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ABSTRACT

1.

This thesis analyzes the Bram-thaflier 2xpansion, for the
evaluation of loss of load probability, capacity reserve
margin, expected énerg} genaration and production cosQing in
generation expansiorm planning, The accuracy of the Gram-
Charlier-e;pansion iethodxis studied in detail and Guide-

lines are given of thezapﬁlicability of this expansion for .

the above mentioned evaluatiocas. The accuracy of the Granm-

Charlier expansion depends upon such variables as the load

shape, unit size, ouaber of ‘units, forced outage rate as
¥all as number of tefqé.used in the series. For the evalua-
tion of loss of load probabiiigy several differént systeas
are analysed with varying forced outage rates and unit

sizes.,” For production costing calculations, systea demand
and 1oad:shape are varied. The accuracy of the results de-
crease&with'the decrease in foréed outage rates and number
of units. The results are always Gompared with thosé ob-
tained from a conventional technique,. based on a well known
recursive aiqo:ithm and humerical cenvolution, «hich ' in all
casas, p:qved to be computationally more expensivae,. T?is
conventional technique is also discussed along with tha

Gram=Charlier series and its convergence. The comparison of

the Gram-Charlier method and the conventional method is mada

- ii -



"in tsrms of loss of ‘load "probability, cabacity reserve’
 wargin réquired .at a certain risk ;ével. expected.enérg?

" generation and.prbguction costing. | '~
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';Chapter I
i :_ Iurﬁonﬁciibu
‘Probabilistic mefhods are being used by‘utiiitiesﬁto plan
fhe génefation requirements and to -predict the cost of gen-
eration. Inétalled.cApac;ty is requiréd to meet £he demand
vith an adeguate level of contiﬁuity‘and quality of service.’

or the other hand, a larger reserve capacity, caused by sys-

, ten orerexpansion makes electricity more expensive. The pur-

pose of generating system planning 1is to generate electric-

ity economically and reliably. , Expected production costs

“comprise capital cost, maintanance cost and fuel cost. In-

stalled reserve capacity affects the capital cost while the

A

type of generatiﬁg units and fuel_requireﬁents affect the
operating cost which vwill be discussed in the later chap—

ters.

-

' i

4

T . -
Calaprese [ 1] introduced the loss of load probability
(LOLP) approach vhich evaluates the probability of demand

exceeding the available generating capacity. ‘Im this method
o :

! capacizf outagz table is constructed from the probability

density function of capacity outage of units by a process of
convolution.Prom the capacity outage table, the grobability

of ontage capacity exceeding the raserve capacity directly

-

D



gives the~LOLP._In‘the céhvent;onal method u;;nq a reéursive
‘"algorithu,prﬁposed by Billinton‘ [2), convolution of proba-
hility'denéity fhnction§.Consisting‘ of impu;ses at discrete
cépacity values may'ba approximately‘ﬁimulatgd by ;oundihg
the pﬁobahilify values at discréte capacity steps, which are
iﬁteger nultiples éf.soﬁgustep size.. Rounding the probabil-
ity values wmay also be'expregsed waé the  interpolating of
_prohability values at the capacities which are wmultiplesof

"the salected step-size.

4

Baleriaux et.al. [3] suggested a sophisticated probabil-

istic model to'simuijte .the production costs of a set of
qeneratiﬁg units meeting a demand, It was further improved

_by Booth [&], Sager et. al [5], and, .Jenkins and Joy [6].The

method is based on the notion of an equivalent load [7]}. The

units are cousidered as hundred percent reliable qigggity
aﬂd a ficticious‘load whose probability density function is
-équal to ;he probabili;y density fuﬁctiouﬁé{!outage capacity
of the unit, The Equ;valent load may be vi;ted as.the reg&-
lar load augmented by-the forced outage'c&pacities of gener-
ating units. Since the effect of the'random outage of the
units is added into 'the ‘load, e;sehtiall§§$he load apséars
larger to the  remaining units. The équivalent load is ob-

tained by convolving the probability density function of the

units outage capacity with the load distribution function.

-



‘cost. For the minimunm

i

In the economic gperati of * the generdtihé system, the

lodding of . a unitlis d; e;miﬂed from jits fincrenantgl'fdél

F

QF&I cost, cycling'uhits are loaded

at equal ;ncﬁemental costs. It is difficult to slmuiate the

N

.,;prdductioﬁlcgsts'with variable’ incremental fuel cost. Baler-

ty
e

-

jaux acd - Booth {B,Mj considered thé ﬁnit as oﬁe_ block and
calculated thg ;verage in@rementél_fuel cost over‘thenentire'
capacity of the unit. Joy [6], in the discugsion‘bf [4],
suggested fragmenting the units in capacity blocks which

nead not bccupy adjacent positdons.in the loading order. 1In

the block representatidon of units, each unit is fragmented .

into several blocks of /increasing margihal'COSts. A priority

order of committment of the blocks is prepared in an ascend-

'iﬁiyorder of‘ihcpemental fuel costs to better approximate

. £
thg dispatch procedure of equalizing the incremental costs
the cycling units. The capacity blocks of the.sane unit:
need not be committed consecutively. However, the dependency

of the unit's upper capacity block to” the 1lowver block must

be takén into account._'Essentially this implies that the

'g}dgher capacity blocks can not be loaded unless the lower

capacity blocks have already been loaded;

In the evaluation of LOLP as well as expected eneréy gen=-

eration for production-costing, rTepeated convolutions are
. - N \.3'_

required.. In the construction of the capacilty outage table

for LOLP calculations using the recurSive technique, Af the:



| unlt sizes are not lntegral nultiple of step size. interpo-
lation is requlred. Bach calculatlon may lead to digital
-truncation errors. -The computatjonal efforts incréases con-
Fﬁ*—ﬁrsiderabiy'if the step size isvdecreased ~unless the éapaéi-
. ‘£ies 6f the units corfespﬁﬁa_uith'~this step size, This in-
- creasg® ih conpuﬁat;onal time is’ furthér compounded for
multistate representaﬁionlaf‘units._ When units are divided

: ihto blocks to better simuiate.economic dispatch éor;produc-
| tion costlnq,. the probablllty density function of the lower
) ) block nust Dbe decoavolved before . proceedlng tor the upper
blocks. ?his further compllcates the computational procedure

and increéses the comﬁﬁtatiénal time considerably., The con-
volution of the load distribution and the probability den-
éity‘functibn of a unit"is simulated‘nume;ically by using
scveral discrete values of load function at sé;éral load va-.

lues. If the disqrete load values or ;hgﬁcap;cit} of thé

unit is not an integral nmultiple of step éf&e,interpolation

is required to evaluate each discrete point of the equiva-

lent load curve.  In addition, in the calculations of ex-
pected.énergy generation, numerical integration is needed,.

The aréa‘under the load curve is the total demand of energy.

The expécted energy'generated by each capacity block.is"éal—

culated from the eguivalent lbad curve by numerical integra-

tion over the capacity of that block.



v

h'computaé&bnally efficieﬁt,&e;hod ié-obt&in "LOLP, ex-
pectgd enerqgy gederation_for.production.costing‘has.beén re-
ported by Schenk [8], FRau and Schenk [9]:h”Rau et.. al [10]
"and Stremsl et.  al [11]. The'ﬁethod, referfed _to as the
Gram;Charlier series method, is_baseﬁ.on the orthogonal ex-
‘pansion ¢f a density function in terms of cumulants, tge
normal density function and its deriva:ives; The‘cﬁmulahts'
‘are easily dériyqﬁ.from the nmoments as described in [12];
The cumulants e;hibit ‘Ehe desired.piépe;ty that the sum of.
indepen&ent random variables is characterised by cunmulants
which are the'sum of individual cBmulaqts. Therefore the
process of convoLution is simulated simply by- the addition
of cumulants. Conversely, aeconvolution may be obtained from
the subtraction of cumulants. Thus, for a system of generat-
ing unité, the proéess‘of convolution to construct a capac-
1ty outage tablé may' be simulated by adding the appropriate
.cunulants of the random variables describing the ©uvnitts
forced outage capacities. Similarly for the construction of
the equivalent load distribution, the load function is con~-
volved with the probability demsity function of capacity
outage of each unit. This méy sinply be simulated by the ad-
dition of cumulants of -the ioad to those of the unit‘s‘ca—
pacity outagé. The effectiveness of the Gram-Charlier nethod
is more apparent when tnits are represented as nmultistate

units and where they are fragmented into blocks. The process

of convolution or deconvolution is qluite time consuring in



appropriate cumulants.

the-cqnventional.metﬁod based oq the recursive algorithm. In

the Gram-Charlier metﬁdd, ‘the proceSStof-nunérical }ntegra-

7

tibn has béen'rqplacéd by the addition or subtraction of thé.

.

In Chapter 2, ‘prohabilistic nodels of:generating units,
load.and'equivalent load are described. In Chapter 3, the

evaluation of LOLP, . expected energy generation for produc-

tion costihg procedures are discussed .using the models des-

cribed in Chapter 2.

-

The Gram-Charlier series, its convergence, the derivation

of cumulants and some useful properties of those cumulants

are discussed in Chapter 4. Chapter 5 is dedicated to ap-

plications of the Gram-Charlier method to the evaluation of

LOLP, expected energy generation for production costing.

'~ Chapter 6 describes the numerical results when the Gram-
Charlier series is used for the evaluation of LOLP, expected
energy generation and expected production costs. The accu-

. Vo
racy of the method is alsc studied (13]. Conclusions and

recommendations for further work are also discussed in this

chapter.
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Chapter II

PROBABILISTIC MODELS FOR GENERATION AND DEMAND

The use of probabilistic methods for the evaluation of

installed ga2neration requirements may be one of the earliest

‘\“'—;__/”. ] . . .
industrial applicaticn .cf peliability techniguec ir ongi-

neering design[ 14]. Lipitation af computation facilities
severely restricted the numerical'application of reliability
procedures to- the study of generating systen adéquacy in
early timgs.l Rith the advancement of computers and the work

of many? authors,  namely; Lyman[ 151, calabrese[ 1],
Billinton[ 2], Baleriaux[3] and Bbdﬁﬂ?u], probabilistic meth-

ods becama an integral parct in power systen planning.‘-

The main concern of an electric utility is to supply
pover to its customers reliably and economically. The ob=-

jective function is to minimize the cost while keeping an

acceptable level of reliability.  The problem can be dealt

petter with a suitable mathematical model based on probabil=-

isitic methods. ﬁot many years agolthe' capacity reserve
pargin was determined as a percent of the installed capac-
ity. The complexity of the system has recently increased
becanse qf jnareased aize zand the addition. of in;arcannecf
tion to neighbouring utilities.

-7 -
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In all‘saétors'of Power Syé%em (t.e, generatioﬁ, tranmis-
sion and distribution) <reliability ‘indexés have .béen de-
finé&? "Usﬁailx the, reliability of each sector is defined
éaparately to Psimplify>thé analysis.\r Recéﬁtly, houever;
theré has been a ygreat deal of effort given to the evalua-
tidn of so éalléd bulk'péher'éystem.which comprises both the
gensration and“transmission system. In this énaiysis failuce
of the stations that affect the transmission netwo:klis u'su-
aliy accounted for 'by modifying the transwmission ”line'fai-;
lure rates. Siuilarlf for transforﬁer failures. One of the '
best bhodels for bulk power ’system reliability evaluation is

PCAP [ 16].

:hé_concept of LOLP [1] is an accepﬁed %ndexﬁfor coaput-
ing the installed qenerating capdcity requirements.  Simi-
larly ia the distribution sector, the freqhency and duration
of the outages have becbme the important yardsticks. In this
chapter the probabilistic models of unit capacity outaée‘and
‘demand are Qi&en. The concepts of equivalent or effective

load is dascribed 1o section 2.5.

2.2 BASIC TZaMINOLGY

— i

Before going into a more detailed analysis, the ds=fini-

— —

tions of the teras %ery frequantly used in this thesis are

defined [3,8].



2‘.2.1 N g!taggl . '_.

[

L3

An.kﬁtade ﬁescribes the state of a component when it is
not available to perform its intended function due to some -
‘éveﬁts.directly associated with that éompbneht. An outage
may or may not cause an interruption of service to consumers
depending ﬁpon system operation.

|
g
v "

2.2.2  Forced Qutage
f

A fofced outage is an outage that results from emergency
conditiong directly_aésociated with a compongnt to be taken
. Y .
out of service immediately, either automatically or as soon
as switching op@;&tion can be pe;fong?d, or anp cutage caused
by improper opegétioh of equipment or human error.

(]

'2.2.3 pPlanned or Schedulad Outage

e

a scheduled‘outage is an outagé that results vhen a com-
ponent is taken out of the service at a selected
time,usually for a purpose of construction, preventive

maintenance or repair.

"If it is bossible to defer +the outage when defercrment is
desitable, the outage 1s called scheduled outage; otherwiée
the outage is a forced outage. For example, deferring an
outage may be desirable to prevent the overload of facili-

ties or ai i1pterzupticn Of s2Lvice 0 ConsuUmErs.



‘signated period of time to the peak load occuring in that.

<

2.2.4  Load Factor . e - | L .

Load Factor is the ratio of the average load over a de-

1

period.It can also be defined as the ratio of total area un-

der the - load curve over.the considered time period to the

product of the considered time period and peak load. : .

i

2.2.5 Capacity Factor

Capacity factor is the ratio of average load on a unit

for the ﬁeriod of time considered to the ciggcity of the-

unit. It is also defined as the ratio of the actual energy
genérafed by the unit in é'designatéd'period to its energy

capability.

2.2.6 Available Cagacify

i
+

Available capacity is defined as the Jinstalled capacity

(IC) wminus the forced and scheduled outage capacities(FOC &

50C). Thus

AC=IC~FGC=50C
Since. the forced outage capacity _is a random vériable,
avaiiable capacity is also a random variable, The scheduled
outage capacity is a déterministic quantlity entirely in con-

trol of the system planner.

- 10 -
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2.2.7 Resarve Capacity Margin - -

feserva capacity marcgin (QM) is-defined as the available
capacity (AC) aianus the p=2ak load (PL)... Note that loss of
load occurs when the ;eserve'capacity.mq;gin'is negative,
. r ,

'

EM=AC-PL’

i.z.é Resarve Capacity

A

Reserva capacity or simply Reserve is défined as the dif-
fetance betweea installed capacity and the peak Load (PL)
during a specifié period of time, thus ) . N

-
B=IC-PL

2.3 GENERATING UNIT HODEL

The“reliability of the pouefA systém larggly'dependf upon
the reliability of the generating system. The units can be
forced off-line due to technical probleas, {fe avallablllty
or forced outage rate (FOR) of a unit is 2 reflection of the
random process that takes place 1in including uncertainty in
the evaluations. The simplest model of a generating unit is

a Run-Fail-Bepair-%un cycle {7] as showvn in Fig. 1.

The system has two statas. It tranfers frem state 1 (thea
up state, correspending to the wunit being avdilable) to
state 2 (th2 down state, corresponding to non-availbility of
the unit) and vice versa, For the ith cycle let

m, = uptime
L



i

r: = downhtinme

4+

From ths historical data of. the availability and non-availa=-

bility of the

unit, an‘'average uptime and

fined as,follows

h S

mean uptime = m =

" mean downtime = r

unit failure‘rate

unit repair rate

u

| e 0

P
Il
3+

(\ where N= No. of times unit fail

Up State
{ State 1) °

Down State
{State 2% .

Time

_'-._,

Figure 1: Sandom unit performance ignoring schedulad
outages

THe two state

in Fig. 2.

mod2l for a unit may be

~

representad as

downtime is de-

shown



hRY

This two state model of a unit may be described by a dis~
crete state, continous transition Markov Process. This pro-
cess is characteriseﬁ by a lack of memory. - The future of

the process is completely dafiped by its immediate history.

Down

State State

. . il . .
Figure 2: Two state representation of a unit

’

Define

1]

pl(t) Probability that the system is in up state at time t
By (t)

Consider an incremental time interval At and assume that

i

Probability that the system is in down state at time t

{a) changes of state are poésible at anytinme
(b) the probability of two or more changes of state during this

interval of time is negligible.



The probablllty of thn system belng in state 1 at tlme

i
t + At may be .given by

P (t+af) = [Pl(t).—;Pl(\‘tb) (AAt)] + P, (t) (uat) “ (2.1)
where . .
"'The term P ft)(AAt} gives the prbbability of the system going into
state 2 (down state), in tlmc interval At, if the system were in
statc 1 (up state) at tlme t. Thereknc the term [Pl(t)—PI(t)(AAtJ
gvaSathc probability of staying in state 1 ihthe time interval At.
The term P2(t)(uAt) gives the probability of the system going into
state i in time intervgl At, if thé system were in state 2 at time t.

Similatly the probability of the system being in state

2 at time .t+At may be given by’ |

Pz(t+At) = [fz(t)-Pz(t)(uAt)] + Pl(t)(AAt) E (272)

Pl(t+At)—Pl(t)- ' ) .
i =~ AP (£) #u P, (t) {, (2.3)

\
1

P2(t+At)—P2(t)

i = AR - Ry e
As At + 0
d Pl(t) J"“ . a-, : . &
— .=. Y Pl(t).-f- u P, (k) 4 (2.5)
d P, (t) : . -
—a—'E—-- = ) Pl(t) - H Pz(t) (2'6)
£
- 13a - " .
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J
since we are interested in the long term (steady state)
prdbab;litieshof,being either in state 1 or state 2, vhere
P, +P, nust equal tp unity, we may sef the.\deni;a£i§e§ to

zero and solve the @@sulting two equations for P, (w) and'EE'ﬁu
: . :

. ~
-
. Y

-~ )
oy = M
Pi{=) =y =P
. A '=
\Pztw) At q ;

Therefore, the long term probabilities are given by

P(ﬁp state) = p = 1o =

!

. .
P{down state) = q = T T mr

These two quantities are simply the unit availability and

FOR, respectively. Clearly, ptq=1.

r

~

2.3.1 Forced Outage Fate (ZQB)

The forced outage rate may be estimated by the relation

forced outage hours (FOH)

FOR = Service hours + forced outage hours

FOR = &

- {4 =

- it —— e ——



Fy, ‘. ) . __.——/—JPT_}
Utilities vary in'the way they estimate this. important

 parame;er._ For examplé, Ontario Hydro défines an eguivalent
forced'oﬁﬁagei rate (EFOR), vhich inciudes maintenance and
. derated ﬁouif,j as well as‘ an adjusted forced outage fate
(AFOR);ﬁghich includes maintenance and othér‘faétors. |

Rl

2.3.2 . Probability Bensity Function (ggé) for Forced

— . ——— e 2 —

Outaqe Capacity

For a unit of capacity C Hﬁ, FOF=q and availability p,
the PDF of available and forced outage capacity aré‘given in

Fig. 3.

Fa af

c 0 -. c

Available Capacity Unaw\'ailhiﬁe Capacity |

Figure 3: PDF of available and forced outage capacity

The PDF of forced outage capacity may be expressed as

f(x) =p 6 (;E‘) +‘.q ) (;c-C)

. . : - ( , ) Tt T AT
4 v ' _\‘ " ’ A . -



LN

vhere §(.) is the well known impulse function (Dirac-delta)

and X is a random variable repregenting‘capacity.
Y T T e T T '

\

i -

b

2.3.3 Multistate Eepresentation of the PDF Qg-Uni§§

;h_the m!%il considered before for generating units, the-

probabiiity density function (PDF) for outage ,CapacitY.pf

tle un;t cons;sts ofoonly two impulses; oneﬂaé Zero MW ca-
pacity with inténsity p and other at the full capacity of
the unit (=C) with iﬁténsity q.  In oghér words, the proba-
gility of zero MW out of service is P Vand o MR oq£'of ser-

vice is .q.

P .
X “ )
QI ) . q4
C C1 CZ. C3 C

Figure 4: Multistate representation for outage PDF of a
unit ‘

This model is the simplest possible probabilistic model. In

actual practice tkere may be more than twa states, +that is

- =

- 16 -

[P L TE



o ‘

a uﬁit may have derated stétes also.. In a dérated:séata, a
pbrtion of. the capacity mayAbe out of service randomly due
to technical.reasong such as failure ofidhe- stean vglve or
fallure of sone pres;ure gaﬁge og the boiler which may ré4~
ducé the available capacity;l A pfobability value can be as-
_signéd to the existence of that capacitf state. Figure h.
shows the PDF of outage capadity ‘\;.vhen a unit has derat”éd states
~and a full outage state. This may be written in the form'
LY

- ) —--‘ . ‘ . : l.
£(x) = p 8§ (x) +q) 8 (x=C)) + q, 8 (x-C,) + qy 8 (x-Cy) '+ qié(x—c4)

2.4  LOARD MQODELS

A p;obabilistic»load’mogel, suitable for productio£ cost-
ﬂing is deécribed ir this section. Historical data isléol-
1lected and future demand is forecasted. If a recofding of
instantaneous demand were plottad for a particulér histori-

cal day,ra curve such as depicted in Figq ‘5, ‘might result.

This curve is called load curve or demand ‘curve.



Demand

~ -

n

Time —

b

Figure 5: ‘Load Curve
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2.“.1 Load Duratioﬁ Curve

The ioéd duration curve in’ Fig. 6. 1is constructed‘from
the load cufve., It is obtained Qy determining the ‘percen-
tage of time for which the demand exceeded a pafticular
_lévei.‘ The_areﬁ upder the load curve or load duration édrve
is the enérgy iﬁ'nﬁﬁs(cwh) consumed by the-load. The mini-
mum levél of dewmand in the load duration curve is called the
base load. The maximuﬁ load level of the systen is called

peak demand or peak load.

g

Damand L (MW} —

0 100
Porcent of Time —ap

Figure 6: Load duration curve

2.4.2 load Probability DBistribution

The load probability.distribution is obtained by inter-

changiﬂg the axes of the load duration curve (LDC) and nor-

~

malizing the time as shown in Fig. 7. This curve can be in-

-~

et



BN

terpreted as a probability'distribution.function. The y-axis
gives the probability that the loéd'exceeﬂs the corrgspoﬁd- x

4 .
ing x-axis megawatt value.

