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Abstract – Considering the randomness and uncertainty of wind power, a reliability model of WTGs 
is established based on the combination of the Weibull distribution and the Markov chain. To analyze 
the failure mode quickly, we use the switch-section partitioning method. After defining the first-level 
load zone node, we can obtain the supply power sets of the first-level load zone nodes with each WTG. 
Based on the supply sets, we propose the dynamic division strategy of island operation. By adopting 
the fault analysis method with the attributes defined in the switch-section, we evaluate the reliability of 
the distribution network with WTGs using a sequential Monte Carlo simulation method. Finally, using 
the IEEE RBTS Bus6 test system, we demonstrate the efficacy of the proposed model and method by 
comparing different schemes to access the WTGs. 
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1. Introduction 
 
With the development of wind power generation 

technology, an increasing number of wind turbine generators 
(WTG) are accessing the distribution network. There are 
large differences in the structure and operation modes of 
traditional distribution networks, depending on whether 
they include WTGs, so the traditional distribution network 
reliability evaluation method [1-2] is not suitable for 
WTGs. Instead, we must consider the characteristic 
randomness and uncertainty of wind energy in the 
modeling process. Meanwhile, the inclusion of WTGs will 
likely cause the island operation mode to appear in the 
failure analysis process. Therefore, it is necessary to study 
a suitable power supply reliability evaluation method for 
distribution networks with WTGs. 

The reliability evaluation of the distribution network 
mainly includes two analysis methods: analytic and 
simulation. The analytical method [3-5] calculates the 
system reliability index using the mathematical model of 
reliability and analyzes the expected failure, whereas the 
simulation method [6-8] chooses the system state using the 
method of sampling status and uses a statistical method to 
calculate the reliability index. For a complex distribution 
network, it is difficult to obtain an accurate mathematical 
model using the analytical method, whereas the simulation 
method is not subject to limitations of network scale. Thus, 
the paper adopts the simulation method to study the 
reliability evaluation of distribution networks with WTGs. 

Because of the randomness and uncertainty of wind 
energy, it is necessary to establish a model of WTGs that is 
suitable for reliability evaluation. In [9], a wind turbine 
reliability model was established based on the analytical 
frequency and duration approach, taking into consideration 
the randomness of wind speed; and given the probability 
and duration of the wind turbine output power. However, 
this model did not consider the effect of wind turbine faults 
on its active power output, and the model was inconsistent 
with the actual operation. A wind turbine reliability model 
was established that incorporated the randomness of wind 
power in [10-11]. However, this model did not include the 
derated state of the turbine, which would introduce errors 
in the prediction. In addition, it could only provide the 
probability of wind power output, and not its duration, so it 
was not amenable to sequential Monte Carlo simulation. 

After WTGs are connected to the power distribution 
network, the operation mode and structure of the distribution 
network changes. The analysis of traditional failure mode 
effects has not incorporated the island operation mode, so it 
cannot properly consider wind power supply in some 
failure cases. As a result, it is necessary to study the island 
dynamic division strategy and establish a kind of fault 
mode analysis method for distribution networks that includes 
the wind power effect. In [12-13], the analytical method 
was used for a reliability evaluation of the distribution 
system in different models, considering the randomness of 
wind power. However, this analysis presupposed that an 
island could only be formed when no WTG failure 
occurred and when the generating capacity of the WTG 
was greater than or equal to the load demand. Wind power 
could not be fully used, and the power supply path for the 
first-level load is not established. In [14-15], an efficient 
and practical reliability evaluation algorithm was presented 
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for distribution networks using a section technique and 
accounting for the construction features of the distribution 
networks. However, the zone partition method in this paper 
cannot address the effect of wind power on the power 
supply area of the distribution network because of the 
random variations in the output of wind power. The failure 
effect table of regional components was obtained using a 
simplified network in [16], which facilitated a reliability 
evaluation of the distribution network containing DG based 
on the sequential Monte Carlo method. However, this 
method simply illustrates the development of the fault 
effect table, and there is no detailed introduction to the 
process of failure mode analysis. 

