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ABSTRACT

This paper presents a novel approaach to find tne
loss-of-Toad probabiiity (LOLP) of a stand - alone wind turbine
generator (WTG) . Irtroduced 4= the load duration curve to
reflect the period during which ar outage would cause a lesz  of

load . New mathematical models are deduced gescribing the
behaviour of LOLP against the salient facters ., like forced
sutage ratz , number of umins , L 4 L and VvV v, Tatics
and the rated wind speea . Except the later he LOLP made 135

» th
have a linear characteristic against FOR . Thes2 modeis enable to
pradict the LOLF for any conaition and thus evaluating Toz WT
reiiapility
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I~ INTROGUCTICON

Importance and need for evaluating veliakility of WTG &lihew
stand -~ alone or 1ntegrated ¢nes are growlng . The most impartant
and essential measure 18 Lo estimate LOLP | Trdz g fegause of
increasing interest 1in WTG particularly for remote sites |

Frevious methods for estimating such 1ndex have suffered
from several problems . They were associatead with the lack of
good statistical wind data , the lack of a realistic wind turbine
model , and the lack of planner's desire for what was considered
to be a novel and relatively expensive source . Through the last
decades . wind energy has become an atiractive cholce for
electrical utilities and governments to be 1nstalled either as
stand - alene ar as integrated system . Large scale windfarms are
being planned and installed 1n several sites world wide
especially in the developed countries

These considerations stimulate the planners and designers Lo

evaluate the reltability of such generators . The loss - of -
load probability as most signitficant index has been modeled , 1in
this paper ., for a stand - alone wind turbine generziors

hypothetically Tlocated in eight sites of discriminative wind
data . Several mathematical models are developed to descripe Lhe
LOLP variation against the forcea outage rate taking into
consideration the lcad demand and wind turbing generator
characteristics . The composite effect of the wunits and wind
speed regimes are ajso taken Inte account .

2 - STATEMENTS OF THE PROBLEM
The derivation of LOLP models for a wind turbine generator
necessitates consideration of the following effects

1 - The random nature of the wind
Thus a probabil1stic model must be taken to approximate the wind
characteristics at a part1cu1§r site

2 - The relation between the power cutput and the wind speed

This relation can be characterized by the operating parameters
of the WIG considered that 1s the cut - 1n , cut - out and the
rated wind speeds .

3 - The forced outage rate of the WTG

It expresses - 1n a probabilistic form , . the level to which
mechanical and / or electrical faillures will modify the wmachines
power cutput . The estimates of the forced ocutage rate (FOR} for
turbine exist can be obtained from 1ndustry literature . Thus ,a
cumulative distributation factor (COF) far a single WTG, s
capacity can be easily constructed-.

4 - For a windfarm made up of many individual WTGs

The canvolution of the CDSs of each turbine's capacity 1s
performed as applied for combimation of several thermal or hydro
units . Here , the general equation for the output COF of
a windfarm made up of many individual WTGs published 1n 'Ref.[1]
it used. It uses the product , rather than the sum of independent
randem variables .
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wm

- The daily ioad duration curve

Alternative ratios of L . L~ are dnvestigated aiming &t
finding thelr unique effect on LOLP under cerizin turbine ana
wind speed conditions

3 - METHCDOLOGY OF SOLVING THE PROBLEM

Fig. ! shows the flow chart of the solution algorithm
can be stated in the following manner

[
[

3.1 - WTG's outpuil power

The ocutput power of any wind turbine generator exposed to
certain wind speed regime is estimated applying the following
Equatiaon {1)

o kY N
E=]
tA + BY + CYV ) .P Vooa W \Fl
B [
[ VY = (ll
< .
F it [ O
R K i
') AU
1
where a.s ,and <« are congtants found as functions of v and
v, defined as : N
= E
A = LESIY =V 3 1 IV AV 2¥ -4V LV {V =V} .zv ) (2)
= 2 < < R < R = R R
B o= Lasiw AN 3 LAY AW 1w 4V 3 EV —(ZV 4V 3 (3
=] R = 34 [+ R R =] R
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£ = 110 =V G [Z-4iV sV _oEV 2 {4)
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There 1s another form of 2 vy with a simple construction stated
k=]
as -

v} wIW
<
Poiwvy = [ A Y L I T U ¥ i T VOAvVIY {5}
=] R .} < < c R
P VoCvewy
R R [

Shown in Fig.2 1s the behaviour of e :v: against wind speed as
described by Eguation (9) . ¢

