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Abstract—Keen interest in the development and utilization of
wind-based distributed generations (DGs) has been currently ob-
served worldwide for several reasons. Among those is controlling
the emission of environmentally harmful substances, limiting the
growth in energy costs associated with the use of conventional en-
ergy sources and encouraging the independent power producers
for participation in the electricity market system. One of the most
important issues is to quantitatively assess the impact of such type
of DGs on the distribution system reliability. This paper presents
a probabilistic technique to evaluate the distribution system relia-
bility utilizing segmentation concept and a novel constrained Grey
predictor technique for wind speed profile estimation.

Index Terms—Distributed power generation, distribution system
reliability, uncertainty, wind power.

I. INTRODUCTION

W IND power is an environmentally attractive form of re-
newable energy from an overall fuel consumption per-

spective. Currently wind power is accounted for 1.2% of the
electricity generation in Canada [1], with an annual growth rate
of 35% from (2000–2005). This growth rate has increased in
2006 reaching 54% with total installed capacity of 1218 MW,
and it is expected to reach 5000 MW by 2012 as shown in
Fig. 1. If wind power can be supplied to consumers at reason-
able prices without degrading the distribution system security
and reliability, it will be a technology with a vast potential. In
achieving this goal, the intermittent nature of wind power gen-
eration represents the most technical and economical challenges
that we must overcome before wind power can effectively pro-
liferate into the electricity supply.

The power generated by wind-based distributed generation
(DG) is well recognized as being unpredictable, and subjected
to the most variability among all other DG technologies. Distri-
bution system reliability is one of the most important challenges
that the system planers encounter, especially when wind-based
DGs are deployed in the system. The reliability aspects of uti-
lizing wind energy have largely been ignored in the past due the
relatively insignificant contribution of these sources in major
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Fig. 1. Wind power growth in Canada.

power systems, and also due to the lack of appropriate tech-
niques.

However, the global trends toward increasing the sustainable
power penetration in existing power system dictate a very se-
rious need to consider their effect on the system reliability.

Research interest in the reliability assessment of power sys-
tems with renewable energy sources dates back to the early
1970s. The work in [2] proposed two probabilistic techniques to
model the wind generation system. The first one was in the form
of capacity outage probability table based on the Weibull distri-
bution of the wind speed, while the second was a Markov model
based on the detailed hourly mean speed data. In [3], a proba-
bilistic approach to capture the uncertainty associated with the
renewable sources was used. Analytical approaches were pro-
posed in [4]–[8]. In [4] analytical approach to model wind tur-
bine generators as multi-state unit was used, however, [5] and
[6] proposed an analytical approach to model renewable energy
sources considering the correlation between the load and the re-
newable sources. In [7] and [8] an approach to estimate the loss
of power supply probability (LPSP) of stand-alone solar gener-
ation system was developed. Deterministic chronological simu-
lation was proposed in [9] and [10] to estimate (LPSP). Monte
Carlo simulation (MCS) was extensively used in [11]–[13] to
evaluate the system reliability by modeling the random output of
the renewable sources, load variation and the forced outage rate
of the system component over a sufficiently long study period.
During the beginning of the 21st century, [14]–[17] made pio-
neering efforts to apply system well-being criteria to the small
autonomous power system (SAPS) including renewable energy
sources. They used sequential (MCS) approach for adequacy as-
sessment of the SAPSs with renewable energy sources. Later
[18]–[20] applied sequential (MCS) approach to calculate the
loss of load expectation (LOLE) and the loss of energy expecta-
tion (LOEE) of the renewable energy sources based SAPSs with
battery storage.
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From the above discussion, it is obvious that sufficient work
has been done to assess the reliability of SAPS as well as grid-
connected systems with renewable DGs. The system well-being
approach is a relatively new concept which combines the deter-
ministic and probabilistic methods to evaluate the system ad-
equacy. Only MCS method has been used for the well-being
assessment of a system with renewable DGs, and analytical
methods have not yet been developed. The main drawback of
MCS is the enormous number of time consuming iterations re-
quired for proper convergence and hence, becomes complex
and unsuitable in some case studies. Moreover, to the authors’
knowledge, most of the work presented in literature concen-
trated on grid-connected mode of DG operation and did not
address the impacts of the renewable DGs on the reliability of
the system under islanded-mode of operation. When an island
is created, it can be treated as a SAPS for the islanding dura-
tion that is typically short. Within this period of time the DGs
connected to the island are assumed to be characterized by zero
failure rates. Due to the aforementioned assumption the well-
being approach, which determines the system state (healthy,
marginal or at risk) can not be applied when assessing the is-
land reliability. Because the most important issue during the is-
landed-mode of operation is to determine the probability of the
island to be a success (the DG power output within the island
matches the load) or to fail (there is a deficit in power genera-
tion). In this paper an analytical technique is proposed to assess
the reliability of an island containing renewable DGs. Further,
the paper will investigate how the island reliability will impact
the distribution system reliability at large. The proposed tech-
nique in this paper is based on a combination of a new method-
ology for wind speed profile estimation, and a probabilistic cor-
relation between wind-based DGs and load profile during the is-
landed-mode of operation. The following control strategies are
applied in the study.