Taking into account the above problems, in this paper, a 
reliability evaluation of distribution systems with WTGs is 
presented. A reliability model of WTGs is proposed based 
on a combination of the Weibull distribution and the 
Markov chain, which is suitable for sequential Monte Carlo 
simulation. To quickly analyze the failure mode, we use the 
concept of switch-section and propose the switch-section 
search method for a distribution network that includes only 
one layer of child feeders. After defining the first-level load 
zone node, we obtain the supply power sets of the first-
level load zone nodes with each WTG. Based on the supply 
sets, we propose the dynamic division strategy of island 
operation. By adopting a fault analysis method based on 
the attributes of the switch-section, we evaluate the 
reliability of the distribution network with WTGs using the 
sequential Monte Carlo simulation method. Finally, with 
the IEEE RBTS Bus6 test system, the proposed model and 
method are validated, and we discuss various effects on the 
reliability indices of distribution networks with WTGs. 

 
 

2. Reliability Evaluation Model of WTGs 
 

2.1 Wind energy transformation model based on the 
Weibull distribution 

 
The wind speed at a wind farm is random, and a large 

number of experimental data analysis results show that the 
wind speed obeys a two-parameter Weibull distribution. 
Using the wind speed probability statistics model, i.e., the 
Weibull distribution, it is possible to transfer the 
randomness of the wind speed to the wind power output. 
Its probability density function is: 

 

 1( ) ( ) exp[ ( ) ]k kk v vf v
c c c

−= −  (1) 

 
The probability distribution function can be obtained 

from formula (1): 
 

 ( ) ( ) 1 exp[ ( ) ]kvF v P V v
c

= ≤ = − −  (2) 

where c and k are the scale and shape parameters, 
respectively. 

According to the counter transformation method, the 
incident wind speed is described as: 
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where iα  is a evenly distributed variable in the interval 
[0,1]. 

The model uses a time step of one hour, and generates a 
random number iα  in the interval [0, 1] in each hour 
interval. The wind energy transformation model [ ]wP t  can 
then be obtained as follows: 
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where nv  is the rated wind speed, civ  is the cut-in wind 
speed, cov  is the removal speed of wind, nP  is the rated 
power, and t  is the simulation time. 

 
2.2. Output power coefficient of WTGs based on the 

Markov chain 
 
Markov chains [17] are typically used for random 

process modeling. For the WTG, the chain has three states: 
Stop, Derated and Available. Fig. 1 shows the three-state 
WTG model. 

In Fig. 1, λ  represents the transfer rate among the 
states, and the subscript indicates the status of the transfer 
direction. For the three-state model of the WTG, it is 
possible to obtain the state transition matrix by adopting 
Markov chain methods: 

 

 
1

1
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According to the Markov approximation principle, 
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Fig. 1. Three-state WTG model 
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The probability of each state ( ,  ,  A D SP P P ) can be 
calculated from formulas (5) and (6). With the sampling 
method of system state transition, we can sum the possible 
state probabilities of WTGs over the [0, 1] interval. We 
randomly generate a number 1β  that satisfies the 
requirement of uniform distribution on [0, 1]; then, based 
on the law of large numbers, we can obtain WTG state, S , 
using formula (7). 

 

 
1

1

1

               0
 state          +   

 state      + 1
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Suppose that each state has a corresponding output 

power coefficient γ . 
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If the state of the WTGs is S , the state duration sT  can 

be calculated using formula (9): 
 

 2

1
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where dM  is the transfer number that leaves state S , 2β  
is a random number that satisfies the [0,1] uniform 
distribution requirement. 

To obtain the output power coefficient sequence of 
WTGs, we define the output power coefficient array 

[ ]State t . The flow chart describing the process for 
calculating [ ]State t  is shown in Fig. 2. 

