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Basic definifion: Outages

» QOutage is the non-availabllity of operation of certain
equipment

» Outage may or may ngt €quse interruption.
Outage can be of;

d Forced outage. Equipment taken out-of-service on
emergencyoasis

O Scheduled outage: Equipment taken out-of-service for
preventive maintfenance

4 Partial outage: Equipment operational with reduced
capacity




Basic definition: Interrupftion

® |nterruption is the loss of service to one or more consumers.
An inferruption may occurdue to one or more component
outages.

Interruption can bexofthe fellowing types:

% Scheduled integruption: Due to scheduled outages
s Momentary interruption: Duration few seconds

s Temperary interruption: Duration few minutes

s Sustained interruption: Duration few hours




Preparation of outage reports

According to an IEEE committeesreport, the following basic information
should be included in an equipment outage report:

» Type, design, manufactyrery and other descriptions for classification
purposes

» Date of installation; location’on system, length in the case of a line

» Mode of failure>(shorfecircuit, false operation, etc.)
» Cause of faiture (lightning, tree, etc.)

» Times (both out of service and back in service, rather than outage

duration alone), date, meteorological conditions when the failure
occurred

» Type of outage, forced or scheduled, fransient or permanent




Distribution system reliabllity

The major challenges of religbility assessment:
® |nsufficient data on religbility performance

Most of the inferrgptions:of distribution networks are

caused by severesweather-related interruptions and

for inadeguate maintenance.

» Distribution system reliability can be improved by the

timely identification and response to failures.




Reliability Indices

®» There are various types of reliability indices. They
are:

 Indices for systgined interruptions

“ Indices for momentary interruptions

% Load and energy-based indices




Usage of the reliablility indices

®» Most uftilities use one or moreoft the reliability indices to
understand how the distribution system is performing.

For example, some of theoreliability indices which are
formulated for sustaifed inferruptions may not reveal
momentary iINntefrupiivons.




Benefits of reliabllity-lbased study

» A reliability assessment study can help to quantify the impact
of design improvement optiens.

» Typical improvement optionsthat can be studied based on a
predictive reliability médelinclude the following:

% New feeders and.feederexpansions

% Load transfers between feeders

» New substation and substation expansions
% New feeder tie points

*» Locations for sectionalizing switches

% Feeder automation

% Replacement of aging equipment




Costs associated with system reliability

®» |nvestment cost (utilityside) to achieve a desired level
of reliability

» Customer interrypiion cost which includes the cost of
productiondoss tor process industries

» Customer damage cost (utility side), it applicable




Reliability and Cost: Conflicts each
other

Total Cost
Optimal ‘Cost

Jf investment

Cost




Reliability index: SAIFI

» System average interruption frequency index (SAIF)
(sustained interruptions):. This index is designed to provide the
iInformation about the average frequency of sustained
inferruptions per gustomerover a predefined service area.

SAJF|= total number of customer interruptions SAIF] = 2 N;
a total number of customers served T

Where
N; is the number of interrupted customers for each interruption event during reporting period
N; is the total number of customers served for the area being indexed



Reliability index: SAIDI

» System average interruption duration index (SAIDI): This index
Is commonly referred to as customer minutes of interruption or
customer hours, ang‘is@esigned to provide information about
the average timedhe customers are interrupted.

SAID|= Y. customer interruption durations SAIDI = 21N
total number of customers served

Where r; is the restoration time for each inferruption event.




Reliability index: CAIDI

» Customer average interruption duration index (CAIDI): It
represents the average time required to restore service to the
average customer per sustaineddnterruption.

CAID|= ). customer interruption durations

totalnumber of customers interruptions

2. TiN; _SAIDI

CAIDI =
Y N; SAIFI




Reliabillity index: CTAIDI

» Customer total average interruptionsduration index (CTAIDI): For
customers who actually experienged an interruption, this index
represents the total average time.in the reporting period they were
without service.

» This index is a hybrid of CAIDFandJds calculated the same except that
customers with multiplesiniersgptions are counted only once.

CTAID|= Y. customer interruption durations > R;N;

total number of customers interrupted CLallies CN

Where, CN is total number of customers who have experienced a sustained interruption during the
reporting period.



Reliability indices: CAIFI

» Cusfomer average interruption frequency index (CAIFI):
This index gives the average frequency of sustained
Inferruptions for those customers experiencing sustained
iInferruptions.