• The wind-based DGs are controlled to operate at unity
power factor.

• The wind speed data used are the average hourly values
and the variations within the hour are not considered.

• Only dispatchable DGs are allowed to supply reactive
power in the island.

• There is no storage option, so wind-based DG output power
is regulated based on load requirement; no surplus is al-
lowed.

Moreover, both the island load and the connected wind-based
DGs are characterized by variable nature. However, the inclu-
sion of dispatchable DGs in the island (Diesel) renders this fact
to mimic a constant behavior for both of them during the is-
landing duration, always short period. This means that if the
supply matches the load at the moment of island creation, the
situation will be retained for the whole duration of islanding,
and vise versa.

The paper is organized as follows: Section II presents the pro-
posed technique of wind speed estimation, while in Section III
the validation of this technique is being checked. Section IV in-
troduces the proposed technique of reliability assessment. The
details of the system under study, the simulation results, and the

Fig. 2. Weibull probability density functions with different values of scale
index c.

Fig. 3. Weibull probability density functions with different values of shape
index k.

sensitivity analysis are revealed in Sections V and VI, respec-
tively. Finally, the conclusion is presented in Section VII.

II. WIND SPEED ESTIMATION

A good expression that is often recommended to model the
random behavior of the wind speed is Weibull probability den-
sity function (pdf) given as [21]

(1)

where is the shape index that is adjusted to match the wind
speed profile in the site under study, while is the scale index
that is calculated based on the annual mean wind speed which
is not constant from year to another. This means that these two
factors are calculated based on data that exhibit great amount
of uncertainty. This fact indicates a significant level of error
associated with this method since the shape of the Weibull pdf
is highly sensitive to the variation of these two indices as shown
in Figs. 2 and 3.

Yet, the methodology proposed to estimate the annual wind
speed profile, and hence, the output power of the wind turbine
is based on two steps utilizing three years of historical data. The
first step is to divide the data into clusters based on the season-
ality nature of the wind speed. While in the second step, a Grey
predictor will be utilized to estimate the wind speed profile.
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Fig. 4. Wind speed profile during the same day in different years.

Fig. 5. Correlation coefficient of wind speed at different lag times.

a) Data Clustering: In this step the data will be divided
into clusters based on the seasonality of the wind. This will pro-
vide a good correlation among the data in the same cluster which
will positively be reflected upon the estimated wind profile. In
order to reach a reasonable clustering outcome, three years of
historical data for the site under study (2004–2006) are utilized
(better clustering might be achieved if more data are available).
The correlation coefficient between any two variables X and Y
can be given by (2) as

(2)

where is the correlation coefficient between X and Y, and
are the mean of X and Y.

By analyzing the available data, and calculating the correla-
tion coefficient among the wind speeds of the same period of
time for different years, the following features were observed:

• The wind speed profile varies randomly during the same
period of time for different years with very weak correla-
tion as shown in Figs. 4, and 5, respectively. This indicates
that even artificial intelligence techniques, such as ANN,
which has the ability to extract the correlation between data
without the need of explicit relations, will not be able to ef-
fectively estimate the annual wind speed profile.

