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ABSTRACT

The paper presents a comprehensiva‘analysis for the effect of
uncertainties inherent in forecasted loads and forced cutage rates
of generating units on the power system reliability. New equations
are derived for the loss of load expectation and variance interms
of these uncertainties. The proposed equations are distinguished by
simplicity and low computer time required for computations. An
application is made on a hypothetical power system for the general
case of havingz both FOR and FPL are uncertain and for the special
cases when one of them is considered deterministic. It is demon-
strated that consideration of uncertainty in load forecast increases

both the mean and variance of the loss of load probability.

1. INTRODUCTION

The power system operational plannimg has besn strongly affected
by the uncertainties in the dally forecas
as the forced outege rates (FOR) of ger
uncertainty in FPL results in uncertaint o
indices of a power system, it 1s require
reserve margin that should be allocated

Becurity constraints.

Recent publications, studied the pro

2 Aasbelrafes looiTlionl POover e 1iaC



4

/!

."?
Vs

a*

7

E.4§%. Mansoura Bulletin December 1978.

REFRENCES

l. Rabiner L.R. and Gold B., "Theory and Applications of

digital signa)l processing®", Prentice., Halle N J.,
1975, Chapter IIIl.

2. Tomes G.Ce, and Mitra S.K.ed., "Modern Filter Theory and

design", John Wiley N.Y., 1973, Chapter 6.

3. Helms H.D., "Pilgital Filters Hith‘Equiripple or Minimax

Responses,” IEEE Trans-on Audio and EKlectroacoustics,
AU-19, No. 1, pp. B7-94, 1971.

4, PArks T.W. and MoClellan J.H., "Chebyshev Approximation for

Nonrecursive digital filters with linear phase»,
1EEE Trans. Circuit Theory, CT-19, pp. 189-194,
M&r" 19720 .

Se JuRe Rice and K.BH. Usow, "Lawson's algorithm and extensions",

Math. Comp., Vol. 22, pp. 118-127, Jan. 1968,

6. Bandler J.W., 8%t al., "New Results in the least piﬂ Approach

to Minimax Design", IEEE Trans. on Microwave Thecry
and Technique, MTT-24, pp. 116~119, FEB. 1976,



E.107.lansoura kulletin necember 1978,

ordor to roduce the load forecast uncertaintyl-j. Patton’ '8 analyzed
the effect of uncertainty in FOR on the system reliability indices
(while the FPL 1s assumed deterministic). The effect of uncertainty
{n FPL s studied in [4,7]. An approximate method was described by
Billinto::' for calculating the expected loss of load probability when

uncertainties in FPL, but the TPFOR 15 fixed. This method4 does not

rrovide informations on the variance of LOLP. lnng? has introduced a

mothod for calculating the mean and variance of the LOLP when
uncertaintios exist in the FPL only. Also, an approximate wethod for

analyzing the general case when both FPL & FOR are considered random

variables is given7.

2. LOLP ns a measure of relinbllity levol

The loss of load probability (LOLP) is gencrally defined as the
leng run av;;age number of days in a period of time that load eieeds
the available installed capacity and thereby capacity deficiency
ecenrs, During a state of capacity deficlency tho load demand is not
rot by an ndénuate renoration due to clther unoxpocted loss of pene-

ration as n rosult of technical problems or unexpected increase in

the dally penk lond caused by the uncertainty in load forecast.

The LOLP, for 'a single orea systom and for N-day period is:

: n
wLp = *

i=1 Pc( Ci-Li ) seans (1)

%horo:

C, =

i total gonereting capncity scheduled for service on day 1.
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Il.
i

forecasted peak load on day i.

P (CL-LL) = probability that (ci'Li) iz lecs or erqual to zero.
c .

i l| 2| }| --...,H.

For the ideal case when both the FPL & FOR gre doterministics,
oxact estimation for the mean of IOLP is given by ommation(l) with

zero variance. Pc(ci'bi) is computed by forming the cumulative

*

L.6
capncity outage probability table ucing the recursive expreoscion’®™:

' j=1 jl
PUx) = Py (x)-(1=R,) + PU7 {x-¢)-R, vens (2)

Nhere:

1,y pd
A COPRSIEY

cumialative probahility of x bofore and after
the addition of jth unit to the cumulative

capnclty outage probability table,

=~
[+
[}

j forced outnge state probabllity and cepacity

of 3*P unit respectively.