» Ihe customer is counted. only gnce regardless of the
number of fimes interrupted:

total number of customer interruntions N;
CAIFI = ! P capr = 20

total number of customers interrupted CN




Reliability index: ASAI

» Average service availability index (ASAl): This index represents
the fraction of time (offen ingercentage) that a customer
had power without interryption:during 1 year or the defined
reporting period.

customer hours service availability

ASAIl = :
customer-hours service demand
N, (number of hoetg;s) — 2. 1;N;
ASAI = J

N (number of hours/year)

Y. 1;N; represents total duration of interruption in a year




Reliability index: ASIFI

®» Average system interruption frequency index (ASIFl): This index is
specifically designed to calculate reliability based on load rather than
number of customers.

® [fis an important index for aregs thiat serve industrial/commercial
customers.

Is also used by utilitiesthaidoainot have precise customer fracking
systems.

ASIFI =

connected kV A interrupted YL,
ASIFI == ‘

total connected kVA served i

Where
Y. L; is the total connected kVA load interrupted for each interruption event
L, is the total connected kVA load served



Reliability index: ASIDI

®» Average system interruption duration index (ASIDI): This index
Is formulated with the same philosophy as ASIFI, but it provides
Information on system average:duration of interruptions. Thus,

connected kVA duration interrupted

ASIDI =

total connected kVA served

r. L;
ASIDI = 2ri L




Reliabillity index: CEMIn

» Customers experiencing multiplesdinterruptions (CEMIn): This
index is designed to frack the number (n) of sustained
inferruptions to a specific customer.

® {5 purpose is to help idenditywCostomer trouble that cannot be
en by using averages.

total number.-of customers that experienced more sustained interruptions

CEMI, =

total number of customers served

CNesn)
NT

where CNnis the total number of customers who have experienced more than n sustained interruptions
during the reporting period.

CEMI, =



Reliability index: MAIFI

®» Momenfary average interruption frequency index
(MAIFI): This index is very similar to SAIFI, but it tracks the
average frequency of mpomentary interruptions.

total number of customer momentary interruptions

MAIFI =

totalnumber of customers served

Y ID, N;

T

MAIEl=

where ID; is the number of interrupting device operations.

MAIFI is the same as SAIFI, but it is for short-duration rather than long-duration interruptions.




Reliability index: MAIFIg

» Momentary average interruption event frequency index
(MAIFIg): This index is very simgiar to SAIFI, but it tracks the
average frequency of mamentary inferruption events.

AIFI total number Of customer momentary interruption events
E =

total number of customers served

Y ID, N;
NT

MAIFI, =

where ID is the inferrupting device events during reporting period.




Reliability index: CEMSMIn

» Customers experiencing multiple:sustained inferruption and
momentary interruption eventsq{CEMSMIn): This index is formulated
for fracking the number (n) ofbothsustained interruption and

mentary inferruption evenis to a set of specific customers.

total number of«customers that experienced more than n interruptions

CEMSMI, =

total number of customers served

CNT,
CEMSMI, = — =)

T

Where CNT >y is the total number of customers who have experienced more than n
sustained interruption and momentary interruption events during the reporting period.



Load and energy based reliability indices

®» There are also load- and energy-based indices. In determination
of such indices, one has to know ¢he average load at each load
bus. This average load Layw‘aira:bus is found from:

Lopas BogdF

av

Where,
Layg i The peak load (demand)
LF is the load factor




Load and energy based reliability index: ENS

» Fnergy not supplied index (ENS): This index represents
the total energy not suppliedsby the system and is
expressed as:

ENS = z Lavg,i 4]

Where L, ;is the average load connected to load point i




Load and energy based reliability index:
AENS

» Average energy not supplied (AENS): This index represents
the average energy notsupplied by the system.

totalenergy notsupplied

AENS =
total number-of customers served
AENS & 2l (Tt
NT

This index is the same as the average system curtailment index (ASCI).




Load and energy based reliability index:
ACCI

» Average customer curtailmentindex (ACCI): This index
represents the total energy notsupplied per affected customer
by the system.

totalenergy not supplied

ACCT = totalnumber of customers af fected
Z Lav T
ACCI = g1
CN

It is a useful index for monitoring the changes of average energy not supplied between one
calendar year and another.




Example...

= The information given in
the Tables is for a

e distribution network.
sospnEl el e [ L) Assume that the duration
(N of interruption is the same
250 2300 as the restoration time.
300 3700 Determine the following
200 2500 Aé‘o TOUY reliability indices:

250 1600 a. SAIFI, b. CAIFI, c. SAIDI, d.

— CAIDI, e. ASAI, f. ASIDI, g.