• The annual wind speed data are divided into clusters, where
each cluster includes the hourly data of one month in the
year. Further, each monthly cluster is divided into sub-clus-
ters based on the wind speed. Each sub-cluster includes
the number of hours in which the wind will be within cer-
tain limits as shown in Table I, where 4 m/s, 14 m/s, and
25 m/s are the common cut in speed, rated speed and cut
off speed of most commercial wind turbines and j is the
sub-cluster index. This means that at the end of the clus-
tering process there will be, for each year, 12 monthly clus-
ters each contains 12 elements (sub-clusters). This can be
represented in vector form as where c is the month

TABLE I
WIND SPEED LIMITS

Fig. 6. Wind speed clusters of same day at different years.

Fig. 7. Wind speed clusters of same month at different years.

index , (i.e., (4) means the number of
hours in which the wind speed is within 6–7 m/s in March).
To evaluate the effect of clustering on the reduction of ran-
domness, the clustering technique is applied to the wind
speed data of Fig. 4 as shown in Fig. 6. By comparing
Figs. 4–6, it can be found that the amount of randomness is
decreased among the daily clustered data of different years.
Moreover, a more reduction in the amount of randomness
is achieved when the period is extended from one day to
one month (the proposed clustering period) as in Fig. 7. In
addition, the correlation coefficient among the annual his-
torical data are improved as shown in Fig. 8.
b) Wind Speed Estimation: Based on the results in the pre-

vious step, it can be concluded that utilizing a clustering tech-
nique is better than using a time-based technique to estimate
the wind speed profile because it reduces the randomness and
improves the correlation coefficient among the historical data.
However, in the clustering technique some randomness still ex-
ists, especially in the winter season due to the high probability
of wind gust. In order to minimize this amount of randomness,
a Grey predictor GM(1,1) will be utilized to estimate the annual
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Fig. 8. Correlation coefficient of wind speed using the proposed technique.

wind speed profile of the site under study. Grey predictors have
been widely applied in different fields [22]–[24] and applied for
short-term forecasting of the wind speed [25]. The main advan-
tages of the Grey predictor technique are:

• utilizing accumulated generating operation (AGO) tech-
nique to convert the original set of data into a new set of
data (AGO) series. This new set of data is characterized by
reduced noise and randomness and more smoothed pattern;

• small amount of data is required in the estimation process;
just three points are utilized to estimate the forth one.

However, the main disadvantage of the traditional GM(1,1)
model is the occurrence of overshoots in the predicted data that
reduce the prediction accuracy [26]. These overshoots are mit-
igated in this work by the proposed constraints that controlling
the prediction process.

The different steps required to estimate the wind speed profile
using Grey predictor GM(1,1) are as follows.

1) Accumulated Generating Operation (AGO): The aim of
this operation is to convert the original set of data X into
a new set X using

(3)

2) Grey differential equation: The general differential equa-
tion of GM(1,1) model can be expressed as follows:

(4)

where represents the independent variable. The co-
efficients a and b are determined using the least-square
method.

3) Prediction equation for the GM(1,1): In this step, estimated
values of the AGO series are calculated using the following
equation:

(5)

4) Inverse Accumulated Generating Operation (IAGO): In
this step the original set of data is calculated based on the
estimated AGO using the following equations:

(6)

(7)

The application of this technique required 12 Grey predictors
for each month with 12 different a and b constants. To estimate
certain element, in the year under study, the Grey predictor, as-
signed for this element, will utilize the same element of the last
three years (i.e., ). Since, the total number of esti-
mated hours in any cluster S must equal to the number of hours
in the month presented by this cluster, this condition might not
be fulfilled because the 12 Grey predictors of each cluster esti-
mate the elements independently. To overcome this problem a
constrained Grey predictor was developed. The key idea of this
predictor is to calculate the constants a and b of the Grey predic-
tors for all elements of any cluster S by formulating a nonlinear
optimization problem (NLP) with an objective to minimize the
summation of square errors of all the Grey predictors of each
cluster while one of the constrains is that the total number of
estimated hours in each cluster S must equal to the number of
hours of the month presented by this cluster. The formulation of
the NLP, for each month, is as follows.
Objective: The objective is to minimize the total square errors

(8)

Constraints:
1) AGO

(9)

2) Prediction equation for the GM(1,1)

(10)

3) Summation of square errors for each predictor

(11)

4) Inverse Accumulated Generating Operation (IAGO)

(12)

5) Monthly hours constrain

(13)

where is the number of hours in the month under study.
This NLP was developed in GAMS, while MINOS was the
solver.

