372
359
352
320
294
279
268
TOTAL THERMAL COST=

S1
200436
184464
179.11
173,59
163437
17359
210463
274434
354,97
357403
363475
380,03
285476
326420
316490
316490
369.82
399672
36982
365485
343445
326620
288e44%
24715

28090454 AFTER ITERATION 4
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ROPT
7374542
71072.,18
68561406
66101,19
63653,05
61255,83
58847,.,10
56161.13
53212,09
49818446
46338498
42843438
39284412
36128475
33030411
29830423
26630434
23001.48
19151441
15469.16
11857,01

8572471

5553499

2724438

IHDR
274
258
253
253
248
248
274
294
330
339
339
343
315
304
315
315
352
372
359
352
320
294
279
274

TOTAL THERMAL COST=

S
o,

S1
200,36
184464
179411
168.88
163437
173459
210463
274434
354497
357403
36748
384,468
285476
316480
316490
316490
37631
399,72
369482
365485
343445
326420
288e44%
241450

28074458 AFTER ITERATION 5
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ROPT
73787487
71114463
68603451
66143,64
6369550
61298427
58850413
56164416
53215412
49821449
46380,83
42885423
39357424
36201,88
33016487
29816,98
26617.10
22988424
19138,16

15509430
11897416
8612486
5594414
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 COST=

S1
200436
184464
179.11
168488
163437
168.88
210463
274434
‘354497
361469
36748
388441
285476
306451
316490
316490
376431
399,72
376431
365485
343445
326420
283,73
241450
2805855 AFTER ITERATION 6

124



1QT7
26500
25000
25000
- 24500
24000
24500
26500
28500
32000
32000
33000
33000
30500
30500
31000
30500
34500
37500
34000
34000
31000
28500
28000
26500

TOTAL COPTIMISED COST=

IHDR
274
258
258
253
248
253
274

294
330
330
339
339
315
315
320
315
352
372
348
348
320
294
289
274

ROPT
73813414
71139490
68628478
66129463
63681449
61284426
58836412
56150e14
53201411
49807448

46398611

42902651
39374452
36219416
33034416
29795435
26595446

22966460

19116453
15518446
11936496
8652466
5633494
2724438

28049446

S1
200436
184464
174440
168488
163437
168488
210463
274434
354497
365442
367048
388441
265476
306451
312423
316490
376431
399472
380403
369456
343445
326420
279403
241450

AFTER ITERATIONS

7
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35 500711000,0 :
’500025000250002500025000250002500026000320003350034500365002900029000
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