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A multi-state model for wind farms considering operational

outage probability

Lin CHENG (<), Manjun LIU, Yuanzhang SUN,
Yi DING

Abstract As one of the most important renewable energy
resources, wind power has drawn much attention in recent
years. The stochastic characteristics of wind speed lead to
generation output uncertainties of wind energy conversion
system (WECS) and affect power system reliability,
especially at high wind power penetration levels. There-
fore, a more comprehensive analysis toward WECS as well
as an appropriate reliability assessment model are essential
for maintaining the reliable operation of power systems. In
this paper, the impact of wind turbine outage probability on
system reliability is firstly developed by considering the
following factors: running time, operating environment,
operating conditions, and wind speed fluctuations. A multi-
state model for wind farms is also established. Numerical
results illustrate that the proposed model can be well
applied to power system reliability assessment as well as
solving a series of reliability-centered decision-making
problems of power system scheduling and maintenance
arrangements.
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1 Introduction

Along with the rapid development of wind power
technologies, the wind power penetration level grows
continuously in power systems around the world. However,
it also leads to the higher uncertainties and risks of power
system operation and planning.

Recently, power system reliability evaluation is world-
widely recognized due to risks caused by wind power
integration. Therefore, accurately and authentically mod-
eling the uncertainty of wind energy conversion system
(WECS) for improving real-time power system reliability
performance has become a new research focus.

A reliability evaluation model incorporating with wind
power is proposed [1, 2], considering the wind speed pre-
diction model and generation output characteristic model
of wind turbines. Among these studies, the wind turbine
outage rate is usually regarded as a constant value.

In traditional power system reliability model, the studied
time period is usually a year or longer for the planning
purposes rather than power system operation, thus serving
for the power system operation. The basic concepts of
operational reliability are proposed initially in [3], and its
basic point is that the reliability level of a system varies
with changes under operating conditions of a power sys-
tem. The operational reliability is based on the time-vary-
ing reliability model of system components, which requires
their parameters to reflect changes of the system operating
conditions.

The reliability model of components is established in [3]
based on the real-time operating conditions considering the
impact of the components outage probability of the line
flow, bus voltage and system frequency, etc. With the
model, it is able to assess the reliability level of a fault state
or an abnormal operation state. References [4, 5] studied
the impact of ambient temperature and load rate on aging
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failure rate of transformers. References [6—11] analyzed the
factors that cause component outage and established an
element outage rate model based on multiple operating
conditions. The above researches mainly focused on
establishing component function of outage probability or
outage rate that using operating conditions as the inde-
pendent variables. However, they did not take into account
the impact of time scale on the component outage, making
it difficult to reflect the reliability level of the short-term
power system operation. Therefore, the operational reli-
ability assessment theory, which has the ability to reflect
the effects due to a series of elements (health status of
elements, operating environment and operating conditions),
can be adopted to guide decision makings (planning,
operation and maintenance) with much more comprehen-
sive information. However, the operational reliability
assessment of wind power is still in the start-up phase.
References [12, 13] analyzed the correlation between the
outage rate and the wind speed, and established a wind
power variation model considering of outage rate which is
dependent upon wind speed.

References [14, 15] proposed a multi-state model, which
has been proved to be more reasonable than traditional
two-state generator models. However, time varying factors,
such as outages, cannot be reflected in conventional multi-
state models. In this paper, we focus on modifying the
existing multi-state WECS model to reflect time varying
factors by adopting operational reliability theories.

2 Operational outage probability model of wind
turbines

The power system operational reliability is defined by
considering components’ own health, external environ-
mental conditions, system operating conditions, and system
operational behavior, the ability of power systems to con-
tinuously provide electricity and energy to customers with
an acceptable quality standards and the number of need in a
short time [7]. The short-term outage probability model of
wind turbines can be divided into four parts based on the
previous description.

2.1 Time-dependent aging outage model

A large number of outage data of electrical components
show that the outage rate of the component follows the life
basin curve, and has three distinct areas [16], as shown in
Fig. 1.

Area I represents the commissioning period, in which
the component outage rate has decreased over time; Area II
represents the effective life period in which the component
outage rate is almost constant; Area III is for the
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attenuation period, in which the component outage rate has
an increasing trend as the time passing by. Component
aging outage that occurred in the attenuation period is
related to the history (that is, the component service time)
and conditional outage events.

The aging process usually follows the Weibull distri-
bution, and the functions of outage rate and cumulative
probability can be represented as

)"

Fo)=1—e @) 2)

where ¢ is the operating time, f3 is a shape parameter and n
is the scale parameter, also known as the characteristic life
parameters.

