qg\f
EVALUATION OF THE RELIABI
THE IMPROVED D C

A'Dr.,J. Rohan Lucas, Dor

LITY OF POWER SYSTEMS USING

LOAD FLOW TECHNIQUE
by .
. Abhaya S. Induruwa and

~ Alexander S. Malembeka

Abstract
' .The paper -presents a method for
_the evaluation ~of reliability = of
_ power systems with the Improved
DC Load Flow technique providing
the base case solution (point of
11nearxsat10n) for the = stochastic

1oad flow calculatlons. ‘The linearisation
is then carrxed out using a partially
recoupled Jacobian Matrix.

The'prOpoeed method has much potential

for contingency studies on acecount -
of its fast execution time and reduced
storage. The reliability . indices
obtained using this wmethod for the
IEEE - 14 Bus .Test System compares
. very favourably with those  using
the Fast Decoupled .Load ' Flow technique,
as the point of linearisation. The
indices are also evaluated: for a
46 bus configuration of the Sri
Lanka Power System. ' '
. . -
List of Principal Symbols
Bik - susceptance of line ik
[B°] - line susceptance matrix
. corresponding -to (H]
[B'] - line susceptance matrix
‘ . corresponding to.{L]
CL - critical load- '
do - mean duration of state Ny’
d; - duration of state Nj
D - number of. days considered
Dt - duration of system load in -
' excess of critical load i
e - duration of daily peak state
E() - frequency ‘of occurrence of
state ( ) .
[H] - top diagonal sub—matrxx of
Jacobian.
J - contingency states -
J] - - recoupllng sub-matrlx of - [J]
(24)

Kmn - capacity of line mn -
Li - peak load state, day i
Lo . - - low load state of system
{L] - bottom diagonal sub-matrix .
- of Jacobian . :
ni - number. of. occurrences of L;
No - network normal state
"Nj - network contingency state j
OLmn - overload state, line mn
Pr( ) = Probability of state ( )
P - active power, state Lj
AP - active power mismatch
Pix - active power flow of line ik
Qi - - reactive power, state L}
LQ - reactive power mismatch
Qik - reactive power flow, line ik
Qik™  _ podified Qix
Rkmn  _ gansitivity factor, line mn at
. bus k
rik - resistance of line ik -
Si - complex power, state Ly
Smn . - magnitude of flow, line mn
- UE4 < unserved energy, state j
Vi, Vk - voltages at ends i and k
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aAv - voltage magnitude correction

Xik - reactance of line ik .

yik8h  _ shunt admittance, ik

L, ﬁ - deterministic vectors which
distribute the load

eik’ - voltage angle across llne ik
Bik - modified Oix

A8 - voltage angle correction

A - random variable defining the

system load state L
Mi,€i - mean value & std. dev1at10n
of/‘ .
J . - failure rate, state Nj
My - repair rate, state Nj

1.0 Introduction

of methodsl'z. available

The .majority
for the evaluation ©of reliability
. of power systems use repetitive
load flow studies for each  contin-
gency. This Tresults in. excessive
computation . time. In fact in most
of these methods, the bulk of the
computation time is utilised in
performing the load flow analysis3.
in order to cut down the computation
time regquired, most  methods use
approximate load flow techniques
because they are fast. The D C Load
Flow technique, although very fast,

has ‘not been used much in the past
because it provided estimates of
line active power £flows only. It
provided no estimate of ‘bus voltages,
essential for - the calculation of
" reliability indices of individual
system buses3.
‘ 4,5 '
Karunaratne et al " have shown
that the d.c. network analyser may
be used to d%termlne these quantities.
Lucas et al have shown based on
the postgraduate work ~of Malembeka7 .
that the Improved D C Load Flow
(IDCLF) technique is capable of
providing ~ both estimates of line
power flows and the bus. .voltages
on the digital computer.

method in

This paper presents a

which this Improved D C Load Flow

technique is used in the evaluation
June, 1989
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linearisation
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-

of reliability’ of two power systems,
namely the IEEE 14 Bus Test Power
System8 and a 46 Bus configuration

of the Sri Lanka Power System9.

