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Abstract

Operators of renewable energy systems (RESs) must always manage uncer-
tainty to some extent to ensure the reliability and the security of the electric
power supply source. The guiding principle in this regard is to ensure service
reliability and quality by balancing load variations with the variable renewa-
ble energy (VRE) sources. If the power generated by these VRE sources is not
properly managed in conjunction with the varying load, the power grid may
fail to achieve the required balance. To ensure its reliable operation, reliability
analysis is vital for wind energy generation system (WEGS). This paper eva-
luated and assessed the reliability of WEGS and a proposed varying load by
first using a stochastic approach to model the WEGS and the proposed vary-
ing load after which power generation indices were used to evaluate and as-
sess the performance of the model. The WEGS and the varying load were
modelled separately after which the two were combined into one model. Full
availability, partial availability, the expected energy not supplied (EENS) or
loss of energy expectation (LOEE), the mean or average instantaneous electric
power generation and mean instantaneous generation deficiency were the in-
dices used for the evaluation of the WEGS. The results indicated that the
electric power generation will meet the power demand during most of the
transition states of the WEGS with the expectation that the variation in the
load will not be at fast pace and in large quantum.

Keywords

Renewable Energy, Stochastic, Reliability, Availability, Transition Rate,
Transition State

1. Introduction

Power generation from low carbon energy resources has significantly increased
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in recent times. Wind energy is an important component of future energy sys-
tems to meet growing energy demands. The demand for wind energy is growing
rapidly all over the world. According to the Global Wind Energy Council
(GWEC), by the year 2020, 350 GW of wind power capacity would have been
installed. According to European Wind Energy Association (EWEA), an incre-
ment of about 320 GW is expected in European wind power capacity by the year
2030 [1]. With the push to adopt more renewable energy resources (RERs), the
total installed capacity of wind power throughout the world has exceeded
742.689 GW to date [2].

Fossil fuels are non-renewable and their associated prices keep fluctuating on
the World. The increasing environmental and climatic conditions associated
with fossil fuel usage had moved the research focus from conventional electricity
resources to RERs. RERs, such as wind, solar energy from the sun, tidal wave,
biomass from plants, small hydro sources and geothermal power, are clean al-
ternatives to fossil fuels. Among them, wind energy is one of the most promising
and rapidly developing RERs in the world today. The main attractions of wind
energy are its naturally free availability everywhere and its low environmental
impact [3]. Wind velocity determines the output of wind turbine generators
(WTGs). Wind farms’ production output is stochastic and completely different
from that of conventional power generating units due to the fast changing and
unpredictable characteristics of wind velocity and the random nature of WTG
failures. Wind power generation’s large variations are mostly caused by real-time
changes in meteorological conditions [4].

Large-scale deployment of variable renewable energy (VRE) is associated with
reliability and availability concerns. Wind energy generation system (WEGS) re-
liability and availability are vital and necessary requirements for meeting electric
power demand [5]. Reliability is the ability of a system to perform its required
function without failure, for a given time interval under given conditions, whe-
reas availability is the ability to be in a state to perform as required [6]. To en-
sure its reliable operation, reliability analysis is vital for WEGS. In the last two
decades, reliability evaluation methods for electric power systems, including
VRE sources, have been developed.

The Markov model gives a simple description of a component, which is nor-
mally handled with mathematical methods. In order to be able to utilise it, the
components of the system must be able to be described as a Markov model. This
means that the system should be represented as a system lacking memory of
previous states with identifiable system states. The system’s reliability can then
be evaluated using techniques based on the principles of the K state Markov
process. For this purpose, the state probabilities can only be obtained by solving
K differential equations either analytically or numerically [4].

The reliability analysis techniques based on the Markov chain process may be
classified into two time domain modes: discrete and continuous, and reliability
analysis in these two modes can be performed using the system state transition
diagram. The Markov process had been utilised to derive the probability value of
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each working state, the failure state, and the time required for the system to
reach a steady state in reliability assessment over the years [7] [8].

