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Abstract

This paper is concerned *vith the effect of fault current Limiter “FCL" characteristics,
location and associated recognition on the reliability assessment of power sysiems.

The FCL ‘“aot recognizing probahility” is very important factor since the failure of the
FCL in recognizing the fault might resuit in serious damage to the extensive appararus
protected by it. Consequentiy the varation of the FCL characteristics affects
intensively the reliability assessment of the power system.

In this paper, the stale space transition models are employed to evaluate the reliability
indices of the chosen power system which contains circuit hreakers, bus-bars, power
transformers, FCL. disconnccting switches and distribution feeders.

The rcsults illastrate the significant effect of considering “not recognizing probability
(™" of both the FCL and circuit breaker on the calcuiations of reliabilicy mdices of a
power systeol.

1. Introduction

The main fupclions of the FCL are; limiting the peak of the first current loop to level
no greater than the momentary eapabilities of the component of the system, subsequent
to the firs loop of fault current, and insert sufficient impedanee i the circuit 1o Limit
current 10 a level which is high enough to acmate appropriate relays but below the
mterrupting capahilities of circuit hreakers on the load side of the FCL [1].
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The reliability evaluation of FCL requues more aitention and discussion than i has
seen received [2]. As the need for the FCL is mainly to protect costly, under-rated
squipment, therefore, the failure of the FCL presumably can cause sericus damage to
the extensive appararus which is protected by the FCL. [fthe FCL is to become a
aractical reality and 1o take its place along wath the surge suppresser as an integral part
of complete power system, then a high level of reliability will be achieved.

Varions design approaches of FCL’s have been used to pursue the developmeut of the
FCL{3]. and since the FCL equipment options have been available to the user, a
specific applicarion will dicrate the FCL coucept which is mostly suitable for it.

An EPRI ~“Electric Power Research Instimure” reporm covermg the developmenrt of
specific ratings, proofs tests of these designs, and demonstrations i mnrility
applicatious. Also, a project of Edison Co. (PR 11401 bas heen imitiated 1o develop a
vacuum technology based FCL suitable for distribution cireuic applications.

The componeuts of the FCL are shown in Figure { 1), while the chosen puv 21 system
configuration is shown in figure (2} This paper is concemed *vith the assessment of
reliability iudices of a power system taking nto congiderar on the preence and
charactenstics of'the FCL. Also the probability ol not recognizing the fault 13" for the
FCL switches is considered.

The srate space transition model is nsed to describe the hehavior of the power system
when a fault occurs at different {ocations over the power svstem, and also to indicate
the reliability indices as a function of the coordination of devices, anticipated fault
recognition, failure rate and down times of system compouents as shown in figures(3
& 4),

The power system is prepared for using state-space techuique by dividing it into
protected areas and norm:lizing it into equivalent forms to assign the carrect reliability
mdices. By the aid of state-apace transition models, the geueral equations can be
written for both rotal fajlure rate and total down time per failure as function of
component reliability indices and not recognizing probability “Q”. The system areas
reliabilivy indices are drawn versus “Q” as shown in figures (1 - 3).

2. Case Study

In this paper, the chosen power system eontains two step down transformers (400/220
KV), two 220 kv main feeders and a substation 400/220 KV. This sysiem is provided
with four current limiters as seen in figure {(2) and coordinated with the circuit
hreakers,

The system is divided into zones in order to study the effect of the FCL on reliability
assessment of the power system. The faults are assuined at different locations around
the system, and the associated probable stares are drawn. By the aid of state-spaee
states transition models {4], the reliability indices are calenlared [or each zone and for
the power system as a whole. The reliability indices taken into consideration are;
failure rate “A“ and down time per failure “r”.
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3.1. Svstem Preparation (Normalizing Feeder Lengths)

As the reliahility indices of feeders depend upon their lengths and types, so it is very
nportant Lo normalize the main feeder lengths around the network 1o assign correct
failure rate and down time per failure for the chosen power system.