It further describes how the output
of the Improved D C Load Flow technique
is used to -provide the . point of
(base case solution)
for stochastic load flow calculations.
The reliability indices obtained
are . compared with those obtained
by Billinton et al3 and Induruwal who
used the output of the FDLF
technique _to provide the base case

*solution.

2.0 The Deterministic Flow

Load
Analysis '
. method, a deterministic
load flow study is performed for
the base case for each contingency.
The output of this is used to provide

In this .

a point. of 1linearisation for ' the
stochastic load flow calculations.
For . this purpose, Induruwal and
Billinton3 - have used the output

of the 'FDLF technique. In this paper
the Improved ‘D C Load Flow technique
is used instead to provide the base
case.

The basic equations of the technique® are
given in equation 2.1 and 2.2.

(P1. = [H] (6] —-(2.1)
[] = [L7] (V] —-(2.2)
where
Bik” = ViVk (91k + (rxk/XAk)*(Vx-Vk))
--—(2.3)
and
Q@™ = Qi sp+ 2 (- PikBik /2 +
(rik/xix)Pik+ yikeh/2) —---(2.4)

3f0' The Stochastic Load Flow Calculations

In otthodox
load flow

methods of
calculations,

stochastic
the critical

(25)



load- for . a contingency state is
obtained by performing load flow
studies repetitively  using
load levels within a predicted range.
In some cases . as many as 10 load
flow studies are required to establish
the critical

contingency statez.

In the method presented ' in this
paper, and in the methods presented
by Induruwal and Tom Hayesz;:the problem
of - repetitive load flow studies
is eliminated by the use of a stochastic
load flow (SLF) method. '

: @
For the majority of contingencies,
" “ the critical 1load is  obtained using
one load flow study. Only in cases
- where a contingency produces a serious
- overload, ° redquiring a reduction
of the -system load, is an extra
l6ad flow study required l. The system
- load = and the system - - network are
~ therefore modelled as stochastic
processes. : ‘
- 3.1 System Load Model
The system load model is presented

vector, first order  Markov
to include the uncertainities

as a
process

0f load forecasting and the. sequence'
The daily load

of daily peak loads.
cycle is approximated by  the daily
peak load states Lj, each of duration
e (€1) days alternating with periods
of low load. Lg .of duration (1 -e)
‘days, as shown in Figure 3.1. .

“Ldad
Ly
L, -
| - . :
L L —rJd. . L—
o - .
o 22y,
1) e v 2 37
Figure 3.1 Daily Load Cycle

(26) - -

different .

load for a particular

. and F(lo)

The  factors  which = influence the
daily peak load states are factors

‘'such .as weather, day of "week and
‘holidays. Although "these cannot
. be predicted exactly, average values

of variations can be obtainedl . Each
loadstate L§ , is defined by a random

. vector §; given by ) '

Si = Pi+j & = (itjP1) L1 --—-=(3.1)

In genéral, .it may be assumed that

. the ‘distribution factors oa{y and /A4 are

egqual for all load statés, so that
.the individual bus loads are modelled -
as being.perfectly correlated.

ie. %i=% A =P —

The load is therefore now a deter-

ministic  function . of the random
variable /4, with mean ¢ and variance’
&6}, representing the uncertainty

in the load. Since ' the process is

‘assumed to "be ergodic, the probability
of wexistence of "a load. state- is

equal to the average fraction of

time spent in that state. The sequenge
of 'peak- loads is = random however,

and the average number of. occurrences

ng; of each peak load state during

the period D is assumed to be khown. .
Thus '

LR

I
D= 2 ni

~—==(3.3)
\=) .