ENS, h. AENS, i. ACCI
N-=1,000 L,=10100

Curtsey: T. Gonen. Electric Power Distribution System Engineering



Example...

Annual Interruption Events

Load Point | Number of Customers Load Interrupted
Affected Interrupted (N;) (kW) (L)) . 5 . .
» The information given in

1 250 2300 the Tables is for @

2 200 2500 distribution network.

3 250 100 Assume that the duration
4 250 1600

of interruption is the

O 8000 .
same as the restoration

:3::;?:::;::.3; T AR fime. Determine the
I - following reliability
500 o 4600 Indices:
2 3 600 7500 a. SAIFI, b. CAIF, c. SAIDI, d.
3 1 250 1600 CAIDI, e. ASAI, f. ASIDI, g.
4 | 250 1600 ENS, h. AENS, i. ACCI

1600 15300
CN, number of customers affected = 250+200+250 = 700



Solution...

a.SAIFl = 28 _ 90 _ o5 Inferruptions/customer served
Np 1000
Y. N; 950 . .
. CAIlFl = = =1.3567.interruptions/customer affected
c.SAIDI = 21l _ 1890°L 1 r/customer served = 96

Np 1000
min/customer served

1600

d.CAID| = £7iNi _ 1600 _y a4 hr/customer inferrupted = 101.05

Y N; 950
min/customer interrupted




Solution...

N._8760—), 1r.N; 1000xX8760—1600

e. ASAl =L Ll = = 0.999817 unit hour

NT8760 1000%x8760
availability

fASID| = &7kt — 15300 _ gy

L 10100

9. ENS= X Lgygi7; = 15300 kWh

ENS 15300 _

N. AENS = = 15.3 kWh/customer affected

T

ENS _ 15300
CN 700

. ACCl = = 21.857 kWh/customer affected




Exercise:

Annudal interruption event data

Load data

Load point Number of Load Duration of
Load | Number of | Average load affected customers interrupted | interruption
point | customers connected (kW) interrupted | (kW) (hr)
1 1800 8400 & ¢ 800 3600 3

2
2 1300 6000 3 600 2800 3

900 4600 B & 300 1800 2
3 600 2800 ]
@\
Given that, number of customers 2 500 2400 1.5
errupted/affected=2200 3 300 1800 1.5

Determine SAIFI, CAIFI, SAIDI, CAIDI, ASAI, ASIDI, ENS, AENS, ACCI






Basic mathematical concepfts of
reliabllity: General Reliabllity function

» The probability of failure gf'a given component (or
system) is defined as a funetion of time as:

P(T<tr=Ft)’t=0

where,
T is a random variable representing the failure time
F(t) is the probability that component will fail by time t




Basic mathematical concepfts of
reliabllity: General Reliabllity function

®» Here, F(t) is the failure distribwtion function, which can be
called as the unreliabillity function. Therefore, the probability
that the component willhet fail at a given time tis defined as
the reliability of the cemponent. Thus, the reliability function
can be expressed @s;

R(t) =1—-F(¢t)

where,
R(t) Is the reliability function
F(t) is the unreliability function




Basic mathematical concepfts of
reliabllity: General Reliabllity function

» |f the fime-to-failute'random variable T has
density function £{t)

R(t) =1 =FE(t)

t 00

=1—jf(t)dt =ff(t)dt

0 t




Basic mathematical concepfts of
reliabllity: General Reliabllity function

®» The probability of failuge of a given system in a partficular
time interval (h, t2) canspe written in terms of the
unreliability function,‘as:

fzf(t)dt=f 2f(t)dt—j @)t = F(t) ~ F(ty)
0 0



Basic mathematical concepfts of
reliabllity: General Reliabllity function

®» The probability of failuge of a given system in a partficular
time interval (t1, t2) cap’lae written in terms of the
reliability function;Qs:

f@de= | f@®dt— | f(O)dt=R(t) — R(t;)
tq to



Basic mathematical concepfts of
reliabllity: General Reliabllity function

®» The rate of failures in a given time interval (f1, 2) is defined as the
hazard rate, or failure rate, dudng that interval. It is the probability
that a failure per unit fTimehappens in the interval, provided that
fallure has not happghed defore the time t1,1.e., at the
beginning of the timg interval. Therefore,

R(t1) — R(ty)

he) = (t; — t1)R(ty)




Basic mathematical concepfts of
reliabllity: General Reliabllity function

Let, the time interval be defined as: t; =t, t,, =t + At

~ R(t) — R(t +At)
At) = fim = R

1 [—dR(t)
Rl at

_ @
R(t)
dR(t)