The demand value L is a random variable and F(L) is its
distribution functicn . The ioad probability distribﬁtion
may be obtained for any interval of time from the "load
curve.‘ The load probability distribution is also called the

inverted load duration curve (ILDC) . o 2

1.0

1t

| F(L)

oA

0 L,
Demand L. (MW) ——

Figure-7: ©Load Probability distribution for a particular
historical day

2.5  EQUIVALEHN

=]
It

0D

Probabilistic models for generating units and load have
been described in section 2.3 and 2.4 respectively. The two

modsls may be coubined to define the effective load of the

cvgtom,

- 19 -

B PRy, |



In the model for the system load, the load L is a randonm
. ] :

variable with probability distribution F(L) as shown in Fig. .
T. | 1 -

100 % Reliable Capacity C r—ct—

| Random ¢ .
Unit No. n\ n’ . System j | 1 Unit No. 1
' Load L. . | ¢

"Random Qutage Load ¢
Unit 1

- Random Outage Load of
‘Unit n

Random Outage of U=xit 2

Unit No. 2

Figure 8: Equivalent Load Hodel of Units and Load

iSimildfly in the model for generating umits, outage of a ca-
pacity X is also a random variable with PDF f(X)J Let,
there be for simplicity, only two states of the units (up
vand down states).. Combining the two models Fig. 8 depicts
. the relationship between the system 1load and generating un-
its where actual units'have been replaced by ficticious per-
fecély reliable units and ficticious random ioads, whose
probability density functions are the outage capacity den-

sity functions of the units'[7].
#
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’

The 2quivalent load .of the system when' n ,units are com-
mitted is:

where ¥i is random cutage load.  The 1installed capacity of

the system is given by

.Sinqe L and xi are independent random variables and le is

the sun  of independent random variables, the distributien
: ) . .

function of Le may' be found out by convolution. The density

function for the equivalent load (Le=L+Xy) with only the

first unit may be given by.

(1) _ :
F (Le) = j’F(Le—xl) fl(xl) d X

!

|
By succassive convolutions, +the distribution fuanction of -
the effective load of the system by adding the effect of
random outage of i1 unit.s may be written as

Fi(Le) = [Fi'l(Le—xi)/fi(xi) d X5

— 2= i



~ F'(Le) = F(L)  for i=0

P

For a unit with two states outage PDF is given by -

£ (x) = py8lx;) + g8 (x7C)

and the equivalent lodd is therefore,

Fi(Le)

i1 - o :
jgiF (Le-xi)[piS(;i) + qi(ni Ciﬂ dxi

i-1 i-1,
PiF {Le) + ti (L? Ci)

Lp+cl+(32+- cael

Pigura 9: CEquivalent Load Duration Curve

mha =2ffact on F(L) of d4ccouniting for the random outages
of generating units is to inflate it. By adding this effect
into the load ths —cemaining units see a larger effectiva

‘load as shown in Fig. 9. The curve obtained from the func-

[



~

‘¢ion P(L)" is called the equivalent 1load duration curve

¥

Por any value of ¢£fective load, 'Fig.9 gives the proba-.

bility of équaliing or egceedihg'the\spécified value.

- 23 -
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Chapter IIT

PROBABILISTIC, HETHODS IN GENERATION PLANNING

—— . e —

3.1 INTRODUCTION ' . o

In genération planning, uncertainty plays an importauf

. role. - This uncertainty is reflected in the random failure

g . - C L. !
of th¢ gencrating ' units as vall as in the variaticon in de-

mand. Additionally, there is uncertainty in fuel prices and

the general economic behaviour of the systen.

r--.//-

The system must .have enough reserve capacity to provide

for the .maintenance of the equipment, forced outages ang
load growth. In the past, the adequacy of both planned and

installed capacity was measured in terms of percentage re-

serve [2]. Also a method using the 1largest capacity unit

plus a fixed reserve is still im use. 'The important objec-
tion to the use of this criterion is the tendency to compare
two tétally different.systems_on the basis of their peak de-
mand. If the two system kave differeﬁt load characteristics,
they may need different reserve capacities, The difference
of reserve capacity may be quite large with equal peak lo%ds
but different load characteristics and unit sizes. Therefére
there is a need for an ana}ytical approach to evaluate ﬁhe

|
reéserye capAcity teguirements. The application of przbahﬁl-

-~ 24 - Co




isﬁicl methods provides an- anélytical basis for capacity
planning which can be extanded .to cover interconuedtibn;
géinteﬁance, exéected eneriy gengtatioq and production cost-'
ing. The method allows for a consistent ;valuation of reli-
abiliﬁy indexesufroh~uhich valid comparison may be made.

-

.‘In the previous chapﬁer, érobabilistlc nodels for ioad,
anit available capacirty aﬁﬁ unit outage capacity vere given;
~Also the concept of =quivalent loadlhas been explalinad. In
this chapter, the'applicatioﬂs orf ppobabilistic methods in
the evaluation of LOLP, expected enérgy,genera%&on and pro-
duction costiny for generation planning are presented. For
a given load (forecasted demand) and unit data (unit sizes
and FORs), expected energy generated by each unit in the fu-
ture is evaluated to find out the expected production costs
for expaansion planning. The expécted energy gensrated by
the uhits depands upon the shape of the load duratiom curve,
the incremental fuel cost of the unit and -.the FOR (of tha
unit.

~

3.2 L0SS OF LOAD PEOBABILITY

In the Loss of Load Probability approack, the sygtem‘capac-
ity outage is combiped with the sysiem load. characteristics
to give an axpected risk of loss of/load. It is a measure of
the insufficiency of available generating. capacity to meet.

the syst=2m demand. Loss of load probability can also be de-



™~

fined as tha prpbabiliiy of demand exceeding the available.

- ' ’ -1)‘ .
capacity. There is not necessarily 3 'loss of load whenever

there is a capacity outage. As lohg as the capacity outage

"is less than the reserve cdpacity tﬁere is*no loss of léad.

From the capacity outage modal of the units,. a capacity
outage probability tabl?\uay*be congtructed; This table des~-
. cribes -the probabi}ity‘ density function for the caphcity
‘outagé of th§ §§stem. ggg Outagebprobability density func-
tion comprises impulses of intensities ;qual to the proba-
bility of the outage of that capacity value at yhich the im-
pulse is situated.

»

if -
i\

The outage of a unit is a random variable. In a systen

hl .

where a number of generating units is supplying a load, the

capacity outags of the system is the sum of the capécity
outages of all the umits. Thus, the capacity outage of the
entire system is also a random variable. The PD? of capacity
outage of éhe system of n units can be derived analytically.

nce the capacity outages of generating units are indepen-

ndom variables the relation becomes gquite easy.The
PDF of the stum of two independent random variables can be

given- by convolution of the PDFs of the random variables.

-
:y“‘gkgd A point can be made here regarding independence. If units

‘ 5?/ belong to a plant, it is not proper to say that these units
< . .

{ﬂ"{h T\m . . v

~
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may fail 1ndependently of the other unlts in the, same plant.

¥ flre in the pldnt nay force all units to fail. However, it

is common practice to assume 1ndependence of all units.

The PDF.of a random variable equal to“tﬁg sun of severa¥
independént random variablés”can Ee given by repeated convo-
lution. Since the outage df;the_unit capaci&y is assumed to
be An independent randoh variable, the proﬁability density
fuoction of ths cqpacity outage o£ tbe_syste% of n-generéf—
ing units is given by repeated convolution, simulating one
unit at a time reéursively. The capacitf outage PDF has dis=-
crete valﬁes. L table can be coﬁstucted which gives discrete
values of proﬁability of a particular MW of capacity being
out of service. The capacity outage PDF of a system is shown

I
1

in Fig.10 with 12 -discrete capacity states. 3

A

L

Probahility

T T 4 4
Cq Cz C3 C4 Cs5 Cg C; Cg Cg Co Cu

o

Figure 10: The Capacity Outage:%able of a System

o~
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Thefcapaoitf”bhtage table is combined with the load duras .

tion cacvaito give expected loss of ioad. A typical systen
load CaEéCifr Telationskip is shown in Fig. 11, '

ke

-J' Resarve Capacity

/
[*2
Load TMW) —.. ._,l.:. )

Time (Load Exr.--edin'g the indicated value)
—

Figure‘ﬁﬂ: System-load.and“Capactty

wvhere OK is a magnltude of the outage 1n the system capac1ty

! outage table at the kth lmpulse, By "1s the probahlllty of .an

3 ' outage of capacmty equal to Ok and -t is the number of time-

! 1 ‘ unlts in the Lnterval that an outage of magnitude 6K‘uould-”

‘ cause loss oF load.

a partioulat capacity outage will contribute’ to the”ex-f'

pected load ‘loss of the systean by ‘an amount equal to.the
:proddct of thé probablllty of enstenca of.+that partlcular
outage and tHe number of time units in the study parlod thati:

loss of load would occur lf such a capac1ty outage wera tof

exist; For outages less than reserve capacmy, the conmnbuhon'

to load loss wou&d be zero.



£

Suppose there are D number ‘of impulses (p;dbabil;fy of
discrete values of capacity that can be out) in the caéacity .

_ outage table at n discrete capacity'oﬁ{age values. The total
! i .

" 1oad loss may be expressed ﬁathematical{f by .

v : :
. .
,
. vl e B
r . ™o . B .
- u
- el o - . -
~ . . w v
e w P
r . - - .
. . B
B

e n N
E(t) = I Pt
k=1 XK
\\\‘&—r o . » _‘ . . : '- ‘ “ L“ L

If the study period considered is in houfs, the-.load- loss
vould also be in hours. ° ;The'beriod.‘qf study could be'a
Year, nonth qp_afday, land cofrgspondingly the .loss of load.

+ill be in years, months‘or.days respectively, This loss ofi ™ .’

lodd over a time period is usually referred to as loss ef -

load expectation (LCLE). - v T ‘ L. ~
) . o - - wy
af - ] '.\

S A I

‘There are three basic ways of appl&igg‘the loss of load “

-

probability method to determine an "annuval level of system- .

reliability. R S o e _
’ T+ \‘
. »> . . ., . . N . h s N
1. Monthly basis considering maintenance : 5o wr
2. Annual basis neglecting maintenance = - = T TLer
. . B R s i W
3, Worst period basis
. =
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“

L’In the monthly'baéis- consxderlng malntenance peak -load

and load characterlstlc “of" a particular month are combinedfj;

vith the capac;ty outage PDF for that month If the capacity'
has been taken out for malntenance, the capaCLty outage PDF

is obtalnadafrom the rest of "the”capaCLty. 1f the capac1ty

" out for maintenance is . not ccnstant over the uonth the, -

moqth can be d1v1ded lntou.several 1ntervals baving constant_

.capac1ty taken out for maintenance. The load characterxstxcs=“

for the” month is comblned with the capacity ‘outage PDF for '
each: lnterval and then the LOLP is calculated by taking the

average over:the year.~

-

" In the annual approach neglectlng malntenance, the annual.

~

;forecasted peak is comblned Hlth the capac1ty outageé proba- ﬁh

bility denSLty functlon to glve an annual LOLP naintenance

. is neglected in’ thls approach A justlflcatlon can be glven

for neglectlng malntenance 1f the year can, be dl?lded into

1lght 10ad season and peak load season. ‘The probablllty of:

-.load loss is very small 1n the llght load season. anﬂ::}tnte- -

‘nance can be perfopmed in that per;od.

In the worst?§Eriod app;oach,- a 'vorst month of'the'yéaf

is taken, TUsually Decembq; is the worst ‘month vhen annual

_peak occurs. The peak load - ‘and load characterlstxcs of the,

-

'Horst month ‘are comblned with the. capac1ty outage PDF. he

year is conSLdered to Consist of 12 such uorst months

Y
R
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'Many utilities do not use the load duration curve, rather,

they use peak loads only. For example Ontario Hydro uses

daily peak loads of the uqrst‘mdnth of the year that is De-

. cember. (;f. the outage is® greater than reserve capacity,

there is a loss of 1oad:) By making a. capacity outaée.table

_éﬁd "calculating the daily LOLPs from daily peaks, the

monthly LOLP is calculated by averaging over the month.

This LOLP is considered to be the LOLP for the year.

A cunulative distribution tab;éxfor the capacity ouﬁage
is very useful in the eQa%uation of .LOLP wh®Bn daily peak
ioads are considersd instead of a load duratlon curve. h ci-
mulativg distribution table can be constructed by integtat-
iné the density fuaction from X to plus infinify, vhere X
ié tﬁe'capacitytoutage random variabIe. The cumulative'dis-
tribution”function FC(X),"uhicﬂ is defined as ﬁhe probabil-
ity of cébacit; being out nore than or equal £o the §alue X

My, may be written in the forum

-

- x

T

FC(X)?= jff(x) ax

e

‘where f (X} ~i$ density function for;geuefating capacity out-

i N\

The cumulative distributién function, 1is a stepped curve

and is shown in Fig. 12. R

-
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If RC is’ th2 resepves capacity, FC(RC) gives the probabile~ "
ity of outage being greatar than resarve capacity, Thersfore
FC(RC) is the LOLP of the system for a given péak.

-
o

Cumulative Probability
-

: 'IC
-~ Capacity Qutage 'MW) -——— '

Figure 12: Cumulative Probability of Capacity Outage

Another application of probabilistic methods in genera-
tion planning is to fird ouflthe éipected‘energyfgéngtation
by =ach unit as it is committed, according to a_ predeter-

mined loading order, to meet the denand. . . Since the uaits

. ‘ ‘ ‘ . O -...d
are not 100% reliable, th2 exepected- -energy generated by.a

~unic d=pends upou‘the.force&-autaqe: rate of the?ﬁg}ﬁ} “lqéd.
skape and th2 priority of comaittment of thea unigp Thé‘uﬁips

~ } M

with lowest marginal cost (incremental cost) are_coamiﬁted

first[3,4] so that cheaper units generate maxiumum Boergy at -
) - . -

cheapar cost. According to this order of committment of the



1,

J

hnits, the expected energy geherated by each

calculated by simulating load duration curve and u

ages.

"
X

anit is

nit out-

Tho load shdpe aud the forced outage determine the energy

: qenerate by a partlcular unlt. For a two state (up a

model of the.

unlt,

and unavallable of

" respettively.

let the probdblllty of being a

a unit i with capec1ty_C; be p;

» Given a load probability distributi

ind down)
vallable
and q;

on fupc-~

tion F (L}, the expected enefgy generated by first unit would

be

Lr (1) ar

\
\\\\\

\\\\\ L, ¥
\‘\\‘\‘"“

ARNESNE
NN 1\\'_','

Figures 13:

-

Eheiqv Generated by Unit 1 and 2



"where T is the time period over which the LDC is obtained.

Figura 13 shows the expected energy generated by first unit.

For 'the evaludtion of the ‘expected .energy-generated by sec-’

ond ‘unit, thera are two possibilities

(1f: Unit no.1 has begn copmitted as shown in Fig.13. The

. The expected en-

probability of its being in sarvice is.ﬂ

ergy .generated by unit no.2 is given‘by—

(Mw)
.lfigure‘1U: Energy Generated by Unit 2

(2) Unit no.? has not been committed due to forced odtage as
shown 1in Figl1u. The probability of its being out of service

is q, « The expected energy generated by unit no.2 is given

hy ' 1 ,fC., !
E, = Tq,p, J ~“F(L) 4t

[
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e et et it

. ‘The total expected energy generated by unit no.2 is:

¢ | , :
i ) "
j.' . ' n : Cl+¢2 : .fz (L) d
= . = Tp, | dL + T F L
E, = E, + E, 'rp_lp2 cf F (L) q,P,, ) R
: | i 1 ) .
. r c.+C., . C. -
- . 1 T2 - 2
= Tp, Lplj “F(L) dL + ql{ F(Ii)ﬂ dL] 5
Cy - ]
r c,+C . + :
TV 20y RS S e E
— = sz Pi j .:F(L) dL + qlﬂ f - F(L. C.:.l). d]‘_,] -
L Cl . Cl _ \.
- - 1%C, L C -
‘= Tp, fc {pl F (L) + qu"(L—Cl?} dL:] |
. N Cl . . . W v . I .
C.4+C . ) “ | :
e, [P Y@ a S /\_/
l, ' . o T .
where ' y ;
P (1) = p L) + qF (1-Cy)
o .

and F( ()L) is defined as the -equivalent load distribution-
fupction =resulting by adding  the éffect of the randon ou‘tagé

of the first unit. The same expression may be derived by =
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sconvolving the outage @%nsity fupction of the first unit

with the load probability distribution, By recubsivé'meth-

* ods, the'equivalent load distribution function ( Fi (L) ) of

the ith unit and the systen load can be determined from the

outage PDF of ith wnit and thé‘equivalent load distribution

i )

function (F_ (L) ) of i-1 units and system load is given

below

fy oo picl Fihaecy
F¥ (L) = p 7 (L) + q F7 T(L-Cy)

The axpected'energy-genetated=by ith unit iS'giveﬁ by

ioi=1 ...
= F (L) 4L
El Pir
ICi—l |
l .
ic. =L C
wheﬁe i 521 ;
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In the: multlblock representations of a unit, lthe unit is
'd1v1633 1nto several blocks and each block is comm%tted se-
parately [23]). - Each‘block pay have different incremental
cost. A prlorlty list of'eha committment of the blocks is
'-prepared in the a:cending order ef their incremental cost.

At the same tlme 1t should never be overlooked that the up=-
per block- of a- undt can . hot be committed before ite lower
blocks have‘ ba'en cemmitted. Two consecutive blocks ‘of a
unit may not-éeEugy adjeceet ‘pesifions in the prierity list

of their committment. = . «

“In a ﬁultistaie‘:egresentation, the unit capaeit} availa—.
bility or uﬁavﬁilability nodels have.more.than two states.
The PDF for -mulﬁistate model has already been shown *iﬁ
. ‘Fig{q; ‘A three block rep%esentationyof a multis;ate unit
having‘PDF-ef“available and eﬁavailable capacity is shown in

Fig..15 a and b. respectively.

L)

-

The PDF of available aud unavailable capacity for the
firSt‘blO¢K'iS‘ShCHD in Fig.16, Suppose the first klock of
thls un;t -0f 150 K%, 1is committed atthe&ﬂmpriorny, the ex=-

pected energy generated by th° first block may be given 23S

“Ic. ,+100, I ,+150

. . e 1 1.1
. E‘ = T [0.05/ F- (L)dL+0.85,f‘.Fl_‘l(L.)dL‘l

1l . .
L IC{_1‘ ‘ ,Iciu]

- =
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Figure 15 : The PDF of avaxlable and unavaxlable capacity of
rnultxsta.te units in multv.blocRS

-~

<

. After evaluating the expected enmergy generated by the
first block, the effact of the outage oflthis block aust be
added into the equivalent load distribution function. This
can be simuiatgd by convolving the PDF of the outage of this
block to ﬁﬁa.equivalent load dlstrlbutlon funct*on F (L).
‘The PDF of available and unavailable capacity of the com-
‘bined‘louer and middlé block is shown .in Fig.” 17 .a and b,
respactively.

‘Before calculating "£he gxpected‘éneréy genétated‘ by the

" .second block, the effect of the outage of the first block



Y4
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Figure 16 : The PDF of Available and Unavailable Capacity of
"the first Block
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Figure 17 : The PDF of Available and Unavailable Capamty of

Lower and Middle Blocks Combined ’
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pust be taken- {out from the eguivalént load diStribution

function. This can be simulated by deconvolv1ng (subtractlon

' of cumplants in the Eﬁam—Charller method) 'the PDF-of capac-=

ity outage of the first bieck with the equivalent load dis-

tribution fuﬁction; Similarly, before calulating the ex-

#

'pecte& enacqy generated by .the third block, the effect of

the first and second blocks cpumbined must be taken out.

-
e CoH

~3.4  EXDPECTED PEODUCTION COSTS

- . - Pa— w 1 " . ‘

The expected prodhctién~ costs may be determlned acéu-

-

-,;ately only if a realestlc load model is knoun for each fu-
ture wveak in the study perlod and units ace qommltted in a

manner that reflects the actual operatlngwprecedures And

; conditions. NBrodudtion <costs of energy consists of £ ed

cbsts (operating and maintenance) and fuel costs. ;The oper=-

_-—-—‘ -

atlng and malntenance costs are hardly affected by the order

- -

of prlorlty of commlttment oF the units supplying a load.

The enerqy cost-may be expressed as (see Sulllvan, {71

E. FC + o - T !

vhere Fcf}s the fuel cost and OM is 'the Operation and :

Maintenance costs ¢

e
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Fuel costs\\gf thé system depend upon the type of fuel

and the incrementdl hedt rate. A typical input/output curve_

is shown in Fig. 18\ The ordinate gives' the amount of heat
energy requlred in MBtu per hour to generateothe correspond-
}ng MW - power glven on ths abscissa, Thé incremantaluheat
i,réte curve for ~a unit is obtained ﬁ;oﬁAiﬂe input/outpué
curve by the relationship, |
Lt e
dIH; -
dP

IHRi Biu / MWh

©  where

B

L1
-

~IHR; is the lncrementdl heat rate, IHI is the lnput heat

4

in° HBtu pat hour aud P.l is the _power outputzln WW. Flgure 19

"shows a-typical lncremental heat.rate curve,

L]

.

7
|

- Figure 18: .
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“ The incremental‘fuel_,éost is caléuiaﬁgd from the incre-
- ‘mental heat rate. Tt is given by,
' Unit Fuel Cost .
‘ . = H B -
o IFCl 1 R; Heat Value .
In economic dispatch, the units are‘loadedmgﬁéﬂ‘that the
IS . N e i o : .
incremental fuel cost is same for all the-units [26]). In
‘ economic dispatch pro'blems,. “the objective '_function‘_‘ is to .
'pinimize the fuel costs. Let the total fuel costs' of the
plant be For such that’
A_ | ‘Vn - .
o, co 31y
N, Fp E Fy o ( ) |
- .\f
. \ ! -
v
whera!”
Fi'is the fuel cost for unit i.
. .o -
. i
The total power output .ls constant and is givemn by
: n . - : Coa Cm
‘ - B Y
Pp = E B o ; (32)
i= ' : o
where
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— e .Q_ e e ) | + . .__‘..—-‘
‘ .‘ ' . | | " \3 - *
Py is the pover generated by linit“'j.. S ..
To obtain a minimum Fy for a given PT.'- it.: J':5 requi:reg“.: f .
that dP-r=0 o N . . ) ' ) - v N
. . 1 . 4
Since total fuel cost is dependent on the p‘oué.r: output of
each gni.t, ' . . .
. ‘// - . Co
dF —-A'dP AL N ..3:: " -
T 1 2. ook dP, =0 - (3.3
The total power Pr is constant. Therefore, oo P
Z dP, = 0 - S " | - | l‘.' ! ’ -
Y . ico i R E . (3.4) .