The probability that ~the

load state
Lji exists is :

" Pr(li) = ni.e/D, i#0 ---—-(3.4)
and Br(Lo).= 1-e ~--—=(3.5)
The 4expec£ed freduency 6f occurrence f
~ of load state Lj is
(F(Li) = ni/D, i¥0 --—(3.6)

1 -—==(3.7)
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3.2 Transmission Network Model

The network is modelled as a load
independent first order Markov process.
This assumes statistically independent,

stationary, exponential distributions
of network contingencies and repair
times. The network state Ng , figure

3.2, is the state with all the components
operating normally. The network
moves from 'state Ng to contingency

states Nj (for j - 1, 2, .e0. d)
with failure rates j and returns
from contingency state to normal .
state with repair rate A) . (The
general assumption is made. that
the failure rate Aj is a function
of operating voltage and length,
and that the repair rate A is a

function of operating voltage only).

N

°

ﬁi ‘7\1 T‘L . )J'lJ\MJ"
N" .|N2 e s oI N .

J

Figure 3.2 Network Transition Diagram

duration of

The mean contingency
is

di = 14 ——-=(3.8)
and the probability of state N;

- existing at some time in the future
is

PrNj) = ———(3.9)

A5/ +A45)

The expected frequency of
of state N; is

F(N;) = 4 Pr(Nj), j#0 == (3.10)

occurrence

and of the state N, is

J
FiNo) = 2= F(Nj)

Jzt

--=-(3.11)
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The probability of existence of
state Ng is )

Pr(No) = do.F(No) ----(3.12)
4.0 Stochastic Load Flow using the

System Load Model

For a given set of busbar and network

conditions, the deterministic load
flow analysis gives a discrete set
of bus voltages (Vg , ©4) and power

flows (Pe, o) as a base case solution.

To obtain probabilistic values from
‘these results, the parameters of
the load model developed must , be
obtained from a stochastic 16ad
flow technique.
The load flow equations 2.1 and
2.2 do not provide sufficient accuracy
for linearisation. Thus partially,
. recoupled eguations are wused., Hergq,

the reactive power flow is recoupled

to the voltage angles so that the
FDLF equations become
APN] - [B° o ]le
= -~--(4.1)
AQ/V J B} lav |
where the elements of the added
submatrix [J] are given by
Jik = - Vk Bik sin Bik
Solution of equation 4.1 gives
(48] = [B°}-1[ PAN]  ---—-(4.2)
(aV] = -[B"])-1[J]J[B"]-1[APN] +
[(B"]-1[ HQ/V] ----(4.3)
Taking the base case as the point

of linearisation gives the stochastic
variables as © +4@, V +&av, A2, +ta0,
Pa t& P and Qo+ &0Q. We now need
to relate the other variations with
the variation in the random variable

ap.

(27)



From equation 3.1, 1t follows that

[AP] = K]APand [AQ] = [Al6f--(4.4)

Subtitution in equation 4.2 gives

[88] = [B'I1[<N]ap |
or = [Z1]bpP -——(4.5)
énd - substitution in equation 4.3
gives o T ) ,

[oV] ={[B")-1[J)[Za +[B"J-1[ AVEAP
or = [Z2]ap . -~--(4.6)
4.1 Probablility .of Bus Voltages
violating its limits
Since the bus _v&ltége generally

drops when the system load is increased,
. the probability of the bus voltage
‘violating its lower limit- (V,, at bus K)
‘involves the calculation of the

" probability that the system load
represented by the random variable
/2 exceeds a critical value s -
Thus
APy = (VL - Vok)/Zzk ————(4.7)

from which
(e =

This gives the . probability of bus
under~-voltage as

Per+ (Vi - Vok)/Zzx ——=7(4.8)

Pr(Vk < Vkr) = Pr(f>Pke1)

Similarly, the probability of bus

voltage violating its upper limit
(V“ at bus k)-is given as

Pr(Vk > Viu) = Pr(F< Pxe2)
4.2 Probability of. Line Overload
The active power flow P and the
reactive power flow Quan - in 1line
‘mn are useéd. in the calculation of

the line overloads. They are linearised -

around the .base case  solution P ane
and Q '

(28)

-their limits.

Pon = Pmno + APmn, Qun = Quo + A Qmn

and Q are related
,and Q = F

The increments P
to by P = E
(See Appendix Al).