A lot of reliability analysis of wind turbine (WT) system has been performed
using WT components failure rates and restoration rates data in the literature.
However, in the literature, there is no large-scale model for the study and
evaluation of WEGS and a varying load. In this study, by means of different
states and transitions between them, this paper is an insight into the perform-
ance analysis of WEGS and its accompanying varying load presented through a
Markov model. The WEGS and the varying load were modelled separately. The
two models were then combined into one model which was used to evaluate the
generation indices. WEGS availability, expected energy not supplied (EENS)
among others was performed using WT transition states due to the varying wind

velocity.

2. The Proposed Modelling Approach

The Markov process approach is widely used to model the states of continuous
and discrete stochastic processes of complex systems based on which the system
reliability is ascertained. Markov process is a stochastic process evolving under
the Markov property. The future state of the Markov process depends on the
current state, it is conditionally independent of the past states of the stochastic
process. Given a state X, the state X}, , where 7> 0 are independent of state X ;
where j> 0 [4] [8]. The Markov model is a method based on states and the tran-
sitions between them. There are two main assumptions that are associated with
Markov model:
¢ The system which is modelled by Markov process approach is memory-less.
Thus, the future probability of each event is a function of the current state
and it is independent from the former transitions to reach the new state.
* The probability of transition between states is assumed to be constant.

A three state Markov chain system transition diagram is given in Figure 1.
State ‘0’ represents the normal working state, and states “1” and “2” respectively
represents partial and abnormal working states under different subsystem failure
conditions.

For the three-state repairable system in Figure 1, the system state function is

given as follows:

0, normal working state
W (t) =41, partial working state
2, faulty working state

where, A is failure rate of the system, u is the repair rate of the system, A¢is the
represents a very short time interval.

Based on the state transition diagram given in Figure 1, the state transition
matrix equation in the time interval [# ¢+ A{] for the system for each state rep-
resented by an r-by-r transition matrix based on the transitions between the

states is derived as follows:
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Figure 1. Three state system transition diagram.

R (t+At) 1_(20,1 +/10,2) Hio Hao R (t)
P (t+At) = Jox 1~ (tho+ Ay ) o R(t)| M
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By taking the limit as At > 0 in Equation (1), the differential equations of the
system state probabilities are obtained as follows:

dp, Po (t+At)

=0 _ limit, v =1—(Zgy + Ao, ) Po (1) + 2110 Py (1) + 11550 (1)

dp, . . t+ At

d_ri = ||m|tA4>0 _pl(At ) — ﬂ'U,l po (t)+1_(/ul,0 +/12,1) p]_ (t)+/u211 p2 (t) (2)
dp, . . , (t+At

d_pt =limit,_,, P2 (At )_ = A0.2Po (t)+ﬂu P, (t)+l—(,u2’0 +,uz,1) P, (t)

where, the subscripts indicate the state the transition emanates from, and the
next state it is going to terminate. Where, 7, is the probability of the system be-
ing in normal working state, P, and P, is the system being in partial and abnor-
mal working states respectively.

For the four-state repairable system in Figure 2, its state function is given as

follows.

0, normal working state (fully available)

W(0) 1, partial working state (partially available)
2, degraded state (some how available to an extent)

3, faulty state (notavailable)

Figure 2 is a four state transition diagram for a Markov chain process. The
state transition matrix equation in the time interval [# £+ A#] for the system for
each state represented by an r-by-r transition matrix based on the transitions

between the states is derived as follows:

R (H'At) 1‘(%,1 +ﬂo,2) Hio Hap 0 R (t)
Pl(“'At) _ i 1‘(:”1,0 +ﬂ'1,3) 0 My Pl(t) 3)
P, (t + At) o2 0 1- 0 P, (t)
P, (t+At) 0 Y 0 1-u |[R(Y)
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Figure 2. A four-state system transition diagram.

where, the subscripts indicate the state the transition emanates from, and the
next state it is going to terminate, A is the failure rate of the system, u is the re-
pair rate of the system, Azis very short time interval, 7, is the probability of the
system being in normal working state, 7, is the probability of the system being in
partial working state, P, is the probability of the system being in degraded state,
P, is the probability of the system being in abnormal working state.