 

?Sk T≤

1k k= +

?t T<

st t T= +

( )sta te t k γ+ =

ST

 
Fig. 2. Flow chart of calculating the output power coefficient 

of WTGs 

2.3. Reliability model of WTGs 
 
The reliability model of WTGs can be described as 

follows: 
 

 ( ) [ ] [ ]wP t P t State t= ∗  (10) 
 

where ( )P t  is the output power reliability model, [ ]wP t  
is the wind energy transformation model from subsection 
2.1, [ ]State t  is the output power coefficient array from 
subsection 2.2, and t  is the time from 1~8760 hours.  

By adopting the combination of the Weibull distribution 
and the Markov chain, the resultant model can be used to 
evaluate the reliability of the distribution network with 
WTGs based on sequential Monte Carlo simulation, and 
this model overcomes the limitations inherent to traditional 
wind turbine reliability models. 

 
 

3. Section Partitioning Method Based on the 
Switch Characteristics 

 
3.1. Section partitioning method based on the switch 

characteristics 
 
The switch-section partitioning method divides the 

system into multiple sections based on the boundaries of 
the switches [18]. In a complex distribution network, it is 
possible to significantly reduce the computational burden 
of the failure analysis by using the switch-section as a unit 
for the failure analysis. 

In a distribution network with only one layer of child 
feeders, and using the circuit breaker as the border, the 
system section types can be divided into the main feeder 
section (labeled -secF tion ) and child feeder section 
(labeled -i secC tion , where i  is the number of the child 
feeder section). Using this paradigm, we can further divide 
within each section, and we regard any non-isolated 
switching and collection of interconnected elements in the 
section as the load-range section, labeled -j secA tion , 
where j  is the number of the load-range section. If the 
WTGs are contained in a certain section, we redefine the 
section type as -k secW tion , where k  is the number of the 
section. 

 
3.2. Search method based on the switch characteristics 

 
Fig. 3 depicts the search method of the switch-section 

for a distribution network with only one layer of child 
feeders. 

Taking the switch-section search method for a 
distribution network with only one layer of child feeders as 
a recurrence relation, we can conveniently describe the 
switch-section of a complex distribution network with K  
( 1K > ) layers of child feeders.  
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Fig. 3. Flow chart of the switch-section search method 
 
In the search process, we have preserved the regional 

attributes of the switch-sections in the array, which will be 
helpful in reducing the failure mode analysis. A detailed 
description is provided in section 5. 

 
 

4. Dynamic Division Strategy using Islands 
 

4.1. First-level load zone node 
 
In the distribution network, the first-level load refers to 

the most important power load; a power failure or sudden 

power failure will cause great losses to the user of the first-
level load. The distribution network node that connects to 
the first-level load is called the first-level load node. 

A distribution network with WTGs can easily be divided 
into various switch-section types using the switch-section 
search method described in section 3. For the -k secW tion , 
with regard to the importance of the first-level load in the 
distribution network and the limited ability of the wind 
power supply, it is necessary to supply power to the first-
level load primarily in the -k secW tion  under the island 
mode. Therefore, in this section, we propose the concept of 
the first-level load zone node. We then mark out the first 
level load zones in each -k secW tion . Using this technique, 
we dynamically divide the island in the -k secW tion . 

Definition: Set each first-level load as the starting point, 
and search for nearby WTGs. Determine whether the path 
between the power node and load node is intact. If the 
pathway is intact, then the first-level load can be supplied 
by the WTGs, and all loads between the first-level load 
node and the WTGs node must be supplied. Set these loads 
as supplementary load. The collection of the first-level load 
node and supplementary load nodes is called the first-level 
load zone node, which is marked as i jT − , where i  is the 
number of the first-level load zone node, j  is the number 
of the first-level load node. 

An example of the first-level load zone node is shown in 
Fig. 4. 