The power £low S  in line mn is
given by Sam = Ppant + Q@ mn®, which may
be expressed around . the base case .
solution as

Smn2 =  (Emn2+Fmn2)ap2 +2(Pmno Emn +
. QnnoFmn )A P +Pmno2+Qnno2 ----(4.9)

The probability of

~line overload
thus involves calculating the system
load which causes the line flow
to exceed the maximum capacity K aame
Thus for line mn overloading, S pa

OK . & S0 that

(Emn2+Fmn2 ) &02+2 (PnnoEnn+QnnoFmn )& p+
Prnno? + Quno2 - Kmn2,> 0 —-— (4. 10)

1f £ and /2, with 2 ¢ AP, . are the
values of which satisfy the limiting
case of the inequality, then the
probability  of line overload is
given by -

" Pr(OLmn) = Pr(P<PL)+Pr(f> Pu).
The probabilities which have Dbeen
obtained so far refer to the conditions
of network elements resulting from
a failure of a ©particular - network.
element. However, they do not reflect
the inf luence of these failures
on the probability of failure of
customer load points.

5.0 Calculation of Probabilities of
Failure of Customer Load Points

The  service interruption at a customer
load point is defined as the condition
that a demand . exists which cannot
be satisfied due to overloaded lines.

and/or unacceptable bus voltages 1,
Thus the probability of failure
of customer load points involves

the use of probabilities of line
overloads and of bus voltages violating
However due to the inter-
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connected nature of the modern high

voltage transmission networks, only
the failure of a set of. transmission
lines directly contribute. to the
failure at a consumer load point.
- Therefore the evaluation of bus
failure probabilities requires the
identification of those 1lines ‘which
carry a significant part of the

load supplied to a bus in question.

This can be done by evaluating the
sensitivity " of power flows in lines
. to the power demand at a busls 10
This sensitivity factor ~ is giben
by :
Rxkmn = - Bon (b"mk-1 - b"nk-1) —-(5.1)

(See Appendix A2 for details)

The relative magnitude'of the sensitivity_

factors indicate the amount of reactive
power carried by the liné to a particular

load point. If R ™" is positive,
then that 1line is carrying reactive
power away from the bus.

With the probabilities evaluated
.in section 4.1 and section 4.2,
and the sensitivity factors, the

probability of failure |is obtainedl

" as follows.

The . probability of failure. at bus
k, Prg is defined as the ratio of
the expected total duration of supply
interruption at bus k, . to total
time period. Thus '

T 7 e , .
Prx = 2 2 Pr(Li)Pr(N;j) Prijk -——-(5.2)

iz0 )0

Pr jjx is the conditional probability
that the load at bus k will "not
be satisfied, conditioned on the
load state i and the network state
j. Since satisfying the demand at
"bus k requires acceptable bus voltages
and availability of all necessary
transmission network elements, the
value of Pr ijw is calculated as the
max irqum of the probabilities of
unacceptable bus voltage and overloads
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5.2.1 Calculation of

of individual transmission elements
supplying the demand at bus k. (This
is analogous to equating the strength

of a chain to the strength of its

weakest link). Thus

Prijk = max {Pr(Vk<Vkr), Pr(Vk>Vku),
Pr(OLmnPa)p} ----(5.3)

where Pr{OL ,,nPQ) is the probability
of overload of line mn due to failure
of line pg, and suffix D is the
set of lines which have the ‘largest

. line flow to bus power sentivities.

Similarly, the expected frequency
of failure at bus k is
I T
Fx = 2 2 Fij Prijk - (5.4)
10 yzo . .
where Fy  is the expected frequency
of occurrence of the c¢ombined event
of load state i .and the network

state j, defined as follows.