By taking the limit as A#-> 0 in Equation (3), the differential equations of the
system state probabilities is obtained as follows:

ddi: ~ limit,, %:At) =1—(gy + A ) Po (1) + 0 Py () + 11560, (1) +0ps (1)
B i, P (01 s+ ) 0508, ()4 )
% ~ limit,,_,, w = 0.2 P () + 0Py (t) +1= 1150 P, (8) + 0P (1)
ddl: = limit,,_, P+ A) (: Ay _ 0Py (t)+ A (t)+0p, (t)+1— 15,5 (1)

(4)

3. Case Study

To validate the proposed model, a four-state WEGS model with a four-state load
model is proposed. The proposed modelling framework and the reliability anal-

ysis procedure is given by Figure 3.

3.1. WEGS Model

The model for the WEGS is made up of wind farms comprising a number of

WTs. It is a four-state and eight-transition states model where a certain amount
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\
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differential equations

obtained indices

Assess the reliability of the WEGS using the ]

Figure 3. Framework procedure for the of reliability analysis of a typical WEGS.

of electric power is generated at each state to feed the electric load. The states are
based on the WT power output curve given in Figure 4, which establishes a rela-
tion between the wind speed at its hub height and the power that can be ex-
tracted from the wind and injected into the power grid. It is very useful for
evaluating the WT performance [9]. Even though it has cut-in, rated and cut-out
speeds, another speed range is introduced between the cut-in speed and the
rated speed which is known as the mid-range speed resulting in the four-state
transition states instead of the original three-state transition states. The transi-
tion state diagram based on the WT output power curve is given in Figure 5.
Table 1 gives the wind speed and the assumed electric power generated during
each state. The analysis assumed that no electric power is produced when the
wind speed is below the cut-in speed.
The assumed transition rates among the various states of the WEGS is given
by the transition rate matrix, M defined as:
0.247 0.284 0.302 0.167
0.276 0.249 0.235 0.240
M=(M)=| o348 0324 0283 0095 ®
0.175 0.121 0.302 0.402

The assumed transition rate matrix is chosen in such a way that every row
sum up to one which is in line with how the transition of the electric power de-
mand occurs in the electric power and electric power demand combined model
given by Figure 7, where an arrow indicates the direction of the electric power
generation transition states (row wise) and electric power demand transition

states (column wise) respectively.

3.2. Model for the Electric Power Demand

In reliability analysis, the model for the proposed load is very necessary since it

indicates the electric power demand that must be met by the generation source.
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Figure 4. Wind turbine output power curve.
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Figure 5. A four-state transition diagram for WEGS.

Table 1. Electric power produced by the WEGS during each state.

S/No. Wind Speed Transition States  Electric Power Generated (MW)

1 3.50 - 6.50 m/s State 0 10
2 6.50 - 8.50 m/s State 1 120
3 8.5-14.5m/s State 2 200
4 14.5-18.5m/s State 3 40

The transition can occur between two states at any particular time. An electric
power system must match generation and load in real time. The electric power
demand that must be met by the generation source fluctuates within certain time
interval. Hence, in modelling the electric power demand or the load, uncertainty
or randomness must be taken into consideration. The state transition diagram
for the varying electric load is given in Figure 6 indicating four different states
comprising different load capacities as given in Table 2. The electric power load

is assumed to be varying between the stated minimum and maximum values.
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Figure 6. A four-state transition diagram for a varying electric power demand.

Table 2. Varying power demand states for reliability analysis.

S/No. Transition States Electric Power Demand (MW)
1 State 0 50
2 State 1 100
3 State 2 140
4 State 3 160

The assumed transition rates among the various states of the electric power

demand is given by the transition rate matrix, N defined as:

0.18 0.19 0.32 0.23

N :(n.. ) _ 0.24 031 029 0.30 ©)
! 0.25 0.28 0.21 0.27
0.33 0.22 0.18 0.20

The assumed transition rate matrix is chosen in such a way that every column
sum up to one which is in line with how the transition of the electric power de-
mand occurs in the combined electric power generation and electric power de-

mand model given by Figure 7.

3.3. Combined WEGS and Electric Power Demand Model

The objective of WEGS is to deliver the generation capacity to the load, it is
possible to combine the equivalent transition diagram of the generation subsys-
tem with the equivalent transition diagram of the electric power load subsystem.
The states transition diagram for the WEGS and an electric power demand com-
bined is given in Figure 7.