In Fig. 4(a), LP6, LP10 and LP12 are the first-level load. 
In Fig. 4(b), 1, 2 and 7 are the load node units, which 
consist of the load, load access points and connecting lines. 
According to the first-level load zone nodes, we can 
simplify the structure of the distribution network by using 

1 6 [4, 5, 6]T − = , 2 10 [8,  9,  10]T − = , and 3 12 [11, 12]T − = . 
1 6T −  is supplied by WTG1, 3 12T −  is supplied by WTG2, 
2 10T −  can be supplied by both WTG1 and WTG2. Then, we 

can obtain the power supply node sets based on the first-
level load zone nodes, where WTG1 is for 1 6T −  and 2 10T − , 
WTG2 is for 2 10T −  and 3 12T − . Finally, considering the real-
time output power of WTG1 and WTG2, we can mark off 

1 2
0 3 4 5 6 7

8

9

10

12

1 2
3

7

3 12T −

11

LP1 LP2 LP4 LP5 LP6 LP7

LP8

LP9

LP10

LP11

LP12

WTG2

0

The first level load:
The second level load:
The third level load:

1 6T −

2 10T −

LP6, LP10, LP12  
LP1, LP2,  LP7,  LP8,  LP11
LP4, LP5, LP9: 

WTG1

WTG2

WTG1
 

(a) Original system           (b) First-level load regional nodes 
Fig. 4. Example of the first level load zone node 
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the island range online based on the island dynamic 
division strategy. 

 
4.2. Dynamic division strategy for island operation 

mode 
 
The so-called dynamic division strategy refers to cases 

when the island range undergoes dynamic change. This 
division is subject to constraints on the randomness of the 
output power of WTGs and the time-varying nature of the 
load. This division strategy for distribution networks 
requires a relatively high level of automation. 

The detailed dynamic division constraints of an island 
are as follows: 
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where D  is the region formed by all nodes in the island, 

iL  is the first-level load zone node or the set of its internal 
nodes, LiP  is the active power of the load, GjP  is the 
output power of WTGs, iw  is the weighted coefficient of 
load i , P  is the weighted sum of the power load in the 
island, and iM  is the total quantity of the removed load. 

A flow chart of the dynamic island division procedures 

is depicted in Fig. 5.  
In Fig. 5, ( )GP t  is the real time output power of WTGs 

in the island, and ( )LP t  is the total power that is 
incorporated into the island. 

In addition, if several first-level load zone nodes are 
attached to one feeder line, the calculation of the supple-
mentary loads should not be repeated. If the achieved 
island collections have intersecting parts, two island 
collections can be connected into a larger island collection. 

With the dynamic division strategy for island mode, we 
can simplify the complex power distribution network by 
adopting the first-level load zone node. During dynamic 
island division, the proposed method can first mark off 
each first-level load zone node in the distribution network, 
then mark out the supply power sets of the first-level load 
zone node offline for each WTG, and finally, determine the 
island range online according to the output power of the 
WTGs. The proposed method can improve the speed of 
island division, and ensure the power supply of first-level 
loads. It is particularly suitable for a distribution system 
with large capacity distributed power. 

 
 

5. Failure Mode Analysis of Distribution System 
 

5.1. Main concept of the failure analysis 
 
Define the switch-section as having identical regional 

attributes (section type, switch number, switch node, feeder 
branch, feeder node, reliability parameters), where there 
are mapping relations among the section type, switch 
number and switch node. Meanwhile, we define a 
corresponding storage pointer for regional attribute. Hence, 
we consider the failure mode analysis based on the regional 

( ) ( )?G LP t P t>

( ) ( )?G LP t P t>

( )LP t

( )LP t

( )LP t

 
Fig. 5. Flow chart of the dynamic island division procedures

V=V-1

Yes

Suppose the number of fault component is q, and 
determine the corresponding switch number p.

 Mark out the power supply sets of the 
first-level load zone node of each WTG.

No

Divide the switch-sections and the 
total number of switch-section  is  s. 

Initialize a variable V=s

Obtain the section type of the V-th section according 
to the regional attributes of switch- section

Is there a mapping relationship between switch 
number p and the section type of the V-th section?