‘multiplying Eqn“. (3.4) by A and substltuta.ng the resultlnq (J/\

‘eguatlon from Equ (3.3), ylelds C : :
| . n . , v | oo .- B . "’ l
v 3FL ‘ . A ) v
i=0 T e

This Eqn, (3.5) is satisfied if each term =\,

3T

s - h)dPi is zero, Therefore, - S
i ‘ . ' : ) ! ’ ’
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" and so all units aust opérate at the same incremental fuel

cost ‘A for aminimua total cost, -

B K héhe incréméntaL fuel cost (pri= ), is afvariable quan=-
titz)iﬁ dirsctly proporational to “the igcre‘enﬁal hegt ;atenr
(IERy) . To simuldte.the'effect of.ydriable IFCiH for proauc-

; . tion cdstihq in;generatioﬁ ekp&néion planning, the Siﬁplesg

'procedure is to Ealculﬁte 'fhe averade or ekpected I?Qi‘

-(E(IFC{#} over the'capaciéy:of'the'unit. | A more ac-

curate but more complicétedatachnique. is towdivide tha uniﬁ

into capacity blocks and - then‘caLCQlate'.ﬁhe average IFC;
over thélcapaéity of each block. & large aumber of blocks
‘gives better . accuracy at the expense of huge computationai

effort, | *

v

The fuel cost of unit i is given by,

-

FC, = E.E(IFC;)

~y s

- ——

_The total cost of the eneréy geﬁerated by unit i \Eﬁ?ﬁbe

written as,

-——— A W P e kb i M Ay e

. %¥rha letter E(.) will be used to denote statistical expecta-,
tion of a random .variable. :
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The axpectéd.produgtion costs .of the systen may, .therefore,

4

be expressed as -

MBtu
- MWh
‘. |
MW .
Figure 19 : A Typical Incremental Heat Rate Curve
‘ e
e, ' o : ,
. S -
. - 44 -
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Chapter IV

GRAM=CHARLIEE EXPANSION

4.1 . IhTRuDUCTiud

various kinds of series expansions and approximations are

av;ilgblé [12}‘ fo :epresént _a]dehsity fhnction."In this
cﬁapLer an expansion knowa as thc Gram—buarll r.sérieé will
ba dlcussLd.' -The %gpan51on uses the cumulantq of the .PDF to
be approximated, by the normal PDF and its derlvatlves.: Es-

sedtidlly, the normal PDF and its derivatives comprise a set

of-orthogonal polyhdmials., The cumulants, .their importantﬂ.

PIOPLCtLES, the convergence of this series and the concept
X

of skewness of a dlSttlbUthn are discussed in thxs chapter.
e a

4.2 THE GREAM-CHAKLIEF EXPANSION

The Gram-Charlier series is an orthogonal expansion of

the normal PDT and its derivatives [j2].lLet

. x = RY with PDF #(x)
////xp u*//= mean of x
o] = standard devliatlon i
ﬂr = rth central momenT



Codsiden-the stindardized‘av z= XA and the corresponding
. N . - " A~ . '
density function &£(z). For .the PDF f(z) consider the expan-

sion oﬁ-théjform”;._ R L :
| . v C '1. ' - (2} . . 1)
£lz) = C_N(2) + Cy N zy + o, N2 H o (4.1) ..
: . : i!'“',”-, AT
- whare . . | - . | . -
' Cp are constant. coefiiciesnts 1
. +
and
H(?zz) ‘is the rth derivative of the normal PDF N(z). The deri-
~vatives may be obtained_from ihe relation,
B
Nz = DT N L s
“where
) Hp {2} 1is Hermite polynomial of degree r. The HAermite po-
lynomials are defined [ 17] by the relationship
' 2 e
ar- ozt 12
e 2 =. (—1)‘- H (z)e. (4.3)
r . . r -
—drz . - : ' '
- 4 - .
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'

The highar order HErmite'pélynomiaié'may be obtained from
the reéursi?e-formula; ' | - ' ‘}\i

Hegtz) =z W (z) - r H | (2) (4.4) .

As‘HeEmite:polynOmials 1rs a sequence of orthogomal polyno-

mials, they satisfy the following relationship

1k

; A - ny form n
f2m Hm(z)HnTz) e 2. dz = o Yeorm #£af-.

Assuming'ﬁhat the series (4.1) npay be integrated term by
/ ) .
term, the coefficients may be obtained from the orthogonalily

condition of Eqn. (4.5). ' . I | .

Multiplying the terms of Igmn. (4.1) with Hyp (2} ané inte-
§ratingﬂ and using the 6fthogonality relatiouship (4.5) one
readily obtains

=]

_— r ' ‘ -
Cl= (-1) f Ho(z) fCz) dz . = (4.6)

. -

-

(4.5)



* . LT

~Since F(z) 'is. the PDF. of the standardized RV 2z =

v /
X~

a

which has zero asan and unit standard dev1atlon, its rtk mo- '

pent would bg\fqugl‘to JEI .
’ | T

Bccordlngly, it may be found £hat'

Co"1 .
so that '
. T ) ' C LT u‘) .
tzy - =+ S+ 2 N zy ee-m o
ETS L 4l S "

For ©>2, the:coeffié;ents Cp .aré given by (4.6),

that

. 3 m-'-' '
Cy = (=12 f H (2) fiz) dz .
(-]

= (‘1)3 J[ (23-32) #(z14>

- N
. - S o
= f zf(z) dz + fzf- (z) dz
M3
= - 03
/
/
S
: -

such

4.7
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>
and ; ‘
o0 [ . |
Cy, = “(;1)“.,_‘]‘}1..('2)- £(z) dz-
= M -5 B2 3
? o* o -
: |
= By -5 +:.3. = 3 -3
o" _ ot
. }
cwsSimilarly . T
Cs = - Es 4 o <
g5 "
Ce = g =15 g + 30
gt at
W

Thus the Gram-Charlier s2ries may be written in the foram

(up to the sixth derivative)

0 ) 3
.. 3- 0_3‘ . 4! 0.‘0 5!<-;?_
(s) .
NTT T (z) L (resse +30-)N“’<z) b
e

- 49 =
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4.3  CUMULANES AS TRE COEFFICIENTS IN THE' SERIES

The coefficiants in the Gram—charlier-segies may.be writ-

ten in terms of cumulants of the PDF. The cumuléntE kgoeky ¢ =

- - ,kps, = - are dafined by the identity

hl

- : (14)?2 (t)?2 |
. g — e —_— - .-
exp (kytit) + ko - the = }
- ’"\‘ r .
= 7 (1) ' d (1) o
= 1 +‘ul -i--!-- +"""§"U? - f'! +- | . »
. ' . .m ’ ’ »
: = f o i) dx
= ety ' ‘ S Ay
vhere
. ‘. ’ . ’
. $(t) 1is the characteristic functign of the %V X, and A
is the rth noment about the originm... Prom Egn. (4.9)
| : < £ r | a | N
log §(t) = E T ut T ) (4.10)

=1 -

In order to daduce the relationship betwaea the momants -

/ : : . : . .
Ay, and the cumulants kpe identity (4.9) is used as follows,

- 50 -
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r=1 : co . r=1
‘ k (H‘)
= exp(hf%Ltl} {—lLLil }--exp[—ﬁFj——”}
. 2 "2 .
) _ : . .
- {1+ &%(TI_*.) + _'S_é__gi_"')_ T -,}
ko (14)°2 1 kaC1t)2
s+ =57 *Ez( T )+:.. """" ’
. r r
(14 KpLD) +%_'(k[_(i+) )+ e}
r! r!

Picking out the terms in the exponéntial expansion which, when.
multiplied together, give a power of ('Lt)r One obtains in particular,

R , A
!
- My o= k
. 1 ."‘ 2 -
H2 S k2 + k)
' . : 3 ¢
H3 =. ki3 + 3kak; + k;
2 2 ts
I.l:‘ = k:" + 4dkaik, +3ks + 6kak; + kjy
and conversely
. 1
ky = Hy
’ 1 t 2
ke = B2 - M3 | -
' -9 1 113 - — )
ks = U3 =3u3z up + 2u, N
1& 1 B ' 12 t o2 r b
Ky =0 py -4U3 My = 3pp  + 12uuy =~ 6y,
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The relation between central moments andrcumulants is given by,

4

Hz = ka2 .
Hy = ki
We = ky +3kz S = '

and conversely

- - '

Ky = ' M2
ky = uy
ke = Uy = 3u2 J L |

The relation between aoments %&9 central moments aod,

central moments and cumulants are given.in Appendix A.
' ' ‘.

The Gram-Charlier expansion of a PDF in tarms of cumu-

lants may be written as

~

czy = nez-r=ka Oy w By ey -1 ks yO5) gy
B 31 o? 41 o 5t o3 : '

' . 2 ' 3 “
WAL e S )N“’)(z) -1 (53— + 35 K '—‘i.)N('”cz)
BI\ of g3 : 71\ g? g3

} . . T 2 "
.+_1_(..-"-B-+ssl‘—l.5i+3s (ke ) N ez -1 2)
- 81 0.3 0.3 0.5 O'I' .

~his may also be expressad as

(3) (») (s)

f(z) = N (z).- 1 G; N (z) + 1 G2 N (z) - 1 Gz N (z)
31 e g 51
-2 () (7)
£ 1 (et 10 61 ) Nz - 1 (Bs+ 35 6162 N (2D
g1 | T
| 2 (a) |
+ (Gi + 56 G163 + 35 Gz ) N° '(2) + =---= - (4.13)

1
B!

- ——.



where
' L
1
K
o , . .
G2 o= o / N
P . S .
G, may also be expresgehiés the rth cumilant of the PDF -

f (2). \ ' ‘ . .
2 (2) . _‘ :

There is no conceptﬁal difficulty in evaluating more

terms in this series.

The convargence of the Gram-Charlier series has been dis-
cussed by Cramer [18]. The conditions under which this ser-

jes converges are given in the following theorems,

5

L]

(1) If £(x) 1is a function which has a continuous derivative

such that

@ -& 2 : 2
. ___f_ x
-jr (dx) e dx - _ |
- . - . ' ’

converqges and if f(x) tends to =zero as |x!| tends to infin=-

ity, then f(x) may be expressad as
L]

- EE C (r)
) o fxy = M (x) - : (4.14)
7)\.,--3~ o A . ‘rl N e



-y

where

. (-] \
c = .‘[ £ (%) M, {x) dx s {4,15)
-0y ; . )

This series ';s absolutaly and uniformly convargent for
—oaLx< .

4

(2) If f£(x) is of bounded variation in every finite interval

and if

13

(4.16)

¢

‘exi'sts, then the expansion of f(x) in series (4.14) con-

verges everywhare to the sum-m%(f(xf0)+f(x-0)). Thié conver-

gence'is unifors in every finitelinterval of continuity.

- X - l\
From the statistical viewpoint, Cﬁowever, it is more im-

i .
portant to know whether a few number of terms of the series
gives a good approximation or not. Bartom and Dennis [19]:
and also Draper and Tieney [20] discussed atout the non-ne-

gative properties when the following terms in the series are

used:
Hz) = N (@) - 8 N+ gy 0 ‘ (4.17)
‘ 31 . 41 '
fz) = N (z) -8y N 4 gy 8z - gy NS
- * 3! ' LY 4t ‘ 5! .

+1G , +10 o - o
( 4719 (8, , (4.18)

61 /

s
.

Pt e e dea e



It has begn shoun [19 20] that (4. 17) 'or (G. 18i do nat
give unimodal or. non-negatlve values 1f the skewvwanass and thej
kursosus coefflc:.entsﬁ _.-’f"_} and ﬁz. Aa are not close enough
'£o zero. It has ;lso been shown that. Tﬁ 18) has negative va-
lues 1f  |AR0. .5, and- (u 17y has negative values if |B,|>1 2.

{ "
Both have n‘=<;rat:1.v~a values if ﬂ)ﬂ

Practically, this reyion orf non-ngygative values is very
small. In most of the cases [12] these negatlve values oc-'
W '

cur %n the tails of )dlbt’lbut on vhere the péobabllly va-

"lue is wery small.

cramsr [17] discussed the sxpansion of the . PDF £(x) of

the sum of several indepedent RVs., Comsider a BV X, which is

N
the sunm ' \ . .
I . ' ' .
X= X4X5#Kg+ - = -~~~ - X
. ™ ‘ ) ‘ ) . i iy
‘of n lndopendent R¥s. A consider that all the BVs havé

the same d’SttlDu%lsg‘ir\\\\ with the mean‘lﬂ, ﬁhe standar&

deviation ¢, and the rth c:umulaut k so that A =nd 6 =0pn,

-
L J

An explicit express%an for Cp in terms of f,. be ob=*
rained from the identity {171, '

L J
. e . o

c r h iy t . r h | :
: Y-ty = I, 5% ('_i) . (4.19)
l"! ' h!- ras "/-F" . | )
- d

k] h 0 r=

-'5-:5- S

- il nd



C, 1is the rth coeéfficient of £(x} inm the Gram-Charlier

e

expansion..
A . R \
\\J;qn.(u.19) shows that Cr is of the fora
K - * .
o A | /3]
c - .a-rl no+ arz n. F— — % ar[r/ﬂ n - i (4.20) ._
r N . . ' . N . e
.I____ \ ‘ . .
. , R E hrfz . .- .
uhére [t/3]) denctes theigreatesthinteger £ /3% vhile.thé
ark are polynoamials in k} vhich are independent of n. Thus
Cr‘ = O ( n [r/3] --: r/z) . . .

The order of magnitude of the terms of the Gram-Charlier
series ( also called A-series ) is not steadilily dacreasing

“_\as r increases. This is clear from Eqn. (4.271). .
\ : .

e o - —2 —
Eg:zen_mpk- Cu= 0 (N7 ) - Ciz =0 ¢n 2)
-.‘5‘ )
Ciz = 0 (n'2)
The first few coefficients may.‘be written as,
] t
Ca, = b_ CS = 5_5..
n* 4
2
A n o
——— -‘--— - '
; Ce =. kg * 10 k3
Co = ky ; 2 .
.n n n
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. To take into Wccount the partial .sum'of\all the terms of -
\ ; ‘ ‘ :
the Gram-Charlier series involving a correction to N(x) of
L - : L ‘
crder nz and n', the following terms of the series are re-

qﬁired.
: i
. . _ . 3 ’ N , ) ‘ . . .
OO = Nea=g N T ey 6,0  + 106,2 NEE () (4.22)
3 h

r 41 - . 6!
A
which is called the Edgeworth form of 'the Gram-Charlier ser-’
ies. Another ' series similar to the C;am*Charlier series
which givas a  straightforward : expansion in powers of n is
. : ¥ I .

discussed by Edgeworth [12]. .

The expansion of the function [17]

- S e K T ' ' ‘ _
- \ . . . -

2 ‘-’g_*‘r(.iz,r B

— ' N 1

ez $(z) = e . T3 Jn : (4.23)

in powers of t furnishes expressions of the coefficients C.-

in the Gram~-Charlier series. The same function (4.23) can

. -4 i
however,be expanded in powers of”nz,”_ wgﬁ\“
12 T ZE—-—-—--'"'*‘(-‘——)‘~
eT8(z) = YT FFER) O
-
== -]
2h ? N
B 'S'(‘H-') Kr+2 IT)F-’h
s ht . (r+2) ! ( |
- Lo L WD J (4.24)
h =0 r=1 .
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After some develcopment one obtains

a R
N
- m . . . ' F
| . '12-2 ' r+2 S ey ¥ —-+2
() ] = e 2 % br,r+2 (it) +"'+br;3r e 7! )
' r
r=1 ?
& o '
' ¢4.25)
" where .
‘brm*zhis a polynomia*~in X! mme———— (Kl_f43 vEbich is inde-
pendent of n. By the integral relation
o !
itx . . w42 o "~
/ e NWP)(X') dx = (~1+)F e } o
. : : . ' (4.26)
-0 N . . B
ome finds thit (u.'ze) corresponds to the expansion in povers
of al, that is : e
AL it R | .
) .. (r+2) » (3r) '
. r . .
f(x) = N{x) + E (-1) QI‘JHZ N (x) +~--+t:'_"3r N (x))
. r=1 ) £
. - 2 -y .
n (4.27)
The first few terms of W'liich-are, ;5-{£_i-£é—é.ii' terms of a ceriain '
order with raspect to n on the same line il
£(x) = N (x) .
. ' 3
- 1ok N
31 1
n
. [ ’ '
o1 -B_gN”_(x)+1_o_ 5_3_2 N )
41 n 61 n
. {5) tot 7 1 "
- ke V00 =35 ke NG 28000 (9D g
— -7! .
51 3 g - . 3
© 2 3 2
n?- n Fl n
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The fi-st four terms of the series (4.28) are the same as
(4+22) , the Bdgeworth form of the Gram-Charlier éeries, The

\ "

Bdgeworth series is, ‘therefore, nothing more than a rear-
rangement ‘of terms of the Gram-Charlier series.

.uhThe‘iéymptotic properties of the Edgeworth ssries, in

.

powers of n
2xact PDF of the sum of n independen;'aﬁs, -all having same
PDF £, (x) and g, (x) be the-EdgeuoEth se;ies approximation of
f(x) truncated afrar the C,. coefficient. Under fairly gen-

aral conditions the error may be given by

éin (x) = f(x)'? ngx)<: Mr;z .‘ N {4,29)
) 2
n-
uheré

v
-

¥ depends upon r and on the given PDF f£(x}, but it is in=
dependent of o and x.

b

for r = 3

3
n (4.30)

o
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have beénkglven by Cramer [201], Let f(x} be an
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It may be noted from here that if n ié.incréased, the er-

ror in the approximation would be smaller.

A

TRUNCATION ERROK:

Springer [22] déécribéd‘an error analysis of the distri-
bution fﬁnbtion ;uhen it 1is aéprdximated by series exéan- '
sions. The ana;ysiézis based on Fourier theorens. Let F (x)

" be the true distribution fuhélion and G(x) be its Gram-Char-
lier series §pproximation over the interval (0,51.

v

The error may he given [22] by

©

Stx) = G0 - Flx)' = g d,Sin (n 8) o< x <1 .
: . n=1 C(4.31)
where -
6 = Cos—l(Zx;l)'
= ' o
i
. . k J . ‘ ‘ ' .
- K (-4)9 (k=121 v Y
d, .= (-7 (2 _2__ (- Tzt ke ® kg
t

(4.22)
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A ST AE e .
In Eqn. (4.32) rb..kg and /‘RF_ ara:the kth moments of the approx-

‘ imq;ing and exact PDFs-g(x) and f£(x) respectively. =

IF ¥ is a RV over the interval (0,w), a transformation of

Kool o -(m@

is required to give a RV X ovar the lnverval (0,1 ..

the type

re

Taking the &£irst n terams of the Fourier series in Eqn.

(8.31)

n | - . : |
S(x} = E dk Sin (k&) ) o <x %1 (4&§41.

This may also be written in the form

| - |

' |
S{x) =, 2 U1 Sin 6 (4.35)
L+ .
where U, is found fron the recurrence relation
| = | e ' (4.36)
Uk = dk + 2 (Cos®} U'k+1 U-k+2'
&
\
and Upnt23Un41=0

i

v e e o e i

[



In the 'particular case when

9 = Cos_l (2; - 1)

the recurrence.relation becomes

- K k k+1 ~ Uk (\4.37)

and the desired ecror approximation is then &

.The accuracy of the error depends upom the truncation of
series, rounding of the Fou:iar-coéfficients and thé methéd
af evaluating'the trunc#ted series. The Fourier—gcefficients
are evaluated until ‘they are no longer significantly rela-
tive to tha the desired acéuracy. A very bigh degree of ac-

: curacy,aﬁd a very large number of Fourier coefficients are

'

reguired, which may be very time consuming process.

4.5 CONVCLUTION \SIHULQTED BY ADPDITION OF CUMULANTS

//%{/"\ | The cumulants exhibit aﬁje Y useful property that the sum
- s
of independent EVs 1s characterized by the cumulants which

rare the sum of individual cumulants. Therefore the proceés

~
;

=

. * ‘.\I
e 2 /. x_x"?.' o | o ‘;4._33)



of coavolution ié s}mpiy‘the‘addﬁtion of cumulants. The PDF
of a RV whicﬁ\is sum of a large ﬁhmber‘of independent RVs is
obtainad by the EOnvolution of PDFs of-independent RVS. The
cumulants of the PDF obtainad are the sum of the appropriate
'cumglantsJof the PDFs of independent RVs. Deconvolﬁtion.may
‘be concaived as subtraciioh of cumulants. Convolutién as ad-

dition of cumulants is described in what follows,

‘Suppose X;, X, =-=-—--Xy are ¥ independsnt BVs with PDFs
Ep(xg) s £g(Xg) =mm—==--  Ey(xy)\ Ccespectively. Further assume
that #,tt),‘ fz(tl ﬁs(t; Smm———— fn(t’ are characteristic
functions of BVs X;, X, =—===-—- kN respectively. The éum of
‘independent RVs, X its PDF f(x); and characteristic function

%(t) are given oy

- Lt - e | (439
X =X +X X ¢+ +X 4 +‘<:N ( )
Fx) = (£ 6% comiok £ % oumy %) (x) (4.40)

- —mym - - . 4.41
B (t) = B{t) « B,() o -e-ume - ORI 8t ( _ )

Prom Eg. {4.9)

E ‘ 4RO ' o
n, r r! (4.42)

¢n(f) = @
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is the rth cumulant of the RV X

N .

. - ) ‘
- : -EE kn - (l:!)
= H e r=1 ’ |

4

Thergfore

(4.43)

(4,447

(4.45)

! (4.45a)

$ (1)
l .
N .. L
> kL an]
o (1) = g Mt =l Tl
=D )
(“\
E e (i+) "
. ! =1
Also ot = e r‘ ; rl
wheTe Kk is the rta cumulant of the RV Y. Froum (4.48) apd’
(4.45)
. QO . r i © .
(it+)
E kI‘ rl! Z n,r
r=1 . r=1
e = @

&4

-—

I



4,6  CUMULANTS AND TRANSFORMATION

© Using a linear transformation of the kind
Y = af+b

the cumulagts associated with Y are found from:

) !