For a combined WEGS and the electric power demand, the output of the
WEGS is represented by a number of an electric power generation states and
corresponding transition rate matrix is given by M = [m,]. That of the electric
power demand is represented by 5 number of transition states with the corre-
sponding transition rate matrix given by N = [n,]. With the number of transition
states for the WEGS being a, and that of the electric power demand being b, the
total number of transition states for the WEGS and that of the electric power

load combined is a x b transition states [10] [11]. The transition states for the
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Figure 7. State-transition diagram for the combined WEGS and the electric power de-
mand.

WEGS is given by 0 €(0,,0,,0,,0;) and that of the electric power demand is
also given by d e(d,,d,,d,,d;). For this case study, the number of transition
states of the WEGS and that of the electric power demand together gives sixteen
(16) transition states. The state transition diagram for the combined WEGS and
the electric power demand model is given in Figure 7. The horizontal transition
states represent the power generation states of the wind farms in increasing or-
der from left to right columns and the vertical transition states represents the
demand states of the load. It is a state-transition-rate diagram as opposed to a
state-transition diagram because it shows the rate at which the process moves
from state to state and not the probability of moving from one state to another
[12]. More than one transition cannot occur at a time. The combined electric
power generation and electric power demand model has 16 transition states,
which are categorized into two different classes, states (1, 2, 5, 6, 9, 10, 13, 14)
that fully meets the electric power demand irrespective of the state in which it is,
and those states (0, 3, 4, 7, 8, 11, 12. 15) that partially meets the electric power
demand. The power generation and power demand at the various transition
states is given in Table 3.

A graph of electric power generation and power demand at the various transi-
tion states against the various probabilities at those transition states is given by
Figure 8.

The probabilities, p(f), 0 < 7 < 15 of the combined WEGS and electric power
demand of the WEGS at the various states at the time, 7+ A are:
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Figure 8. Electric power generation, power demand against probability plot.

Table 3. Power generation and power demand at the various transition states.

States

Probabilities, P(7)

Electric Power

Electric Power

Generation (MW) Demand (MW)

0 P, (t) 10 50

1 p.(t) 10 100
2 P, (t) 10 140
3 P, (t) 10 160
4 P, (t) 120 50

5 Ps (t) 120 100
6 P (t) 120 140
7 P, (t) 120 160
8 Pe(t) 200 50

9 P (t) 200 100
10 Puo(t) 200 140
11 P, (1) 200 160
12 Py (1) 40 50

13 P (1) 40 100
14 P (t) 40 140
15 P (1) 40 160

[Py (t+At) | =[ (1 gy + gy + Uog + Aoy + oy + gy ) ALR, (1) + g ALR (t
+ 050 AtP, (1) + G3pAtP, (1) +dpAtP, (1) +dAtR, (t) +dy,AtP, (t

)
R O]

[Pl (t +At)] = [gmAtP0 (t)+ (1= Gyo + Gy + Gy + Aoy + g, + gz ) AR (1)
+ U AP, (1) + gy, AP, (1) + dgAtR, () +d, AR, (1) + dgpAtP (t

)R ()]

)

(8)
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[P, (t+At) | =[ g AR, (t)+ g, P, (1) At+ (1= Qg + Ggy + Gpg + Aoy + o o

+ gy ) AP, (1) +03, AP, (t) + dyy AR, (1) +d,pAtPy, (1) +day AR, (1) [ P (1) ]
[Py (t+At)] = gos AR, () + gy5AtR, (1) + gy AP, (1) (1- Gy + Oay + O w0)

+ gy + g, + gy ) AP, (1) + P, (1) dypAt + B, (1) dg At + Py (t)d3oAt][P3 (t)]
[P, (t+At) | =[ (1 ggy + oo + Gog + Uy + Oy, + iy ) AP, (1) + gy ALR, (1) -

+ GooAtP; (1) + G3p AP, (1) + dgy AR, (t) + d,, AR, (1) + dgy AP, (1) ][ Py (1) ]
[Py (t+At) | =[(1- gy + Gy + Ggg + Ay + iy + iy ) AP, (1) + gy ALP, (1) )