III. TECHNIQUE VALIDATION

In order to check the validation of the proposed technique,
three years of hourly historical data (2004–2006) of the site
under study was collected, while the proposed technique was
used to estimate the wind speed profile in 2007. Figs. 9–11
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Fig. 9. Comparison between the actual data and the estimated data for January.

Fig. 10. Comparison between the actual data and the estimated data for April.

Fig. 11. Comparison between the actual data and the estimated data for August.

TABLE II
ANNUAL AVERAGE ABSOLUTE ERROR

present a comparison between the actual data and the estimated
data using this technique for different months.

Moreover, a comparison was conducted between the pro-
posed technique and the common method of estimating the
wind speed profile using Weibull pdf. Table II shows that the
proposed technique outperforms the Weibull pdf method as
apparent from comparison of the annual average absolute error
calculation with respect to the actual data.

IV. PROPOSED TECHNIQUE OF RELIABILITY ANALYSIS

As mentioned above, the well-being concept can not be ap-
plied with its straight meaning when assessing the island relia-
bility. Yet, the measure that evaluates the island reliability is to

Fig. 12. Segment reliability.

check whether the island is to succeed or not. In order to achieve
this task, two steps have to be accomplished. In the first step,
the probability of creating an island will be determined which
depends on the system configuration, the failure rate, and the re-
pair time of the system components. While in the second step,
the probability of the island to be a success will be measured
depending on the stochastic behavior of the load and the DGs
connected to the island. Detailed elaboration of the techniques
utilized to carry out each step is hereunder.

a) Step 1: Segmentation concept for reliability assessment
In order to measure the probability of island creation, a
segmentation concept will be utilized [27], [28]. The seg-
mentation concept means that the distribution system will
be modeled in terms of segments not components. A seg-
ment is a group of components whose entry component
is a switch or a protective device, and each segment will
have only one switch or protective device. This means that
any segment can operate in the islanded-mode if and only
if there is a DG, connected to the segment, with an output
power matching the segment’s load during the island pe-
riod. The concept of segmentation as shown in Fig. 12
is based on the fact that any fault in a component down-
stream of a protection device and within its zone of protec-
tion will cause an interruption of power to those customers
in that zone. This means that all the customers in any zone
have the same reliability level and can be treated as one
customer. The advantages of using the proposed segmen-
tation concept are:
• the great reduction in reliability calculations;
• it gives an estimation of the DG size that if installed

within certain segment will improve its reliability, as
will be explained thoroughly later.

The down time of any segment depends on the set
(G) which contains all segments in the series path
between the main substation and the segment under
study including the segment itself. This means that
a failure of any component in any of these segments
requires waiting the repair time of this component
in order to successfully restore power. As shown in
Fig. 11, if we calculate the down time of seg #3, then

# # # .
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Based on this concept the down time of any segment can
be calculated as follows:

(14)

where

down time of segment g;

sustained failure rate of component i.in
segment j;

repair time of component i. in segment j;

number of components in segment .

Since all the customers in any given segment are treated
as one customer, then the down time of any segment will
be equal to the System Average Interruption Duration
Index of this segment. To calculate SAIDI of
the whole system must be weighted
based on the number of customers in each segment as fol-
lows:

(15)

(16)

where

number of customers in segment g;

total number of customers in the system.

However, the island will be created when the fault is oc-
curred in any segment of set G except the segment under
study. For example segment 3 will operate in the islanding
mode if the fault occurred in the substation, segment 1,
or segment 2. Hence, the probability of segment g to be
working in the islanded mode in each in-
stant of the year can be calculated as follows:

(17)

b) Step 2: Probabilistic based technique to calculate the
probability of the island to be a success
In the first step, the probability of creating an island is
calculated, while in this step the probability of an island
to be a success will be calculated. The necessary condition
for an island to be a success is

(18)

where

generated power of the DGs connected to the
island;

load power of the same island;

power loss in the island (assumed to be 5%
[29] of the current load).

Fig. 13. System under study.

