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RELIABILITY CALCULATION FOR GENERATION -
INTERCONNECTED POWER SYSTEMS

H. El-Dosouki.

Facuity ot Engineering - Tanta University
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ABSTRACT :

Mhis paper inroduces a proposed lecinique 1o calenlate refiability indices of interconnected posver
svitens  The technique s based upon the sequeniial path supplementaton. state space inethods and puwer
low compusations. The aspecrs of comnponent outage reliability data. operating constraints and interconnecled
power syslem  conligurations are taken inte considerations. The general steps ol the method are : prepirauon
of component reiiability data. consirucung the reliability Jata for each subsvstem according to the connecuon
ol wie and ves. enumeraung possible operatung paths and formulate path connection natrix, and then stare

lransilion matris according Lo assumed failure crieria.

The apptication ol the proposed algorithm on three diflerenr inerconnected power svsteins. shows
accurae and valuable resulis. Also. u reduces the mathemancal calzulations, because of using path word
instead of component word when detining the powir system stare connection matnix and using nerwork fow
1o define the condinon of each state.

The proposed algorithm is useful in case of planning field, when comparing diiferent plans or

diternanve  designs [0 1s also valuable lor operaung engineers when they decide to add nies between

substauons. and it helps them w compare between the tocation of ties and associated increase in reliublin

indices.
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1- INTRODUCTION ;

Two or more power subsystems are olien connected via tie iines to form an inter

connected system in order lo improve the svstem reliability and economical benelits.

It was proposed in [1] to use network tow to investigate the load flow calculations
with nerwork llow ealculations. The substitution is deemed 1o be « kind of permissible
approximation in reliability evaiuatious and the failure criterion is nol taken into
consideranons. although. the capacity limit and the control over the network tlow arc
considered. However, only the probability indiees could be caleulated. while no trequency

index was touehed upon.

Wang Xifan and (). Sun [2] proposed an “sifting method™ aigarithm tused © o oo
combination which reduces the awrner of nerwnsk 1loos that e ist be cale et |'or the
mtereonnected  power system refiubility evoluators b inveived sources f-obys stomsy are
multi-stale components and the lies are Jual state cemponents. Al the dnierenl <waw
combinauons of these components comprise the basic even space under mvesugation. For
the lme Dbeing the mulli-state components are also lreated as duai-siate comporents
(connection and diseonnecuon), the sifting of network confluuration states sians with

sequentially supplementing paths.

There ure many methods to find minimum paths. The paih euumeratic method
presented in [3] 1s a4 simple and direct one. However. the sparsny of the eomponent pah
conjugate matrices (S 1ot laken into consideranion and therefore itis not very suilable for
large seale load flow system calculatons. The sparse matrix should be condensed for
reliability evaluation in order 10 reduce the storage space and increase the caleulanon

etficiency[4-7].

At present, there are rwo methods for interconnecied system reliabilivy caicniations.
Adne 1s the probability array method (8] and the other is the equivalent supporting unit

mnethod [9-10].

2- PROPOSED METHOD :

In this paper the inerconnected power svstem reliability indices ean he calculated

depending upon the basic reliability data of each componept and the network structurei.
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The zeneral steps of the proposed method are :

[1] Tabulate the reliability iu.a for each component (Failure rate und average outaze

rate fime per laliure).

(2] Cuiculate the reliability muices of each subsystem according (o its component

councctions and component reliability indices.

(3] Calculate the reliabiiity inqices of the lines by using of 1ie components failure

rate and down time per iadure,
[4]  Use cu/ser theory o enumerate main paths and path conneetions marx.
(51 By the use of comnponent outage and repair rates, caleulate path reliabilily indiees.

[6] Consider the first possible path Py and calculate tie corresponding component sct
involved E, and path space set. Alter this step suppiement the second path P> and

calculate the space set. parh set. and nat supplemented path ser.
[71 Repeat e steps 1.....6 of possible supplemented paths Pi, P, ..., Pn.
¢ From steps 3, 6 & 7 delermine the possible configuration path states.