. > SJuan’ L (4,47
1o (at) = o7
-] I '
e ro. ‘
| —bit + 2 =T U (4.48)
é (at) = o r=

e

o . .
where 'k, is rth cumulant of the RV Y., Also the characteris-

. tic fupction of the BV X is given by

'
K

S r r : '
;§§ T 0T (4.49)
¢ () =e

comparing Egn. (4.48) and (4.49)

x
- -
t

k' = a'k for r >t
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Therefofe‘the effect of the chghge of origih is only on

the first cumulant which is 2qual to the £irst moment.

SN |

4.7 SKEWNESS AND KURTCSIS OF A DISTRIBUTION

\Tha first four cumuwlants qf a distribution function des-
cribe significant characteristics of the distribution. The
first cﬁqul@nt'is the n&an (), whose stahdafdizgd value is
‘set to zero. The secoad dﬁmuladt is tha variance (q};, vhose
st#ndardized value is set to one. The third and fourth cumu-
lants describe the skevness and kurtosis, respectively.

The standardized third cumulant is given by

61 = ka '=E(—P—-('x' ) ) - (4.50)

where

E{.) is the expectad value.
I
G, is negative for a distribution skeved towards the
left. It is zero for a symmetric distribution and positive
for a distribution skewed towards the right. Tig. 20 shows
the distribution skewed@ towards the left, symmetric and

skewed towards the righg in (a), (b) and (c} respectively.

- hH =



27N

¢

.
o v
N .

. '
v . * .

The-.standardized <fourth cumulant describing. kurtosis is

‘given by

. & ' . :
Gz o ku :'E<fx-ul )-3 . - . 4.5
o o" |

Gy is zero io:lthe Normal éistribution. If 6, 1is pega-
tive,. the distribution is platy&urtic, Tt has nmore bro-‘
nounced'"sgoulders" and is'flat topéed as comparéd té the
Normal. If Gg is positive, the distribution is leptokurtic. -
A leptokurtic distribution has less ~promnouncad "shouldersn
and heavier ﬁails thao the Normal. It a has sharper psak.
For‘tﬁe Normal distribution all the. cumulants except the

first énd sacond are zéro. Fig. 21 shows the kurtosis for

three different distributions.

e i it e — a i e me . mm . C . PR - - . - - . . . “ . -,

N

Gy = 0 Gl> 0
!"l ‘
(a) (b) ‘ (¢)
-.//
Figure 20: Skewness : -
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Further, a measure of.skewiess may be obtained which is’
Y ' T f A

definad as -

g =" Gy (By+ 6) . - 4.52)
2(56,-6G; +6) | ‘

This measure of skewness 'S' is called Pearson's coeffi-
ient of skewness. If the factor |St < 3, the distribution

Iy

may reasonably approximated [13] by the Gram-Charlier ex-
. i . : 7

pansion,
A

et et i sl

(a} | (b) } (<)

S

“\?Igg:;—;::_ Kurtosis
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APPLICBTIOHS OF THE GRAM-CHARLIER SERIES N G“NERATION
“ PLANNING
5.1 NTRODUCT ION ) -

‘ A

The Gram-Charller series is very useful for the“simula-
tion of convolutlon in the evaluatlon of LOLP and expected
energy géneration for production costing [ 23} where repeated

i;%,“ convolution and deceonvolutions are reguired.. .

L]
-~

= S -

" In the“EVa%uation of LoLp, the PD{ of systen dﬁtage ca;

y L)

. pacity 1s deternmined from the convolution of the PDFs of the

cdﬁaCLtj\outage of all the units., As discussed in Chapter u

the cumulants of a PDF obtalned from the convolutlon of two

LQ‘ or more PDFs are the sum of the approprlatn cumulants cof the
| convolved PDPs. Thus, the'cumulants of ‘the PDF of capacity

. outage of the gcneratf%g system can Qe calculaﬁed by addiqé

the appropriate cumulants of the PDFs of unit outage capac-

L
ity.

fect of the outage of a un:l.'l:'L is added into the load distri-

bug}dn'function to give the eguivalent. load distribution.

) 1 Y !“ ' 4 -
zﬁé yivalent load distribution is simulated by convolving
“) ‘R-‘ ‘. — o s ) o y /
S N L %
! p— - : * : & .
'.\ < v ‘\
| 7 69 - -3
. \/ ' ! <
3 ' \ <

In the q??luatiop oJ‘;;pected energy geﬂeration, the ef-

—



“system capacity is given by the convolution relation

# \.The cunmulants associated wi

f A

st

' the.un;t-outage capacity EDF‘withfthe load distribution. 1In

the Gram-Charlier methdd,_ this is sinulated by gddidg the

_» cumulants of the load distribution’ ard the units outaée PDF

‘to give the cumulants of the equivalent load distfibution.

which can be used with the Gram=Charlier ekbansion to repre-='
sént\the load distribution functioan.

EVALUATION OF LOLE BY

—r—— i ——

5.2

THT GIAM-CHARLIFTR METHOD

b ) . J.',L'-'

Schenk-[8] and Rau and Schénk [9) repof%éd‘the use of the
Gram~Chkarlier sxpansion in the evaluation of LOLwaLat therse
be n units in the generating system with PDFs of ouﬁhge ca=-

>

pacity fr(xt). flkxlj-——--- f“(x")."The oqtage PDF of the

Al

.

£ ;.-.-.*fn }(x) (5. 1)

= %
fx) = (£, £,

vhere

X is tha RV represeng;ng'the outage of the system capac-
ity
LN ;

the PDP fj(xj) are k.

.  where
o

4 v

-

the subscript r répresents the rth cumulant. The cumu-
lants of the entire.generating system are obtained by using

Equ (4.46) as follovs,

S n o : _
4 = ‘ &' ! ’ Ve
- k. E%kj,r‘ .- (52)7

~

Iy



D

~

‘ay

. i
-/ v

.Idﬂ%ﬁn. (5.2) the first cumulant k, is the mean of the RV

fdescfibing the system outags capacity while the secondlcumuf

‘lant kz is the variance so thaty

4

K e

L | | :
The third and fourth cumulants give an indication of the
. ! .
skeungé! and peakness of this distributiocn as vas discussed
previously.
The PDF f,(z) of a stahdardizgg'ﬁ% Z géy be given by the

Grap-Charlisr expansion in teTms of cumulants and normal PDF

as-foliows,

e e o it et il

' 53 B
iy = Nt -1 k3 N 4l ke Nz -3 ks N
z : 31 s Y} S 51 s
- - s —— - - . - - ——— _{ -—
6 ‘ :
+1 ke + 10Kk3 )N‘ Y(2) F m e (5.3) -
61\ 46 gt
where
z = X-q 5
. o- .
e )



. _ )
The Gram-Charlier series method may be used to determlne

the LOLP which 1§ the probablllty of the capacity -outage of

the system exceedlng the reserve capac1ty (RC) as followus.

1
L
A

. © . !
LOLP = -{ £ (x) dx . W
' ' RC ' ) |
or, equivalently .
. ' e
- Jﬂ £, (2) 6z . ‘ (5.4
. e o : .
a "

From'Eqns. (5.3) and .(5.4) we have

tote = NI' N o(z) dz * K(.B%%E) n e 52
- RC-t ' |
(¢)

)
2
63 () RC-yp, ° Gyt 10 G (s _ o
8y u RC-u
vt (Sl B DB ) (Rey (56

L

j“'f2‘*

o __.’A,;_._...-._.,....._..-..u-..'g

"

—— e R



Cand X
ang, 3 .
- \
. . n
P . L . E kj -
G = ! kl‘ =|=1 : R .
ro of e 2 ‘x/; (5.7)
| (7)) |
no» .“ I'IJ=1 ) t
z, = RC-p +
. U' . . ' .
e y N | \\\
Lo = f N (z) dz + K (2 ' (5.8).
Z . i o .
e )
Nl \
vhere
: © - - . h )
A (lz"i = f N (z) di .(5_9)i‘
F : ‘ A r
s
—

The, term A(z;) in Eqn. (5.9) wmay be obtafﬁed from tables of
the normal distribution or fron é polynomial as shown later,
This term gives the area under the normal PDF between z = z,
and z = @ The entire table,of values for different discrete
‘ values of A can be stored into the . computar memory. Other
values of Z which are not in the table can be obtainad by

. . P
using linear interpolation. ¥

o - 73+
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I

shown in Egn. (5.8)' may be ob-
. . . - E’ - ‘
tained by hand calculators. The moments Of the unit capac-

¥

The LOLP from the relation

rhty outage PDF are calculatadl very eaéily bécause'theylcon-
prise only discrete valie of probability, - The. calcilations -
of ﬁomehts of generating uait cﬁpa%ity oﬁtage are given in
Appendix A. The'ﬁerp.£5.9yl caﬁ also §g‘evaiuatéd by a wvell

known trational approximation [24 ]J. Consider the integral

ey w1 -1 4t ' (s10)
Q (x) = —= Jr e 3 | : . -
X : : .
Coax?
Le¥ R = (byt + bpt? + bat? + byt® + bst®)y 62 + e (x)
' : S (5:0)
- co ' - )
.whaere, -~ g(x) < 7.5 x 10 _ »
o N ) . e,
| ‘ | A
J
N ;-
. , .
D
\ .
and  + = 1 + r-fxj |
%
r = 0.2316419
P b, = 0.319381530
. b, =~0. 356563782
by= 1.781477937 !
' !
!
!

- N : . ‘



T S

4,=-1.821255978,

Cbe= 1330270429 | - - 5
Then : Q(X) = { R for x 2 0 (_;‘,12%
o " 1-R  for x <O !

CJ_Y

5.3 EVALUATION OF EXPECTED ENERGY ENERA;:ON BY THE
NSION “

GRAM=-CHARLIER EXPAN METHOD

N . ’ .

" 'The calculations of expectad ‘epergy generation are simi-'
lar to thosa of LOLP. Schenk et al (23], Rau et al. [10]
and Stremel et al.[11] have ‘discussed tois techniqoe in de-
tail. Aé is explained in section 3.3, the effact of the
outage of a umit is added into the 1load distribution after
calculating tha expected energy gonerated by that unit. This
effect is sipulated by the convolution of the load distribu-

tion and the unit capacity outage PDF.

If it is assumed that tae Load - probability distribution
curve has a definite area and is oot extended to négative
loads (i.e the'function F(L} = 0 for L < 9), the equivaleat
load probabilgz; dis;ribuﬁion'function FF(L), which is ob~

tained after adding the effect of i units into load proba-

bility distribution, wo&id—“rookmlike curveg ELC shovn in

Fig.22. - The curve'ELangay be ob a1 the load dis-

tribu€tzo is assumed to be extznded to the negative direc-

tion of L?ad L (i,e F(L) =1 for L < 0). It may be noted

.

that the equivalent load distribution curve with finite area
{(ELC) and the extended ome (ELDC) have the same values for
loads greater or equal to the total capacity of the convo-

SR O

A
“\U!,



1.0

ha
"

i

lved units as}éhown in curves ELC and ELDC respectively. The
expected ensrgy generated by the (i+i) th unit is calculated

from the area unde; the equivalent load distribution curve
il ‘ ' B

L K} _ _
between > C; and XC;. 'Since.the ELDC and the ELC ara the

Cgs ¢ Y |

sama beyound Eicj' the expected ‘energy-generated by each,
=1 ' ' '

i}

unit calculated bf both ways would be the same, Th; ordinate

af'convd;yed capacity gives the LOLP for that capacity.

Load Distribution Curve

Figure 223

S e

Figure 23 gives a clearer picture when conéidering a de-

finite area under the load curve. After adding the effect of

the first'un}t into the locad distribution, Zf:e FIC has the

same ar2a as that of phe original load curve} and the value

of Pw(O} is not unity (B 0y # FP(0)). Wwith the definite area
>, concept the value of equivalent load distribution function

, E“%L) at L= 0 is obtained as follows

(o) - p, F(O) +q F (0-Ci}
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1.0

L ]

MW

Figure 23:

)‘ R N

‘To treat the load distribution. function as a density

function to simulate the convolution by the Gram-Charlier

the area under load distribution must be made unjty

method,
by compressing the y-axis such that _
. ¥ o ' .
F() = 1 F (L - c . ; .13)
n: A . ‘ ‘
where o )
A = | F(L) dL "(5.4)
» _
so that .
«@ ’ .,-. .
j Fo(L) = 1 ru) di s :
s T —— '
- Al
¢
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(L) = 0

-

The ELC function after convolving i units is ‘given

1

t

LF e 1 T ) ) dxg
A AN

for L <O

flo(L = JF'"‘ (Lx) fp (x] dx*

'. . I-l .
Foo(L)= an (L-x;) . (x) dx,

-

" (5.15)

(5.16}

(5.17)

(5.18)

where 'fi (xi) ig the PDF cof RV X.1 -~
AY ‘ :
i The expected energy genarated by ith uanit may be given by
iC L |
] -1
s El = F (L) dL (5.19}
. '{CI_1
1C
i [~1- L
= A jf F (L) dL (5.20)
.
where ICI =" g Cj' (5.21)
'j:l.
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The standardized form of F., (L) ®may.be written as F (2)
. ‘ L .
such ‘that +the standardized RV 2Z = éf')has-zero. mean and

e ettt s e s SRR

unity standard deviation wyhare

./‘ is the mean and q‘”iéftha standard deviation of the RV L
X Iy s
having the distribution function F, (L) ' -

The expected eneréy generated by unit i,l whén calculated

B . - . . i-f ‘ :
from the equivalent distribution function Fy (Z) may be ex-
‘ K

‘pressed as

(5.22)

mayﬁbe




“The axpected

ehergy'generated by generating unit i may be
given by | -
. 2 |
E' = A :f- (z) dz = A (z)dz - (z)dz
;I-l 3 2y
3 o (5.24)
From Egns. (5.23) and (5.24) °
“l i
i =1 ‘ 1 =1
- : Gy p(2) IR PR L
El A J- N(z) dz + 3] (ZI)\ Y (z,) +
. zI .l ‘
[+ ] . .
QL'"'I(H gi:u(")(z ) +----
N(z) dz + 31 N (ZI-R* T 1=1
/ (5.25),
ohere .
w Y
-1
L
kr + kj,f
=1
Gi"l_‘ ‘I N \
r—-2
.o 1=
2.
Ao+ -9y ) (5.26

o e e ettt

k: is rth cumalant and q- is the stand;ii_igyfatién of the

1oad’distributiongfuncgéon F(L) .,

PDF of the capacity outage of jth unit

deviation.

1}

ké" ig the rth cumulant of

nd g-is its standard

3

4
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The proc;§;re for the evaluation of the nomeﬁts .0f the

1oad distributlon function is given in hppendix B.

- B . v

e
f -

]

The multistate and multiblock representation of unlts can >}

be handled the same way as described in subsection (3.3. 1).

-

Steps 1in the Evaluation of Expeéted Energy“Generation:

Yy

‘4. Calculate the moments of thq\standardized load distribu-
tion function (see Appendix B). Also calculate the moments

of the capacity outage PDF of each unit.

2. From ‘the mopents, calculate the cumulants of the 1
distribution and unit capacity outage PDF by uéing the rlela-
tion given in Appendix—A.

3. Calculate the expected energy generated by
the priority list of committment, by evaluating G,  from

(5.26); -and using Eqns. {5.24) and (5.23).

5.4  PRODUCTION COSTS

A
3 . - _J * "
The average incremental cost (marginal cost) is calcu-

lated=Tor each block. Therefore the fuel costs may be éi-

rectly calculated from the marginal coét and the expected

energy dgenerated bv each block. The incremental c¢ost has’

~—
L

been discussed 1in sect;on (3 4y . ] r)a
- 81 - ;T
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‘5.5 MERITS- OF THE GRAN-CHARLIER EXPANSION MFTHOD

. !
THE GRAM-CHAR . :
\ ‘ \ |

The cunulants .O; the load and uhit“capaéity outage PDF
are calcu;ated only once. To\simula%e %onvoidtioq Pr‘dgcon;
volution ohly .the“adﬁit;on or“subtractiop of cumulanfs.is
requiféd. For phe'éaiculﬁtion éf expected energy generated,
a numgripal integration is not required' as is done in the

\ ; Baleriahx—agoth [3,4] method. ‘A }9£ 6? ¢pU time is savel in

this'method._ThiS vill be discussed in the next chapter

. ) . .—— . '.‘-\.“ Xy e ! Lo N “
A\ - ‘ . - . . v \/

~
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6.1  INTRODUCTICN ' o - S -

e
1

- “xnl
Chapter Vi

NUHERIC&L RESULTsﬁkND CONCLUSIONS

-

o
The expansion of a den51ty function in terms of a normal -’

densxty functlon and 1ts derlvatlves can be computationally

useful only if a small number ot terms of the series are re-

quired to give a good approxlnatlon. The knowledge of . conﬁ
'.vérgencé propesties of the series'is of_nc use if a large

number of terms are requirad. 1In the previous chapter, the

application of "the Gnam-Charlier.expansion for the evalua-
tion ofiLOLP,' expacted enengy generdtibn and production
costing aée-given. The gonditicns for convergencé_ of this
senies is also discussed. In this_chapten the ncCuracy of
the Gram*éhc;lier series when used for the_evcluation of

1LOLP, expected energy generatlon and production costing is

studled. An attempt has been nade to provide some. gu1dellnes

in the application of the Gram-charlier method. These gulde—-

lines are focused on the number of terms of the series, the

coefficients Gy s Gy and S, unit POR, number of units and‘

load shape. These guidelines are based on the numerical re-

sults obtalned from the analysis of several systems of dif-

ferent. kinds and sizes.. The results are compared with the

resuics obtained by recursive wethods{3,4].
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.ihe‘basiéfbram-cﬂariiéf‘expanSions used -are, . '-“:'-AF‘L:_
C e g (3)‘ Gy ‘('4) . 16 éz ""‘? 6 K
' ' 1 () - Gy (810G (6) . -
B = - —— el . - ——_——— "
\G‘C N{z) 3 N .(z) + Zi N (z) + L N (z) . -
; Gy (5) G, (6) :
GC4 =GCB:—=N(z)t =N (z) . ¢
G5435.06,0, (1) Gg+566,034356. (8
: +35. ‘ -
GC6 = GC4 - 5 ‘ 1 2”_ N (z) + Ggt GlG-_:,-{~35G1 N( ()z)
v, . i ' 8|. ' . ‘

6.2 LOLP AND RESEEVE CAPACITY MARGIN CALCULATION

several different systems were analysed for the evalua-
"tion of LOLP and reserve capacity margin. A few of the re-
sults are shown im this section. The Gram~-Charlier expansion

fairs better in the evaluation of reserve capacity mifgyh

than the evaluation of LOLP. 'This can be seen from’ the fact-

that at a certain risk level, or LOLP value, the differences

| . .
- in reserve capacity are all quite reasonable. This is not -

. . — '“ . '
entirely so for fixed values of ;eé@ivefcapac;ty. The LOLPs

may differ by am order of magpituﬁ&il 'Figﬁres 24, 25 and 26

show three different systes. ﬁﬁhe,three different systems .

.

- . R
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ana;ysed'are; IEEE Reliabxlity Test Systen (IEEE 325) [25],'

(I '
[ .

ferent'sizes and~kinds. Simllarly SASK System ahd OH Systen
contain 39 units and 66 units respectively. Fach figure
contains foﬁ: curvasl obtained by-usin§ difﬁeréht nunber of

terms. .In the analysis lt is noticag that in most of the

: cases, series GC6 gives best result in the range of very

? -

-SASE‘Systeg and OH System‘\ Ehe data for these systems isr~

given in Appendix C. .The IEEE BTS contains 32 units of dif-

4.
small values of probability (10 ) as can be seen from graphs

in Figs. 2u 25 and 26. The abscissa of the graphs gives the
capacity outage and the ordinate glves the cumulative proba-
bility of the outage, The ordinate of ‘each "graph has been

drawn to logarithimic scale.

. A system with an installed capacity of 10000 ¥W was ana-

‘1lysed in terns of its = capacity reserve margins. . The unit
sizes are 50 MW, 100 MW, 200 MW, 500 MW, and 1000MK. Forced -

outage rates (FOR) .are 0.01, 0.05, 0:10, 0.20. Tables 1

through 5 show the results. . In Table 1, the unit size is 50
MR and ‘the number of units is 200. fhe_capacity reserve mar-
-

—4 -4 -4
gins Aﬂ?/ evaluated at LOLPsof 1x10 , 2x10 , 4x10

-4 [ - = -3 . . ‘
8x10 and 10 . The units are identical and the FORs ccn-

Sidered for the fdﬁr different cases are 0.01, 0.05, 0.10
and 0.20. The basic factors G, G, and S are shown. Addi-

tionally, the factors GB' G4, Gy and GG' are shown for com;

parison purposes. ' .
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In table 2. the unit size is 100 HH and the nunber of un-  '
j»its is 100.\. 51milarly, in Table '3, and Table 4 unit sizes

are 200 MW, and 500 HH, respectmvely.»In Table 5, the combx-;

unation of. the u1 units. conside:ed are;- 3 units of 1000 MW

each, 8 pnits of 500 nw‘each and 30.pnits of 100 MW each.
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Figure 24, Analysis of LOLP for Reliability Test System
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TABLE 1

Installed Capacity = 10000 MW
~ Number of: Units = 200
_ Capacmty of each Umnit = 50 HW

"

| . Caparlty Reserve Hargxn in MW ' H .
| |rermommomem s m==-o-oss—ssednssoseooo—oomsseosos ~mmmem——— ol
| LOLP? FOR=0,01 ..I. FOk= 0.05 | FOER=0.10 { FOR=0.20 |
l -4 —--————-—---—-‘—;- ------------------------------- ——-———--—-—-—-il
i X10) GC |REC {®DIF] GC |REC [|%DIF| GC [rEC ISDIF| GC |REC [|XDIF|

P ‘---------------------f ------------------------------- |

i Gy 0. 696 0.292 0.188 0.106 |
e T T e e
e T e T e
R B e T P T
o P e S
P T P T
N I T I
i
:



ows 0 dee o TABLE 2 O .