According to the definition of conditional probability,
after the component has worked for T hours, its outage
probability during the interval Ar [8] is

Fo(T + At) — Fy(T)

P, =Pr(T<t<T+At|t >T) = =T

(3)

Substituting (2) into (3), it can be obtained that
P, = 1—ed (=" (4)
2.2 Weather-dependent random outage model

In addition to aging outage model, there are many
unpredictable factors affecting the forced outage rates of
wind turbines, such as the inappropriate operation, impro-
per maintenance, lightning and snow disaster. As the wind
turbines are exposed to the air, the outage rate is closely
related to the weather conditions. In the cases of extremely
bad weather conditions, such as thunderstorms, typhoons,
hurricanes, snow and ice, the outage rate will greatly
increase. Reference [17] used two state model (normal
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weather and bad weather) or multi-state model to describe
the weathers. For simplicity, this paper uses two-state
weather model to describe the occasional outage rate of
wind turbines, it can be written as

IES(1—F), w=0
;"C(W) - {Z%‘F, w=1 ) (5)

where / is the average outage rate of wind turbines occa-
sional outage rate, N is the duration of normal weather, S is
the duration of bad weather, F is the proportion of outage
rate in bad weather, w is the current weather conditions,
and w = 0 stands for normal weather while w = 1 stands
for bad weather.

If the weather condition does not change within a short
time At, then the outage rate is unchanged. The occasional
outage probability that wind turbines fail at At follows the
exponential distribution:

Poe = 1— e, (6)

where A, is the occasional outage probability.

2.3 Current-dependent overload protection outage
model

One component’s overload tripping will lead to other
components’ tripping, which will result in a cascading
failure. Similar to conventional generators, wind turbines
have overload protection, however, the trigging value error
of protection device will lead to protection uncertainty.

Let the error of protection system trigger current value,
I, be *¢, then follow the truncated normal distribution
with an average of I, and a standard deviation of o,
range from I (1 — €) to Iieo(l + €). A density function
is as follows:

fIse)
07 ]sel ¢ [[setO(] _3)7 Iseto(l —"_8)}
= lznexp |:_ (lset;[r;eto)“:| , Iset c [Isel()(l — g)) 15610(1 +8)],
™)

a= () - o (Ze0), )

where ¢ is the standard normal distribution function.

Let I be the component current, event A = {The com-
ponent resection made by protection action}, event
B, = {I > I}, event B, = {I < I}, then:

aoc

P(A) = P(A[B)P(B:) + P(A|B2)P(B>) ©)

where P(A) is the outage probability made by overload
protection action, written as P,, P(AlB,) is the probability of
protection right action, written as P,, and P(AlIB,) is the
probability of protection malfunction, written as Py, P, and P,
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Fig. 2 Model of overload protection action

can be obtained through statistical analysis.Based on (9), when
I < I (1 — &), P(B;) = 0, P(B,) = 1,itcan be obtained that

P.(I) = Py. (10)

When I > Io(1 + ¢), P(B;) =1, P(B,) =0, it can be
obtained that

P.(I)=P,. (11)

When I o(1 — &) < I < Io(1 + ¢), it can be obtained that

1 15en0(1+£)
Pr(I) = Pz Jhlse‘o(lis)f(lset)dlsel + Pw Jl f(lset)dlsel
(12)
Equations (10)—(12) are described as shown in Fig. 2.

2.4 Wind speed-dependent outage model

Through the statistical analysis on the measured data of
wind power, [12] obtained the outage probability statistics
of wind turbines, which follows the changes of wind speed,

Table 1 Statistics of outage probabilities of wind turbines with
normal wind speed

Wind speed (m/s) Outage probability

0.012707

0.017897
10 0.025492
11 0.027043
12 0.036700
13 0.044444
14 0.053561
15 0.077190
16 0.104439
17 0.133333
18 0.163728
19 0.165436
20 0.240741
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Fig. 4 Curve fitting of the outage probability versus wind speed

as shown in Table 1. The outage probability of wind tur-
bines versus wind speed is also shown in Fig. 3.

For a better description of the relationship between
outage probability and wind speed, a cubic function is used
to fit the curve as shown in Fig. 4.

The cubic fitting function can be represented as

Py (v) = av’ +bv* +cv +d, (13)

where P,,(v) is the outage probability, v is the wind speed,
a, b, ¢, and d are coefficins.

As a result, it is possible to obtain a simple wind speed-
dependent outage probability model, which is consistent
with the actual situation. With a prolonged outside expo-
sure, the wind turbine generation output is directly related
to the wind speed. It indicates that the occasional outage of
wind turbines is correlated to the weather conditions, while
the ordinary outage probability is related to wind speed.