Where, 1(t) is the probability density function ——-=




Basic mathematical concepfts of
reliabllity: General Reliabllity function

» By substituting R(t) by Eft), we get,

¢ _ dF(D)
h(t) = : ]_C(F)(t) Hence, h(t)dt = 1= F(D

Hence,

j th(t)dt = —In[1 — F(?)] ‘S
0

t
1—F(t) =exp ’—J h(t)dt]
0

t
Taking derivatives of this Equation, we get, f(t) = h(t)exp [_f h(t)dt]
0




Basic mathematical concepfts of
reliabllity: General Reliabllity function

®» Thus, the generalized expression for the reliability
function can be writtfenyas,

—- fo th(t)dt]

h(t) =4 failures/unit time

R(t) =texp

» Assumegthat the hazard or failure function is
independent of time, i.e.,

We get the failure density function as, f(t) = Ae 4t



Basic mathematical concepts of reliability:
basic single-component concepts

®» Theorefically, the expectediife, that is, the expected tfime
during which a componentwill survive and perform
successfully, can be expressed as:

E(T) = jootf(t)dt

0

° dR(t)

E(T)=—jo —

dt

E(T) = —tR(D)| O(;’ 4 J “R(oydt
0



Basic mathematical concepts of reliability:
basic single-component concepts

» Therefore, the expected life can be expressed as:

E(T) = fooR(t)dt or E(T) = fooo {exp [— fot)t(t)dt]}dt

0

When there is a constant failure rate,

0.0)

1
E(T) =f e Mdt = -
. A




Basic mathematical concepfts of
reliability: MTTF and MTBF

® |[f the system is simply replaced by a good system (i.e., no
maintenance required) thg E(T) useful lite is also defined as
the mean fime to failure{MTTE}) and denoted as:

1
MTTF =m =+
A
> If the system has undergone maintenance and repairs the
useful life, E(T) is also defined as the mean time between

failures (MTBF) and denoted as:
Where

m = = T is the mean cycle time
MTBF =T =m+r m is the mean time to failure

T is the mean time to repair



Basic mathematical concepfts of
reliability: MTTR

®» the mean time fo repair (MTIR) is defined as the
reciprocal of the average (or mean) repair rate and
denoted as:

1
MTTR =1r=—
u

where, u is the mean repair rate.




Up (in)

Down (out)

1/ 1/m

Down

Where,
m is the mean time to failure
m; is the observed time to failure for i cycle
n is the total number of cycles

Computation of MTIR and MTTF in @

two-state model

7

7

RN

/

1111

11z

ms3

T3

» Consider a fwo-state model
shown in Figure. Assume that
the system is either in the up
(or in) state or in the down (or
out) state at a given time, as
shown in Figure. Therefore,
the mean time fo failure
(MTTF) can be reasonably
estimated as:




Computation of MTIR and MTTF in @
two-state model

» Similarly, the mean time to
| repaqir can be reasonably
U (in) estimated as:

Up %
1/ 1/m

e % /// % where,

13 — o . .
- m ot e 12 ms r is the mean fime to repair
T: T> Ts r;is the time to repair for i cycle
n is the total number of cycles

n

MTTR= 7 = ==Lt

n

—_—)

Down (out)

Thus, we can write;: MTBF=MTTF+MTTR




Mean cycle time

®» The mean cycle time defines the average time that it
takes for the component to-eomplete one cycle of
operation, that is, failure, repdir and restart.

T=m+Fr
_Llolioy = SRl
S u A

A The reciprocal of the mean cycle time is defined as the
mean failure frequency and denoted as:

_ 1 -  Au
f == f=——
T A+u




Availability and Unavailability

®» [0 fwo-state model, it can be assumed that the component
is either up (i.e., healthy condition) or down (i.e., unavailable
for service). Therefore, it cam be shown that:

A+U=1

where,
A is the availability of component, i.e., the fraction of time component is up/healthy

A = U is the unavailability of component, i.e., the fraction of time component is down



Availability and Unavailability

» Therefore, on the average,.ds time t goes to

INfinity, it can be shown that the availability is:
4 o MTTE
~ 7.7 MTBF
or m MTTF
A&

~m+7r MTTF + MTTR
®» [For constant failure rate and repair rate,

A=—
A+u




Availability and Unavailability

®» The unavailability can be expressed as:

U£1-A4

TS MTTR
T4+ m SO MTTF + MTTR

U

®» For constant failure rate and repair rate,

U_/1
A+4u




Reliability of Unrepairable components
INn series

®» Two independent components are connected in series.
Therefore, the whole systemmwilbsuccessfully operate (or

remolns healthy) if both components remain healthy,

., wWithout a failure.