Installed Capacity = 10000 MW
Number of Units = 100 :
Capacity of each Uult —100 MR

T T Capacity Reserve Margin in MW . )
GLoLP| POR=0.01 | | FOR=0.05 | 'FOR=0.10 | FoR=0.20 |
4 01| oc 1esc 1%DIFI GO IREC 1RPIFI GC IREC I%PIFI GC IREC 1ADIF)
I TTew Teon e vaan 1536 3.1.2278 2319 1.8 3599 3635 1.3

| 2 | 599 672 10.8 1483 1480 2.5 2204 2256 2.3 3523 3572 1.4

1 2.3 e 1ol Bl I mr il nInEnie

| kit skttt abe e b e ittt

1 G 0.985 .

R Tttt e s

{ -Ga 0.950 \

e e ettt bttt kbbbt

| Gy 0.87€

R e et |
G 0.729

:__i- __________________________________________________________ 4

i Gs 0. 443

l—--- ——————————————————————————————————————————————————————————

| Etainded phetabat i bttt ededededeindindeneledn bbb o e s |

{ s 0.694

-1
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- . f e
N o
) J
- TABLE 3 T i
S : ¢
- - Installed Capacity = 10000 MW

Nueber of Units = 50
Capacity of each Unit =200 MW

T capacity meserve Margin imww \
| Love f”§5£;8f6§'7"'7"§8528fEE""IT'ESEQBfQE""T'TEEE;BTEB"'iF .
| ¢i6] oc Inbe 1ADIFI GC (REC IADIFI GC IREC 1%DIFI GC IREC 14DTF(
171 T 85 7067 16.5 1965 2090 5.6 2673 2974 3.4 4318 4405 2.0]
i'E""'EGE"SBS'Q?:?’?555'?555'TZTE'EJJE'EEEST‘S;E'Z?EQfESJB'"EfEi
e T eua 965 12.5 1021 1915 5.1 2676 2763 3.3 4077 4173 2.3
N8 1779777900 12,2 1739 1796 3.2 2566 2657 3.4 3947 4043, 2.4]
130717357 581 10,2 1702 1779 4.3 2527 2601 2.8 3899 3993 2.31

AT ey T T T o T e T T 2
Ve | tes00 . e.zor o102 TToleos
T T e e wew
| G4 2.917 -0.027 -0,036 -0.011 }
T T hss  Soaior ooz vo.00z o
Ve | mer22 Toaze T leos T TTTTTToaes
AT T
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ST T pABLE 4

f . 1
oy - . L
) | h - . v

v . i N ! )
" Installed Capacity = 10000, BN

Number of Units = 20 : R !
Capacxty of each Unit =500 HHQ

| T T Capacity feseree Margin ia me T TTTTTTTTTTTTT
TroRe0.01 1 rome0.05 1 vome0.18 1 Fomo.ze |
TGe 1REC 1ADIFI. GO IREC IADIFI GO IRBC 1SDIF] 6C 1REC DI
(1918 1970 28,0 2982 3388 1109 4036 4883 9n1 5784 c000 3oe!
[1398 1916 27.6 2083 3219 10.4 3385 303 7.3 5395 5893 5.0]
1352 1814 25,5 2917 2904 6.9 3832 8023 8.7 5399 Sere . aral
1296 1606 20.0 2657 2873 7.5 3655 3903 8.3 5188 saa1 ae!
1291 1500 13,5 2608 2845 8.5 3305 3350 8.5 3176 5391 5.1
T e T ousos T osee Ty
T s T ey T oiaee T 0012 |
T b o T Tooos T Tooes |
e T T Toizes T PP
T egeen T Tees T Toizrs T
T rgee . iess T ooes T e
T enese T overe T oy T o1er
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TABLE S . N y
: o S A S L ’ b -
ot ' Installed Capacity = 10000 HW o
Nuaber of Units => 41 L ) ‘

" 3 Units of 1000 KW each
8 Units of 500 MW each
30 Units of 100 H¥ each

.
T Capac1ty Reserve” Hargln in MW S ‘."l
————————————————————————————————— ;a‘T- - o = 7 = . - l
FOR 0 01 | FOGR=0.05- | FOR=0.10 . t . FOR=0.20 - |

GC IREC liDIFI GC |REC I%DIF} GC IQEC I%DIFl GC |EEC |®DIF|
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Ls can be seen from the Tabkm :1't3rough 5, the-factd:s G‘;f

e and S, aud the FOR dlctate the applacability of the
4’

Gram*Charlier seraes method. It is clear that the accuracy

"

of ‘the method decreases wlth a decrease oq_FOR. It is also‘

-

DOthBd that the accuracy decreases Yith the increase of

fac tors G,. G, and 5. * Ths concluqxone of the usabillty of
the seriés may be ré¢ached from G,, Gz -and 'S only.‘ However,

the Tables also 1ndlcate the additional factors G 5¢ ’Ga' Gy
\

and G 'thCh may give an Lnd;catlon of the ‘range of these.

factors. From a look at the Tables, it is inpediately not-

jced that when these factors Gy . are very large, tHe results

Bl

become less reliable. ;he capacmty reserve marglns obtained

from the GLam-Charller {(GC) and the Recursave {(RECQ) methods,

and the absolute percentage dlfference between the GC method’

and the REC method is also shown in these Tables. It %s as-
suned that the recursive method 'results are exact. Series
GC6 is used in the above calculatioas, ¥ote that in Taﬁles
4 and 5 the. factors $ and G.l i=1,6 are all qulte large.

The se values are . a ybit bayond the appllcablllty of the

Gram=-Charlier series. As expected,. therefore, the differ-

‘ences in reserve capacities may be as high as 28%.

The aﬁalyseefof a few other systems are also shown here.

‘The IEEE RTS data is given in Appendix C. Table 6 gives the

capacity reserve margins of the IEEE Test Systenm usfug the

Gram-Charlier method and the recursive method B rores
e ¥

-~

A
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2 SGXJO . 3. 85110 éua?“*uéx165‘ These LOLPs correspondhtq;'

a\

“the loss of‘ioad expectation being 1 day in 15 years,u 1 day‘

_ in 10 years nd 1 day in seven years, resepectively.v. he
- year 15/66:;::2red to con51§i of 260 days {veek days of 52

ueeks). The behav10u1 of the system is also studled when the

. POR of each un:.+ ls halved or doubled Its effect on the va-

A

elues of G,, Gz_dnd s can be seem in Table 6. The OH Systém

and the‘SASK 5ystem " Tagain analyzed with the above men-

tioned changes in kORs. The capac1ty res%rve marglus of

both tﬂe,systems for half and double their unit's FORs are.

: . ~
also given in Tables 7.and"8 respectively.™ "

4

“The percent differenge (XDIF) in the/ capacity reserve mar-

gin (CRN) is given by , - ° : o«

|GRM by GC mathod-CRM by REC method|

CRM by REC meth
N
- As can be seen .froom Teble ‘1 through 8, witﬁ‘large value
of S, the % DIF in capacity reserve margin is also large. It
has been observed [ 13] that if 1S1>3, this ah%ﬁlute percedi
difference is large and the Gram-Charlier method may be bey-
ond its range of appllcabilltV. S as well as ‘the factors Gy

i%1,6 increase as the FOR is reduced, as expected
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 11323°§61ia5111ty Test System Lo
R . .Installed capaCLty = BHOS HH Do
| ~  Number, of Units = 32 IR . <
% ) - | . ‘_
“““ "““‘.‘!‘.T‘\S‘T""‘.T"'.'".""""""""'“""‘""""“""“"““‘"'"""
I Capacity Reserve Margin in ¥ : | o
I [ e e e e e e e e s b e — e —— . —— Einabated |
ILOLP 0 5 X FOR" | A\'n. FOR= .0613| 2 X FOR _I] 4 X FOR
‘I : -4 \-_--'-n ———————————————————————————————————————————————————————— l
1 X10}. GC IREC l‘SDIFl GC lR"b %DIFI GC |REC I%DIF] GC IREC IXDIFI-
B T e e T e !
'-.12.5§ 1008 1071 J.B 1312 13&5 2. u 1656 1671 . 0. 9 2086 2113 1.31
. l———'\‘- ———————————————————————————————————————— \‘- —————————————————
© [3.85[ 990- 1016 2.6 1282 1307 N.9 162u 1632 0.5 2060 2079 0.9]
I—l- ———————————————————————————————————————————— . A TR -
[S.498] 970 995 2 5 1256 1259 0.2 159u 1596 0.1 2035 2048 " 0.€}
l_---u.—-—----—-—————--——-———--—‘-——-——n——-—' ———————— W e T AR A . ——— . '
| G, 1.825 1.1€4 0.635 0.156 |
e et ettt b e DS T T L {
I G, f 3.082 0.973 -0.021 -0.3U6 |
[ =>=—t-———— T R e e e e e e e e e A E e m e r e e w bt e ————— i
l ----------------------------------------------------------------- i
| Gu -6.064 -5.063 -1.0¢€5 -0.676 |
e It e it e L 1
i Gs- ~56.4€5 -11.183 2.1€4 0.458 « {
R i et T ———————
| G -210.178 5.680 10. 110 -2.950 i
i - n——----—-—————--—---—-----D——-———--——-—— —————————————————————— '
i s 9.450 1,681 0.545 0.050 [
[RE— e ot v . - — - - - T S T  dmm e R D D WU M W N A A W s T -—-‘-———-—
T
4
{
.} ‘
1) ”'?\3
9 - 96 -



.OH System -

Installed Capacity = 17886.0 KW

. S -'... Number of Units = 66 .
._.. ST : Ce -

—— e P - — - . - P

t Capacity Reserve- Margln in MW |

| ---:----—-,----—-.-"--'---""--*-----**-—---------_vl

|LOLP} 0.25 X FOR | AVE FOR=,0894] 2 X FOR . {.

I _4 ............ ‘.._.‘_ ____________________________ i“-

j X10| &C |RLC IADIFI GC IR“L I%DIFI GC IRFC I%DIFI

| 2.56 ZJBU 2632 2.19 5112, 5164 1.0 7450 7510 0.8

B R e b e [
13.85{2534 2570 1.4 4992 5033 0.8 7299 7362 0.8|

1 G 1. 207 0.330 0.300 - |
i'&; """" wase ok o.o13 i
Vo | teese “0.030 ¢ T
Lo | a2 . -0.208 |, -0.050,
|6 | -zo001 . Touzae - clone
o | Tiaees 0 Tooan T Tolees
is | esm o0 - IEPPI
.
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e . =
. TABLE 8 . L
 SASK Systen K | . K
o ‘ Installed Capacity = 1890.0 MW
o T ' Number of Units = 39 °
' ’ .

_-_-—-----’--{- ——————————————————————————————————————— =L VI, S g
| - Capacity Reserve Hargln in HH {

———————————————————————————————————————————————————— d-—-—--l
jLOLP| 0.5 X FOR | AVE FOR—.0u8u| 2 X FOPF ) 4 X FOR |

| G, 2,438 1.605 0.961, 0.421 |
o | e e osre | owsr |
AP TR 0578 o . w2133 . S
e TS e T I ses  reas T Tilsos
o | -301.500 . Ce9.579 So.u38 NP
Lo T 3ase.27e  ist.se7  s0.786  -3.988 :
T T e e T pes TR TS
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CUMULATIVE PROBABILITY (X10

-

- . )
¥
28 1 i " (1) Number of Units-200
. ’ \ A, ._ _ﬂ Capacity of each Wnit=50M'.
1 I . \ .
1 =1 | i i 1
24 1 I | A ‘
R | Y ot T - . 1Z) Number of Urits=100
| . ﬂ T \ .o Capacity of cach Unit=100MV
. ! 1 —. v L .
__ . 1 . f - ﬂ (3) Number of Units=50
20 | . ; . \ I Capacity of each Unit=200M1
}
\
[ — 1 ﬂ ..
Y ' \ . (4) Nurrber of Units=20
. . ! 1 : " Capacity of cach Unit=500M
J — _ by f - .
16, - 4 ) ! ' i
- v N REC .
\ i \ CChH === m - —ma
‘ { \
& » \ .
12 | : #. \ .t
—1 p ;
) | - ) 1 . — / F
} . \ | v
S 1(2) (3) ) .
. } \
8] '
. o \
\ ’ A ]
4. ._.. ) - / Region of Interest
4 ’
N M )
4 y’ // .
\ .
hY
AY * o
- ) MI. > ~ T
1500 U 2000 2500 ) 3000 3500 ° 4000 .»moo
. CAPACITY OUTAGE (MW) : .
"Figure 27. The Gram-Charlier Expansion b%uwounwawﬁbm Discontinuous
. : Distributions. i ’ .
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AS.can he obs=rved from Tables 1 through 8, for veryﬁgi

,small average ?Ous or for-j smell numbe: of units. the per-7

cent dxfference in capaczty rese:ve margins calculateq ﬁrom

the GC and the REC techmques becomes 1a.rge. Therefore, the GC

* method to egaluate ‘LoLe is obsarved not to '‘be a very accu-

rate vhen the avarage FOR of the systen i; less than 0.02. .
In practical systems the avarage FOR eas_been‘observeq_;ogpe_‘
alvays grszater than this extrene value, The fact that lar-

ger numﬁer of unicts-gives batter results than those of smal- .

. ler number of units when using the GC nmethod cam be ax-

r - '
plained from the Egn. (4.21) where C. = O(J%] )+ _ The error

introduéed when truncating the series depends upon n. . If n is
'laxge in uqn.(u 21) -the naglected tern would carry lesser
uelght. . ‘_ |

e A . ' . . e

In Tables 3 and 4, the percent difference is quite larcge
even when the values of G,, G4 and S5 are small. This may be
explained from Fig.Zz7. In Tables 3 and 4, the unit size is
2Q0 MW and 500 MW reeﬁectively.. The cumulative probability
curves as shown in;Fig.27 \have discontinuities.,. They in-
crease atsteps where the step siza is the size of the unit.
The Grem-Charlle: expanslon approxlmates them by a continu-
ous curve. It must be noted too that th$“£ESults obtainad by
the recursive method are th2mselves not 100% accurate.. The

accuracy depends upoe the step size used in the calcula=-

tions. A large step size gives less accurate results than

- 100 -
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CUMULATIVE PROBABILITY
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: 200 MW —r et — !
1 1100 MW === —= om0 *
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10
Region of Interest
-4 Y -
10
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-5 . H . . - P Y i A H
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Figure 28, Effect of the Step Size on LOLP by REC Method.
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icumulatlve probabxl;ty 1n a very small range Of probabllity;ff

uhen dlfferent step 51zes are used.l The ord1nate, of theJ@.;’ h

-graph in Fig 28 has been scaled to a 1ogar1thim1c scale.’ It

is clear that the etep size has a large effect on Lopvs'cafF

“culations. | | |
1

&
W

6.3 EXPTCTED ENERGY GENERATION AND PRODUCTION COSTING
oo ‘ \

——— i ———— it T S — -

A system of installcd cap301ty of'10000 MW was analysed.

The system is comprlsed.OF 100 units of 100 MW each, with a
FOR = 0.10. The‘inéremental fuel cost_ie taken to be

" 10.08/8%h, and 1?ojs assunad to be constant over the capac-
A ity of the unit. The units ere not fragmented into hloeks.

Two loads shapes are cqnsidered in this analysis as shown in

Fig 29.(a) and (b) | .

\

1.0

000 8000 0 5000 8600

@ " B

~5

'Figure'zgz Load shapes of two diﬁferent kinds of loads
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‘7H31n tﬁe load shapéishown ln w19.29(a), ;he base 1oad is ébeV
--Hﬁ g}d the peak load\;s 8000 H. Thlé Ioad,shape is ve;y
"}muchtéimilgr to the load shape that oqcu:sin 'défual pracl
tice. Iianig.29(b) "the base: load éndlpeak Iddds'are aqai;
sboq ¥¥ and 8000 MW respgctmvelj but the peak load pas been
shaved. off. The same peak load of 8000 MW is assumad ih.botﬁ
the cases.‘The{expected eq§rqy'géggratedby-Ehefunits and_ﬁhe
production cosﬁs are inéh ihufables 9 and 10L Tha éesulps
ébtained h§ the GC nethod are ‘compared'ﬁo those bbtained by
the BEC'mgthod. The methods uégd to calcqlate th area unde:'
the LDC and the moaents of LD& @Ee given in Appendix B, For
values of capacities up to the base load, the area undar the
ELDC aré identical.'for_béﬁh-methods. In ihiﬁftegion these
areas afe_ calculated directly .and a numerical iﬁtag:ation
énd the' Gram=Charliler  series is not utilized.

, .

The . solutions obtained 'by the GC method and the BREC
meﬁhod are véry élose. An examination of Tables 9 and.IQ re=-
veals that the difference in expected production costs cal-
culated from the GC and the REC methods is 0.2 M35 inllgad
shape (a) and 0.36 M35 in lcad shape (b). 1In terms?of a peé-
centage of the total ?roduction costs, the difference is
0.28 and 0.51 percent for ioad shape (a) and (b) fespec-
tivéiy. Note that some units have been 1lumped togethear to

save space. However, sufficient detail is included for a

fair comparison to be nmade.

- 102 -



'Production d&étlng for Load Shape 29 (ay
Installed Capacity = 10000 MW

Time Period = 1000 Hours "
T"EEEE'""EKET'I-EQEEEEES'EEEEEQZI-—-'EEEBEEEEBE""'

NO. ‘MW |  GWH Y . costT us
| | ee 1 wee 1 ec 1 Tre
“ 1| 00, 90.00  90.00 0.3000  0.9000
2449 | 100 90.00  90.00 0.9000  0.9000
“Tso | 100 90.00  90.00 0.9000  0.9000
sy | 100 86.23  89.99 0.Bé3  0.9994
T52-60 | 9%100  768.90 774,62 7.8490  7.7490
" 61 | 100 76.08  76.38 0.7608! g.3638
.62-70 | 9x100  575.90  569.91 .5.75%0  5.6931
71 | 100 w9.e8 49.50 o0.4968  0.4950
T32-80 | X100 312.69  324.06  3.12€9  3.2406
Tg1 | 100 ¢ 21.12 22.50 0.2112  0.2250
"82-90 | 9X100  86.55  91.93 0.8655  0.9193 |
o | w00 3.18  1.69 0.031  0.0169
“s2-100] sx100 6.64  2.35 0.068%  0.0235)
| ___Tomeioqucrzo costs 6483 65.03
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TABLE 10

-
e

Lo

i . Productlon Costlng for Load Shape 29(b)
- - - Installed Capacity = 10000 MW.
' Time Period = 1000 Hours

v_q'--__+-_;__;--;--:__--_a;__y—_f__-i_f-__----g-a_-q
UNIT CAP. | EXPSCTED ENERGY | 2 PPRODUCTION (
NO. - MW GWH Y COST NMS
' l--‘ ------- —_—— - e e o - r
| GC | REC 1 GC | REC

1 100 50.00 %0.60 0 9000 0.9000

——————— e e e e e e e o e e e e e e e

2=-4.9 100 90.00 90,00 . 0.9000 0.9000

50 100 yu.00 Y0.00 0.9000 0.9000

(* 51 100 85.77 89.99 0.8577 0.8999

- Y T N WMy G TR MR TS D Gay G TR N R T M W W R ml A e R wE T Gk b wm ke e e W w

61 100 81,91 _ 80.87 0.8191 0.8047
62-70 9x100 669.8% €41,83 6.6983 6.0183
e et o e e o o e = . -

A 100 64,07 61.65 0.6u07 0.6165
—————————————————————— ————-—--‘H————————-———-9—-ﬂ-—

S S M S T S D WD e T R G S S e W M S WA TE MR SN R A AN S s W WD T e

o . . Y R SR T S MR SN R P AW RS D T S D e e W M T A Ak WP M e A W S R W A o m

P il r e e e e e e e e N L L

91 100 11.56 B.25 0.115¢ 0.0825
92-100] 9X100 40,72 13.76 0. 4072 0.137¢
L TOTAL PRODUCTION COSTS 69.22 69.58J

PN
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lﬁw " From an analysislgﬁ the values .obéainad.it may_:be said.‘
o A l'that the sodlution obtéined_frpm ‘;oaﬁ shape (a) is better
 than fggée ofuiogdwghige_(b). The factors G‘,‘Gz“ind_s are
larger for léad shape (bff, :‘This deqreaée# iﬁ_accuracy mnay
be accounted for by the fact that ‘load shape '(b) has addi-

tional diséontinuities than load shape (a).

' , ) . . 5 !

TFor the analySiS of a more r<alistic system, the IEEE Re-

liability Test System is agéin considered. The load duration

curve.is cou#tructed from‘tha“data given in [25). T?e year

is éivided iato four quatﬁers.' The load duratiom.curves for

~ R all the four quarters are giéen in Appendix C. ' The load

shape for the first.quarﬁer is shown in Fig. 30. The uaits

ape committed according to th2 aconomic dispatch strategy of

. - -

Increasing marginalzcosts.\Tables 11 to 14 give the expected

‘ene;gy generation and prodgction costs @f all the four quar-

" ters by the GC method as uéll as the REC method. The ex-

pected energy generated by the GC method Ean be " a little

C:f different from the éctual energy under the load curve. It is

therefore suggested that the total energy (expectéd energy

generated and energy not served) éhould be made equal to the

area under the LDC to better ap%ﬁoximate the totél prOAuc:

tiom costs. The total energy calculatedby the GC a=thod can
]

be/made equal to the eneréy under the LDC by multiplying tha'

'

‘/expected enerqgy generaéed by each unit by.the ratio of the

-

. total energy under the load curve minua the energy of the

- 105 -
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energy of the base units. Thxs‘adjustment makes the total

‘energy by the GC nethod equafq\to the total -energy under the

O N
LDC wlthout chdnglng the energy of the base unlts as shown

in Fig.31. The above technlque s used for the evaluation

of expected energy genéfation and productlon costlng in thé&

four. quarters for the IEnE RTS as shown in Tables 11 through

_base units to the total eaergy by the 6C* method minus the -

[

14, In Table 11, which gives the expected energyﬂgeneratlon'-

" and production costs of the first .quarter of IEEE Test Sys—
. . . W

tew, the difference iu the totdal production costs is only

0:05 M$.  This is- less than 0.2%: of the total production

costs. Slmllarly the dlfference in productlon costs in quar-

"\

ter 2nd 3rd and fourth are only 0.06, 0.07 and 0.10 M3,

respectively, as shown in Tables 12, 13 and 14. The differ-

ence ¥n any case is not greater than 0.4 percent. In the
IEEE RIS there are all kinds of units ¥ith wmarginal costs
ranging from 5.59 $/HHA for the base units to 37.50.$/Mwh
for the peaking units. In the'above systeﬁ, all the six hy-
dro unlts are gomb‘nea together and are committed in one
block. Before calculating the ° expected energy generated by
each unit, a test is made in the computer progranm to’fi; in
theluydro unit to generate the given hydro enerqgy., This
test is done ‘as each unit is commifted to supply thé loadl
In most of éhe béges a unit has to be f;agmented into t:o

capacity blocks to £it in the hydro\ unit to generate the

given energy. i coaputer program is given at the end to cal-~

-
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IEEE TEST SYSTEM LOAD SHAPE QUARTERL.