Pr(Li) Pr(N;) [1/e + l/ﬂj]i

Fij =

Foj = Pr(lo) Pr(Nj) [1/(1-e) + 1/4;]
Fio = Pr(Li) Pr(No) [1/e + 1/do]

Foo = Pr(lo) Pr(No) [1/(1-e) + 1/do]

5.2 Overall System Perfonnmnce Indices

In addition to evaluating the performance
indices of consumer load points,
based on the existence of particular
load and network states, it is necessary
to evaluate the overall . system relia-

bility performance indices. . These
are the overall service failure proba-
bility and the - expected unserved
energy. These two, among other indices,

give a reasonable estimate of adequacy
of the composite -generation and trans-
mission system. '

Setvicé Failure

. Probability
A service failure state is defined
(29)



as a condition which causes service
interruption at a consumer load point
due to overloaded lines and/or unaccep-
table bus voltages. These interruptions

generally - result in either complete
or partial 1loss of 1load at one or.
more consumer load points, due to
the load reductions necessary to

alleviate 1line overloads or inadequate

voltages. This implies that for each
contingency state there _ exists a
critical load 1level L g which, if

exceeded, resiults in a service interrup-

Load Equal to or LesJ
than Critical Load

A A

c:} e

Load in Excess of

Critical Load

Figure 5.1 Two-state Load Model

Therefore in the evaluation of service

probability, the load can be presented.
as a two state model, as shown in
figure 5.1. Billinton et al3 have

developed such a model using historical .

load data, The transition rates
for this model -are given by equation
5.5.

(n/Dt).T
n/(1 - D /T)

MeL
AcL

- (5.5).

- where T is the time period, and n
is the number of times -the load exceeds
CL during period T.

the

Using these transition rates,
probability of the load exceeding
the «critical 1load could

level CL
be obtained as

Pr(Lc) AcLy(Acr + Mei)

Dt /T -—~=(5.8)

-

(30)

Prrst =

'Thus the total unserved energy is

*than

The service failure probability due
to the -combined effect of network
contingency .state j and the corresponding
critical load level'l..] can be express.d
as : :

Prjst = Pr(Nj). Pr(lej) --—(5.7)

Therefore, the overall
probability P ,.8f
as

system failure
can be written

X Prjst ---~(5.8)

"and the system failure duration

" Tsf = Pr18f,T hrs/year --——(5.9)

5.2.1 Calculation'of Unserved Energy

The unserved energy UE, due to the
service interruption caused by network
contingency state j can be calculated -
from the load model as

= (PD - Lej) D MWh ----(5.10)

<

UE;.

UB; = Z. (D - Leg) D MWh —-—(5.11) .

The expected unserved

year is given by

energy ' per

B(UE) =(1/¥kj) X, (PD-Les) /BT60 tHh/yr

where PD is the maximum power demand
in MW,- K. is a contingency state
whose critical load level L is less
the maximum power demand PD,

is the number of contingency
states whose critical 1load is -less

than the maximum power : demand PD.
In calculating these indices, the
critical load Lg; must first be ascer-
tained. : '

and Y

In the method presented by Marksg,
the critical load level is obtained
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by performing 'a statistical- load
flow calculation for the system peak
load. If a Lline is overloaded, the
system load is reduced to the capacity
of the 1line. This involves a number
of 1load flow calculations which is
time wasting.

In the method presented by Induruwal,
and also used in this work, ‘the c¢ritical
load 1level of the majority of contin-
gencies could be obtained by repeating
the 1load flow calculations only once.
The procedure involved is presented
in Appendix A3.

€.0 Systems considered in the Study

The -method presented in this paper
was tested by performing reliability
studies for two power systems, namely
the I1IEEE 14 Bus Test Power System8 and
a 46. bus configuration of the Power
System in Sri Lanka 2. These are- shown
in Figure 6.1 and Figure 6.2 respec-
tively.

The network elements considered for
the two sSystems are given in Tab;e
6.1 and Table 6.2 respectively.’