¢ Pcriorm the swte-uansition matrix [A] id oblmin the probahiliues and

frequeucies of the different possible conliguration stales.

¢+ Combine falure siates ser prohabilitics 1o get the overall inlerconnected
power svslem failure and suceess probabilities and freguencies according Lo

the assiumed failure criterion and operating constraimnts.
3- CASE STUDY :
Three couliguraribns ol zencration-interconnected power systems are ilinstrated in
Fie, t1-a. b, o

Fig. (l-ab 3-single subsystems without auy interconuecting links. while Fig. i 1-by1s
supported by a fink L, to tie buses B, and B.. also Fig. {1-ctis supported by L o tie 3

with By,
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The proposed technique 15 applied on three cascsto valculate reliability indiee
probability, (requency and mean duration of failure. Pr, [ and T in order to illustrating th
variations of (hese values according to the addition of links i; or Ls.

9 & ©

B—r —T18,

(

! Fig. (L - 2) N
' G G G
I\‘TI’ i 3
% R’ Tlf'l]:_l—— I_;L
i ! LJ i 1._1 ;
Py ‘ L, L Lagen)
{ —_—
i [ |" Ly= 12 ol
I B4 Law 1.5 mue
! - L= 17 e
Ly= 10 il
T Ls= 1.0 mle
| T
i Fig. (1 - ¢}

Fig. (1) : Three configurations of interconnected puwer systems

Considenng the power system without any additional interconnecting links. the only
paths ate P). P; and P; but when the link “Ls" is added. two paths are creared P, & P-
Also when the link Ls is added. another two main paths are created P, and P:, The ail
minnnum paths Py through P are shown in the following compouenr path congale matrix..

table (1).

The first step1s o calculate path-reliability indiccs. based un the componenis farlure

oulage rate and their conneenons.

Consider, the path P\ itconsiss of substation Gy. 1.2 mile transmission line. twuo
medium voilage clreuit breakers, bus cireunt breaher and iranstormer T, By use ol the
tailure vutage data shown in  tab (2), and the conneetion of these components 1o form

P,.the paih failure rate is given by
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n
=

Table (1) : Componeni path congate matrix.

!r path J
Py P Py Py Ps P P

Coniponent
Gl ] i 0 1] 0 0 0
G2 1) ] 0 0 1 1 1 n |
33 0 i 1 0 I 0 0 1
Ll 1 0o 10 0 ] i 0 0

| L2 B 1 9 i 0 1

f L3 0 0 | 0 1 0
[ { 1 i} ]
L3 P | !

T [ S [ U
g

hp = Sh

Where -

A, = is the faiilure rate of component | in the path P

ncy = No. of series components formmg path P,.

=4s— L) & hp :}LCB T}bbub +

=0.0945 fiyr

Ay =0.0003 + 120 « 0.007 = 2 % §.002 ~ 0,002 - 0,004

and the averayge culage duration per failure is given by

T ZI—(PL)L. A e AT AL

"
|

= —1—[0.0005 x 0.000] x 3+ 120 0.007 x 3+ 2 x 0.002 x 3.50 + 0.002 x 3.50)

0.0945

=3.1164 h/farlue
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Table (2) : component ourage rate and repsir time |6]

] Failure rate Repair time
I No. Compnnent Ar vear r hrit
1 1 | Supply (subsystem). 0.0005 3.00 !
2 46 kv - 11 kv bus. 0.0002 1.20 ]
3 | 46 kv - 11 kv disconnecting swilch. 0.0001 1.30
4 |46 kv-13.8 kv Trans. 0.0040 .00
3 13.8 kv C.B. 0.0100 3.50
6 13.8 kv (enclosed). 0.0020 1.20
7 13.8 kv feeder breaker. 0.002¢ 5.50 ;
8§ | 1.8 ky foeder. 0.01350/mile 10.0 !
9 13.8 kv bus C.I3. 0.0020 3350
! 10 | 11 kv teeder. | 0.0700/mule 3.00 |[