Ny
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‘Figure 30, .H_Wo...uroma. Shape of the First Quarter of the IEEE RTS. "
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- ouia€e fHe expected energy generation And productlon costs .

by the GC methods’ ThE computer program automatlcally picks
up a unit ng% mininum marginal ‘cost. The hydro unit is also

conmitted automatically;ln thqulven pragram.,

P
i

. ) " T ALDC --Area under LDC
. . ‘ o - A - --Base load energy -
' " B--Energy calculated by the GC method
C--Unserved energy by GC method
k--Constant quantity

A+x(B+C) =ALDC

AL -
k = 2EPCTA L patio

B (B+C) .-

MW o

Figure 31: LDC

- 107 -
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'Thnnsll

: ‘ ,
Expected Eneray Generation: and Productlon rl" VA
" Costs for First Quarter ° L o o J
Base Load = 978.12 MW . - . PP
*  Peak Load = . 2565 MW . The e T . -
Hydro Encrgy = ‘420 GWh ‘ : '
Hydro Capacity = 300 MW
5 Period = 2184 Hopurs -
.. e
: Unit | Block . E\pected Encrg& Productioh Costs "
Loading |[Unit [Block | Size Size GWh - M$
Order No. . No. M MY - GC REC GC REC-:
1 v | 1| 400 400  |768.768 [768.768 | 4.299. 4.299. |
2 2 1Y | 400 400 {768:768 |768.768 | 4.299 | 4.299
3 7 1 155" 155 |324.979 |324.979 | 3.630 | 3.627 '}
4 8 - 1 155 155 .| 332.816 {322.559 ] 3.714 | 3.600
5 9 1 | 1ss 155 | 311.786 [308.403 | 3.478 | 3.442 .
6 10 1 | 155 155 {282.600 |281.351 | 3.154 | 3.140
8 .18 - 1 300 300 [ 420.000 [420.000 0 0
739 3 1,2 | 350 | 69,281% 343.277 |342.382 3.913 | 3.903
10 .14 1 76 76 | 46.716 | 51.567{ 0.695 | 0.767
11 15 1 ‘; 76 76 38.30) | 43.274 | 0.570 | 0.644
12 16 1 s~ | 78 (1 s0.028° 33.910 | 0.459 | 0.505
13 27 "1 76 76 24.332 | 25.421 ] 0.362 | 0:378
24 4 Loof 197 197 38.397 | 38.801]0.763 | g.771
15 5 I | 197 197 18.169 | 18.308 | 0.361 | 0.364
16 "L ] 197 - 197 6.235 6.619 | 0.123 | ¢.131
17 A1 1 100 100, 1.245 1.526 | 0.027 | 0.034
18 12 1 | 100 100 0.603 ‘1 0,829 | 0.013 | g.018
19 13 1. 100 "100 6.661 0.421 ] 90.014 | o.009 *
20~24 f 23-27 | 1. [ 5x12 | sx12 | 0.275 | 0.144 | 0.008 | ¢ gos
25-28 | 19-22 1 4x20 4x20 0.240 0.105 [ 0.005 | 0,004
. TOTAL __ |3757.970 {3758.148] 29.891 [29.939
Expccted Unserved Energy (ccy =0, 360 GWh ’ * '

ey

~

- .o
JJALJt-\.p\.um [Sp43ogaat _-:

n-- —

O"\—ﬂ‘
"o

1T M I"I‘"-

-_— u..l-.n

%69 MW block b ore hydro.unlts, 281 MW after hydro units
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Expected Encrgy Generation and Production
" Costs for Secend Quarter
Dase Load = 1001.74 MW
+ . Peak Load = 2565.00.MW ‘
. Hydro Encrgy = 420 GWh . . - .
Hydro Capacity , = *300 MW
: Perﬂpd' 'zn-———2184 Hours
. B TR .| unit]| Block .|Expected Energy [Production Costs
Loading | Unit | Block | Size | Size GWh ‘ MS
.Order No. No. MW, M9 [ GC REC GC REC
ﬂ ' 1 | o 400 400 |768.768 ]768.768 |4.299 4.299
-2, 2 1 400 400 | 768.768 |769.768 |4.299 4.799
-3 3 1 155 400 |324.979 |324.979 {3.627 | 3.627
4 . 8 1 155 | 400 ['330.616 |323.984 |3.690 | 3.616
5 9 1 155 400 315.973 |312.626 13.526 3.489
6 10 1 155 400 | 289.984 [284.603 |3.237 3.176]
8 18 v | 300 { 300 .|420.000 [420.000 | 0 - | 0
7,9 3 1,2 | 350 | 121,229% 400.568 398.596 |4.635 | 4.544
10 114 1 "6 76 | 55.280 | 61.547 |[0.818 | 0.916
11 .| as 1 je-1 " 76 | 46.402| 52.403 |0.687 | 0.779
12 '} 16 1 76 | 76, | 38.255 43.051 |0.566 .| 0.641
13 - o2 76 | 76 {-30.959 | 33.991 ]0.458 | 0.506
14 4 1 197 197 51.084 | s2.031-/1.015 | 1.034
15 1 197 197 | 25.738 ] 25.525 [0.511 | 0.507
16 1 197 197 10.252 9.833 | 0.204 0.195
17 1 1 100 100 2.170 | 2.206% |0.048° |.0.050
18 12 1 100 100 1.082 | 1.289 |0.024 0.028
19 ¢ 13 1 | 100 | 100 | o0.478] 0.674 |0.011 | c.015
20-24 23-27 1 5312 5%12" 0.363} 0.235 |0.010 0.007
25-28 19-22 1 4x20 4%20 0.318 0.171 | 0-011 8.006
TOTAL 3885.224 |3885.556 | 31.676 |31.734

foe =1

Brpeche. Unne oo Engrad ooy = (539 GUWh
Expected Unserved Energy (REC) 0.207 GWn !
« %32) MW block before hydro units; 229 MW block .after hydro units

ra
s
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. . gaBLE13 . R
‘ 'Expected Enerqgy Generation and ProdGctlon'
S Co Costs for Thixd 0uarter
) Bl
~ 'Base Load = 965.62 MW )
‘Peak Load" = 2508.00 MW
Hydro Energy = 120 GWh . .
Rydro Capac;ty = 270 MW v
Period . = 2184 Hours
e et hid
: .| Unit | Block | Expectcd Energy Production Costs
Loading |Unit  { Block | Size | Size __GWh & __M$
order | No. No. M# MW GC_ [ REC, IS REC
1 1 1 400 | 400 . | 768.768 |768.268 | 4.299 4839
2 2 1 400 | .400 768.768 |768.768 | 4.299 | 4.299
3 7 1 155 | 155 324.979 {324.879 | 3,627 3.627
4 8 1 155 | 155 329,233 [320.929 | 3.674 3.579
5 9 1 155 * | 155 301.155 [297.907 { 3.361 | 3.325
6 | 10 1 {155 | 1ss 268.017 |262.366 | 2.991 | 2.928
.1 3 1 350 | 350 | 434.303 {434.920 { 4.950 { 4.958
B 14 | v | 76 | 76 | . 73.225| 77.598 {1.084 | 1.154
9 15 1 76 | 76 62.631;] 66.525 |0.927 | o.989
10,12 | 16 1,2 | 16 [7,69% 52.490!{ 55.350 { 0.776 |  0.823
11 18 1 270 | 270 120.000;]120.000 | O 0’
13 17 1 76, 76 15.985 |- 20.914'] 0.237 0.311
14 4 1 197 | 197 | - 26.508 | 26.095 | 0.527 | 0.518
- 15 .5 1 | 197 | 197 9.844 | 10.563 | 0.296 | 0.210.
16 6 L 197 | 187 '2.966| 3.730 |0.05% | 0.074
17 11 1 100 | 100 1.038'| 0.783 | 0.022 Q;Oi?
© 18 12 1 100- | 100 0.648 | 0.407 | 0.014 0.009 -
19 13 1 100 100 0.398 ] 0.203 | 0.009 0.004
20-24 |23-27 | 1 5x12 | 5x12 0.160°| 0.067 | 0.005 | 0.002
25-28 [19-22 | 1 | 4x20 | 820" 0.130 | 0.048 |0.005 | 0.002
TOTAL  |3560.717 [3560.745 [pL.062 ! 31.128
Expected Unserved -Energy. (GC) = 0.0800 GiWh
Expectcd unserved Energy (REC) o= 0 0520 Gwh

r e R T AT F et -','._ < an pEL o 7
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TABLELS R

P R Expected Energv Generatlon and Productlon . ’

il

Costs for Fourth Quarter

LRI U (O A et

Base Load = 1005.91 IW
reak Load = - 2850.00 MW
Hydro Energy = 240 GWh e R
Hydro Capac1ty = 22707 MW R .
Period = 2184 Hours
R Unit| Block Expected Energy [Prodmcticn Costs
Loading | Unit |Block Size| Size *.GWh ' . MS
Order | No. No. My MN G REC (el REC
1 1 2 | 400 400 768.768 | 768.768 | 4.299 | 4.299
2 2 1. 400 | 400 768.768 | 768.768 | 4.299 [ 4.293
3 7 1 155 155 324,979 | 324.979 | 3-627 j 3.627
4 8 A 155 155 - 334.462 | 323.852 | 3.733 | 3.614
5 9 1 15577 Tis5 323.800 | 316.690 | 3.614 | 3.534
6 10 X 155 155 301.033 | 299.636 | 3.354 3.343 "
7 3 12 350 | 350 544,828 |539.706( 6.211 | 6.152
8 14 1 76 76 104.3B6 | 103.276 1.546 1.536
9 .15 1 76 76 j{ 95.385 { 93.153]1.412 gﬁ?’
10-12 | 16 1,2 26 l67.5,8.504 ' 77.541°| 80.581 | 1.148 | 1.199
11 .| 18 1 '270. | 270 | 240.000 240.000 0 - 0
13 17 1 76 76 " 44.707 | 50.413|0.662 | 0.750
14 1 3| 197 137 79.803 | 89.809 | 1.586°| 1.784
15 1 | 187 | 197 45.484 | 48.759 [ 0.904 | 0.958
- 16 6 - 1 197 197 23.550 | 23.928 [ 0.468 | 0.475
17 11 1 100 | :100 6.459 6.372 | 0.143 | 0.141
18 12 1. 100 | lQo0 3.870 3.792 | 0.085 0.084
19 13 1 100 -| 100 2.181 | 2.225 |0.048 | 0.048
20-24 23-27 1 5x12 | 5x12 0.800 0.861 |0.023 | 0.025°
25-28 19-22 1 4%20 | 4x20 . 0.641 0.693 10.023 | 0.026
" ~ N )
TOTAL aazyabo 4087.303| 27.160 ) 27.251
Expected Unserved Energy. (GC) = 3.7263~Gy¥n ~
Expectcd Unscrved Encrgy (REC} = l 0242 G h .
257.5 MW bioon SoIcIz L AEATIRTITRE ann smd v st ofter hydre units.

-1
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" TABLE1S

LN

Expected Eﬁeray and Production Cost For

¥

» First Quarter (Multi-Block Representation) -~ -

: . | unit Block | Expected Energy '| Production Costs
Loading | Unit | Block| ‘Size | sSize | GWh M$ :
Order ‘No. No. MW MW GC . [ " REC GC REC
1« 1 1 | 400. 400 768,768 | 768.768 | 4.299 | 4.299
2 z 1| 400 | 400 768.768 | 768.768 | 4.299 4.299
3 ‘7 1 | 155 . |- 93 194.987 [ 194.987 | 2.003 2.003| .
4 8 1. | 155 93 194.987 | 194.987 | 2.003 | 2.003|
5 9 1 {155 . | 93 202.906 |193.706 | 2.084 | 1.950
6 10 . - 1" | 155 93 193.603 | 190.309 | 1.99%90 'v;.955
7 3 L | 350 | 227.50 | 412.994 [410.648 | 4.282 | 4.258
8 7 2 | 155 | 31, 53.762. | 53.028 | 0.574 0.566
9 2 |-1s5 31 52.408° | 51.234 | 0.558 0.547
10 2 155 31 50,957 | 49.745 | 0.544 0.531
11,13 | 10 2a,2b| 155 3,28 39.220 | 34.956 | 0.419 | -0.373
127 | 18 1 | 300 300 420.000 | 420.000 | "0 0
14 2 | 350 52,50 49.306 | 49.591 | 0.536 0.539
15 3 | 155 31 29.036 | 29.171 | 0.324 0.325
16 3 ;185 31 27,387 | 27.697 | 0.305 0.309
17 .3 lass 31 25,785 | 26.329 | 0.288 0.294
18 10 3 155 31 24,160 | 25.071 | 0.270 0.280
19 3 3 | 350 70 44.702 | 48.105 | 0.510 0.548
20 14 1 76 28 24.468 | 26.915 | '0.323 0.356
21 14 2 76 22.80 | 13.613 { 15.010 | 0.167 | 0.184
.22 15 1 76 38 21.007 | 23.637 | 0.278 0.312
23 15 2 76 22.80 11.594 | 13.121 | 0.142 0.161
24 16 1 76 | 38 1. 17.810 | 20.030 | 0.235 | 0.265
25 16 2 76 72.80°1 © 9.758 | 10.855 | 0.120 0.133
26 17 1 76 38 14.905 { 16.269 .| 0.197 ¢.215
27 17 2 76 22,80 8.116 8.884 | 0.100 0.107
28 14 3 76. - 15.20 5:103 5.375 | .0.076 0.080
z5 15 3 16~ 15.20°{  4.83% 5.064 | 0.0/2z | U.075 |

-1n2 -
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Ekpected Unserved Energﬁ{ (GC) =
Expected Unserved Energy (REC) =

.

#

0.295 GWh
0.122,GWh

———

. TABLE15 (cont'd)
L1 ' -
! .n -~
-,
Unit | Block | Expected Enexagy Production Costs
- Loading.| Unit [ Block | Size | Size Gith ' M$
Order No. " No. MW MW GC REC . .. GC REC
- 30 16 3 | 76 | 1s.20]  4.607. 4,747 0.069 0.071
31 17 3 .0 76 | 15.20] | 4.386} .4.467 0.065 0.066
. 32 % i 1 | 197 |118.20] 26.386} 26.483 | 0.521 0.523
33 5 "y 1197 {1is.20!.17.201] 17.683 0.340 0.349
34 1 {197 {118.20{ 10.378| 10.50% 0.205 0.215
35 11 1 {100 | ss.oof 3.135| 3.289 0.062' | 0.065
36 12 1 |06 | ss5.00| ~2.306| 2.376 0.046 0.047
37 13 | 1 [200°| ss.00} 1.658| 1.746 0.033 | 0.034
g 4 2 |197 | 39.40] o0.s21| 0.899 0.019 0.020
39 4 3 |197 | 39.40] ° o.619) 0.714 0.012 0.014
40 5 2 [197 | 39.40( ©0.494] 0.604 0.011 | ©0.013
41 5 3 |197 | 39.40f 0.372| 0.478 0.007 0.009
42 6 2 187 39.40 0.293) 0.393 0.007 0.009
T 43 6 3 |197 | 39.40! - 0.384] 0.300 0.008 0.006
44 tn 2 l100 | 2s.00! 0.225| 0.167. | 0.005 0.004
45 12 2 |100 | 25.00| 0.202] 0.141 0.004 0.003
46. | 13 2 {100 | 25.00( ©0.182} o0.119 0.004 0,003
" 47 11 ~3 {100 ‘| 20.00] o0.128| o.080 0.003 0.002
48 12 3 100 | 20.00] 0.117} o0:070 0.003 0.002
49 ° |13 | 3 |10 | 20.00] 0.109} 0.061 0.002 0.001
50-54  [23-27| 1 12 | 12.00] 0.275] o0.243 0.008 0.004
55-58  [19-227) 1 20 | 20.00] 0,240 0.105. | 0.009 0.004
corAL = |3757.975 | 3758.148 | 28.436 | 28.471
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* Table 15 skows the results for the £irst gquarter when un-

it$ ars fragmentad into blocks.' Most of the units are di= -

vidad into three cabacity bloeks._ Each block has'differeat

incremental fuel cost dependlng upon the heat rate. The un--‘

‘its are fragmented into blocks malnly to shou the comparlson

|

of CPU time of both methods. As can be ssen from Tables 11 &

15, the total productiou costs in thejfirst'quarter is less
vhen units are fragmented than that of uithoutafragmenta-
tion. This results from the fact that the cheaper units pro-

e - Cereq s o
duce more energy when units are cemmitted in blocks. The

coararrson of CPU times will be discussed in ~the dext Seq~'

b

tion.
l .
In the calculation of qu‘Cted energy generation ' by the
GC method in Tables 9 through 15, series GCG is uwtilized for

-3 " -2 -2
probability values less than 10 . Between 10 - and 10 , the

series GC4 is utilized, and in the rest of the range, series’

GCB is used except in the base case when the expected energy

\.,

generated is calculated directly by multlplylng the capac1ty
of the unit by time perlod and the avralabllrty of the unlt
The above arrdangement was observed to prov1de the best com-

bination, regarding computational. -efficiency'and accuracy.

Table 16 gives tke productions costs for different sys-

tems by the GC'method and fhe REC cethod when different num-~

“ —
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ber ‘of tarms.in .the series‘ars used, It can be séenjtﬁat tn
all the othar combinations, the difference in production

costs is 'l&;ger'than that with the combination being used

--A..‘.,. S

. t . ,
The load shape affects the results amuch more than the

‘type of the units. For exaaple, for the fourth guarter, the

factors G; for tha load distributien alone'are_Gr = Q.3720,

Gz‘l= f0.6998,' G3 = =0.425C, G4‘ = 1.8539,_ 95- =‘ 7.7?93,‘ Ge =

=1.7596 and S = 0.0905. Aftar adding up the cumulants of all

the units’ capacity cutage PDF, the .factors bacome} G, =
0.3549, G, = 0.5218, G3 = —1.02§83 G4 = 1.2361, g5-= 7.3293.
Ge = =1.7596 and § = 0.0996,° Therefore there is a very
sliiyt change in these factors.’

{
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s TABLE 16. ~
|- ! Total Productlon Costs in M$ . - . |
l—-—-—-'---—-- ------------ . e Y W W == gy =, - [
S |Systen | GCB | GC4 - | GCE! ICOHB *} REC 1

t= : ' ‘
|Load Shape 19(a}| '64.86] €3.72| 65. 32| £4.83) 64.99]
. |====mmmmmma——— s mm e e m e mm—— e e — oo i !
s {Load Shape 19(h)} 68.47) 69, 78] -69.86( 69.23] 69.42]

-—-—-----n--———----—————‘-————-—-——-———‘-r_-----————--—

: IIEEE 1st Quarter| 29.98( 29.57| 29. 171 29.92] 29.94)
1" Single Block - . ' o \ \ |
re o I Ber 31,671 310271 31,771 31,73
e aen TR 300031 30,771 310211 310131
Trmaen T S ke 37,101 37371 37,341 37.29]
l Tmn 1ot shariers 28.601 27,971 27.801 28,451 28.47
i Multiblocks . ) : l
mee ama T S0une 29,921 20,561 30.251 30.17]
\ e oma T eu7e) 29,221 29,181 29,611 29.711
1}EEE"ZEQ""'"-'I'SETBE?'SETBQT‘SZTJE]'SE'E$I“SETE?1

COMB.* The following combination of the terms was
used:
GC6 for PEObablllt} <10 _
GCU for 10°* <Probab111ty €10
-+ GCB for probab111ty>10
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C Bl COHPUTATIONAL EFFICIENCY “f

e S —— o 1

-’ COmputationallj, the Grém-charliér?seriés method is very

effibienti For the productlon costlng of the IEBEE ETS uhen-
; units are. not divided: lnto blocks, J the CPU time for the GC

method is less than one second whi&e it is moré-than 7 sec~ .

onds for the REC“method.‘ The CPU time savxng is more evi-=

-

dent when units dfe_fragmented llnto blocks. For the IEEE

RTS, where all the units except peak and hydro are divided
into three blocks, © the CPU time for the GC meéthod is less

than 2 seconds as compared to 45 saconds by the KEC nethod

oﬁ IP& 360/65 éomputer. 'Undoubtedly, the GC method is verf N

‘fast. -

6.5 CONCLUSIOhS

———— L e e i S .

The main objective of this thesis is to investigate the
Gram~Charlier expanéion for the evaluation of LOLP, expected
energy gene:atlon and production CObtlng in generation plan-
ning. In the expanSLOn planning studles, the evaluation of
expected production costing by the Baleriaux-Booth method is

a very time consuming technique, For optimum expansion plan-

ning, +there may be several hundred configuratioas for a

study period of 20 to 30 years. For each configuration, re-
. * ‘cl
: . i
peated calculations for integration and convolution are re-
guired. If the units are fragmented'into blocks, the prob}em

. . . ..
becomes more complex and computationally nmore 1nefflclert.

-

|
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-The same pioblém _nay‘bé sihulaté& by the Gram=-Charlier ex-

pansion method within  an accuracy of 1.0 perceﬁt:“‘which.'

-é:quires much.les§ CPU time as compared to that of the Bal-
s Sriaux-Booth method. Similaflx'in the evaluation of LOLP
calculation a lot of"CPU'iiﬁe may be saved by usind the

Gram-Charlier series method.

“
N : . "

\
—

_ihe accuracy of the Gram-ﬁharlier expansion.|m§;hod eﬁ—
ploféd for the evalﬁatiou of LDLP,l:cabacitymreserve margins
and'expectedlproduétion cbéting‘has been studiéd. The accu-
1ﬁa§y of’ tﬂe methodidepends upon the variables such as the
load shaﬁe, uﬁit'éize, nember of units as well as the forced
outagé rate. An attempt has bsenumade to providé soma guide-
linés in the applications of this me;hod in the above men-
tioned evaluatiohs. In the 2valuation of LOLP and the capac-
ityxreserve ﬁargins, series éCG gives the best results in
the very'small range of cumulative probability distribution.