2.5 Hybrid outage probability model
For wind turbines, aging outage, occasional outage and

outage caused by overload protection action and wind
speed-dependent outage are independent under certain
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conditions. Therefore, the short-term reliability model of
wind turbines can be expressed as

Pg:1_(1_Pga)(1_PgC)(l_ng)(l_Pr)’ (14)

where P, is the wind turbines outage probability; P, the
aging outage; P, the occasional outage; P,, the wind
speed-dependent outage probability; and P; is the overload
protection caused outage.

3 Multi-state model of wind farm

Statistical data indicate that many generators cannot
always work at its rated state, meanwhile, they seldom
enter full outage state as well. In fact, working at one or
more de-rated states is also a common scene. In this way, a
concept of derating-adjusted forced outage rates (DAFOR)
is proposed to describe the derated state [13], and then an
apportioning method is used to calculate the derated state
and its outage probability [14].

Compared with the modeling of conventional genera-
tors, multi-state modeling process of wind farms have
many differences. The output of the wind farm is directly
related to wind speed, presenting a strong stochastic
property, therefore, the multi-state model of the wind farm
at different wind speeds cannot be uniformed, thus con-
taining respective probability distribution characteristics. A
model for estimating the wind power variation by modeling
the outage of wind turbines is proposed in [15]. Consid-
ering the operational outage probability model of wind
turbines, the multi-state model of wind farms at different
wind speed segments is modeled respectively. The wind
farm analyzed in this paper is located in Hebei Province,
China. All of the wind turbines are supposed to work in an
effective life period, and the overload protection outage is
ignored for the reason and the power output is lower than
its rated capacity based on the historical statistics. To
simplify the process, the average wind speeds of 5 and
10 m/s are adopted, the wind speed below 7.5 m/s is taken
as 5 m/s, while wind speed over 7.5 m/s is taken as 10 m/s.
Therefore, the output distribution at different wind speed
levels can be obtained as follows.

1) Average wind speed of 10 m/s

Figure 5 shows that at the average wind speed of 10 m/
s, the output of wind farm considering the outage proba-
bility is more in line with the actual situation.

Considering the outage probability, the power output of
the wind farm at the average wind speed of 10 m/s can be
decomposed into five states with the output level of 0.1,
0.35, 0.5, 0.7, 0.9, respectively, as shown in Fig. 6. Unlike
conventional  generators, considering wind speed
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Fig. 5 Power output of wind farm at average wind speed of 10 m/s

uncertainty and output fluctuation characteristics of wind
turbines at different wind speed levels, the equivalent of a
multi-state model for the wind farm is not decomposed
from rated capacity to outage state, but to choose 5 larger
probabilities states as representatives. This phenomenon is
more obvious with the 5-state model at the average wind
speed of 5 m/s.

2) Average wind speed of 5 m/s

Similar to the above analysis, the power output distri-
bution under an average wind speed of 5 m/s (as shown in
Fig. 7) can also be obtained. As the wind speed is close to
cut-in speed of the wind turbines, the generation output of
wind turbines is relatively low. As shown in Fig. 8, there’re
five kinds of power output representatives with the highest
occurrence probabilities, the corresponding output of 0.05,
0.1, 0.15, 0.2 and 0.25 of the rated output are selected in
order to describe the situation more accurately, since a
linear output steps would result in a series of useless output
states with extremely small probabilities.
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Fig. 8 5-state model of wind farm under average wind speed of 5 m/s

4 Case study
4.1 System introduction

This section discuss the significance of the multi-state
model, considering the operational outage probability
based on the reliability indices calculated from the
improved RTS system [18]. The system contains 24 buses,
32 generators, with a total capacity of 3,405 MW, and the
wind farm is supposed to be connected to the system in bus
14, as shown in Fig. 9.

Two situations in which the capacity of wind farm is
900 MW (a penetration of 20.9 %) and 2,200 MW (a
penetration of 5.5 %) are taken into account. For each
situation, 4 cases are analyzed.

Case A (optimistic case): The forecasted wind produc-
tion potential is considered to be 100 % reliable.

Case B (pessimistic case): The forecasted wind pro-
duction potential is completely unreliable.

Case C: The forced outage rate (FOR) of wind turbines
is considered (FOR = 0.10).
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Case D: The multi-state model considers operational
reliability outage probability.

It is assumed that the system unit commitment schedule as
well as the load forecasting data and wind speed forecast data
are known, and then the wind turbine output can be calculated.
The 24-hour online capacity and load are shown in Fig. 10.