17 there nro uncertainties in FOR and FPL, the values of Ci and L1
are subjected to some uncertaintlies and must, therefore, be repre-

sented by a set of random variables. Then thas LOLP is a rendom

variable defined on both C1 and L1 with non zero variance.

3. Mathoemntical formulation for the mean & varinnce of LOLP

It i5 intaresting for power system oporational planners to have
exa¢t formulations for the loss of lond expegtation (LOLE) and loss

of lond variance (LOLYV) for the peneral cace whon both FOR & FPL arse
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subjected to uncertaintles. The FOR and FPL are assumed mutually

independent of each other7. This assumption is reansonable because

forced outages of generating units are usually not considered when

making load forecast.

The peak loads are reasonably assumed normally distrlbuted
around its mean. It mny be scattered on a base of §m511 fraction
of standard deviation ( k=0, 1, 2, ..., ). The probability of
having the peak load in certain level k can be supplied from the

normal probability table. The loss of load expectation is:

WOLE = =, ofo/ P.(C; = Li)f(R.k)dR dk ees(3)

Where:

f(R,k) = joint density function of FOR and FPL,
= f(R)£(k) by the assumption of mutual independence.
Therefore,
o0 E 00
LOLE = 0/ fR) ® ¢ X, £(k) P (C, = L,) dk ..(4)

’

L}
Pc(C1 - Li) is a monotonously increasing 'staircnse“ function of k

#ith Ailgcontinulties at regular intervals equal to S (the step Bize

af tho sumulative oapacity outage probability table). Because of

this property, equation(4) can be rewritten as:
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H
LOLE = X

it1 o pLi(k) P(C =L cees (5)

¥hore PL (k) ic the prohability of having the peak load in certain
i

4

level k.

The LOLV, as derived in the appondix, is given by:

- x x 2 - -
LOLY = Lk PLi(k) Pc(ci Li) + VAR[ Pc(c1 Li)]

L EXX
Y15kl Pnl(k) PLj(l) COV[PC(Ci-Li).Pc(Cj-LJ)]
. : 2
-  LOLE, cerees (6)

dhero:

)

Variance of load loss probability
_ on day 1,

"7 T (€ =k )T (6 y=h,) m Covarianes of probablllities P (C,-L,)
on day 1 and Pc(cj'Lj) on day J,

KL N S
Fals Ic( L ]l

’

l.oss of load expectation on day i.

LOLE,
i

irﬂc!nl carog

The above oxprecssions of LOLE and LOLVY can bo cimplifiod for the
epecial cases of having the FOR fixed while FPL is uncertain and the

case of fixed FPL while the FOR is uncertain as follows:
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i= “neertainly in FCR only

The FFL may be consldor:d Aeterministic when havirg high accurncy

in tho forecasted loads. Egquatinon(5} is transformed to:

. - ‘
LOLE = (=1 Pc(ci Li) creen (M

Also, cquation(6) is tranaformed lo:

_ x g2 x
LOLV = i Pc(C1 Ll) + VAR [Pc(ci - Li)]

a
+ .

x
A oov[ P,(C, = L).,P (C, ~ Li)]

-3 2
{ LOLE1 canss (")
. 2 x 2
p‘t - -
us, i I‘c(ci Li) = LOLEi

Thrreflore,
LOLY = it PG, = L) 4o G
i - | I T - 2 - -
{ 'Yy { 4 1#3 OV,PG(Cl Li)'Pc(cj qu

veees  (9)

1§ "neertainty in FFL only

Phie eace io ouitable for roliability evaluation when the accuracy

of estimating the forced outnge rates of generating units is hipghly

sufficient to negloct the uncertainty in the forced ocutapes. The LOLF
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in this special case i5 oncoe again given by equation(5). Also, the

LOLV given by equation(6) is subjected to the following conditions:

VAR PC(Ci - Li)

1]
o

u
Lo

& cov P - -
c(Ci Li)'Pc(cj Lj)

Thereforo,

V= = X 2 - - * 2
LOL .k PLi(k) Pc(c1 Li) . 1 Lou-:1 eeee (10)