7.0 Results

Tables 7.1 and 7.2 show the reliability
indices for the IEEE 14 Bus Test
Power System. - Table 7.1 shows the
comparison of the probabilities
of bus  failure, . while table 7.2
shows a comparison of the frequencies
of bus failure obtained by the different
methods %» 2 |, The results of the study
indicate that the reliability indices for

the IEEE 14 pus test system calculated
by the three methods are numerically
different. The. difference between
the indices obtained by the different
methods can be attributed mainly
to the fact that the system load
is modelled differently, and that
some of the data used in the studies
could be different. 1In  the present
‘'study, although 'the system load and
network are = modelled the same as
by Induruwal with the outage data
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Figure 6.2 46 Bus Sri Lanka System
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Test Power System ‘
Line: A d Pr(j)
Occ/yr hrs  x10-3
Line SBus EBus - & d Pr(j) - |
- Occ/fr hes x10-3 11 BWA-UKA 0.06 60 . 0.41.
| 12 UKA-HBA 0.15 60 1.01
13. HBA-ANA 0.09 60  0.62
1 1 .5 . 1.06 10 1.21 14 ANA-TRE 0.13 60  0.89
.2 1 .14 2.00 10 2.28 15 TRE-TRA  0.07 €0 0.48
3 6 10 0.00 10 0.00 16 TRE-VAA . 0.14 60  0.96
4 3 5 1.78 10 2.03 17 ANA-MNA 0.15 60 1.03
5 3 6 1.53- 10 L75 |18 ANA-CHA  0.36 60 . 2.49
6 4 7 °1.47 10 1.68 19 BIA-KNA 0.14 20 0.32
7 4 9 1.14 ‘10 1.30 20 LKA-PPA 0.07 36 0.29
8. 4 13 075 10 0.85 21 NLA-PPA  0.07 36 0.29
9 4 14 .0.04 336 1.53. 22 NLA-LKA  0.01 36  0.04
110 5 6 1.5 - .10 1.80 23 NLA-BLA  0.41 36 1.68
11 5 14  1.56 10 1.78 24 BLA-EMA' 0.40 - 36 . 164
12 10 2 000 10 0.00 . 25 BLA-DNA  0.41 36 1.68
13 6 12 0.04 33 1.53 26 DNA-GLA  0.51. 36 - 2.09
14 6 14 0: 38 10 '0.43 27 BDA-INA 0.74 .36 3.04
5 7T 13 115 10 1.31 28 NLA-CAA 0.09 36 - 0.37
16 8 9 1.10 10 1.26 29 BOA-PTA 0.68 36 2.7 .
17 . 8 12 0.49 10 0.56 30 UKA-KUA 0.07 60 0.48
18 10 12° 0.00 10 0.00 31 KNA-PNA  0.11 20 0,25
19 11 12 1.55 10 1.77 32 BIA-PNA 0.14 20 0.32
200 11 13 2.00 10 2.28 33 PNA-MAA ~ 0.39 20  0.89
. T 34 THE-THA 0.19 20  0.43
- - 135 ORA-KNA ~ 0.11 20  0.25
XA - failure rate 36 PDA-KNA ~ 0.21 36  0.86
d - repair duration : 37 LKB-NEB 0.35 36 1.44
. Pr(j) - probability of failure . 38 NEB-BDB 0.33 36 1.36.
39 KNB-PDB 0.27 36 1.11