Rsyg :P [El n EZ] Component 1 Component 2
RSyS :P (El)P(EZ)] S e
Ri, Qu R:, Q:

—T12
Rsys_ =1 Ri

Where
E. is the event that component i (or subsystem i) operates successfully
R, = P(E;) is the reliability of component i (or subsystem i)
Ry is the reliability of system (or system reliability index)



Reliability of Unrepairable components
INn series

® [or a series system with niindependent components, the
generalized expressionsforthe system reliability can be
written as:

n
Roys=| k=9 R

» Note thatcthis is the product rule or the chain rule of
reliabilityz System reliability will always be less than or
equal fo the least-reliable component, i.e.,

Rsysl. < mln{Rl}




Reliablility of repairable components in
series

®» [f two iIndependent and repairable components are in series,
the availability or the steadysstate probability of success (i.e.,
peration) of the system caon‘be expressed as:

Asys =A; Ay

where,

Agys 1s the availability of system

A; is the availability of component 1
A, is the availability of component 2




Reliabillity of repairable components in

series
- m, m,
= Since we know that, A, =—— ond A4, =
ry+my r, +m,

: m, m,

We can write, A2 =A%A, = 1 2

S ik <T1 T m1> (7”2 + mz)
Where

m, is the meari~fiime to failure of component 1
m, is the mean fime to failure of component 2
mg, is the mean time to failure of system

r, Is the mean fime to repair of component 1
r, Is the mean fime to repair of component 2
Ty IS The mean time fo repair of system




Reliability of repairable components in
series

®» The average frequency @f the system failure is the sum of
the average frequencyoffcomponent-1 failing, given that
component 2 is healthyy plus the average frequency of
component 2 failingwhilesxComponent 1 is healthy. Thus,

fiys=A5fi + Asfa

where, f;, s is the average frequency of system failure

f; is the average frequency of failure of component i
A; is the availability of component 7




Reliabillity of repairable components in

series
Si k that, f, ¢ A m;
B HNCe we KNow dr, . = o — and = — ———
omat T LT+ m,
W N writ fovs = iy ap Ly ™
- © Ios T aaE e, | mytr,  mo+,

Asys = Mgy f Ssys
dThus, the mean fime to failure for a given series system with
two components can be expressed as

1
s = 1 im + 1/m;




Reliability of repairable components in
series

®» Hence, the mean time fo failure of a given series system
with n components can pbesexpressed as:

1
VST m 4 1/my, + -+ 1/m,

m

®» Hence, the méan fime fo failure of a given series system
with n components can be expressed as:

Aoys=A+ A+ Ag+.. .+,

QASimilarly, the mean time to repair for an n-component

series systemis: W+ AT AT 4t AT
—_

sys

Asys







Reliability of unrepairable components

In parallel

Component 1

1'11, 1

Ry, Q

Component 2

Ay, 1y

Ry Q,

Qsys = ﬁ(l — R;)
i=1

» Figure shows a block diagram for a system
that hasdwo independent components
conhecred in parallel.

» Therefore, to have the system fail and not
be:able to perform its desired function,
koth components must fail simultaneously.

» Thus, the system unreliability is

Qsys = P[E; NE;]  Qsys = P(E1)P(E,)]

Where

E; is the event that component i fails

Q; = P(E;) is the unreliability of component i

Qsys is the unreliability of system (or system unreliability index)



Reliability of unrepairable components
In parallel

®» For m independent components, the system reliability
expression is:

Sys sts

=1+ [01Q2Q3...0m]= 1 = [T, Q;

=1—[(1 = R;)(1 = Ry) (1 = R3)...(1 = Ryp)]




Reliabillity of repairable components in
parallel

» Consider a parallel system with two independent and
repairable components.

» Therefore, the unavailabllity-©or.the steady-stafe
probability of failure ofdhesystem can be expressed as:

Usys = Uy,

A7 AT,

o) ()
SYS \1+44,77/ \14+2,75

whefe, U, =1—-A; =




Reliabillity of repairable components In
parallel

®» However, the averageifrequency of the system failure is:

fsys a U2]Tl+U1]TZ

where
fsys is the average frequency of system failure

f; is the average frequency of failure of component |
U; is the unavailability of component i




Reliabillity of repairable components In
parallel

: — A = Ay
» Since, f;= 1+/111E f2

» We get the followingexpression:

M, (ry +13)
ﬁ:ys = — —
(1+ A1+ A1)