3.2 - WIG's output power probability distribution
Applying Egquation (1) , (2) , (3) , and (4) with the insertion
of wind speed groups , a discrete probability density function
and / or cumulative distribution function may be determined as
follows [1]

a~ The WTG's cutput power states as fraction of the rated
power output are defined

b- The total number of fimes that wind speeds result 1in a
power output failing within one of the output states previously
defined 1in a , 1s found

¢- The prabability for each power state 14is computed by
dlviding the total number of cccurrences for each state by the
total number of data points
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3.3 - WTGS availability table
This table indicates the probability of scme number of units

being available ai the windfarm . It 1s constructed using forced
outage rates for the WTGs ,
The WTG forced outage rates are as yet well defined . This

is as¢ribed by the absence of long term operating data.Electrical
and mechanical fallures may result 1n these autages which
include preoblems 1n the drive train , rotor , nacelle. or tower
Manufacturer's JInformation indicates & FOR of less than 4 %
while other sources 11e 1in the 10 - 20 % range (1] .

A wind turbine generatcr can be represented by two states
model : avallability or wunavailability . Thus the cumulative
distribution functien for a single wind generator : may bhe
expressed by the discrete function F [1]

F (.w:).z g t®y + vi-g jucum-iv {6)
(9 Lo L
where , g. = forced cutage rate , and
-
wixy = unitstep function
Also , the probabilitly distribution functdon , Fin. 15 given by
dFtw: o dx o= 0 L a. {(7)
thus .
F.oixd = g {xm: 4+ {i-9 } <m-f7 (21}
1% 13 T
where v .u: = impulss funciion

If 1T ts the total number of wind generators available ,then

T 5 1 = 1 ... - 1 (o)
A 2 L

where , 1 ig a functlon defined as
LY
-2 wlvh Frowabi Lilw I,
1 = . N
. L . W
L W LT probagr ity i-qg

v

when n is the total number of wis:s at the zite considered .Thus
T o= I . T = T + 1 T - (11)

The CDF for T is given by (1]

F tw, 2 Fool AT 2 X, = FrobiT -~ 1, ¥ {12)
T 13 L A L
conditioning on 1. given
L

F L, = Fe o r + 1 :x 1 = wv. fi1 (yrdy (13)
T -0 R | L [ “

= 5 . t1 TN {14y

R L 1 L2

which 15 the convoluticen integral
It can pe simpiified “o (1]

r bl E o - 5 T
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But for WTG , statistical dependence must be considered

pecause of the fact of if the wind 1s driving one turhine , it 15
surely driving the other as well .

Thus the capacity distribution function of a2 windfarm using
only one type be installed at a stte , so (2] .,

" =
F «x2= © (F 5 t w3 — C P (18)

number of wind capacity states
i th capacity state ,

number of wind turbine at the farm .
probability of i units being avaliable . ana

probabi1ity of a wind turbine operating output state
i
3.4 - Loss - of - 1dad probabiiity [2]
The system capacity outage probability 15 combined with the
system load duration curve to give the expected risk of losgss of
load . When the lgad exceeds the available generating capaciiy .

A
1}

a loss of load occurs [2] . Fig.3 shows a load duration curve
Let

T = Magnitude of gth outage 1n the capacity outage probability
o= ;iggzb;ltty of an outage of capacity equal to ST and

v+ = Duration of time for which an sutage of magnitude o wou 1d

: cause a loss of load
[¥ the magnitude of capacity outage 1s Oq, the remaining capacity
which 1s available for supplying load is C  .The toad exceeds Cg
only for the duration t, . For the rema1n1ﬁg duration , the load
demand {s less than the‘available capacity C;4 . Therefore , the
outage of magnitude CIq wculd cause a loss of load for time L

a

The relative contribution of this outage Lo the overall
system Jloss of load is the product of the prabability of the
existence of this outage (P } and the time for which tnis

outage would cause a loss of load (Lt ) . The total expected 1loss

of load probability LOLP is the summation of all contritutiens
due to the different capacity outages thus ,

|
.

g

LeLe® = ¥ os . Ul
pea 9
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INPUT
Mo, of wind turbines , unit capacity , Forced
cutage rate , wind turbine parameters ,{VYc , Vr , Vi),
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4 — NUMERICAL AFPLICATION

The primary aims of this application 1s to carry first a
complete analysis and discussion of the salient factors affecting
LOLP . New mathematical models are developed as the second aim
describing the pehaviour of LOLP against such factors

Eight sites are investigated with distinctive wina speed
regtme data . Different numbers of units composing the WTG rating
are taken . Effect of alternative forced cutage rates has been
explored and analyzed