40 PDB-AVB 0.18 36  0.74
TARE 6.2 Outage Data For 46 Bus - | 41 AVE-LKB  0.3¢ 36 . 1.40
. . : 43 KT¥-BIX - 0.66 36 ~2.71
- 44 BIX-KAX 0.21 36  0.86
Line A d Pr(j) 45 LKB-LKA 0.02 50  0.11
" Occ/yr hrs <10-3 46 . KNB-KNA 0.02 50 0,11
- S 47 BIA-BIX 0.02 50  0.11
. 48 KKA-KAX 0.02 50 ~ 0.11
1 KAA-SAA . 0.19 20 - 0. 43 49 BDB-BDA ~ 0.02 50 -0.11
2 KAA-SAA  0.17 20 0.39 50 PDB-PDA °0.02 50  0.11
3 BIA-KSA 0. 14 20 0.32 51 AVB-AVA 0.02 50 0.01
4 KSA-KNA  0.02 20 0.04 - ' :
5 PNA-RTA 0.05 20 0.11 . ne
6 PPA-THE 0.23 20 0.52 A - failure rate
7 ‘THE-ORA  0.29 20 0.66 d - repair duration :
8 PPA-AVA 0.27 20 0.62 Pr(j) - probability of failure
9 AVA-PDA  0.88 © 20 . 2.01 ' :
10 PPA-UKA 0.49 20 1.12
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46 Bus Sri Lanka System
Probability of Bus Failure :
Bus No. S x 10-3 Bus Notation - Pr(j) = F(J)
Ref 1 Ref 2 IDCLF SR - x10-3 per Yr
1 - - - 12 KNB 0.08 0.04
2 - - - 13 ° KNA 0.08 0.04
3 - - - 14 KSA. 0.13 0.33
4 - - 15 SSA © 0.45 0.61
5 - - - 16 KAX 0.28 0.53
6 1.16 2.62 6.33 17 KAA 0.28 0.52
7 4.61 2.45 2.86 18 . BOA 0.61 0.81
8 4.19 7.52 6.58 19 PTA . 0.28 0.54
9 4.63 3.28 6.58 20 PNA 0.62 0.82
10 - I -+ 21 RTA 0.74 1.63
11 1.47 1.38 4.51 29 AVB 0.01 0.25
12 4.50 6.99 5.61 23 . AVA  0.01 0.25
13 4.43 2.99 2.77 24 PDB 0.19 0.81
14 1.90 1.46 6.15 25 PDA - 0.14 0.81
26 ORA 0:01 0.49
. o 27 THE 0.67 1.24
28 THA 0.99 2.74
TABLE 7.2 Freguency of Bus Failure For 29 MAA - 0.01 0.00
IEEE 14 Bus Test System 30 KA - 0.39 0.13
31 HBA 5.08 6.31
' 32 ANA 5.22 6.65
Frequency of Bus Failure 33 MNA 0.23 0.04
Bus No x 10-3 . 34 TRA 7.03 8.01
' Ref 1 Ref 2 . IDCLF 35 VAA 0.21 0.04
: 36 CHA 3.55 8.01
37 BLA 0.74 0.04
1 - - - 38 EMA - 0.06 4.73
2 - 39 DNA 1.24 0.55
3 - - - 40 GLA  1.25 0.09
4 - 41 NEB 0.00 1.39
5 - - - 42 BDB 0.91 2.21
6 1.45 2.43 . 3.19 43 BDA 0.89 1.15
7 5.72 1.44 1.72 44 BIA 0.35 1.02
8 5.24 5.33 3.03 45 BIX 0.38 0.43
9 5.79 2.22 2.69 46 . TRE 0.61 0.92
10 - - - ' A
11 1.83 | 10.34 2.35
12 5.64 4.83 2.87 Pr(j) - probability of bus failure
13 5.53 1.95 1.68 F(j) - frequency of bus failure
14 2.37 1.36 2.99 o -
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also the same, the stochastic
flow calculations are linearised
about different points.. As a result,
the indices calculated are also different.