O The system unavailability can be expressed as:

Usys = Tsys fsys




Reliabllity of repairable components in
parallel

®» The average repair time (of downtime) of the two-
component parallel systemscan be expressed as:

175

r{ 15
®» The system unavailability can be expressed as

Tsys

A Tsys

Tsys + Mgys

Usys







Reliabillity of repairable components In
parallel

®» The average time to failure (or operation time, or
uptime) of the parallel system can be expressed as:

14 Wi ATy

e AiAs (i + 13)

1

|I>

» The failure rate of the parallel system is Agys

Mgys

T = AMAy(r +17)
VS 1+ 4+ AT




EX m | Substation Load
O p e ) Breaker Centre
® Underground

Overhead feeder feeder
I4 3mi DL— 1 mi —bI

» The Figure shows a 4 mile long=distribution feeder.
Approximately 1 mile of thesfeeder has been built underground,

hile the rest of the feedeér i9'averhead. The underground
eeder has two termination paifts. Two faults per circuit-mile for
the overhead section and one fault per circuit-mile for the
underground section ofthe feeder have been recorded in the
last 10 years. The annual cable termination fault rate is given as
0.5% per cabkle termination. Furthermore, based on past
experience, it is known that the average repair times for the
overhead section, underground section, and each cable
termination are 3, 30, and 3 h, respectively.

Ref.. T. Gonen. Electric Power Distribution System Engineering



Example...

Using the given information,
determine the following:
Substation Load | » 0. Total annual fault rate of
)" < the feeder
#® Undergrommd
Overhead feeder feeder
B - _L_lmiJ | = b. Average annual fault

restoration time of the
feeder in hours

» C. Unavailability of the
feeder

» d. Availability of the feeder

Ref.. T. Gonen. Electric Power Distribution System Engineering




Solution...

» Q. Total annual fault rate of the feeder is
Aepr=2i=1 i = dowsEye + 24¢r

Where
Aoy 1S the total anpualkfaulitate of overhead section of feeder

Ayc 1s the total annual fault rate of underground section of feeder
Acr 1S the totallannual fault rate of cable terminations

Aepr=3 (=) +1(55) + 2(0.005)

=0.71 faults/year




Solution...

®» D. Average fault restoration time afcthe feeder per fault is:

— 3 ——4

TrpR=i=11i = Yox ¥Tyc + 27¢r

Where
oy IS the average repair timpefor overhead section of feeder, h

Ty 1S tThe average.repair time for underground section of feeder, h
ror 1S the average repair fime per cable termination, h

rFDR =3+30+2 (3)
=39 hr




Solution...

» However, the average annuglfault restoration fime of
the feeder is:

3 —
- . i=1 AiT
FDR — o3

i=1’1i

__ Uonten)Gon) + (lygruc) (ryg) + (2A¢r) (rer)
DR =

AFDR
_ (3%0.2)(3)+(1x0.1)(30)+(2x0.005)(3) _ 4.83

0.71 071

=6.8 hr




Solution...

» Unavailability of the feeder is:
6.8

_ T U -
Uppr=——= FDR = 81 12338

YFDRTMEDR

= 0.055%

1 8760« —<="12338
0.71

AFDR

Mppp =




Solution...

» d. Availability of the feeder in percentage is:

Appr = 100 Ugpp

=100-0.055

=99.945%




Reliability for the Parallel-Series Combination

®» Simple combinations of seres and parallel
subsystems (or components) can be analyzed by
successively reducingsubsystems into equivalent
arallel or series components.

1—1] 2] [ ES— ————— [ |

i B = L=1 | el L

e 0
_ i

L ] L ] L

L ] [ ] [ ]

[ ]
1} 2] - [}
L= L= L L




expressed as:

here
Rsys is the equivalent religbility of system
R™ is the equivalent reliability of a path

R is the reliability of a component

n is the total number of components in a
path

m is the total number of paths

Reys=1—(1 —R™

1

e

Reliability for the Parallel-Series Combination

®» The equivalent reliabillity of the system with m
parallel paths of n compoenents each can be

m

D Ml
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Reliabllity for the Series-Parallel Combination

®» The equivalent reliabllity of the system of n series units
(or banks) with m parallel components in each unit
(or bank) can be expressed &s:

RsyS:[1 _(1 R R)m]n

1 2 3 "
—i e 1
Isc | i
Rsys Is the equivalent reliability of system
1-(1 — R)™ is the equivalent reliability of aparallel ~— | « [ | « [ | « [ | « [
unit (or bank) ‘ . . .
R is the reliability of a component —{}— -

m Is the total number of components in a parallel
unit (or bank)
n is the total number of units (or banks)



Example...