In practice. neither the loads disi. ibution nor the feeders are wniform So it is
convenient 1o treat a physical feede- as am equivalent uniform feeder of unity length
[51. This is accomplished m two processes as follows:

l. Suppose that there are “k” sections in physical feeders. Choose “r ;” as the
resistance of the equivalent uniform feeder of the “j " section in ohm per km Modify
the physical length L i of the 1"~ section as follows :

La, = L, %/ 1, 1=12,... X
wlere “L ,,"is the length of the equivalent uniform feeder im km

2. The wotal length of the equivalent uniform feeder “L " is defined by :

=0
Dividing each section length “L , " of the equivalent feeder by “L,”to yield the
normalized equivalent uniform feeder of usity length and unity resistance, where:

"

K
ro=2, L, %, Ohm per normalized length
0

—

2.2, Stote-Space Transitinn Models

The state-space transition models are created according to the operation system
protective devices sequence, wilen a fault takes plaee at any zone of the studied
system. As an example. when a fanlt occurs at zome *3” as seen in fipure (3), the
system operating events will he as follows; As the system fault happens, the FCL will
be actuated to operale and interrupt switches F2-1 & F2-2 to open partially within
0,002 see, and at the same time the ground switch “G8™, is closed for a time of 0.003
see. By the time reaches 0.005 see, the ground switch is elosed and F2-1 & F2-2 are
fuily open, wiile the reactor is inserted fully in the route of the current. Finally, after a
certain adjusted time the circuit hreaker is reclosed and the system is in the sieady state
eondition. Figures (3 & 4) illustrate the corresponding operating events.
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3..Svstem reliabilitv Agsessments

The proposed approach is summarized tn the flow chart of figure (5). The first step i
to identify the sysicm uader study that contains circuit breakers, FCL's , powe
transformers, disconnccting switches, busbars and waderground feeders. The secont
step is to normalize the power system ,to divide it into proteetive areas and to draw it.
possible states allover the zone areas. From the state-space representation of th
eoncemned system, the reliability equations can be written as functions of no
recognizing probability “Q” of both FCL and circuit breakers.

3.1, List of Symbols

As = Failure rate of supply

L = Failure rare of power Lransformer

A, = Failure rate of zone i” with enough curren' to operate the FCL

A,' = Failure rate of zouz “i" with coough tault ciurent to «perate the oreuit breaker
ty1 = Closing time of ground switch

lwz= Operating time of interrupting switeh

t+3 = Delay time needed for circuit breaker to operate after fault happens

tay = Timeneeded to close the first circuit breaker in the fhulty region

Twz= Time needed to close the second cireuit breaker i the faulty region

t o3 = Time needed to close the third circuit breaker in the faulty region

P = Probability of the FCL recognizing the fault

Q¢ = Prohability of not recognizing the fault of the FCL

P cp= Prohability of the circuit hreaker recognizing the fault

Qce= Probability of not recognizing the fault of the circuit breaker

rii = Repair time, in hours, of section “ii” per fanl

riso= Time needed to isolate the fault

The following assumptions are taken into consideration during the study:

1. The load side protective equipment must clear the fault before the source
device operates to lockout.
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2. Permanent faults must be restricied 1o the smallest area of the system.

3. There is a couplete coordination between the FCL and the circuit breaker:
ie. the mimimum actuating curmrent of the circuit breaker should equal 10 % of the
minimum currest that acuates the FCL [3].

4. The model is developed f(or a single contingency outage of all considered
areas.

3.2, Total Failure Rate (& ;)

Considering the mode! illusirated in figure (2) and taken into account the fault events
shown in figure (4), the corresponding stale-space transition model can be easily
oblained. When a (ault happeus in protected area FCL-1 in zone 1 as an example, Lhe
operating events leads to the following ¢quations:

X1 = Total failure rate, when fault happens iu zone 1 which equals the fatlure rate
of both of zone 1 and supply. This zone is out of FCL. protection as seen in
figure (2).
Ay = A+ Ay (1)
41 = Total fatlure rare, when fault happens in zone 2
A2 = Pe(A+h +Aa) FQr(AsTAs)+Q (A +hpn)+
QI (Aatro+Rin)+Pmr +QuAr '+ QA +Qa’hs (2)
Similarly,
hae = Pr(A3tha) +Qr(Asthe)v Qi (Aythu)+
Qe (Au+Rhot+Riw)+Pars +Qamr i +Quw'ds +Qu'rs (3)
Aoe = Prhy +Qe(As+Arg)+ Qi (Aa~hyn)+
Q' (Ag+thoth) P +Qaris+Qca’de + Qo' bl (4)
Ase = Pe(hs+he) +Qe(Au+A )+ Qe (ha+tdoth o)+
Peahs TQeaare + Q' +Qu’ Ao (5)
Ao = Prdds+vha)*Qu{hn+h) +Qr (Rg+hothy)+

Pephs+Qenr i +Qe’An'+Qcs’ Ao (6)

Equations (1-6) are drawn in figure (6) by varying the valuesof Q& Qcs.
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3.3. Total Down Time “ {A.r),"

Considering the model illustrated m figure (3) and assumning s fault at different zones
then drawing the corresponding state-space transition models, the total down rime for
each zone can be calculated as follow:

ADw = A "1 +Ahs¥rs n
where * rg” is the repair time per fault of the supply.

(Af)z = Pe{hatha+hy)*(to+totto+0.005+rpn+0003+rp)+

Qe(Astra)*ta+ Q7 A uth ) *to+ Qe (A etk oth o) "t +

Posr2*(tem+r2)+ Q@i *tam+Qc Ad *tom

Qcajls"tcss i3}

Ay = Pe(Aa+rhy)*(tptrn)~=
Qe(AstAd *ta+Qr (Mt i) *ta~ Q* (Agthoth ) *tg +
Parr*(tam+ru)+QmAidi"tem+Qa As *tam+
Q' he "tom (%)
(An)a = PrAa*(tng tru}t

Qe(hsthe)*ta+ Q7 (A uth ) * 1o+ Qi (At oth o) *to +

Paord*(tm+Tu)+QeoAis "tm+Qc’As “tem+

Qcs' A 12 *tems (16)
(AI}n = Po(As+Ag)*(ta+ra)+

Qe(Auth iz} *tg +Q (A gtk orh o) *tg+

Poais*(tem*Ts)+Qpre "tam +Qap' A *tom +

Qes’ A u' * tem (1)
(AD)a = Pp{hs+ha} ™" (tptre)t

QelhAu+h ) *ta+ Qri(hsthath o) "t +
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Qcn’ * o' * tem (12)
Equations from (7 - 12) are drawn in figure (7) by varying both Q& Q ca.
4. Results

The reliability indices bas been calcudared at different places. The first case when the
efficiencies of both lhe circuir breslers and FCL are the same. ie. when Q=Qcs.
The seeond case wben the FCL’s re ideal { Q (=0 ) while circuit breakers are not
ideal { 0 < ) ¢p < 1 ). The third case wben the circuit breakers are ideal ( Q¢p =0 ) and
the FCL's are notideal { 0 < Q< 1). Figures (6 - 7} illustratc the system failure rate
and total down time versus not recognizing probability. These figures demonstrate
highly the effect of the reliability indices with “ Q * of tbe FCL and circuit breakers.
For higher values of “ Q " lying berween = 0.55 to 1.0 " the effect of “Q ™ is very
clear.

Figwres (8 - 9) illustrate tbe system failure rate and total down time per fault, versus
not recogpnizing probability “Q” m the second case when (Q =0). The figures
demonstrates the effect of “ Q cp™ on both of reliability indices, with the remark of
their small increase rate in all system zones.Figures (10-11) illustrie also tbe system
failure rate and tetal down time per fault in case of varying not recognizing probability
of circuit breaker .
S-conclusions

This paper presents the effect of the FCL on the reliability indices assessment of a
power system provided with circuit breakers, power transformers and transmission
lines feeders.

The study show the importance of both FCL and circuit breakers quality . The
planning engineer should be take the values of not recognizing prebabilities of power
system components on reliability assessment,
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