4, Application on hypothetical syctem

To illustrate the effect of uncertainties in FPL and FOR on tho
reliability indices of a ﬁingle-aroa power systom, application is
rade on the hypothotical systom prosented in [5,7]. Table I gives
tho generating units of the system and thoir m&an forced outage rates.
Tho application is made for a 5-days period whoso daily peak loads ara

170C, 1740, 1700, 1600 and 1500 MW,

Table T
Unit ‘ Capacity in MW Mean FOR
1 60 0,007
2 60 0.0137
5 100 0.0225
4 100 0.,0271
] ee0 ' 0.0313
6 220 : 0.0357
7 700 0.0401
s: -
: = oo
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The probability of having the peak load in certain level k can
bo supplicd from the normal probability table if its step-size k is
adjustod to be cqual exactly to the step-size of the forced outacge
cumulative probability table. For the present sample system, this

step-cize i{s equal to 20 MW.

The LOLE and LOLV are calculatnd.by the eauntions derived in
provious soction. In the computations, the forecasted poak loads
are approximated by normal distributions with different standard
deviation., The forced outage rates are assumed to have one of the
following distributions: uniform distribution, wsibull distribution
and shifted exponential distribution with the samo parameters as
given in ? . These distributions are shown in Figure 1. The
application of different FOR.s distributions in the computation is

intonded for testing their influence on the resulting LOLE and LOLV.
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Fig. 1 Sample probability density function of FOR,
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Fipures 2,3 fl1lustrate the relations of the LOLE & LOLV apainst
tho uncertalnty in forceasted dally peak loads rapresented by the
corresponding  standard doviation and uncertainty in forced outage

rotes repre~onted by tho difforent distributions given in Figure 1.

CONCLUSTOQNS

As the power systom reliability indices depend on uncortaintien
in the estirated FOR of generating units and the uncertainty of FPL,
equations for LOLE and LOLV are introduced. These cquations have the

advantage of simplicity and low computer time required for computa-

tions. From tho application made on a hypothetical power system it

could be eoncluded that:

1) The LCLE is not affected by the uncertainties in FOR while a

conciderable effect is found in the LOLY.

2) The lond forecast uncertainties have a significant effoct on the

IOLE and LOLV, e.g., assuming Waeibull distribution for the FOR, a
2% standard deviation in load forocast would result fina 13%
increase in the LOLE and a 100% increase in the LOLV.

APPEIIDIX

Eanation of 1o of load variance

Genernily, the loss of load variance (LOLV) ir:

1017 = BUOLE = 10LEYY = ECLOLP)® - LOLR®

Whero:

-

E(LOLFY = ’;’;/ff P (=L P (CL-L) I(F k1) @ ek al

Wherc: £(P,k,1) = joint denulty of FOR and FPL on days 1 and §.
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ordor to roduce the load forecast uncertaintyl-j. Patton’ '8 analyzed
the effect of uncertainty in FOR on the system reliability indices
(while the FPL 1s assumed deterministic). The effect of uncertainty
{n FPL s studied in [4,7]. An approximate method was described by
Billinto::' for calculating the expected loss of load probability when

uncertainties in FPL, but the TPFOR 15 fixed. This method4 does not

rrovide informations on the variance of LOLP. lnng? has introduced a

mothod for calculating the mean and variance of the LOLP when
uncertaintios exist in the FPL only. Also, an approximate wethod for

analyzing the general case when both FPL & FOR are considered random

variables is given7.

2. LOLP ns a measure of relinbllity levol

The loss of load probability (LOLP) is gencrally defined as the
leng run av;;age number of days in a period of time that load eieeds
the available installed capacity and thereby capacity deficiency
ecenrs, During a state of capacity deficlency tho load demand is not
rot by an ndénuate renoration due to clther unoxpocted loss of pene-

ration as n rosult of technical problems or unexpected increase in

the dally penk lond caused by the uncertainty in load forecast.

The LOLP, for 'a single orea systom and for N-day period is:
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i=1 Pc( Ci-Li ) seans (1)

%horo:

C, =

i total gonereting capncity scheduled for service on day 1.
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For the ideal case when both the FPL & FOR gre doterministics,
oxact estimation for the mean of IOLP is given by ommation(l) with

zero variance. Pc(ci'bi) is computed by forming the cumulative
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=~
[+
[}

j forced outnge state probabllity and cepacity

of 3*P unit respectively.
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are subjected to some uncertaintlies and must, therefore, be repre-

sented by a set of random variables. Then thas LOLP is a rendom

variable defined on both C1 and L1 with non zero variance.
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subjected to uncertaintles. The FOR and FPL are assumed mutually

independent of each other7. This assumption is reansonable because

forced outages of generating units are usually not considered when

making load forecast.