» Consider the various combingtions of the reliabillity
block diagrams shown in Figure. Assume that they are
based on the logic diagrams:iof each subsystem and
that the reliability of each €omponent is 0.85. Determine
the equivalent systentreliability of each configuration.

Ry,

R R R R
(b)
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Example...

Ry




Solution...

» (a) The equivalent system refiability for the series system Is:

Req= Rsys= [1i=1 R; = (0.85)* = 0.5220

» (b) The equivalent system reliabllity for the parallel-series
system isi¥ R,q= 1 — (1 — R9)?=1 — [1 — (0.85)4]?
=0.7715




Solution...

™ (c) The equivalent  Rgz =[1-(1-R?)?2[1-(1-R?)?

system re.liabili’ry = [1—(1—0.85%)2[1 — (1 — 0.85%)?]
for the mixed-
parallel system 4s: = 0.8519

= (d) The eguivalent Req = [1 — (1 = RISIEE

?ysfehm reliability = [1—(1—0.85)2[1 — (1 - 0.853)7]
or the mixed-
oarallel system is: gl L5240




Solution...

® (e) The equivalent system reliability for the series—
parallel system from.Equaftion is:

Req b [] _(] _R)2]4

=[1—(1-0.85)2]4
= 0.9130




Example...

®» Assume that a system has five coOmponents, namely, A, B, C, D,
and E, as shown in Figure, andthat each component has
different reliabllity as indicated in the figure. Determine the
following:

®» 0. The equivalent systemreliability.

®» b, If the equivalentsystemaeliability is desired to be at least 0.8, or
80%, design a system configuration to meet this system
requirement by using each of the five components at least once.

— A B C D Er— — — mH—

R4+=0.80 Rp=0.95 Rec=0.99 Rp=0.90 Rg=0.65 Reg
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Solution...

®» (a) The equivalent system reliabillity is:

3
Req o 1_[ Ri
=1

= {0.80)(0.95)(0.99)(0.20)(0.65)

=0.4402 or 44.02%




Solution...

» (D) In general, the best way of improving the overall
system reliability is to protecitithe less-reliable
components with parallekeomponents. Therefore, since
the relatively less-reliable components are A and E,
these can be backedby pdrallel redundancy as shown

INn Figure. Thereforefthe pew equivalent system reliability
becomes

—T15
Rsys_ =1 Ri

=[1 - (1 - 0.80)?](0.95)(0.99)(0.90)[1 — (1 — 0.65)*
4]

Bl Tcl— D]
112

= 0.8004 or 80.04%

S
F
tn



Example...

®» Assume that a three-phase fransformer bank consists of
three single-phase transformers idenftified as A, B, and C
for the sake of conveniencé, Assume that (1) fransformer
A Is an old unit and thereterehas a reliability of 0.90, (2)
transformer B has beenin.Operation for the last 20 years
and therefore hasdeensestimated to have a reliability of
0.95, and (3) transformer C is a brand new one with a
reliability of 0.99. Based on the given information and
assumption:of independence, determine the following:
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Example...

® Q. The probability of having ro failing transformer at any
given time.

® . If one out of the three frapsformers fails at any given time,
what are the probabilitiesdorthat unit being the transformer A,
orB, orCe

» C. |[f fwo out ofdhe three transformers fail at any given time,
what are theprobabilities for those units being the
transformers A and B, or Band C, or C and A¢

» d. What is the probability of having all three transtormers out
of service at any given time?¢



Solution...

» (a) The probability of having all transformers operational
without fail at any giventime is:

PIANB.NC] =P(A)P(B)P(C)

= (0.90)(0.95)(0.99)

= 0.84645



Solution...

» (D) If one out of the three transformers fails at any given time, the
probabilities for that unit being the transformer A, or B, or C are:

P[An B n ]| = P(A)PB)P(C)
= (0.10)(0.95)(0.99)
= 0:09405

P[AnB nc] = PA)P(B)P(C)
= (0.90)(0.05)(0.99)
= 0.04455

P[AnBnC|=P(A)P(B)P(C)
= (0.90)(0.95)(0.01)
= 0.00855




Solution...

® |f two out of the three franstormérs fail at any given time, the
probabilities for those units being the transtormers A and B, or
Band C, or C and A are

P[AnBncC|=P(A)P(B)R(O)
= (0.10)(0:05)(0:99)
= 0.00495

P[AnBnC|=ZP(A)P(B)P(C)
= (0.90)(0.05)(0.01)
= 0.00045

P[AnBncC|=P(A)P(B)P(C)
= (0.10)(0.95)(0.01)
= 0.00095




Solution...