+ Gy AP, (1) + Gy AP, (1) + dg, AP, () + d, AR, (1) + dyy AP, (1) [ Ry (1) ]
[Py (t+At) | =[ (1= g + Gpy + Ugg + Uyg + 0y + 05 ) AP, () + g, AP, (1) 1)

+ Gy AP, (1) + 9o AP, (1) + dgy AP, (1) + d, AtRy (1) + dyy AR, (1) ][ Py (1) ]
[P, (t+At) | =[ (1G5 + Ggy + Gsp + Oy + Oy, + 0y ) AP, (1) + Gos AP, (1) "

+ g13AtP (t) + g23AtP ( )+ dOlAtP3 (t) + d21AtP11( )+ d31AtP13 ( ):H: 7 (t):|
[P (t+At) ] =[(1- gy + oy + Uog + Uy + g + Uy ) AR, (1) + g1 ALRy (1) 15

+ G0t (1) + G5AtP, (1) + Aoy AR, (1) + dy, AP, (1) +da, AR, (1) ][ B () ]
[Py (t+At) | =[ go APy (£)+ (1= Gyg + Gyp + Gy + Dy + Uy + ) ALR (1) )

+ 0y AR (1) + 9, AP, (1) + dgp AR, (1) + d, AR, (1) + dy AP, (1) ][ B (1) ]
[pm (t + At)} = [gozAtP )+ 0., AR (t)+(1_ Uz + 0o + Gp3 + 0y +dy (17)

+ dzs)AtPlo ( )"‘ gszAtPu( )+ dp AtP, ( )+ dletP + dazAtPla }[Pw ]
|:Pll H‘At ] [903Atp (t) +0,AtR, ( )+ 054t (t) +(1_ O30 +9a1 + 0s (18)

+0g + Oy + g ) AR (1) + gy AP, (t) + dy, AP, (1) + dyp AR (1) ][ By (1) ]

[Plz (t +At)] = [(1_ Uor + 9oz + 9o T Uy + gy + d32)AtP12 ( )+ Ps ( ) 010At (19)

+ Py (1) 9o At + Gap AP (1) + dgs AR, (1) + dyy AP, (1) + 5 AR, (1) [[ P, (1) ]
|:P13 (t +At)] = [901AIP12 (t)"‘(l_ i + Opp + J15 + g + 3y +dy, )Atpls ( ) (20)

+0 AP, (1) + 05, AP (1) + Ao AR, (1) + dy AR, (1) + s AR, (1) ][ Pa (1) ]

[Pm (t +At)] = [gozAtPlz (£)+ 9o AR (1) + (1= Gz + o1 + Gg + g + 0y (21)

+ 0z, ) AP, (1) + Py (1) gapAt + ds AP, () + g AP, (1) + dps AR, () [Py (1) ]
[Pls (t + At)] = [gosAtPlz (t) +0pAth, (t) +0p5AtR, ( ) (1_ O3 * 03 +9s (22)

+ gy + gy + gy ) AR (1) + Ao AP, (1) + Ay, ALP, () +d AR, (1) ][ Ps (1) ]

Taking the limit as At > 0 in Equation (7) to Equation (22), and by using the
Laplace transform as well as the stated assumptions for each, Equation (7) to
Equation (22) for the state probabilities, p(#), 0 < /< 15 are obtained as follows:

For Equation (7), Py = 1, Py = Py = By = Py = Plgy = Py = 05
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— do1+dgp +do3 )t
P, (t) — o (901+002 + o3 +do1 +do; +do3 )

For Equation (8), Py = 1, Py = Py = Py = Pisy = o) = Fuy = 05

— +019 +013+dgy +dgp +dg3 )t
Pl(t)=€ (910 +912+0913+do1 +doz +0o3 )

For Equation (9), Py = 1, Py = Py = P = FPig) = Pugy = Py = 05

P (t) — e*(920Jr§l21+923+do1+doz+doa)t
) =

For Equation (10), Py =1, Py = Pyy = Py = Pyy= Pyyy = Pysy = 0;