Both the present study as well as
reference 1 gives the same value
of 0.136 for the overall probability

of service failure. The expected
value of unserved energy is 3932
MWh/year for reference 1 and 5641
MWh/year for the present work which.

are not significantly different.

'The reliability indices for the Sri
Lanka Power System have been evaluated
and are shown in Table 7.3. The oaxexalll
system failure indices for the Sri
Lanka Power System considered are
as follows. The Expected unserved
Energy is 3275 MwWh/year, while the
Probability of Service Failure is
0.00073. Although a similar study
has been conducted by Induruwal, it is on
a different configuration -and with
assumed outage data. Thus comparison
is not made with these results.
outage data used in the present study
has been obtained? Ffor the actual power
system in Sri Lanka.

8.0 . Conclusions

method presented in this
is based on the improved d ¢ load
flow (IDCLF) technique to  obtain
the base case solution. Linearisation
around this point has been
by partial recoupling of the reactive
power with the voltage angle. It
has the advantage that the
speed of the program is increased
by about 30%, and the storage requlrement
“is reduced by about 8%,

Comparison of ° the results for the
IEEE 14 Bus Test System considered
have shown that the range of indices
calculated by the IDCLF method does

not differ from the range of indices
calculated in the other two studies.
Therefore the indices calculated

in this study are considered acceptable.
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- The expressions for active and reactive -

power flow in line m are given by"

Pmn = Gman2 -VmVn (Gmnc°s9mn+an5m9mn)

—_—— (Al 1)
.and '
Qm = -anVm2 VmVn (Gmnsmemn-ancosemn)
-—--(A1.2)

" Equations Al.1 and Al.2 are linearised -

around the base case solution Pmno and
Qmno as follows.

Pon = Pmno + APm
Qmn = Quo + AQm
From equations (Al.1) and (Al.2)
A Pmn

-——~(A1.3)

*sinbmno - Bmn cosOmno) (Zim -
Zin) - (Vno Z2m + Vmo Z2n)X
. (GmncosBmno + BmnsinBmno)}A
= Emn.OPpP --—-(Al1.5)
and
A Qmn

{-2 Bon Vmn Z2m - Vmo Vno (Gmn
*cosBmno + Bmn sinBmno) (Zim -
Zin) - (Vno Z2m + Vmo Zan)¥
(GmnsinBmno - BmncosBmno)}

= Fmn. A,o -——(Al1.6)
The power flow in line mn is
Smnz = nz + anz .
. = (Bnno'i'APmn)Z'i’(ano'fAan)z
= Pmn2+Qmn2+2 (BnnoPmn‘l'anann)
+ Pmno?2 + Qmno?
substituting for APmn and AQm in

terms of AP gives

.anoan)Af +Pmno2 +Qmno2 --(A1.7)

- The sensitivity of the- reactive power
. flow in line mn to the -reactive power

demand at-bus k is determined by the
" sensitivity factor Rxmn, - which is
defined by the equation '
Rkemn = - dQmn/d & ---—(A2.1)

(36)

- But

-——-(Al.4) .
= {2 Gmn Vmo. Z2m + Vmo Vno. (Gmn

(Emn2 + Fmn2)Dp2 + Z(PmnoEmn +

‘accurate ‘load level.

Imag[Vm Imn*] ----(A2.2)
Inag[sz ~ VmVn (cosBmn + -
. J sinBmn) (Gmn- j Bmn)]

- Bon (Vm2 -Vm Vn cos6Bmn)-
- GmnVmVnsinBmn ---=(A2.3)

Qnn

For small transmission angles 6mn =0
so that cosBmn = 1 and Gmnsinemn << Bmn
giving -

Qun = - Ban(Vm2 - Vm Vo) ~ (A2.4)

‘fmm which

dQn/d3&% = - an[(ZVm-Vn)?Vm/?Q( I
- Vm.2Vn/3x ---(A2.5)

© Assuming Vm = Vn-= 1.0 pu, gives

3%/3& —an[ 'me/?Qc -3V /o]
-—--(4A2.6)

From the decoupled power flow model

(PV] = [B*-1 }[?2Q]

%Vm/) Q¢ = b'mk-1

2Vn/2x = b'nk-1 - (A2.7)
The sensitivity factor is given by
Rkmn = - Bmn (b"ml@"- - b"nk-1) ---(A2.8)

and

’ _ . t- . ) .

If a line is overloaded at the peak
load level, the load must be reduced
until the .line flow is equal to ‘its
linit. Since the system load is
represented as a random variablel, - the

“eritical value of system load could be

obtainedl by calculating the critical
value . However, due to linearisation
errors, this value of /Ac will be
different from the true value of /% .
Hence the load flow calculation must be
repeated once more to establish a more
If the critical
load level /% is not very much
different (not more than about 10%) -
from the peak load, then the critical
load: obtained will be reasonably

‘accurate and the load flow calculation

need not be repeated. However if a
particular contingency causes a severe
overload which requires a considerable
reduction of system load, the procedure
will require . an addltlonal load flow
solution.
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