: &
If the average forced outage is less than 0.02, the results

obtained may not be satisfactory. Alsc if the factors S5, Gr

and Gz-are véry large the accuracy in the results may not be
adequate for LOLP calculations. The-Grap-Charl}gr method is
very suitable for capacity reserve ma:giqs‘iﬁ |s1<3.0, G.
<4.0 and G <3. K
L :
In the evaluation of expected energy generation and pro-

duction costing, it is noticed that for a very general load

- 118 -
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' shape (load shape ;suéh as a IEEE RTS Load vhere a substan- .

tial portion ‘of ‘the load is base ‘1bad'ahd 'the\cumulative

load distribution function does not have very large dlscon-

p

tinuitles), the best results are obtained by using series

-2 _
GCB in the range of the cumulatlve probablllty 1- 10 , ser-

-2 .. =3
ies GC4 in  the runye of cumulative probability 10 - 10

‘aud'series dCG in the range of cumulativelprobabilitf values

-3
less that 10 . In the base case, the expected energy gener-

ated is calculated dlrecbly from tbe capdc1ty and availabil-

ity of the unit, and the time period.
) \
It has also been suggested that the total energy (ex-
pected enérgy generated plus the energy not served) by the

Gran-Charlier series method nust be.made_equal to the energy

under load curve by multiplying the expected energy gener-

ated by each unit, by the’ ratio of total energy by the
Gram-Charlier method minus the base energy to thé energy un-

der load curve minus the base energy. By USingwthis techni=~

.que, the total production costs evaluated by the Gram-Char-

lier method: is better approximated. It has been observed .
that the differemce of total production costs evaluated by
the recqfsive and the Gran-Charlier method was never more

\

than 0’: 5%.

No doubf, the .Grap-Charlier method is very fast and if

used under the above mentioned guiqélines gives reasonable

- 119 -
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‘good hesulis; The Gram-Charlier method may - be. iiplenented'u

into WASP (HIEN Automatlc Systen Plannlng Package). an 0pti-‘

. mal expansxon plannlng p:ogram, -which is consxdered to be

computationdlly VEerY. expensxve. The CPU time.:equirad to run

the WASP may be substantially- Leduced by implemeﬂting the

K

Grap-Charlicr series method.

& . . ‘ ¢ . .
| ‘ ’
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Hy = - A S
w Hz e N i
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x
"
1]

x*-6x2+3 o & ' AR

xS=10x3+15x, " e
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o
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SR ,‘Hs;‘= }5-15x“+4§x2-15 | , .
Hy = x’-21x5+1osx3-1052”  S
Ha = x°-28x°;210x“—420X2+i05 _ | -
Ho = x® —36x +378%5-1260x 3 +945x . ‘." AU

= . Hio = )10 45x +630%°-3150x" +4725x~-945

v : ;o
First 8- rentral momenfs‘Wn terms of moments about origin aréﬁ

wrlffen asE'
= 0
' ' i
. Hz- 111

¢ B2 ‘._
s = 113 —3111 UZ +2111

- . '. . ) T e

Hy =7 114—4111113"‘5111 Uz o3yt - . -

‘ Us- '="".15—511111u+10111 U3 10111 112+4U1
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0 . .'n
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First 8 ¢ lents In.terms of central. moments are Iis-l-ed bel-.ow. .
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k = n . " -t . * " - e e,
s 3. . e Ly
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" ksn . = ' i"' 5-‘110“ 3‘12 ) i .. N - . ' ‘. - F \::\“..\\ .

x
Julg
il

He -lsm.u'z'-lo wedzow®
ky = M- 211-15}12 -I5HAb24210 MaM2® ' RIS

TR R
s = Ua-zsllsllz-SGUslh 35Ma +42011; u2" + sg0 /‘*3"&1’6?’0’&‘“ L] =

The rhome_ri'!'s"éf"l'he gen‘e_rj.a‘l'.[ng un!i¥ capa,é'i Ty 'ouTag‘e\wH'h two states,

may be élvén‘ by: T o ; - '. o .

W Is the rth moment.
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The a:ea and the“qoments of the load duratlon _curve (LDC)

\

' are calculatad by usxng the lntepolatlon technlquns based . on

\.

Neutonms Form.of-the;lnterpolqtgng.polxqomlal. A

Let x,, Xy’ :---_and x“ be. the load points in the LDC and

f(x ) - f(xn ) be the cumulatlve probablllty values res-

pectlvelyt* By manlng use of three pOlntS for 1nterpolatlon,\

the ;ﬁterpolatadn,value of load probablllty may wrltten by

(273

where -

. |

frpmg) s ol L ey

an.d I ' ] - . . ’ ..‘ .‘ —. ..‘:, ,.,'_-.

X ' . f(X'l,Xi+ ) -%(X' +1’ X. ) : . ' . . .
B3eir X410 %1 42) = ;:.‘1- :-:i+zL e O - I-3)
" . .‘ . ) . 1 . - N ' ’

r

The rth moment oOver the interval xi<x<xi;i may be given by.
=122 -
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T j x” plx) dx = f X fhgdx j x e Xy e
i . e _‘ﬂ :' h. - | '.:_ ~- xi+1.:_:“_h-
‘ r ‘ . N .-‘
: w0, % Lo o VX Xy p)e ( #
- x. N . \ -
1 ‘ ) |
'i‘i*xe rth- moment of the LDC may be gliven by. L I
B N .‘1 . | N ‘ . N |
o e : o S
_ P'r .= ; m.; - ' . (II-5) - o
n=1 ' . . ) .
’ v The a‘rea': under the L.DC may be obtained from Eqns. (II-4) and
(II-5) by inserting r=0. : . ' , A -
From i;lle moments, the cumulants may be calculated as is.
given in Appendix A, ‘ o )
; i
- g - 3
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The marglnal costs are calculated by first obtalnlng ‘the’ lpcre-

The generatlng system data is glven in Table(: 1

IEEE -I‘{el‘iab&l‘ity‘ Test System .

Appendix C .

4

e

mental heat rates and multlplylng these by the fuel ‘costs as“'

g:.ven in Table C- 2

w.

TABLE c-1

Generatlng Unit Data for IEEE

Reliability Test System -

oo
A

v

* Hydro Energy to be discharged

Isit
2nd

3Ira

4th,

quarter

420 Gwhl
420 GWh
1207 ewn’

- GWh -

-124 -

A

_ Marginal Costs.(S/MWh)

g?;g E?' ' Type FOR | Single Bléck‘ Thrée Blocks Repres.
(MW) | Units ' .Representation ZLower' Mlddle Upper
400 { 2 | Nuclear| 0.12 5.592 -~ | -= |s5.592
300 |1 | coal 0.08 | - . 11.400 10.368] 10.880| 11~ 400
197 3 | #6 0il | 0.05 19.971 7| 19.757| 22.563| 19,872 -
155 ‘4 | coal 0.04 11.160 102272( 10.680{'11.160
100 1) 3| #60il | .04 22.080  |19.780f 20.700] 23.080| °
76 4 | coar |o.02 14.880 "13.220[ 12.280{ 14.880]
50 6 | Hydro* | 0.01 0,0 BT S [

20 4 | #2 0i1 | 0.10 37.500 Z | = [37.500
12 |5 | #6 0i1 | 0.02 28.520 - - <N | 28-520



R . Coaen. - . . [y

TABLE C-2

' Fuel Type and Costs

T&pé' . Cost ;“' S _ T
. $/ MBtu - IS
|.. #6 oix 2.50
N $2 0il - 3.00
| - Coal 1.20
- /1 Nuclear 0;%0.
,,2/// 3

The load models that were utilized in evaluation

in.four different quarters are given in Tables C-3, c-4,

G-5 and Cé6;'

. TABLE G-3
T "Load Model for the IEEE Reliability Test

System Coiresponding to the First Quarter

Y

Probability

Pfobability

- 125 -

MW MW Probability| Mw
©978.12  1.000000° |1518.48  0.630495 |2055.78  0.238095
1054.54 - 0.985806 |1579.54  0.591575 |2117.86. " 0.200092
'112qé51:f 0.970238 |1643.34  0.546245 [2186.01 0161630
- 1176757 0.938645 {1679.75  0.516484 [2231.55 0.125916 |
1240.09 ~ 0.892857 |1733.53  0.472985 |2280.60 = 0.088828
1291.90 0.858059 |1777.63  0.432234 |2332.44  0.053571
1343.80  0.817308 [1822.18 0.395604 |2378.19 . 0.029762
1390.76  0.766384 |1865.95 0.358974 |2452.25  0.009615
1432.70  0.715202 |1923:41 0.315476 [2539.35 .. 0.000916
'1474.02  0.672619 |1989.07 , 0.272894 [2565.00  0.000000
v
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TABLE G-4

LoédtModelﬂfor’iEEEgReliability Test System

.. Corresponding to Second Quarter

s

MW P;ébqﬁility

s

MW Probability MW Probability|
1001.74 1.000000 | 1538.62 : 0.652473 | 2145.16  0.250458
1063.38  0.994048 | 1598.78 - 0.615385 | 2199.32 0.208333
1128.60 0.980311 | 1655.16  0.581960 | 2248.34 0.167582
1186.68  0.952381 ' | 1711.69 0.544414 | 2304.98 - 0.122253
1243.06  0.909799 1757.20° 0.507326 | 2349.31  0.086539
1289.73  0.873169 1800.29 0.464286 | 2400.38  0.048993 |
1333.80  0.836081 1844.39  0.430403 | 2462.40 0.017399
1374.02 -0.798993. | 1901.92 0.395147 | 2527.95 0.004579 |
1407.67  0.760989 1968.00 0.362180 | 2565.00 0.000000 |.
1450.51 0.721154 |.2031.48 0.324634 | |
1496.26  0.681319 2097.60  0.284799 .

_ TABLE C-5
" Load Model for IEEE Reliability Test Systém
| Corresponding to Third Quarter

MW Probability MW Probability- MW Probability

965.62  1.000000 1441.00 0.630495 | 1942.34  0.226648
1032.84  0.983517 | 1484.71 .0.599661 |1980.86 0.195513
1099.32  0.958333 1534.90 0.556777 | 2022.64  0.153388
1142.57  0.927198 1580.31 . ° 0.520604 | 2065.68 0.117216
1176.78  0.894231 1642.38  0.484890 | 2123.05 0.083791
1220.94  0.854396 1702.93  0.448718 |2189.71  0.048535
1254.43  0.819597 1755.60  0.410714 | 2257.20  0.028846
1295.95  0.780220 1789.56  0.377289 | 2325.60 0.015568
1330.89  0.744963 1834.60 0.339744 | 2384.10 0.007326
1773.51  0.702381 | -1865.95 0.306319 | 2433.26 0.003663
1403.16  0.668956 | 1906.88 0.264194 | 2508.00  0.000000
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TABLE c-G

Load Model for IEEE Rgliability Test System

Correspond:.ng tg Fourth Quarter

- MW

MW

_-12? -

Md ' . Probabi lity Probability Proba:b'i.li ty
\ , , L .
900591 "1.000000 [1679.43 0.625458 2337.80 ..0.200092
1067.81 0.991758 {1724.22  0.590202 2392.35 0.169835 ‘
1132.19 0.983059 [1774.77 " 0.550366 - 2442.71. 0.126374
1196.77 0.963370 |1818.77  0.513278 2499.46 ' 0.086996
| 1264.49 0.934066 |1860.50 0.474817 2564.74 0.052656
11328.93 © 0.898810 . [1901.63  0.437271 2632.35 - . - 0. 023816
~Y39T.78 0.863553 |1946.94  ©.400183 "2686.07 v, 010551
1429.94 0. 8{9670' _2000.6% . 0.362180° '2736.85 0.003663
1483.85  0.786630 |2067.92 °0.324634 2821.50 0.000916
1521.90 0. 746337’ 2137.50  0.298993 2850.00 0.000000
1578.60 0. 700550 2206.92  0.277015 ) T
1626.28 ° 0.661630. |2276.08  0.240385
L he
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e LT ~ TABLE G-7°

SASK System Data .
Installed Capacity = 1890 MW
Number of Units = 39

‘---' ------------- L B TR -

- ‘ ' , . - 82.0 0.9747
- o . — B C L 60,0 0.9859
- : T | : 142.0 0.9739
W , : c . " 142.0 - 0.9723
142.0 ‘ 0.980u
1280.0 0.9550
S ‘ - 6240 0.9864
Con L . -Q§.o 0.98u4
- - 95.0 0.9869
. 14,0 0.9868
: 24,0 - 0.9593
24,0 : 0.9973
31.0 0.9729
4.0 -~ 0.9710
19.0 " 0.9917
. 31.0 © 0.9922
_ 19.0 0.9976
- 29.0 0 0.9923
| 22.0. 0,9708
' 5 . .. 0.9793.
5 © 0.9908
5 ©0.9713 |
o 0 T 0.9934
- Lo ‘ . 10.0 T 0.9970
: - 15.0 - 0.9164
15.0 " 0.9725
15,0 0.9792
70.0 T .0,8800
34,5 0.9984 ,
34.5 . 0.9946
_ : : : 34,5 0.9967 -
e . : : ‘ 34,5 ‘ 0.9984
T ' C c 3. " { 0,9989
S L ” 34.5 0.9980
o - ‘ ‘ : 39.0 0.9902
39,0 |- 0.9531. ..
63.0 ' 0.9996
63.0 | - 0.9998
.63.0 A 0.9982-

R ) 7 : . ' - 128 =
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“TABLE C-8

033 System

Installed Capac;ty = 17886 HH
Number of Units = 66

Capacity
{NW)

500,00
200.00
22.00
500,00
25.00
100.00
200.00
66.00
100.00
500,00
300.00
750.00

- e an e -
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‘?i‘IFPUT DA”A FOR DEMAND OL 1HE SYSTEH

' REZAD(5,FNT) BASE,PEAK,NU

L

'CALCULLTION OF ENERGY BY THE GRAM~CHARLITE [ XPANJION HETHOD

DIMENS NN F(110),XVEC(110) ‘AS(12) ,SYFI(10),£(100), -

1 | © P(30),0(30), CBLK(30 4) ,CBK (30),FHM (18;,Euzvcr(1oo),

1 /. *IAA(30,4) ,ENRG (100) ,COST(100) ,YF | 10),AIFC(30) | ,
1., +XVC (12),XVB (12) ,TITLE (18) |

RFAL M10 nzo,n3o Huo, nso,mao ¥70,480,IFC(30,6) /180%10C0.0/,
1 . suUM1/0. /,bUHZ/O /,LoLP1,LOLP2,N(8),H (8), L
1 -~ +  SCAP/D./,TLNEGY/ON/,TCOST/0./, . ~ T

1 . M,IC(30),HIN,TC/0./,NZ . . L
*NTEGEn IFLAG/0/, FLAG/0/, CARRY/0/,LXB/O/ ;

CLHNDN N .VAas,SUN3,5U0N4, SUMD,QUHD,JUNT sUM8 .
PEAL M1 (100) ,82 (100}, no(100) vu(100),n5(100).re(100),n7(100), .

1 18 (100)

DIMTNSICY CN1(100),Cﬁ2(100) CM3 (100) ,CEL (100) , cm5(1ooa,cue(1oo;,

1 - CM7(100),CHB(100)

'DIMENSION CU3{100),CUL (100),CUS (100),CU6 (100}, CU7(100),CU8(100)
VAR=0.

H=0.

INPUT"FOR THE TITLE

READ'(5,86) (TITLE (KJ),KJ=1, 18)

T_‘wszwz(c 35) (TITLE(KJ), KI=1,18) -

' .

:[IBPU“ BASE LCAD,PEAK LOAD NUMBER OT POINTS IN LDC CUFVE

FEAD(5;86) FHT-

TNPUT FOR X- akxs OF LDC
REAT (5, 86) . '
READ (5, FNI) (AV?C(I],I 1 NU}

INFUT FOR Y-AXIS OF LDC - .
PEAD (5,86) FMT
RFAC (5, FAT) (F(I),I=1, NU)

INPOT FGR TINS PERIOD EOF ENEEGY CALCULFCTIOHJ o L
READ(5,86) FAHT :

RRAT (5, FMT) TINE :

END OF INP ’GT FOR DENAND

CALCULPTIONJ OF HOMLNIS AND CUHULAN”’ GF LOAD

po 10 K=1,8
SYFI (K) BASE**(K+1)/(K+1.0)
CONTINVU
ALGAD= BAS“
25(1).=10.0
pe 12 3=2,11

LEigV-RE T— i vS N
Yy .....p RO RV RS, -

CONTINUE
F(RU+1)=0.

ol
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XVBC(NU\I)-z O*XVEC(KU) XVEC(NU 1) A )
WU=NU-1 o s T ‘ A R y ‘
DO 20 . I=1,NU0 = - ;= 7. B
BO‘F(I} . e ' ' . C
B1= (F(I)-F(I*1))/(XVEC(I)-XVEC(I+1)) '
" BI2=TF (I+1) -F (I+2)) /(XVEC (I+1) =XVEC (I+2))
B2= (B1=B12) / (XVEC{I)=XVEC(I+2)) B -
. AB1=BC~ B1*hvfc(I)+BZ*XV£C(IJ*XVEC(I+1) : o
AB2=B1- B2*(XVLC(I)+XVEC(I+1)) ST
AB3=B2 o <~ T
© RVC (1) =4VEC T+1} /10,00 I S . ;
XVB(1)=X VfC(¢)/10 0 - o E CL L T
DO 13 J=2,M11 IR o x
L XVC (J) SXVC (3-1) *XvC (1)
XVB (J)=XVD (J- 1;*xvn(1; _— ‘
CONTINUE / ' b
ALOAD= uHOAD+AB1*(hVC(1) xva(1))*A5(1)
1 O tADRTARVC (2= RVD(2) ) RS {2)¥2. 0
1 tAB3*(KVC(3)—kVB(3))*AS(3)/3 0. A -
DO 14 K=1,8 ' ’ N
SYFPI(K)= :;‘uI‘T(Kj+AB‘|*(NC(K+1)-XVB(K+1)}MQ(KM)/(KH 0y
" +RBI¥(XVC (K+2)=XVB (K+2) ) *AS (K+2) / (K+2.0)
1 AB3*(xVC(K+3;-xVB(h+3;;*Asth+3,/(h+3 o;
. CONTINUZ
CONTIXUZ
NU=NU+1 ‘
M10=SYFI(1}/ALCAD
M20=3YFI (2) /ALOAD
M30=SYFT (3} /ALOAD
MUO=SYFI(4) 7ALORD .
M50=SYFI(5) /ALOAD.
MGO=SYFI}6)/ALOAD
M70=SYFI(7)/ALOAD
M80=SYFZ(8) /ALOAD.
THE CENTRAL HOMENTS G6F LDC ;
CH10=0.
CM20=K20=¥10%*2
CHM30=M30-3,*N10%K20+2, *H10%%3 v - S e L
CHUO=MY 0-4 . *ET0*N30+6. ¥ M 10¥¥2%N20-3, *¥10%*y- = . .
. CN50=K50-5, *n10*mu0+10.*M10**2*n30-10 *510%*3%420 :
144, £M10%%5
LH6EN=ME60-6. *M10%N50+15, *n1o**2*nuo 20, *410%#3%130 _
“q+15, 4 11 0%%U%N20-5,%H10%%6 1}k"
CHTO=SKTO0-T7 . ¥K10*HEO+21, ¥ M 10 %% 2% M50 =35, #M10%% 3% M4 Q W ¥

T35, M 1045 URN3I0=21, *HT0F*SAR204+ 6, kM 10% %7 _
CMBO=80-8.*M10*N70+28, *1102*x24460-56, «H10*€£3%M50
1470, *M10%%x4%x50~56, *u10**5*n30r28*u10**6*&20 '
2=T. %M 10%%8

M=M+M10

VAR=VAR+CA20 - _. _

THE CUNULANTS ARE . S *

M 'B—ﬂu N
LR o . ey

SUXL=SCELO-3, #CH20%%2
SOM5=CM50-10.*%CM30*%CM20

L}
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SUFG"CHGO 15 *CHUO*C”ZO 10 *CHJO**2+30 *CHZO**3

S5UM7=CH70-21.%*CH50%Ch20- 35 *CHQO*CHBO

14210, *CH30*CH20%*2 .
SUMB=CHBO~28.%CHED¥CH20- 56 *CH50%CH 30~ -35.¥CHUO**2
1+420, *uﬂﬂO*CHZO**Z*SEO.*CH30**2*CH20 =€30, *CNM20%*4

H

WEITE(6,58) ALOAD

PRINT3Z .
PRINT36 : . T
K=1 . ‘ .

INPUT DATA FOR  GEMERATION SIDE o

TOTAL NUMBER OF UKITS.
READ (5,88) FNT
READ (5, vﬁT; Nuu

]

*

IVPU" \UNBLR OF UhI"S(OF ONE TYPM),CPPACI"Y FOP,NUHB ® OF BLOCKS

ETAD (5, 8€) FHT

FEAL_(5,FNT) NIU,CAP, FOE, uul

. BLOCK SIZ2Z IN EACH UNIT

ERAT (5,86} FHT -
RTAD (5, FM") (CBK (J) ,d=1 NB)

INCEENENTAL FUSL COST OF EACH BLOCK
READ (5;8¢) FyT -
FEAL (5, FAT) (AIFC (3}, 9= 1,NB)

'Iwuh DAZA ENDS

' Nunazﬁixs OF THE UNITS.

IF (LNB.LT.NB)LNB=NB

- KK=K+NXIU-1 -

DO 87 I=K,KK

DO 87 J=1,%B.:
Q(I) =FOF

.P(I)=1.0-FOF

IFC(I,J)=AIFC(J}).
CRLE (I, Jd)= =CBK(J)
IC(I)=CAP
CONTINUE

K=KK+1

- IF(KK.LT.NUM)' GOTO 85

" BEAL(5,86) FMT

HYDRO EINEIRGY INPUT

v
FEAD(S, FMT)'HYDFO K
I '

FIND .CUT UhIT NUMBEE OP HYDFO IN THE INPUT LIST

nn gh I= 1 MM

IF (IFC (I, 1;.EQ;0.) GGTO 41 -

CONTINUE j S . *

PRG’ 3

"«.."

it ot g+ e el
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_'u1.

.86

.'Jn“?s ‘

89

88

‘ann

IH=T . T S
'BIFC=0. oo

IFC (16,1)=1000.0 - -
FORMAT(18M4) . - .