- +031+032 +doy +dgp +dg3 )t
P3(t)=e(g3° Ya1+32 +dog +dop +0oz )

For Equation (11), Py, =1, By = Ps) = Fo = Pipy = Piyy = Py = 05

- dyg+dip+0h3)t
P4 (t) —e (9o1+902+ o3 +d10+th2 +di3)

For Equation (12), Psy = 1, Py = Py = Py = Py = Pgy= Pyy3 = 0;

—| +012+013+019+dyp +dy3)t
P5 (t)=e (G10+012+ Q13 +t10 +0yp +013)

For Equation (13), P = 1, Py = Py = Psy = Py = Pugy = Py = 0s

— +021+0p3+01g+dyp+di3)t
PG (t):e (920 +921+ 923 +tho +tro +di3)

For Equation (14), P, =1, By = Py = Fis) = Pioy = Puny = Py = 03

- dyg+dip+0i3)t
P7 (t) —e (930+931+ g2 +d10 +thp +di3)

For Equation (15), Py = 1, Py, = Py = Py = Loy = Py = Pupy = 0;

— +0p2 +Upz+dpg+dpy +da3 )t
F%(t)ze (9o1+9o2 +o3+d20+d21 +0p3)

For Equation (16), Py, = 1, Py) = Py = Py = Puo) = Puny = Py = 05

—(910+912+ dpg +dpz+dy1 )t
Pg(t):e (910+012+913-+d20 +dp3+d )

For Equation (17), Pygy =1, Py = Pgy = Pgy = Py = Py = Py = 0;

_ (920 921+9p3+dp0 +dp1 +da3)t
P10 (t) =€

For Equation (18), Py =1, Py = Py = Py = Py = Pgy = Pys = 0;

_ a(930+0931 +9ap +d1g +dpy +da3)t
P.(t)=e

For Equation (19), Py, = 1, Py = Py = Py = Pyysy = Py = Pusy = 0;

_ (901 +902+ 903 +d3g +d3y +d3p )t
P,(t)=e

For Equation (20), Py3) = 1, Pyy = Psy = Py = Pripy = Py = Pusy = 0;

_ a(010+012 + Q13 +d3g +d3y +dzp )t
Pl3 (t) =€

For Equation (21), Puy = 1, Py = Po) = Puoy = Puy = Pusy) = Fusy = 05

P (t) _ e*(Glzwgzﬁgzs*dzoers1+d32)l
14 -

For Equation (22), Ps) = 1, Py = Py = Puyy = Payy = Puyy = Puy = 05

_ a(930+0931+932+d3 +d31 +dgp )t
Ps(t)=e

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

The availability, A(# of the WEGS at any time, ¢is the sum of all the probabilities,

thus, Equation (23) to Equation (38) which is given by Equation (39) [8] [13]:
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A)= 3R (1), n=16 (39)

Substituting the probabilities into Equation (39), results in Equation (40) as

follows:
A(t) _ e*(901+902 +o3-+doy +dop +dog )t + e*( 910+012+013+o1 +dop +do3 )t + e*(gso +031+032 +0o1 +dop +do3 )t
n e—(901+goz +gog+010+01p +013)t + e-(gm +012+013+010 +01p +013)t + e-(gzo +01+03+010 +01p +13)t
+ e*(gso +031+032 +0i0 +012 +0y3)t + e*(goﬁgoz +Qog+0zo+dz1 +dp3)t + e*(910+912 +Qya+dag+dpz+dpy )t
+ e*(gzo +021+0p3+0z0 +dpy +3 )t + e*(gso +031+0gp +0ig +dp1 +dp3 )t + e*(901+902 +gog+Ugo+0a1 +dgp )t

~(910+012+913+0d30 +d31 +d3p )t _'_e*(gzo*921*923*‘130*dsﬁdsz)t_}_e*(gso*931*932*dzoersﬁdsz)t

(40)

+e

The full availability, A;(t) of the WEGS during which the electric power
demand is fully met occurs at states 1, 2, 5, 6, 9, 10, 13, and 14. Therefore, the
full availability, A, (t) is given by Equation (41):