The main characterisiic of the dailly demand 1s also vartied to

assess 1ts influence on LOLP . The explicit influence of the
rated wind speed has been determined for all examined sites . The
relation between the cut - in and rated speeds has clear effect

on LOLP of the WIG on having certain forced outage rate .
A1l these results are alsc plotted with full discussion as
folluws

4.1 - Composilie effect of number of WTG units and forced gutage
rate

For site 1 Fig.4.a shows the change of the LOLP versus the
forced outage rate . The installed capacity of WTG is 16 MW .This
can be obtained either by one unit of 16 MW rating {(c} or of
2 units each of 8 MW (c) or 16 units each of one MW rating ()
This number (N) 1s taken here as a parameter as shown . Linear
characteristics are attained . however the lowest number of units
{one only ) has the highest LOLP . The following 1s the model
developed out of the resulis obtained

LOLF = mMiFQGR: <+ & (18)

where ,

m
i

It

Z2C. 0T R (N>

=
1

constant = ¢s. ounopr

The coefficlents here depend of course on the site and the
following constraints and conditions :

¥ = 4 msE B ¥ = B mos and Y = 13 W=
< R f

all concerning with site 1 .

For site 4 -
.o
m& = SO, R ATOoD N

Cl = 44.,Q@9IET7
Figs. 4.b , 4.d ,and 4.f display the behaviocur of m against N for
s1te 1 and 4 respectively . Figs. 4.c and 4.e show the varijation

of LOLP versus FOR for sites 4 and 5 . The FOR taken 1s ranged
from 4 % £ti11 20 %
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4.2 - Effect of load characteristics

This iz expressed as the ratdo of minimum load .- . to maximum

one L ., 1.e. L L . Case studies are accomplished for all
T X LN ] radax

eight =i1tes nowever , the results for zites 1 ., 3 . and S are
anly drawn and modeled as 1n preceeding item (4.1) . For site 1

Fig.5.a raveals the behaviour of LOLP against FOR with » _ . o
ratto as a parameter . The following constralints are considersed
=4 , c© funit =4 MW , L =8 MW . v v = 0.3,

LRy

= 0.2 , 0.4 , 0.6 ., 0.8 . and 1.0

.. L
mL A b= 374

Derived is the mathematical model glving directly the effect of
load characteristic on LOLP . Thus ,

LOLP = wm  FOK - O (19}
where , z 2

For site 1

¢ = iF,IFS5ETT LAan 1. 845058 ¢ } “
2 FriL T e
¢ = gL.1f4E10 < FOR = B
For site 4 :
o= ZT.41iBBOY Enp 11.34D089 L g 33
) T T Tk h
C = CZ. 445144 t FOQR = 8¢ &
=]
Foer site 5
W% 4T.B27444 Exp 11.374Z8 { L oL 1)
z iy T LR
£ = 54,620018 t FOR = BQ % 3

Figs. 5.c and 5.e show the LOLP - FOR relation for sites 4 and
5 taking £ . /L as & parameter . Figs. 5.6, 5.d , and 5.f

AT [£(=%
display the behavtour of the coefficient ™ against Lwin. Lmax

for the sites 1 , 4 ., and 5 respectively .
As L L approaches unity , the LOLP index has larger

LR S] TAL K

ratios with the same FOR ., This 1z clear for all sites .

4.3 - Rated wind speed

In this section the 1influence of Ve an LOLP has been

estimated and plotted for several cases . Filgs. 6.a , 6.d , and
6.9 reveal the characteristics against FOR with va as a
parameter . The following are the models against FOR

L FOR
Lo e = - ) {201

=2

where ,
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v, site 1 stte 4 site 5
m~s = m (=4 ™ - - -

a F] ] Fr] E] a
z fd. 3DO [+ E=3] To, ena o. 0L G, G0 Q.28
3 (=3« <15 Q,9012 40, 00 [ I R 4] §8. AT LRI =
E 4Z. P53 (LI ) ZB. 491 a.avd I, Dca 0Loae
o O A0 a. o5 D0, 220 oL 1Te 8. 7oz o. s
< E1 N 0. a7z PO, 100 i.039 H. 955 Z.4%1
-4 S, GZd 0. z13 43U, QX O, 311 Zo. 1T . 8175
1 TE. TR0 . Si. Tau G.agT Ad. T r. 27 d

The follawing conditions are taken

Y =2 g.a3 v . v = z Vv . L = B MW . L = o

= R r R Ll 1 LR

N o= 4 { each of which 1s 4 MW )