The reliablity indices of al] paihs are calculated and Labulated 10 table (3%,

Table (3) : Culenlated path reliability indiees,

eliability N | : i
| Path pi - My , Hai
P 0.0945 | 116+ 532088

P2 ARV & TS T S X5 R UK b

P 01295 1 20849 ] 032413

P, 0.1895 ] 30686 b 032388

Ps 0.1685 3.0771 L 032408

P 0.2055 \ 50680 | 032594
: Py 0.1895 30686 | 032388

The second slep 13 to apply sequential patb supplementing methud 1o obtam all possible

stales of the considered interconnected power svstern as foilow -
1] Consider the first possible path ~PF," and calculare component set 5, and path
space set "3, with respect to Fig, (1-2)
Er=1{G. L}
i.e. when path P, is supplemented. the component set 15 E;. This means that Gy &
Ly are in operation and the path set is § = (D¢} 2nd commutative state
* i
5y = {5a. P
Where :

Sar = P, . is the not vet supplemented path set
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2)

Table (3):

Where ;

When the path Py is supplemented, the component set and complement elemental

setare :
EE = {GL LZ}

L] . .
E+ : Commulative comi-onent set when P» is supplemented.

= E

— R

L_JE'_:
=1Gy, LI} U 1Ga, Lo}

=1{ Oy, Gy, L1, Lo}

E+ - Complemented element set when Py is supplemented

= E3-E»
=G Lit

cach of G, & L, has two states. Table (3 illustrales the states wihen P is added.

Interconnected Power Systems states set when P is added.

State E; E Resulis
1 G | L | G l Li PP, |
2 G: L L: G] h [)2 I
3 Gy L | G | L P,
3 G, L: (;, ‘ L, M

From table(3),
S»=iP. .Pi¥P>} and S5 =S{ U S»
=18m . M} U iP  PiNPy

:{SOI 1 P|~P3 ,Plﬂpz}

Sos is the not vel supplemented path ser= P I

i3]

When path P; 1s added. E- and S; are ;-

Es=1G: . L;}

E; =ESUE;=!Gi . Gy . Gy . Ly . L. L)
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E; =E;-E3=1{G ., G, L . Ly

Sy={ Ps, Py Py, PN Py, PN Pal Py}

S3=8;US;

={Se2, P\, P2, PN Py} U {P3, By P;, PN Py Py P51 Py}
= {Sq, Py, Py, Py (Y Py Py, Py Py, Py (\ Py, P11 P10 Py}

Where :

EY
(4] When path P, is added. its elemenis are E, and S4 are .-

B =1Gy. Ly, Lot
E, = EUE,

=4G;, Gy . Gs . L Lo, Ly U 1L Ly,

Gy . Gy . Gy . L. Ly. Ls. Luf

E, =E,-Ei=4Gs . G5 . L . Ly}

Ss=4{P.. ROP,.P,NP,PNP,PNPNP.PNPNP,
P,NP,NP,. PNP,NPNPIP

8,=5;US,

={Ses. P, P, BNOP, PN P, B.OP, PAP.NP U (P
PNP,P,NP,P,NP.PAPNP,. PLIPNP,.
P,OAPNP, PROAPNPNPNP,

=4So. PP Py, P RLOP, NP, P,OP, POP, P,NP,.
p,AP, PRNP.NPF. POPNP.PNPRKNP.PAPNP,
POP.NPNPANP

Where ;

s0.= RAPNPRNP
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¥
(5] When path Ps is supplemented. Es and S5 are :-

Es = {Ga, Ls. Li}
E:=E,UE, =!G .G .Gy L. Ly . Ly, Ly
Ee 5 B=1!Gi . Gy. L. Ly
S5=5,USs
= {8,5.L Pu P5, PoPs RO P, PP, PP, PP,
P,NP,.P,NP,. P,NPg, P, P, RNP.AD;,
P,NP,NP,. EAPNP, P.OP.NP, P,NP NP
PInPB'ﬂ P.J-_, PlﬂP:ﬂP“’]Pj. Plﬂplﬂ P,AP NP,
The number ol components are seven. i.e. the base events are 2’ = 128 states. These
stares are reduced o S; stales = 21 stale that should be calculated 10 gel probabiluy.