The peak loads are reasonably assumed normally distrlbuted
around its mean. It mny be scattered on a base of §m511 fraction
of standard deviation ( k=0, 1, 2, ..., ). The probability of
having the peak load in certain level k can be supplied from the

normal probability table. The loss of load expectation is:

WOLE = =, ofo/ P.(C; = Li)f(R.k)dR dk ees(3)

Where:

f(R,k) = joint density function of FOR and FPL,
= f(R)£(k) by the assumption of mutual independence.
Therefore,
o0 E 00
LOLE = 0/ fR) ® ¢ X, £(k) P (C, = L,) dk ..(4)

’

L}
Pc(C1 - Li) is a monotonously increasing 'staircnse“ function of k

#ith Ailgcontinulties at regular intervals equal to S (the step Bize

af tho sumulative oapacity outage probability table). Because of

this property, equation(4) can be rewritten as:
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LOLE = X

it1 o pLi(k) P(C =L cees (5)

¥hore PL (k) ic the prohability of having the peak load in certain
i

4

level k.

The LOLV, as derived in the appondix, is given by:

- x x 2 - -
LOLY = Lk PLi(k) Pc(ci Li) + VAR[ Pc(c1 Li)]

L EXX
Y15kl Pnl(k) PLj(l) COV[PC(Ci-Li).Pc(Cj-LJ)]
. : 2
-  LOLE, cerees (6)

dhero:

)

Variance of load loss probability
_ on day 1,

"7 T (€ =k )T (6 y=h,) m Covarianes of probablllities P (C,-L,)
on day 1 and Pc(cj'Lj) on day J,

KL N S
Fals Ic( L ]l

’

l.oss of load expectation on day i.

LOLE,
i

irﬂc!nl carog

The above oxprecssions of LOLE and LOLVY can bo cimplifiod for the
epecial cases of having the FOR fixed while FPL is uncertain and the

case of fixed FPL while the FOR is uncertain as follows:
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i= “neertainly in FCR only

The FFL may be consldor:d Aeterministic when havirg high accurncy

in tho forecasted loads. Egquatinon(5} is transformed to:

. - ‘
LOLE = (=1 Pc(ci Li) creen (M

Also, cquation(6) is tranaformed lo:

_ x g2 x
LOLV = i Pc(C1 Ll) + VAR [Pc(ci - Li)]

a
+ .

x
A oov[ P,(C, = L).,P (C, ~ Li)]

-3 2
{ LOLE1 canss (")
. 2 x 2
p‘t - -
us, i I‘c(ci Li) = LOLEi

Thrreflore,
LOLY = it PG, = L) 4o G
i - | I T - 2 - -
{ 'Yy { 4 1#3 OV,PG(Cl Li)'Pc(cj qu

veees  (9)

1§ "neertainty in FFL only

Phie eace io ouitable for roliability evaluation when the accuracy

of estimating the forced outnge rates of generating units is hipghly

sufficient to negloct the uncertainty in the forced ocutapes. The LOLF
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in this special case i5 oncoe again given by equation(5). Also, the

LOLV given by equation(6) is subjected to the following conditions:

VAR PC(Ci - Li)

1]
o

u
Lo

& cov P - -
c(Ci Li)'Pc(cj Lj)

Thereforo,

V= = X 2 - - * 2
LOL .k PLi(k) Pc(c1 Li) . 1 Lou-:1 eeee (10)

4, Application on hypothetical syctem

To illustrate the effect of uncertainties in FPL and FOR on tho
reliability indices of a ﬁingle-aroa power systom, application is
rade on the hypothotical systom prosented in [5,7]. Table I gives
tho generating units of the system and thoir m&an forced outage rates.
Tho application is made for a 5-days period whoso daily peak loads ara

170C, 1740, 1700, 1600 and 1500 MW,

Table T
Unit ‘ Capacity in MW Mean FOR
1 60 0,007
2 60 0.0137
5 100 0.0225
4 100 0.,0271
] ee0 ' 0.0313
6 220 : 0.0357
7 700 0.0401
s: -
: = oo
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The probability of having the peak load in certain level k can
bo supplicd from the normal probability table if its step-size k is
adjustod to be cqual exactly to the step-size of the forced outacge
cumulative probability table. For the present sample system, this

step-cize i{s equal to 20 MW.