So the probability of an island to be a success
depends on the probability of the DGs in the island to match
the total island load and the island losses
during the period of islanding. Given that the probability that
the DGs match the load and the probability of creating an island
are independent, therefore, the probability of the islanded mode
happens and is success can be obtained by convolving the two
probabilities as shown in the following equation:

(19)

V. CASE STUDY

The system under study, as shown in Fig. 13, is a practical
rural distribution system. The main substation at bus 1 is used to
feed a rural area. The regulating station between buses 15 and 16
is used to boost the voltage in order to maintain the voltage drop
at the end users within accepted limits. The data of the system
are given in Appendix A. Based on the segmentation concept
this system is divided into two segments, where segment 1 has
an aggregated peak load of 8.096 MW and is protected by the
circuit breaker B1. Segment 2 has an aggregated peak load of
8.165 MW and is protected with the recloser R1. Based on the
load points provided in Appendix A, the total number of cus-
tomers in the system is 26: 12 of them lay in segment 1 and 14
are in segment 2.

If the distribution system is to rely only on the wind-based
DGs to supply the load during the islanding operation, stability
problems might arise. This is due to the fact that wind-based
DGs are characterized by high level of random power fluctu-
ations that is relatively higher than load fluctuations leading to
power mismatch. Conventional DG units, such as diesel genera-
tors, respond to these stability problems by changing the supply
power to match the demand through either excitation or gov-
ernor controls, which consequently control the island frequency
and voltage. This calls for sharing the load between wind-based
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TABLE III
COMPONENTS RELIABILITY DATA

TABLE IV
RELIABILITY SET

TABLE V
SEGMENTS’ �����

and conventional DGs. In this way, the useful capacity of the
wind-based DGs is calculated and added to the available ca-
pacity of the conventional DGs in order to create the generation
model.

Therefore, two types of DGs will be connected to the distri-
bution system; the first one is a diesel DG with a rating of 5 MW
(60% of the peak load in segment 2) [30] connected to bus 28,
and the second one is wind-based DG consist of five wind tur-
bines each of 1 MW connected at bus 39. The five wind turbines
have the same characteristics as follows:

— cut in speed m/s;
— nominal speed m/s;
— cut off speed m/s;
— a 4% Forced Outage Rate (FOR) ( h,

h) [30] is assumed for all wind turbines.
From the location of the DGs it can be concluded that only

segment 2 can work in the islanding mode if the generated power
of the DGs matches the load during the islanding period. The
following procedures are conducted to asses the system relia-
bility during the islanding mode and its impacts on the whole
system reliability.

A. Calculations

Based on the segmentation concept, (14), the failure rate, and
repair time of different components in the system [31] as shown
in Table III, of each segment is calculated. Tables IV
and V show the set and for each segment, respec-
tively.

The probability of segment 2 to work in the islanding mode
is calculated to be using (17).

TABLE VI
ESTIMATED WIND SPEED PROFILE

TABLE VII
PROBABILITY OF WIND TURBINE OUTPUT POWER

B. Calculation of the Wind Output Power Probabilistic Model

In this step the probability of the wind turbine to generate
certain amount of power was calculated. Two scenarios were
proposed in this work:

1) Neglecting the Wind Turbines Failure: In this case the
proposed constrained Grey predictor technique was utilized to
estimate the wind speed profile in the site under study by esti-
mating the elements of the 12 clusters and aggregating them to-
gether to estimate the annual wind speed profile. The results of
this process are presented in Table VI. Hence, these data are ap-
plied to the five wind turbines to calculate the aggregated output
power levels and their probabilities
as shown in Table VII.

2) Considering the Wind Turbine Failure: In this case the
probability of the wind turbine to generate certain amount of
power is calculated for all output power
levels as follows:

(20)

The last output power level (i.e., wind output )
presents the unavailability of the wind turbine which can be ei-
ther from a failure or a wind speed outside the operating range.
Therefore, its probability is as the one calculated in scenario 1
in addition to the FOR. The results of this scenario are shown in
Table VII.



ATWA AND EL-SAADANY: RELIABILITY EVALUATION FOR DISTRIBUTION SYSTEM 579

TABLE VIII
CUMULATIVE PROBABILITY OF THE WIND TURBINE OUTPUT POWER

TABLE IX
LOAD MODEL

C. Success Island Probability Calculation

In order to calculate the probability of the island to be a suc-
cess, the cumulative probability of the wind-based DG to gen-
erate power more than certain level, for the two scenarios, is
calculated as shown in Table VIII.