A (t)=R+P,+R+P,+P,+P,+P;+P,
— e*(901+902+903+do1+d02+d03)‘ dl_e*(910+912+913+do1+doz“fdoz)t +e*(910+912+913+d10+d12+d13)T

(41)

—(920+921+0Up3+0d1g+d1p +di3)t —(0910+ 012 +913+dpg +dp3+doy )t —(920+921+023+dpp+dp1 +dog )t
+e(gzo 921+023+010+d1p +di3) +e(910 Q12 +G13+020+d23+d1) +e(920 921+023+020+021 +d33)

—(910+0912 +013+d3g+d3; +d3y )t —(g90+0p1+0923+03g+d3g +d3y )t
+e(910 G12+013+d30 +d3; +dgp ) +e(gzo 921+0923+030 +d3; +d3p )

The partial availability, A, (t) of the WEGS during which the electric power
demand is not fully met occurs at states 0, 3, 4, 7, 8, 11, 12, and 15. Therefore,
the partial availability, A, (t) is given by Equation (42):

A (t)=P+P,+P,+P,+R+R,+P, +R;
— o (001002 + 00 +0or +dop +oa)t (G001 #0352 +0o1 +oz +0 )t (o1 0z +Goa +0ho + 0 +Cha)t W)

—(93p+0931+93 +0yg+dip +di3 )t —(9o1+902 +9o3+dog +dpy +do3 )t —(g3p+93y+03p +01g+dpg +dp3)t
+e(930 931+032 +0io o +i3) +e(901 902 +903+020 +dp1+d3) +e(93o 931+032 +01p+0p1+023)

—(go1+902 +9o3+d3g +d3y +d3p )t —(930+031+932 +d3g+d3p+d3p )t
+e(901 02 +903+d30 +d31 +d37 ) +e(g3o 31+9gp +d3p+d3 +d3p)

The assumed transition rates were used to compute the possible probabilities
at the various transition states during an interval of one hour up to the fourth
hour which is given by Table 4 using Equation (23) to Equation (39). A transi-
tion state probability graph based on Table 4 for the WEGS is given by Figure 9.

®Time=1 Hr Time=2Hrs ®™Time=3Hrs ®Time=4 Hrs
1.200

1.000
0.800

0.600

Probability

0.400

onoo A A A 0 A 0
0.000

NI B B R B S B R S S S e
DANE AN AR O A SR SR R R O R e

Probability rates, P(7)

Figure 9. A transition state probability graph for the combined WEGS and the power

demand.
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Table 4. Probabiliites of the combined WEGS and the power demands at the various
states and at different times.

States Probabilities, Time, Time, Time, Time,
A Ii=1 =2 I,=3 T,=4

0 P, (t) 0.224 0.449 0.673 0.898
1 p(t) 0.225 0.450 0.675 0.900
2 P, (1) 0.221 0.443 0.664 0.885
3 P, (t) 0.262 0.524 0.786 1.049
4 P, (1) 0.205 0.410 0.615 0.821
5 Ps (t) 0.206 0.411 0.617 0.822
6 Ps (t) 0.202 0.405 0.607 0.809
7 P, (1) 0.240 0.479 0.719 0.958
8 Py (1) 0.211 0.423 0.634 0.846
9 P, (t) 0.212 0.424 0.635 0.847
10 Py (t) 0.208 0.417 0.625 0.834
11 P, (1) 0.249 0.499 0.748 0.997
12 Py (1) 0.227 0.453 0.680 0.907
13 P (t) 0.227 0.454 0.682 0.909
14 P (t) 0.224 0.447 0.671 0.894
15 Pis (1) 0.265 0.530 0.794 1.059

The mean or average instantaneous electric power generation, G, by the
WEGS at time, ¢based on Table 3 is given as follows [14] [15]:

15
G =2.9:p(t)
i=0
=10p, (t)+10p, (t)+10p, (t)+10p, (t)+120p, (t)+120p,(t)  (43)
+120p, (t)+120p, (t)+200p, (t)+200p, (t)+200py, (t)
+200p,, (t)+40 P12 (t)+40 Pis (t)"‘ 40p,, (t) +70p;s (t)