The LOLE and LOLV are calculatnd.by the eauntions derived in
provious soction. In the computations, the forecasted poak loads
are approximated by normal distributions with different standard
deviation., The forced outage rates are assumed to have one of the
following distributions: uniform distribution, wsibull distribution
and shifted exponential distribution with the samo parameters as
given in ? . These distributions are shown in Figure 1. The
application of different FOR.s distributions in the computation is

intonded for testing their influence on the resulting LOLE and LOLV.
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Fig. 1 Sample probability density function of FOR,
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Fipures 2,3 fl1lustrate the relations of the LOLE & LOLV apainst
tho uncertalnty in forceasted dally peak loads rapresented by the
corresponding  standard doviation and uncertainty in forced outage

rotes repre~onted by tho difforent distributions given in Figure 1.

CONCLUSTOQNS

As the power systom reliability indices depend on uncortaintien
in the estirated FOR of generating units and the uncertainty of FPL,
equations for LOLE and LOLV are introduced. These cquations have the

advantage of simplicity and low computer time required for computa-

tions. From tho application made on a hypothetical power system it

could be eoncluded that:

1) The LCLE is not affected by the uncertainties in FOR while a

conciderable effect is found in the LOLY.

2) The lond forecast uncertainties have a significant effoct on the

IOLE and LOLV, e.g., assuming Waeibull distribution for the FOR, a
2% standard deviation in load forocast would result fina 13%
increase in the LOLE and a 100% increase in the LOLV.

APPEIIDIX

Eanation of 1o of load variance

Genernily, the loss of load variance (LOLV) ir:

1017 = BUOLE = 10LEYY = ECLOLP)® - LOLR®

Whero:

-

E(LOLFY = ’;’;/ff P (=L P (CL-L) I(F k1) @ ek al

Wherc: £(P,k,1) = joint denulty of FOR and FPL on days 1 and §.
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By the assumptlon cf rmtual indepondenco;
f(R,x,1) = £(R) £(k) £(1)

Let Pc(C1 - Li) = Pi and Pc(Cj -L)=P

J J

E(LOLF) = 13 IR {ONAN Py f(R) &R dk dl

But fpi Py f(R) @R = E(P, P,) = Py Py + COV(P,, P,)

Therefore,

LOLV

%= S/ i f(l)[ P, Py + COV(P,, Pj)] dk dl - LOLE®

* o) [ Pf + VAR(Pi)] dk

+

hj-ffr(:c) f(l)[ P, Py + COV(P, Pj)] dk dl

T = 2 ET
~ % oz ? . ujfff(k) £(1) Py Py dk dl

Assurming a normal distribution for the forecasted load, the LOLV ig:

x
LOLY = i

x 2
N [ P2c, - 1)) + VAR[ P, (C, - Li)]}

X
e fL, P

+

(1) cov| P_(C,~L,)P_(C,=L,)
3 [ c L 1Y ety T3 ]

x
2
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By the assumptlon cf rmtual indepondenco;
f(R,x,1) = £(R) £(k) £(1)

Let Pc(C1 - Li) = Pi and Pc(Cj -L)=P

J J

E(LOLF) = 13 IR {ONAN Py f(R) &R dk dl

But fpi Py f(R) @R = E(P, P,) = Py Py + COV(P,, P,)

Therefore,

LOLV

%= S/ i f(l)[ P, Py + COV(P,, Pj)] dk dl - LOLE®

* o) [ Pf + VAR(Pi)] dk

+

hj-ffr(:c) f(l)[ P, Py + COV(P, Pj)] dk dl

T = 2 ET
~ % oz ? . ujfff(k) £(1) Py Py dk dl

Assurming a normal distribution for the forecasted load, the LOLV ig:

x
LOLY = i

x 2
N [ P2c, - 1)) + VAR[ P, (C, - Li)]}

X
e fL, P

+

(1) cov| P_(C,~L,)P_(C,=L,)
3 [ c L 1Y ety T3 ]

x
2
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