®» The probability of havinig all three transformers out of
service at any givendimeds:

Pl[AnBacl=r(a)P(B)P(C)

= (0.10)(0.05)(0.01)

= 0.00005




Summary of the solution...

Summary of the Computations

Number of Probability
failed

Transformers

0 ANBAC. 0.84645
1 AnBan g 009405
L C4RBAC 004455
AnBnC 0.00855
AnBncC  0.00495
AnBnC  0.00045
ANBNC 0.00095
3 AnBnC  0.00005

= Z 1.00000




Reliability modelling: Markov process

» |n reliability studies, the varigble f represents time, and X(f)
describes the state of the.system at time f. The states at @
given time tn actually represent the (exhaustive and
mutually exclusive) oytcomes of the system at that time.

®» A Markov processds a’stochastic system for which the
occurrence of @ futurestate depends on the immediately
preceding stefe and only on it.

®» The Markevian process is characterized by a lack of
memory.




Reliability modelling: Markov process

» A discrete parameter stochastic process, {X(t); t =0, 1,
2,...}, or a continuous parameter stochastic process,
{X(f); t =20}, is a Markov preocess if it has the following
markovian property:

P{X(tn) = x5l X (t1)'= X1, X(t3) = x2, .., X(tn—1) = Xp_1}
— P{X(tn) a xnlx(tn—l) a xn—l}




Reliability modelling: Markov process

®» For any set of n time points, 1 <12< ... <tnIn the Index
set of the process, and any reghnumbers xi1, x2,..., Xn. The
probability is called the transttion probability and
represents the conditionalFprobability of the system
eing in xn At tn, given that iiwas xn—1 at tn—1. It is also
called the one-step transitiory probability due to the fact
that It represents the:system between fn—1, and fn.

Py ion™ P{x(tn) — xn|X(tn—1) = xn—l}




Reliability modelling: Markov process

® For any set of n time points, f1.£12 < ... <fnin the index
set of the process, and anyseal numbers x1, x2,..., Xn. The
probability of k-step transifion 4s,

Pxn,xn+k: P{X(tn+k) — xn+k|X(tn) = xn}




Reliability modelling: Markov process

» A Markov chain is defined by a sequence of discrete-
valued random variables,£X(tn)}, where tnis discrete-
valued or continuous. Theretfore, one can also define the

Markov chain as theMarkov process with a discrete
state space.

pij= PAX(ty) = jlX(th-1) =}

®» As the ohe-step transition probability of going from state
i af tn—1 to state j at tn assumes that these probabllities

do not change over time. The term used to describe this
assumption is stationarity.




Reliability modelling: Markov process

» A Markov chain is completely defined by its transition

probabilities, of going fron¥state | to state |, givenin a
matrix form: Poo Por Poz<Po3 - PonT
Pio P11, P12 P13 - Pin
p— P20% P21 <P2209P23 -+ Pon
~ | P30. P31 P32 P33 - DP3n -
LPnov Pn1 Pn2 Pn3 Pnn- Zpij N fOT' ol

pij = 0 for allij

The matrix P Is called a one-step transition matrix (or
stochastic matrix), since all the transition probabilities pi's are
fixed and independent of time.




Reliability modelling: Markov process

®» Transition diagram:




Reliability modelling: Markov process

» Example: The records of distributiofy utility indicate that
only 2% of the tfransformers that.are presently down and
therefore being repaired nowswill be down and
therefore will need repair néxitime. The records also

w that 5% of those transformers that are currently up
and therefore in servigce now Will be down and therefore
will need repair next time:” Assuming that the process is
discrete, markovi@n, and has stationary transition
probabilities, determine the transition diagram.
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Reliability modelling: Markov process

®» |[effandt + | represent thepresent time (i.e., now) and
the next time, respectively.Iherefore, the associated
condifional probabilities are:

P{X,41 = down|X; = down} = 0.02

P{Xt+1 = up|Xt = down} = 0.98
P{XHl = down|Xt = up} = 0.05

P{Xt+1 = up|Xt = up} = 0.95




Reliability modelling: Markov process

®» |ef numbers 1 and 2 represent the states of down and
up, respectively.

p]] = 0.02 p]Q < 0-98

Do = 0.98 <€ Fps = 0.95

p & P11 p12]: [0.0Z 0.98

- P P2 0.05 0.95




Reliability modelling: Markov process

®» State-transition diagram:
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