In order to proceed with an accurate reliability assessment,
the system peak load was assumed to follow the hourly load
shape of the IEEE-RTS [32]. Based on this assumption the load
is divided into ten levels using the clustering technique, based
on the central centroid sorting process, developed in [33] and
[34] which verifies that choosing ten equivalent load levels pro-
vide a reasonable trade-off between accuracy and fast numerical
evaluation. Table IX shows the ten load levels accompanied by
their probabilities.

The probability of the DG units in the island to match the load
can then be calculated using the following equation:

(21)
where

cumulative probability of the DG units
to generate power equals or more than
certain level, for both scenarios;

TABLE X
RESULTS

Fig. 14. Sensitivity of the system reliability to the changes in the wind pene-
tration.

probability of the load to have certain
value;

set includes all the combinations of the
power generated and load in which the
power generated is equal or greater than
the load.

Based on (14)–(20) the probability of the island to be a suc-
cess, the improvement in the overall system reliability (improve-
ment in are calculated and summarized in Table X.

Moreover, the improvement in the sustained failure duration
is positively affects the system average interruption frequency
index (SAIFI); however, calculating the improvement in SAIFI
is beyond the scope of this paper.

VI. SENSITIVITY ANALYSIS

In this section the impact of adding different amounts of wind
capacity on both the island and system reliability is studied. This
was done by starting with small amount of wind power penetra-
tion (1 MW) and then increases this amount with a step of 1
MW. In each case the improvement in the island and system
reliability are calculated. It was found that the improvement in
the reliability tend to saturate with the increase of the wind pen-
etration as shown in Fig. 14. The reason for that is, after certain
penetration level, even the minimum output of the wind-based
DGs plus the output power of the dispatchable DG will cover
most of the load, and the only improvement will be in the peak
load case which has the lowest probability of occurrence (1%)
among all load levels. This means that, from reliability perspec-
tive, it is not necessary to increase the wind penetration beyond
certain level. This level of penetration depends on many factors,
such as the system topology, the island load, load profile, and
wind speed profile. However, the increase of wind penetration
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TABLE XI
LOAD POINT DATA

may have other advantages rather than improving the system re-
liability. Consequently, beside the benefit of reducing environ-
mental harmful emissions, it may be economically beneficial to
install wind power at a time when the system reliability may
be well above the satisfactory level. This can be determined by
comparing the savings resulting from fuel offset against the in-
stallation, maintenance and operating costs of wind-based DGs.

VII. CONCLUSION

In this paper, the reliability of the distribution system with
wind-based DGs is assessed during the islanding mode of oper-
ation. A novel constrained Grey predictor technique was utilized
to estimate the wind speed profile. The validity of the proposed
technique was checked by comparing the estimated wind speed
profile of this technique with estimated wind speed profile using
the common Weibull pdf. After estimating the wind speed pro-
file a probabilistic technique was utilized to correlate the sto-
chastic behaviors of the load and DGs power output to calcu-
late the probability of the generation in order to satisfy the load
during the islanding period, hence, improving both island and
system reliability. Moreover, a sensitivity analysis was carried
out to study the impact of changing the wind penetration on the
system reliability. It was found that as the penetration level in-
creases, the reliability improvement starts to saturate. However,
other advantages of the increasing the wind penetration can be
gained such as the offset in the conventional fuel consumption.

APPENDIX

Table XI lists the load point data.

REFERENCES

[1] Canadian Wind Energy Association. [Online]. Available: http://www.
canwea.ca.

[2] R. G. Deshmukh and R. Ramakumar, “Reliability analysis of combined
wind-electric and conventional generation system,” Solar Energy, vol.
28, no. 4, pp. 345–352, 1982.

[3] M. A. Khallat and S. Rahman, “Probabilistic approach to photovoltaic
generator performance prediction,” IEEE Trans. Energy Convers., vol.
1, no. 3, pp. 34–40, Sep. 1986.

[4] X. Wang, H. Z. Dai, and R. J. Thomas, “Reliability modeling of large
wind farms and electric utility interface system,” IEEE Trans. Power
App. Syst., vol. PAS-103, no. 3, pp. 569–575, Mar. 1984.