trequency and duration tor each state of the considered intereontiected power sysien.

ont path operates two paths operaie
(P, tAP,. BAP, P3P,
] A—— T Pe, PP PP,

P, ~ P, Hl P

i

! — —l three paths operate

’ FC2 P.ARNP,, ANPNP,
Plﬂ P
P, ne

| Stare 4
State 5 | P,
I

l State 3 I
neg, POAPNP, . i
ne,. PR NP

L !

-

1

FFC-3

| four paths operate
. S PNPNE NP gea II

FC-4

all paths| operate

—r k¥ .
IPOPNPRNAPAP G0

Fig. (2): Stare-space of paths-sets aller merging seares,
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The ransilions rates belwecen states are shown in the ansition maurix [A] given below.

The interconnected power system that represented in Fig ( 1-a)1s deseribed by its stales
and by the possible transitions between them as seen in Fig (2). The main advantage of the
state-space approach is that in most cases a Markov model can be applied to describe the

process ot the systen1 iravelling through the states.

The major applicanon of the state-space approach is the reliability calculabion of

repairable systems, that is. of system where 4ll the components are repairable,

If onlvy the long term values of the slate probability P, (1) are of interest. thev can be

nbiained by solving the sel of linear equations. [8].
P1TAT =10
Where :
{P] =row - vector contains state probabililies.
{O] = row - vector conlaing zeros.
[A] = transition intensity marrix.

The solution for P requires an additional equation which is provided by the fact that (he

summation of probabilities of ail states equais 1o 1. j.e.

PRSES
i=1

Fram T l i —\ i _1
‘LT‘:LS.%I 01295 ) 1718 | 3446 | 270 Pi 0

1 T

0.32415 | -7.5783 ' 3.28325 | 37709 1.704 P2 0

| P

3014323528 | 423136 | -68.5306 | 23.192 36.072 P 0

4] 781839 | 6358058 | 324641 | -6.017 | 163386 | | oo |=| o

L

6.51264 3.9!20]_’_-‘5‘2358 242066 | -59957 | | b | | 0 |
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Fram

e

[~} = ransition intensity matrix,
Tociale _,_ N w & m
_E._ + :u:u ) 22,4 uv.u 4, )::.u &v._ +.3.u
-1l 410, "3 hy 20, 450,480, i, 440,
1142 +2., 460, il
. . 41, +4),
9, + 9%, 2,420, 1¥ 4 AR
"3 4100, 419) AELTRRES g 4 By A0, 4,
+oLy +3M; They
320, 4320, Biy + 8p1y 2y + 2,y
u___ +u, u_..__ .u___._ +m9.u 2, +hiy + 9, Hig 42
434, 44
iy A2, (1 ' =942y + 1551 4By 4160, Z_Hu+_5._
iy RENET $160, 429 | 4162, 4200,
PR TP | BRI WL I W I N
mv._ .___E:-. ?;_ +...~_v.u djey + I,
dpry +pg 1y +dp, g9, +18L, 4200, 4514 + 5,
iy + 5, $5H, 4 Gy LY I AT 16 1618, 4 16
< 1 ZT_.M 4 MM:_ 3 }
16y +3., 11610y 4 250, 2%y 4 35y, 4161, + 122
g+ 15, #3744 200, SAF TR
) uu‘_ +1, nu._ +.:J. 9..._ 4 n__.__.u
LIPS
_.._._ _“M w_.__ ¥ ..__hu +u\.._ + ¥ .—wu..._ +uu.u .Z_..m.u 1 mu.L
g, 4
Fy= it LA TH kg + 1y, 46y 416w, ARLITE BRI
.K___h

+6, [RCTIN

2
.._,__..;_:

A 12,

Je_m.__L 4 _.1:_u

fS:u + 36y,
+31 gt u..:_u

P

P,

Py

i

Ps

0
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TP =10

=1
d =6.8254 EOO3 dx = 1.2343 B00S
d, = | 6482 E005 d, = 1.2870 E00S
d» = 1.5376 E005 ds = 1.1182 EO03
Py =0.2413 Py =0.2253
P3 =0.1808 P4 =10.1886
Ps=0.1638

Alter soiving the stale-space transition equation we have 1o define the tailure critenion
ind rerform the svstem path states according to such a failure criterion. then calcuiate

rejiability indices as tollow :
sornbing adl path states in subser Woand slso slates in ' zubser,
Then B, = probabiiity of fallure

el

F: = frequency of failure

1sF iaW

.. the svsiem tailure frequeney is the sum of the svstem iailure state probabilities, each

multiplied by the rate of transitions from the respective state 1o the success domain [8).

Tr = mean duration of stays in combined state F. theretore

p 2P

r
TP] ‘;—-}'U
1eF ie

If we choose the failure criterion as. “the svstem is considered lailed. f only one path 15

in vperauon or less. (FC-1)7, e.u.

Pz only is in failure domamn

Py. P2 P3.und Py are in working domain
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PF = ZPI = P_; =01638
VEF
g = EPI E"‘*—ij
R eW

=0 1638 % 631264 — 01638 x * 911203

=0.1638 x 25.2358 + 0.1638 x 2+.2966 = 9.8209
Py
Tp = - = 001667
F
F

it. thilure criterion is chosen. i the system 15 considered failed if two or less paths are
only working (FC-24

Pr = }:1—’]— =P+ Py = 01638 +0.2253 = .3391
aF

Fr=10.1638Y = (25235 - 6.312 ~ 3.912) - 0.3891 {7.818 = 6.38038 1 ~ 32,4641

=0.1638 5 33,6604 = 03891 ¢« 6,362 = 384117 +~ 18.23 =24 .07
e 0389
T _&_2 3891

" Fe 24075

3

=001616

I the failure criterion is chosen as the sysiem considered [ailed when three paths or less
are working. therefore (FC-3).

PF—‘- EPI'=[)::+PJ+P3
1eF

m

={.1638 ~ 0.18860 - 01808 = 0.5332

ol 2 e

u

Il

I (FCH the svstem is considered tailed when 4 paths or less are working (FC-4).
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PF = ZPI=P5 +P4 +P3+p2

1eF

8 +0.1886 + 0.1808 + 0.2253 = 0.7585

Fr= %P Tk =338

leF jeW
Tp = E—i - O—j;‘—:ﬁ = 02244
Table (4) Fault criterion {FC) versus reliability indices
F¥C Pe Fr Te

] 0.1638 S090 | 001667

2 03891 24075 0.0161

3 05332 | sesis 0.0895

14 0.7585 |  3.38000 0.22440 i

With the smne wav. repeat the catculations. when link Le is added. and the paths P, & P-

are supplemented. the following reliability indiced are calculated in Fig, (3-a. band ¢}.

CONCLUSIONS

This paper inwroduces an aeeurate algorithm 1o calculate the reliability indices of
interconneeted power sysiems based on  state space anethod. the sequenual path
supplementation and power flow computations. The algorithm tlakes into account outage

reliability data. operalion constrains and system contiguration.

The proposed algorithm reduces the mathemaucal calculation because of nsing path

word insiead of component word.

The porposed alzorithm emploved stale space method 1o calculate reliabiiity indices of

an interconnected power system at different failure criteriu as seen {Tom figures.

The proposed teehnique is useful lor planning cngineer to cheek design alternatives

aceording to e desired degree of reliability indices.
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P o J A
F 7 a]:]
0.64 oc
0.5

n44
n 3
0.2
0.1

1%

IHUW

(=]
[}
Y

Failure Crileria
T
0.25-

0.2

I'addwe Criteria
Fig.(3-a, b, and c)Reliability fndices for (he chosen three infeiconneeted
power sysiems,
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