Fault component exists in the V-th section

Determine the relative positional relationship between the V-th 
section and the other sections according to the  relationship 

among switch node of each section in the node tree. 

Divide island dynamically in                   , 
and statistical reliability index 

-k secW tion

 
Fig. 6. Flow chart of the failure mode analysis 
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attributes of the switch-section. 
When a fault occurs in the branch line of a feeder, it is 

isolated with an automatic switching device in the branch 
line. It therefore has no effect on the system, and the 
reliability index can be directly calculated. In this paper, 
we focus on the failure mode analysis process when a fault 
occurs in the feeder. 

The flow chart of the main concept of the failure mode 
analysis is depicted in Fig. 6. 

 
5.2. Examples of the failure mode analysis 

 
Fig. 7 presents a typical distribution network with WTGs, 

which contains four circuit-breakers and some isolating 
switches (the isolating switches are not shown on the child 
feeders). Node 0 represents the system source node, and 
nodes 4 and 5 represent WTG access points. 

Based on the search method described in section 3, any 
distribution system can be simplified to a switch-section 
network. Fig. 8 depicts the switch-section network that 
corresponds to Fig. 7. 

 

 
Fig. 7. Typical distribution network with WTGs 

 
-secF tion

1-secA tion 2 -secA tion

1-secC tion 1-secW tion

2 -secW tion

 
Fig. 8. Switch-section network 

 
When a fault occurs in the -secF tion , identify whether 

the fault occurs in the 1-secA tion  or 2 -secA tion . If the 
fault occurs in the 1-secA tion , the power supply in this 
section cannot be restored before the failure is repaired 
because the 2 -secA tion and 1-secC tion  are located 
downstream from the fault section. Thus, the outage time 
of the load is the fault-repair time. Meanwhile, 1-secW tion  
and 2 -secW tion  immediately transfer to island-operation 
mode as breakers, and the operation time of the island 
becomes the fault-repair time. In this period, the power 
supply is constrained by the total load and output power 
of WTGs in the island. If the fault occurs in the 

2 -secA tion , the section cannot be restored before the fault 
is isolated because the 1-secA tion  and 1-secC tion  are 
located upstream from the fault section,, so the outage time 

of all loads becomes the fault-isolation time. The analytical 
process for the 1-secW tion  and 2 -secW tion  is identical to 
the analytical process for the 1-secA tion . For the 

-i secA tion  (i =1, 2) where a fault occurs, the power supply 
of the load node must be restored after the failure recovery 
because of the restrictions imposed by the internal structure. 

When a fault occurs in the 1-secC tion  or -i secW tion  
(i =1, 2), the circuit breaker immediately trips into fault 
isolation, so the fault has no effect on other sections in the 
system. However, when a fault occurs in the 1-secC tion , 
the outage time of the load downstream from the failure 
becomes the fault repair time because the section does not 
contain the WTGs and the standby power supply, and the 
outage time of the upstream load becomes the fault-
isolation time. When the fault occurs in the -i secW tion , it 
immediately switches into island-operation mode, and the 
power supply condition of the load becomes constrained by 
the total amount of the load, output power of WTGs and 
locations of WTGs. 

In some cases (such as when a fault occurs in the 
1-secA tion ), especially when the repair time is relatively 

long, if the power capacity of WTGs is large enough, the 
circuit breaker can be operated to enable the 1-secW tion  
and 2 -secW tion  to supply power together, which can 
improve the power supply range. 

 
 

6. Reliability Evaluation of Distribution Network 
with WTGs 

 
We apply the sequential Monte Carlo method to simulate 

the reliability evaluation. One condition for loop termination 
in this method requires as an input the accumulation of 
time to failure of a certain element. As such, the sequential 

i
TTFT i

TTRT

min( )q i
TTF TTFT T=

q
TTFT T=

q

0
TTFT 0

TTRT
0q q q

TTF TTF TTR TTFT T T T= + +
0q

TTR TTRT T=

Fig. 9. Reliability evaluation flow chart of distribution 
system with WTGs 



Hongbin Wu, Jinjin Guo and Ming Ding 

 http://www.jeet.or.kr │ 581

Monte Carlo method can increase the number of required 
samplings in the simulation process to achieve a more 
reliable index and more authentically simulate the fault 
state of the distribution network in the simulation period. 