[5] C. Singh and Y. Kim, “An effective technique for reliability analysis of
power systems including time dependant sources,” IEEE Trans. Power
Syst., vol. 3, no. 3, pp. 1090–1094, Aug. 1988.

[6] C. Singh and L. Gonzalez, “Reliability modeling of generation sys-
tems including unconventional energy sources,” IEEE Trans. Power
App. Syst., vol. PAS-104, no. 5, pp. 1049–1056, May 1985.

[7] L. L. Bucciarelli, “Estimating loss-of-power probabilities of
stand-alone photovoltaic solar energy systems,” Solar Energy,
vol. 32, no. 2, pp. 205–209, 1984.

[8] L. L. Bucciarelli, “The effect of day-to-day correlation in solar radia-
tion on the probability of loss-of-power in a stand-alone photovoltaic
solar energy systems,” Solar Energy, vol. 36, no. 1, pp. 11–14, 1986.

[9] E. Ofry and A. Braunstein, “The loss of power supply probability as a
technique for designing stand-alone solar system,” IEEE Trans. Power
App. Syst., vol. 102, no. 5, pp. 1171–1175, May 1983.

[10] S. A. klein and W. A. Beckman, “Loss-of-load probability for a stand-
alone photovoltaic systems,” Solar Energy, vol. 39, no. 6, pp. 499–512,
1987.

[11] G. Desrochers and S. Sud, “A Monte-Carlo simulation method for the
economic assessment of the contribution of wind energy to the power
systems,” IEEE Trans. Energy Convers., vol. 1, no. 4, pp. 50–56, Dec.
1986.

[12] R. Billinton and L. Gan, “Wind power modeling and application in gen-
erating adequacy assessment,” in Proc. IEEE Conf. WESCANEX 93,
“Communication, Computers and Power in the Modern Environment”,
May 1993, pp. 100–106.

[13] R. Billinton, H. Chen, and R. Ghajar, “A sequential simulation tech-
nique for adequacy evaluation of generation systems including wind
energy,” IEEE Trans. Energy Convers., vol. 11, no. 4, pp. 728–734,
Dec. 1996.

[14] R. Billinton and R. Karki, “Capacity expansion of small isolated power
systems using PV and wind energy,” IEEE Trans. Power Syst., vol. 16,
no. 4, pp. 892–897, Nov. 2001.

[15] R. Billinton and R. Karki, “Maintaining supply reliability of small iso-
lated power systems using renewable energy,” Proc. Inst. Elect. Eng.,
Gen., Transm., Distrib., vol. 148, no. 6, pp. 530–534, Nov. 2001.

[16] R. Billinton and R. Karki, “Reliability/cost implications of utilizing PV
in small isolated power systems,” Reliab. Eng. Syst. Safe., vol. 79, no.
1, pp. 11–16, Jan. 2003.

[17] R. Billinton and R. Karki, “Reliability/cost implications of PV and
wind energy utilization in small isolated power systems,” IEEE Trans.
Energy Convers., vol. 16, no. 4, pp. 368–373, Dec. 2001.

[18] R. Billinton and Bagen, “A sequential simulation method for the gen-
erating capacity adequacy evaluation of small stand-alone wind energy
conversion systems,” in Proc. IEEE Can. Conf. Electrical and Com-
puter Engineering-CCECE 2002, May 2002, vol. 1, pp. 72–77.

[19] R. Billinton and Bagen, “Generating capacity adequacy evaluation of
small stand-alone systems containing solar energy,” Reliab. Eng. Syst.
Safe., vol. 91, no. 4, pp. 438–443, Apr. 2002.

[20] R. Billinton and Bagen, “Reliability evaluation of small stand-alone
wind energy conversion systems using a time series simulation model,”
Proc. Inst. Elect. Eng., Gen., Transm., Distrib., vol. 150, no. 1, pp.
96–100, Jan. 2003.

[21] G. Boyle, Renewable Energy. Oxford, U.K.: Oxford Univ. Press,
2004.

[22] M. Y. Chen, “Uncertainty analysis and grey modeling,” in Proc. 1st Int.
Symp. Uncertainty Modeling Analysis, 1990, pp. 469–473.