The plot of the ceoefficients ™ and <, versus vn 1  shown in

Figs. 6.b , ¢ , e . f , h , and 1 for the aforementioned sites
One can remark the ¢lear variation 1n their values on both
dimensions : vR and site . This conseguently affects

pronouncly LOLP

=

4.4 - ¢ f VR ratio effect

The LOLP has been found here for several FORs with different
v ooV ratios ranged from 0.3 ti111 0.8 . The problem is

also solved for all sites and revealed graphicaltly for sites 1
4 , and 5 as shown in Figs. 7.a , 7.¢ , and ?2.c , respectively
The relation of LOLP against FOR with v . v as a parameter is
described mathematically as follows e =

LGLP = ™ . (FQR: + G {21)
a a

m and ¢, are coefficients dependent apprecially on Voo ratio

and the site under research . This can be explained 1in the
following Table ’

RN gite 1 site 4 site 5
<
n = i) L=t ™ -
-4 -+ -3 1 4 1
w.od 10 S2a B, N7 ARk alag FEC I T 4 A oA STl % e
0.4 14, ow T, TBu ar.wal =30 BT 4] INTE I e
0.5 1Z. 01 oL TTe ZQ, 199 48, 0uT S wel
[ I Do TR, a2 8. 455 el . g Lo, hdlr e, I
o, 7 L R A ) TR, T4 AL UTE S S X ) 1. 9572 DL, 400
g.0u 1. 20w 1. 772 1. 407 29, 5w [ = FARERRES 38 §
. - -
Figs. 7.d , e , and f reveal tne change o7 -, versus . -~ ratio

for these siies . B 7
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4.5 - Effect of ¥V, and FOR with Vc . V. . and N constants

Keeping LI S and N units belng constants , LOLP s
camputed for different FOR with v, @s a parameter . Figs. B.a ,
€ . and e show these variations against FOR for sites 1 , 4

and 5 respectively . Their models are found 1in a simple lipear
form with m, @S @ slope and c, as the intersect with vertical

axis . Thus we have
LOLF = Mg { F&R O, o+ C5 {(22)
@ and c_ are estimated for alil v studied and sites

considered and be tabulated in the following way

Ve site 1 site 4 site 5
L (=3 T o Liud =
] ] L] = ] =

& i, pez TEe. . vda Z. o920 o4, Ace 4. DTE dd. 180
1o 13, a2 4 TE.PTE z8. 2343 G TS0 a9.012 av. o010
1 11, 7%a g, 309 22, 2382 TT. 49T 40, 72 D7 ARG
E:) iZ,3:181 Baoa, day z2g.0a0p TD. 473 L. 1S DT . ALD
22 1., <dd g, 3ad o4, 02 TD,4BF 42, Baom oy, 220

= coefficient 1z drawn for these sites in Figs.8.b , d ., and f

respectively

5 - CONCLUSTIONS

A novel approach 1s suggested here to estimate the most
important rellability index « LOLP . for the wind turbine
generators . Introduced is the load duration curve to reflect
the effect of tLhe time period during which an outage would cause
a loss of load . The approach considers this index for the wis
units which are_affected and dependent on ithe same input 1.&,
wind power

The numerical application covers all the possible and
important factors 1afluencing LOLP . New mathematical modetls
have been developed describing LOLP behaviour against each of
these factors . [Qespite of their simplicity . all bhave good
accuracy and matching the calculated values . Except the rated
wind speed , the LOLP has & li1near relation with FOR taking the
number of WTG units , L L . and v v, as a parameter

L T FL TN <

in the foljowing form

P N FUR - s 4

However , with v, as a parameter , LOLP has a model of the form

oL FOOR
Lo ld& = P =



Mansoura Engineering Journal (MEJ), Voi.18, No. 1, March 1993 E. 60

REFERENCES

[1} Pau) Glorsetto , and Kent F.Utsurogl , “ Development of a new
procedure for reliability mode11ng of w ind turbine
generators ", [EEE Transactions on Power Apparatus and

Systems , Vol. PAS - 102 , No. 1 , January 1983

{2] Imad Abouzahr , and R.Rakmakuimar , " Loss of power supply
procability of stand - alone wind electric conversion
systems " , IEEE Transactions on Energy Conversion , Vol.2
Ne.3 , September 1989

(3] Gary L.Jdohnson, " Wind Energy Systems °, Prentic - Hall ,
INC. Englewood Cliffs , N.J.07632. 1985

[4] Gary L.Jdohnson, " Economic Design of Wind Electric System,
IEEE Transactions on power appratus and systems . Vol.
PAS-97, no.2, MarchfApril 1978