Assuming the average electric power demand is 90 MW (which is the average
of the four electric power demands at the various transition states), the WEGS

mean instantaneous generation deficiency, G,,is obtained as follows [14] [15]:
3
G = 2. P, (t)max(d,, —g;,0)=80p, (t)+30p, (t)+50p,(t) (44)
i=0

where, G, is the generation deficiency, d,, is average electric power demand,
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pA9 is the probability at a particular state, g{ is the electric power generation at
a particular state. A graph of mean instantaneous generation G, and mean in-
stantaneous generation deficiency, G,,is given by Figure 10. The expected en-
ergy not supplied (EENS) or loss of energy expectation (LOEE) also known ex-
pected unserved energy (EUE) is a measure of the amount of electricity demand
(in MWh in a given year) expected to be lost when demand exceeds the available
generation. Therefore, the expected energy not supplied (EENS) or expected un-
served energy (EUE) to the consumers during the 24-hour operation of the
WEGS is as follows [14] [15]:

24 24
EENS = [ Dy, dt = [ 80dt +30dt +50dt = 3840000 kWh (45)
0 0

The annual expected energy not supplied (EENS) is computed as follows [14]
[15]:

8760 8760

EENS= [ Dy dt= | 80dt-+30dt+50dt =1401600 kWh (46)
0

0

The surplus electric power generation, G, by the WEGS at time, ¢ is given
by [15]:

3
Gaurpis = 2, By (t)max (g, —d,,,0) =110p, (t) (47)
i=0
24
Gyups = | 110dt = 2640000 kWh (48)
0

Based on Table 1 and Table 2 for the assumed power generation and load
demand at the various transition states, the expected demand not supplied
(EDNS) which is the difference between the expected power to be generated and
the expected power demand by the consumers, is obtained at each transition
state as given in Table 5 [16]. Graphs based on the various transition states are

depicted by Figures 11-14 respectively.

—8—Gt(Mean Instataneous Generation) =~ —®— Gdef (Mean Generation Deficiency)

250
200
150

100

50 AN — 0
»>—eo—o0—o

Time (hours)

Generation/Demand (MW)

Figure 10. A graph of mean instantaneous generation and mean instantaneous genera-
tion deficiency.
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®m Generation ®Demand =EDNS

200

150
100
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Generation versus Demand versus EDNS

Power (MW)

Figure 11. Generation versus demand versus EDNS at state 0.
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Figure 12. Generation versus demand versus EDNS at state 1.

Table 5. Power generation, power demand and EDNS.

States Generation Demand EDNS
10 50 40
120 100 X
0
200 140 X
40 160 120
10 100 90
120 50 X
' 200 160 X
40 140 100
10 140 130
120 160 40
? 200 50 X
40 100 60
10 160 150
120 140 20
’ 200 100 X
40 50 10
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Figure 13. Generation versus demand versus EDNS at state 2.
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Figure 14. Generation versus demand versus EDSN at state 3.

4. Conclusion

Reliability analysis of WEGS and a proposed varying load was carried out using
various electric power generation related indices to ascertain how a large-scale
wind farm comprising WTs will behave under varying wind speeds and varying
load conditions. It was obvious from the analysis that during certain transition
states, the electric power demand will be more than that of the electric power
generation. And during certain transition states, the electric power generation
will exceed that of the power demand. It was also clear from the analysis that the
probability that the WEGS system will be in a particular state is fairly high indi-
cating that the electric power demand during that particular state is likely to be
met. On the other hand, some transition states probabilities which is an indica-
tion that the electric power load during those transition states might not be met.
The mean instantaneous generation graph and mean generation deficiency
graph have shown that during the early hours of WEGS operation, there will be
some generation deficiencies. However, as time progresses, the mean instanta-
neous power generation will exceed the mean electric power demand. The uni-
queness of the study is that it brought to bear the behavior of a large-scale
WEGS under different wind speeds, and a varying load conditions it is supply-
ing. Due to the volatility of the price of fossil fuel and instability around the
globe, this study is intended to examine how a future WEGS and other renewa-
ble energy resources for power generation can be operated on a large scale in the
same manner like that of the conventional power generation system without ex-
cessive instability situations. A further study is proposed to ascertain how the
model will behave when the model assumptions are varied and the transition

rates as well.
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