[23] R. C. Luo and T. M. Chen, “Target tracking by grey prediction theory
and look-ahead fuzzy logic control,” in Proc. IEEE Int. Conf. Robotics
Automation, 1999, vol. 2, pp. 1176–1181.

[24] B. R. Chang and S. F. Tsai, “A grey-cumulative LMS hybrid predictor
with neural network based weighting for forecasting non-periodic
short-term time series,” in Proc. IEEE Int. Conf. Systems, Man,
Cybernetics, 2002, vol. 6, pp. 1–5.

[25] T. H. M. El-Fouly, E. F. El-Saadany, and M. M. A. Salama, “Grey pre-
dictor for wind energy conversion systems output power prediction,”
IEEE Trans. Power Syst., vol. 21, no. 3, pp. 1450–1452, Aug. 2006.

[26] A. W. L. Yao, S. C. Chi, and J. H. Chen, “An improved grey-based
approach for electricity demand forecasting,” Elect. Power Syst. Res.,
vol. 67, no. 3, pp. 217–224, Dec. 2003.

[27] Y. M. Attwa and E. F. El. Saadany, “Wind based distributed generation;
uncertainties and planning obstacles,” in Pros. IEEE Power Eng. Soc.
General Meeting 2007, Jun. 2007, pp. 1–5.



ATWA AND EL-SAADANY: RELIABILITY EVALUATION FOR DISTRIBUTION SYSTEM 581

[28] A. Pregelj, M. Begovic, and A. Rohatgi, “Recloser allocation for im-
proved reliability of DG-enhanced distribution networks,” IEEE Trans.
Power Syst., vol. 21, no. 3, pp. 1442–1449, Aug. 2006.

[29] J. S. Savier and D. Das, “Impact of network reconfiguration on loss
allocation of radial distribution systems,” IEEE Trans. Power Del., vol.
22, no. 4, pp. 2473–2480, Oct. 2007.

[30] R. Karki and R. Billinton, “Cost-effective wind energy utilization for
reliable power supply,” IEEE Trans. Energy Convers., vol. 19, no. 2,
pp. 435–440, Jun. 2004.

[31] F. Roos and S. Lindah, “Distribution system component failure rates
and repair times—An overview,” in Proc. Distribution and Asset Man-
agement Conf., Helsinki, Finland, Aug. 2004, pp. 1–6.

[32] J. M. S. Pinheiro, C. R. R. Dornellas, and A. C. G. Melo, “Probing the
new IEEE reliability test system (RTS-96): HL-II assessment,” IEEE
Trans. Power Syst., vol. 13, no. 1, pp. 171–176, Feb. 1998.

[33] C. Singh and Y. Kim, “An efficient technique for reliability analysis of
power systems including time dependent sources,” IEEE Trans. Power
Syst., vol. 3, no. 3, pp. 1090–1096, Aug. 1989.

[34] C. Singh and A. Lago-Gonzales, “Improved algorithms for multi-area
reliability evaluation using decomposition-simulation approach,” IEEE
Trans. Power Syst., vol. 4, no. 1, pp. 321–328, Feb. 1989.

Yasser M. Attwa (S’06) was born in Alexandria, Egypt, in 1975. He received
the B.Sc. and M.Sc. degrees in electrical engineering from Alexandria Univer-
sity, Alexandria, Egypt, in 1998, and 2004, respectively. He is currently pursuing
the Ph.D. degree in the Department of Electrical and Computer Engineering,
University of Waterloo, Waterloo, ON, Canada.

His research interests are distribution system planning, power quality, relia-
bility, and distributed generation.

Ehab F. El-Saadany (SM’05) was born in Cairo, Egypt, in 1964. He received
the B.Sc. and M.Sc. degrees in electrical engineering from Ain Shams Univer-
sity, Cairo, Egypt, in 1986 and 1990, respectively, and the Ph.D. degree in elec-
trical engineering from the University of Waterloo, Waterloo, ON, Canada, in
1998.

Currently, he is an Associate Professor in the Department of Electrical and
Computer Engineering, University of Waterloo. His research interests are dis-
tribution system control and operation, power quality, distributed generation,
power electronics, digital signal processing applications to power systems, and
mechatronics.