Meanwhile, the forecasted 24-hour wind speed and
power output can be obtained, as shown in Fig. 11.

4.2 System operational reliability assessment
under different wind power penetration

In order to compare the reliability of the system in different
wind power penetration, the reliability indices of Cases A-D

8US 18 @
BUS 21

BUS 17 c
I ] BUS 22
= 3
I\J'
% A 8, BUS23
@ l D S
BUS 16 + BUS 19
BUS 20
230 kV BUS 14 BUS 13
Synch. E
fo, lmﬁ
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= ,IA {7 BUS 12
“t
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Fig. 9 Diagram of IEEE reliability test system
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Fig. 10 24-hour unit commitment and load

are calculated at two different penetration levels of 20.9 %
and 5.5 %, the results are shown in Figs. 12, 13, 14, 15.

By contrast analysis, when the wind power penetration is
low, the integration of wind power in power system has
little impact on the system reliability, where LOLP and
LOEE maintained at a high level. With the increase of wind
power penetration, the impact of wind power on power

800
750 1 —m—wind turbines poweroutput g7
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Fig. 11 24-hour wind turbine output
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system reliability increases, as shown in Fig. 12. When
wind power penetration is 20.9 %, the maximum LOLP of
the system will reach up to 0.308 without the integration of
wind power, while the LOLPs are 0.02891 considering a
constant FOR of wind turbines and 0.02890 considering the
operational outage probability, respectively. Reliability
level will be declined by more than 10 times. Similarly, the
LOEE of system without the integration of wind power is 6
times higher than that considering operational outage
probability model, as shown in Fig. 14. Therefore, with the
increasing of wind power penetration, it will have a sig-
nificant impact on the power system reliability.

4.3 Difference between multi-state and two-state
models

At the same time, the effect of multi-state on the system
operational reliability is analyzed at different wind speeds. By
observing Fig. 12, where Case C uses the two-state model
with a constant outage probability while Case D adopts the
five-state wind farm model. As a result, the five-state model
has a more pessimistic result compared with the two-state
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model, but it is more suitable to reflect the relationship
between wind power output and wind speed. As for the reli-
ability index of 4:00 and 15:00 shown in Fig. 12, it can be
explained that when the wind speed is low, it is not enough to
start the wind turbine. And the wind turbine will stay in outage
state, finally, the system operational reliability will decline.

4.4 Tmpact of wind speed and load changes on system
operational reliability

Assuming that the wind speed prediction and wind tur-
bine output are known, the system operational reliability is
analyzed at a specific state, such as that at 18:00 when the
load is increasing while the unit commitment is unchanged.
The forecast shows that at 18:00, the wind turbines’ output
will increase to meet the increased load demand, the sys-
tem is maintained at a higher level of reliability. Therefore,
in this case, operators can arrange conventional unit
overhaul and to make a reasonable planning unit commit-
ment for the next hour. However, at 24:00, wind turbine
output will decrease, while there is a short decline at the
level of system load, but the decreased amount of load is
less than the decreased amount of unit output, and it will
end with a drop of the operational reliability.

4.5 Impact of unit commitment change on operational
reliability

The assessment of operational reliability plays an
important role in power system unit commitment schedule.
As shown in Fig. 11, at 22:00, power output of the wind
turbines increase modestly and the load level slightly
changes, originally in unit commitment, units that put into
operation are reduced, thus leading to the lower level of
operational reliability of the system. If increasing unit
output at 22:00, the system reliability level will signifi-
cantly increase, as shown in Fig. 16, which is of great
significance for guiding operation scheduling.

0.16 1

—a— New unit commitment
= =o==0riginal unit commitment
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Fig. 16 Impact on system reliability index caused by adding spinning
reserve
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5 Conclusion

Starting from the two aspects of the operational conditions
and the operational time, the proposed model comprehen-
sively analyzes the outage probability of wind turbines in
actual operation. Based on a multi-state model of the con-
ventional generators, this paper presents a multi-state model
of wind farm considering of operational outage probability.
The multi-state model is considered at different average
wind speed levels, respectively, which can better reflect the
actual operating conditions of the wind turbines.

At last, the paper elaborates the significance of the
operation reliability model for operation scheduling by a
practical example. With data of wind speed forecast and
load forecast, the model can play a guiding role in system
operation scheduling, maintenance arrangement and unit
commitment scheduling.

However, in this model, different wind speed levels
correspond to different multi-state models, the states of the
system will exponentially increase with an increasing of
system scale, which brings new challenge to the time and
efficiency of the assessment. Therefore, how to achieve
rapid assessment of the operational reliability for wind
power is a next focus of research.
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