I=1 g

‘IF(CRFEY.LQ 1) GOTO 98

‘ﬂSrL‘CTIOV OF HINIHUH HAEGINAL COST BLOCK
MIN=IFC(1,1)

IU=1" _
IR=1 -
PO'88 IL=1,NOUM

..DC 88 J=1,LXD . s ‘

IF(J.LE. 1) GOTC 89
IT{ZFC(IL,J=1).LT.900) GOTO 88
TF (HIN.LE,TFC{IL,J)) GOTO 88

" MIN=IFC{Ii,J)

IU=TL
IB=J

:CONTINUE

IF(M;V GT.900.0) GOTO 100

TEST FOR FITTING HYD®O UNIT:

 TF(SCAP.LT.BASE) GOTO. 93

IF(FLAG.EQ. 1) GOTO Y3
EPFOR=1.0 '

©XA= SCAP+CBLh(IU,IB)

XB=XA+CBLK (IH,1) .
CALL UENKGY (XA,XB,ENGY) - '
HYENG=ENGY*TIMT*P (IH) *ALOAD/1000.0

_ IF((HYZKG-HYDERO) .GE.O) GOTIO 93

ACA=S3CAY
ACB=SCLP+CBLK (IH, 1)

:;‘,M_ﬁ,_‘ﬁgsIzE =CBLK(IU,IB) /5.0

a9

94
‘95

26

DO 9u73=1,5

=J*SSTZZ
HA ACA+FJ
HB=ACB+EJ
CALL UZERGY (A,HB,ENGY)
HYERG=CUGY*TINE®P (1il) *ALOAD/1000.0
IF( (HYENG-HYDRO).L3. (ERRCK)) GOTO 95
CONTINUE
IF (ABS (HYING-HYDAC) .LE. EREOE) GOTO 96

"ACA=ACA+ (J-1) *SSIZE

ACB=ACH+ (J~1) *S5§ 2L
SSI2E=3SIZE/S5.0

GoTe 99

LJJ=IB+1

no 7€ J=1.17.LNR

LJ= (LKB=-J) +LJJ C -
IFC (IU,Ld+1)=IFC (IU,1J)
CBLK (IU,LJ+1)=CBLK(IU,LJ)

._\'

PSR- - . .

[ S SO, SRR

P
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98

72

70

73

T4

e et 4 e i Bk o A o Bl o 120 e —_—

.CONTINUE °~ - ' o .
CBLK (10, IB+1)~CBLK(IU IB)—(AcwaJ SCAP) e

. f‘TFC(IH IB+1)=IFC.(IU,1B) - _
LNB=LNB+1 . N .
caa{ =1 -. S Y

. GOTOC A n S

CALCULATION OF HYDERO ENERGY'GE&ERQTEﬁ

CBLK (IU,IB) =ACA+FJ=~SCAP

XA=3CL?
XB=XA+CBLK (IH, 1) |
CALL UENRGY (XA,XB,ENGY)

" ENFG(I)=INGYXT Iﬁvtpuxu)¢ALOAD/1ooo 0

COST(I)=0

-

- CARRY=0

FLAG=1 o o _ - ~

IU=I4

. IB=1 | e -
. SCiP= SCAP+CBLK(IH 1) \

C(I)=CBLK(IN,1) )
GOTO 42 |
IAA(TU,IB)= -

IF{IB- 1) 70, 70 £7

IBM=IB-1
M=M~N1(IAA(IU,IBMN))
VLE=VAF~CM2 (IAA (IU,IBY))
SUN3I=SUM3=-CU3(IAA(IU,IBN))
SUMU=SUNU-CU4 (TAZ (TU,IBY))

T SUMS=SULS5-CUS5 (TAA (IU,IBHM))

SUMG6=SUN6-CUG (IAA (IU,IEM))
SONT=SUMT=-CUT7 (IAA(IU,IBH))
SUMB=SU¥8-CU8 (INA(XU,IBN))
CSCAP=SCAP+CRLK (1U, IB)
SSCAP=SCLP

DO 72 J=1,IBNM
SSCAP=SSCAP-CBLK (1U,J)
CONTIXNUE

. CBS=CSCAP-SSCAiP

IF(CSCAP.GT.BASE} GOTO 74
IFLAG=IFLAGH1

. ENFGB= =CBLK (IU, IB)*T¢H“*P{IU)/1GOO 0

ENRG (I) =ENGEB

GOTC 73

CSCAP—JCA°+CBLK(IU IB)
CBS=CBLK (IU,IB) ’ .
IF(CSCXP.GT.BASE) GOTO 74

- IFLAG= TFLAG+1 o .
+ENRG (I) CBLK(IU,IB)*TIME*P(IU)/1000.0

COST (T) =ENKG (T) #IFC (IU, IB) /1000.0
SC2P=C5CAP : I

CALCULATION OF ENSRGY BY GKAM CHARLIER
CrA=SCKP :

IO
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Paafws =0.. R S A e TP IR (S
IF(SCkD. GH.BASL) GOTO. 61 -, . LT L e -
PSCAP=BAST=SCAP .. . Lol TN
" APRARENG= PAEENG*PJCAB*TIHE*P(IU} T O
~ CAA=BASE e e T e T R AT
*© CBBEESCAP- . - o0 il L S Y

CALL UENKGY.(CAA,CBB,ENGY} - .
SKEG (1) = (THGY*T MF*ALGnD*P(IU)+PAREVG)/1000 0o -
COST (I) = RG(I)*IFC(;U 13)/1000~0

.~. SCAP= CEC\P . e . | “\q\ B
N C{I) =CB3 T to .o ) e AR
Iy =0 (Tuy*c(Ly™ T 7 ..

M2(I)=K1(I)*C(I) -7 . N Ce LT

M (Iy=E3(IyeC(n - o

S MS(I) RO (I) %C (1)

ME (I) =K5 () *C(T) . - oL N
M7 (I)=n6 (1) *C (1) ' . -
M8(I)=t7 () *C(I). & : . oy

THE CTENTEAL MOME NTS ARE ' ' : - U
CHI{I)=0. . . ,'é B '

CH2 (T)=H2.(T) =M1 (I)€*2 . : o

CHM3 (I} =M3 (T} =3.%N7 (I)*M2 (I) +2. 81 (T) #*3 ‘

"CMBL (T)=MG ()-8, %K1 () %A3 (1) €6, %M1 (T) #%2%N2 (I) 3. %01 (I) * %4 -
'CH5 (I) =¥5 (I) -5. %41 (I) N4 (I) ¢10.%01(I) **2#43(I) - 10, *~1(1;#*3*n (x
144U, %M1 (I) £%5 . 7

CM6 (1) =il6 (I)=6. *ﬂ1{¢}*ﬂ5(1)+15 *n1(:;**2*mu(*;-2o *m1(1;**3*u3(1;
1415 %M1 (I) ¥¥U*N2 (1) -5, %K1 (1) ¥*6

CHT (I) =0T (I)-7. *ﬁ1(Ij*d6(I)+21.*H1(I)**2*H5(IL:&5 *n1(1)**;*nu(1)'

1+35.%N1 (T) #¥U*H3(T) 221, %81 (I) #*S*M2 (1) +6., €M1 (1) **7

" CHB (T)=MB (I)-8. *h1(I)*u7(I)+28 *H1(I)**2*H6(T)-56 *H1(I}**3*H5( )

1+70., *F1(¢)**M*NU(Ij -56. *H1(I)**S*M3(I}+28*M1(Ij**6*NZ(T)'

L 2=T EN1({I) %8

M= +M1 (T)

. VAR=VAF+CH2(I)

JTHY CUMULANTS AFE

CU3 (I} =C¥3 (I) ' B = M R

CUH(*)—CﬂH(T]-B *CH 2 (1) *%2

CUS (Z)=CFS5 (I)=10.%Ch3 (1) *CH2(T)

'CU6 (I)=CH6 (I)=15.%Clil(I)*C¥2(I)-10. *cws(x)**2+30 *CHZ(I)**3
CU7 (1) =CHT7 (I) =21.%CHS (I) *CUZ (L) =35. ¥Ch4 (I) *CN3 (1)

14210, ¥CH3 (I) *CH2 (I) #*2

: CUB (I}=CM8 (I)-28.%CH6 (1) *CH2 (1) =56.%CM5 (T)*CH3 (I)=35.#CHU () #%2

T+U20,*CHU (I)*CH2 (T) *%2+560. *CM3(I)**7*CH2( ) =€ 3D.%CM2 (I) **t4_
SUM3I=SUN3+CU3 (I}

SUNU=SUML+CUY ()

SUMS=5UK5+CUS (T)

SUMB=SUN6+CUB (I)

SUNT=SU#T+CUT (T)

-SUMB=SUKB+COB (I)

ENEEGY{I)=ENKG (1)

TJ:.H‘PYJ EGY+FNERGY (I)~ ‘

TCCST=TCOST+COST (I) '

WFITE(&,34) I,TIU, EB,;C(TUJ,CBLK(lU,LB),IFC(IU IB),EHE‘GY(I}

AR

M3 (T) =82 (I)*C(I) . ' . . . . W
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B e T A T - ERRL
GC”O .78 o e S
NBLR=I-1 "L T T . -;_
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 ENETGY (I)=ENERGY (I) *RiTTO -

'-LOLP CﬁLCULﬁ”IONS BY AVERAGING BETHBEN SCAP+- 5

ALopn-Jcnp-J.o f . )
ALOPP=SCAP¥5,0 ., . o e T
CALL UTHRCY(ALDPHJALOPP ENGY)
LOLP1—5\GH*ALOAD/1O 0 '
WEITE'(6,38) LOLP1 . B
XC=8CLD ' L
CALL TROBLY (XC,PROBB,PROBU, PROEG)
PROB2=PEGB6 *ALOAD*TINE/1000.0 .
WETTR (€ ,44) TENRGY
HRITE (6,45) "COST
WETTS((,46) CEOB2.
LTEVRGY=TENPGY+PRQB2
ENLCAD=ALOAD*TINE/1000.0
WRITE (6 ,49) ENLOAD ‘
DO 16 I=1,IFLAG '
TENRGY=TENRGY-ENZRGY (IFLAG)
ENLOnD~TNL0nD-E}“RGY(¢FLAG)
_CONTINUE .
RATIO=ENLOAD/TENRGY - ?
NFLAG=IFLAG+1. - g
DO 17 I=RFLAG,NBLK : v
COST{I)=COST (T) *RATIO - e o .

WRITE (6, ﬂ?)I,BN“FGY(I),COS;(I)' ) ;
CONTITLUE . . . o
RCOST=0.0 ‘ : : _ . e s
DO 18 I=1,NBLK - g ‘ '
RCOST-RCOS;+COST(I) N ‘
CONTINUE . L e
WEITE(6,50) RCOST a
PEQB2=PROB2*RKATIO |

NFITE(€,52) PROB2

FORMAT (//5X,F10.5,F15.9)

FOEMAT(/2X,'BLGCK SIZE GF THE UNITS'/; ! . Lo
FOPMAT (/2X,'THE LOAD DUFATICN CURVE'/) : :
UNIT s1ZZ°,8X,

FGE“A”(/SK,'LOADING' 5X7'UNIT',6X,'BLOCK',

. 1'BLOCK SIZE',11X,'IFC', 14X, 'EXPSZCTED ENEFGY',B8X,'CCST")

FORKAT (5X,15,5X, IS 51 IS 5k,r12 2,5%,F12.2,5%X,F15, €y SX F15. 4,
15X ,F9.6)

FORMAT (/2X,1834) T

“PORMRT(6X, *ORDER ,71,'N0.!,7%,'H0.',10X,'(MH)',1“X,'(MH)',13X,

TUF/RRHT 15K, ' (GHH) !, 16X, (M) ' /) . .

FCRMAT (//5¥, *TOTAL CAPACITY=',F12.5,'HW'//)

TORHAT{'0!,0%, "LOLF ©Y AVZDAGING=",T1¢.5,3
FORMAT(/5X,'TOTAL ENEEGY GENERATED=',F10.4/)

FORKAT (/5X, 'TOTAL COST OF ENEEGY GENIRATED=',F13.€/)

- . \,

=z
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FORHA“(/SX.'EWLPGY hOT SERYED (GC HETHOD)",F1O 5/)

FOGRMAT(5X,I5,'ENERGY=",F15.5,5X,
FORHA"(/SK,'ENE”GY UNDEE . LDC=',F15 5)

FOF MAT {/5X,*'COST AFTZR EQUATING ENZKGIES=$',F10. 6) ‘
FOFMAT (/5X,'UNSERVED ENERGY (AFTER LQUA"ING)“‘.F15 5)

FOEMAT (/! L“E CAPACITIES OF THE UNITS ARE") :
THE FOECED OUTAGE RATE OF UNITS ARE')

FO““AT(/SX,'AP“A UNDER LDC CURVE (ALO%D)=',F12 4/)

FORMA*(gﬁv.n

. FORMAT (1275, 1)'

STOP
ZND

5

‘ SUB“OUTINE T0 ALCULA”E ENhrGY BY (GC)-

 SUBROUTINE ‘UENEGY (CAA, CBB,ELGY)
_CALL PROBLY (Cai,PROBBy PFOBY, pqcne)

PEOG1=FalBb
PTEST=PRCBI1
IF{PTEST.LT.0.01 JAND.

PEOB2=PR0OBB

IF({PTT537.LT.0.0 1 .AHD..PTEST.GT 0.001 )PEOB
IF(PTEST.LE,0.00 1 ) PEOB2=PRCBE

ENGY=PROB1-PROB2
RETUEN
END

| SUBROUTINI 70 CALCULATE PROBABILITY BY (GC)

SUBROUTINE P?OBLY(X PROBB PECB4, PROBE)

REAL M,V,H(10),N(10) ,KZ

COMMON M, Vn\,SUM3,JUH4,aUHS SUK6,SUM7,50M8 -

V=SQORT(VAR) ., - -
G1=SUNI/V%%3
G2=SUNKU AVk®L
G3=SUNS /V%%5 - ?
GU=SUNG6/V¥%§
Gh=SUMT /VExT

Z=(X-¥) /V

NZ=EXP (-2%%2/2, 0)/SQRT(2 0*3.1416)
H{1)=2,~ ,

H(2) Z*[i(1)-1 0

DO 11 I=3,7 B

U (I)=2%H (I~1 )-(I-1)*H(I 2)
CONTINUZE

po 12 1=1,7
N(I)=(-1)**I*H(I)*NZ

CCETINUE ' TR
BT2=C1RE {2; 8. 0-0RE {3 S0
GT3=G3*N (4) /120.,0

GTUR=GU*N (5)y /720.0

TEST.GT.0.001 )PROB1 PROBU
IF(PTEST.LE.Q0.00 ) PROB1= PIOBG
CALL TERODLY (CBB, PFOBB PEOBQ PROB6)

=PROBY

.- B .
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| GTEA=GE*Y (7) /40320, 0 A\

N ~

GTLB=10. 0% (G14%2) %K (5) A720. 0 R R
GT5A=G5*K (6),/5040,0 o N U
GU5B=35.0%G1%G2¢N (6) JSQU0.0 1.7 T ST

GTGB=156.O*G1*G3+3510*(G2**2[J?N(7L/“0320i0 B B
GT4=GTUA+GTYR | N - s - '

GT5=GT5A+GTSD ' . | ‘
~ GTE=GTC A+GTEB | \\

rd

SK=GT2-GTu4B
CELL RIZA{Z,AR). R
" PROBB=AP+5K ' f \ C co LT
PRODBU=PRODB+GT3=-GTUR . \\ : . e TR T
PROBE=PROBY4+GT5-GTE _ R et oL
FETURK o \ T

4

. A Lot . * -~ . oo D e
. ' oo . ' S s

. SUBEOUTINT TO CALCULATE AREA UNDER NORMAL DISTRIPUTION

SUBFOUTTNEZ AREA (Z2,CUEVE) )
DIMENSION A(191),EQ1(38),EQ2(93) \ .-,
FQUIVALERCE (X (1) ,EQ11)), (A(99) +202(1)).

THE CATA FOYX GAUSSIAN FUNCTICN (ERFOF FUNCTION)-

DATA FQ1/ - _ - o
*.50020060,.5079783,.5159534,.5239221,.5319313,.5398278,.,5477533,
*.5556700,.5635594,.5714236,.5792597,.5870644,,5948347,, 6025681,
*.C1C2€11,.6179114,,€255158,.£330717, /6405764, . 6480272,. 6554217,

.*.6627572;.670031“,.6772“19,.68“3863,.891“625,.698“631,.705“015,

*.7122602,.7190“27,,7257&69,.73f3711,.7389137,.7453731,.7517&78,
*.7580363,.76ﬂ2375,.7703500,.7763727,.7823036,.7881U15,.7938918;
*.7995“58,.805105“,.8105703,.8159398,,8212135,.8263912,.831&7?&,
*.836“569,.8“13307,.8061358,.8508301,;&55“2&6,.8599239,.86U3339,
*.8686430,.§728568,.87L9756,L8809997;.88&9303..8887675,.8925123t
*,8961653,.8997273,.9031995,.9065825,.9098772,.9130850,.9162067,

o *.9192“33,.9221961,.9250663,:9278550,.9305634,.9331928,.9357&&5,
'*.9382198,.9“06201,.9“29M66,.9“52007,.9ﬂ73339,.9“9“973,.9515U28,

*.9535213,.9554344,,9572838,.9590704,.9€079€1,.9€24619,.9€40€697,
*.9656205,.9671159,.9685572,.9699458,.9712834,.9725711,.9738102/
DATA TQ2/ , : ’ L -
*.9750021,.9761482,.9772697,.9783062,.9793248,.9803002,.9812372,
*.9821356,.98299€9,.983822¢€,.9846137,.9853712,.9860966,, 9867906,
*,9874545,,9880893,, 3886961, .9892759,.9898295,.9903541,.9908€25,
*,9913437,.9918025,.9922397,.9926564,.9930531,.9934309,.9937903,
*.99&1323,.9ﬂuu572,:99u7563,.9950598,.9953388,.995603&2.99585u7,
*.9950929,.9363188,.9965330,.9967359,.9969280,.9971Q%§,.9972§21,
*.997uuu?,.9975988,.9977uu3,.9978818,.9980115,.9981§ 2,.9982498,
*.9983588,.9984618,,9985588,.9986501,.9988558,.9990323,.9991636,
%.9993128,.9994228,.99951€5,.9995959,.999€630,.9997197,.9997¢74,
*.9998C74,.9998409,.9998688,.9998922,.9999115,.9999276,.9993405,

'*.9999519,.9999609,.9999683,.9999744,.9999793,.9999833,.9999866,

*.9999A93,.9999915,.9999931,.9999946,.9999956,. 9999965, 9999973,

'*.9999979,.9999983,.9999987,.9999989,.9999992,29999993,.9999995,

*,9926996,,9999996,/ .
IF(2.6T.5.0)G0T0 26



TF(Z.GT.3.0) GOTO 27

(I3,F8,2,F4.2
1" 350.00

¢ I3)
.08

1

fIF(Z)ﬂ18.19,20 . N
19  CUEVE=0.5 )
" RETURN | '
‘20 Y=(2/0.02)+1.0
S I=Y '
YC=Y-I . ' ‘
CURVI=1.0-4 (I}~ (A(I+1)= A(I))*YC
- RETURN
18 ==Z
. IF(Z.GI.3. 0)1-((2-;.0)/0 05) +151. 0
IF(2.1F.3.0) Y= (Z/ 02)+1.0
I=Y .
YC=Y-I ‘
cuave= A(Ij+(£\3*1)-h(*))*YC
~ RFTUEX
27 Y={(2-3, 0) /0.05+151
I=Y -
- Yc=y-r . '
CURVE=1,0- A(T)-(A(I+1)-A(I))*YC
© RETURE -
26  CURVE=0.0
1 FETURN -
EXD

//GO.SYSIN DD % -

IEFE TEST SYSTEZM QUARTER 1 WITHOUT BLOCKS

(F8.2,F9.2,1I4)

978.12 2565.00 58

(10F8.2) \ .

_ 978.12 1019.89 1054.54 1086.08 1120.51 1150.00
1291.90 1320.21 1343.80 1369.37 1390.76 1418.23
1518, 48 1547,72 1579.54 1609.58 1643.24 1662.64
1777.63 1805.76 1822.18 1842.52 1865.95 1895.45
2055.78 2090.36 2117.8€ 2156.88 2186.01 .2208.94
2332.448 2361.60 2376.19 Z407.68 2452.25 2u88.56
(10T8.6)

1.000000 .99uUGU48 .985806 .979356 .970238 .956960
.858059 .B36996 .B17308 .793640 .766u84 ,732601
.€30495 ,612180 .591575 .570055 .546245 .531593
L432234 ,809799 .395604 .379579 .358974 1,.336081
.238095 .224359 .200092 .183€08 .161630 ,143773
.053571 .036172 029762 .016941 ,009615 .004121
(F8.2)

©2184,00
(I3}

27

(13,P8.2,F4,2,I3)

2 400.00 .12 1
(F8.2)

400.00
(P7.3)

5.593

b}

PAGE 10

1176.57
1432.70
1679.7€
1923.41
2231.55

2539.35

.938645
.715292
.51€484
.315476
. 12591
.000916

Sy

1210.66
1650, 13
1705, 44
1955, 30
2253.59
2565.00
S
913919
693223
496795
. 293040
. 106 €85

. 000000

1

1240.09"

1474 .02
1733.53
1989.07
2280.60

.892857.
.672619

L47298%5 .

272894
.08€£828

v

1268 .5

14940
1756 . €
2022.¢
2305, 1

.B7545"

.65155
LUSUET

« 25732
«0E9S5S

- o mmer ammatan,



J——

- (F8.2)

350,00
(P7.3)
11,400

(I3,78.2,F4.2,13)
3 197,00..05
. (FB.Z)

197.00 -
(F7.3)
19.872

(F8.2)
155.00
(F7.3)
11,160

(I3,F8.2,Fi.2,I3)
3 100.C0 .04

(r8.2)
.100.00.
(F7.3) °
22.080

(I3,FB.2,T4.2,I3
4 76.C0 .02

{F8.2)

26100

{F7.3})
14.880

{(I3,%8.2,%4.2,I3)
: 1 300,00 .01
. (F8.2)

300.00
(F7.3)
0.0

(I3,F8.2,F4.2,13)
.4 20,00 .10
 (F8.2)

20.00
(F7.3)
37.500

(I3,F8.2,F4,2,I3)
12.00 .62

5.
(F8.2)
12.00
(FP7.3)
28.520
(F8.2)
420.00
/*‘

4

*(I3,F8.2,F4.2,I3)
4 155.00 .04

1

1

1

1

1

1

1

-