The reliability evaluation flow chart for a distribution 
system with WTG is displayed in Fig. 9. In Fig. 9, i

TTFT  is 
the time to failure for each non-power element, and i

TTRT  
is the time to repair for each non-power element. 

 
 

7. Numerical examples 
 

7.1 Example of the system 
 
As an example, we take the improved IEEE - RBTS 

Bus6 system [19]. We set the main feeder F4 as the 
foundation to study the reliability of the distribution 
network with WTGs. The example system is shown in Fig. 
10. As shown in Fig. 10(a), the system contains four sets of 
circuit breakers, many isolating switches, 23 load points 
(LP1 to LP23) and 23 distribution transformers. We 
consider the transformer failure rate to be equivalent to the 
line and set the LP20 as the first-level load. So there are 
two first-level loads: LP18 and LP20. All loads adopt a 
time-varying load model [20], and the circuit-breakers and 
isolating switches are 100% reliable. The rated output 

power of the WTGs is 1.2 MW. The cut-in wind speed, 
rated wind speed and cut-out wind speed of the WTGs are 
3 m/s, 14 m/s and 22 m/s, respectively. 

 
7.2. Switch-section division of the example system 

 
When WTG1 is added to node 14, WTG2 and WTG3 are 

added to nodes 18 and 23 in the example system, 
respectively. Based on the switch-section search method 
described earlier, the example system in Fig. 10(a) can be 
simplified to the distribution section in Fig. 10(b). In Fig. 
10(b), the numbers show the load units nodes, where nodes 
20 and 22 are the load units with the first-level load. If the 
power supplies of the identical first-level load are different, 
then the supplementary loads of the zone nodes are 
different as well. Due to economic factors, we do not use 
WTGs to supply power over a long distance. Therefore, 
each first-level load zone node can be described as follows: 

1 20 [17,18,19,20]T − = , 2 22 [22, 23]T − = , and the power 
supply nodes of the first-level load can be described as 
follows: WTG2 is for 1 20T − , and WTG3 is for 2 22T − , where 
WTG1, WTG2 and WTG3 should guarantee the power 
supply of the load within their zone. In certain fault 
conditions, if the unit capacity has a surplus, some sections 
can join the power supply through switch operation after 
fault isolation, which can expand the scope of the island 

2 -secW tion

3 -secW tion

1-secW tion

3-secA tion

2 -secA tion

1-secA tion

-secF tion

4 -secA tion

 
           (a) Original example system                (b) Section division of the system 

Fig. 10. Example system 
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improving the system reliability index. 
 

7.3. Analysis of the load point reliability index 
 
To verify the effect on the system reliability of the load 

point that is connected to the access of WTGs, we design 
three cases: without WTG, WTG on node 20 and WTG on 
node 25. Table 1 shows the load point reliability indices. 

Table 1 shows that the WTG has no effect on the load 
point failure rate. Because the load point set 1L : [LP14, 
LP16, LP18] and load point set 2L : [LP19, LP20, LP23] 
belong to different island regions, Table 1 shows that, with 
the WTGs, the load point failure outage time ir  and 
average annual outage time iU  decrease inside the island, 
which can improve the system reliability index. However, 
it has no effect on the load point reliability index outside 
the island. Load point LP19 is at the edge of the island 
range, so the improvement of the reliability index is not 
substantial. The reliability index of the first-level load 
(LP20) significantly improves, but this improvement is less 
than LP23 near the WTGs, which is caused by the system 
configuration used in this example. 

 
7.4. Analysis of the system reliability index 

 
7.4.1. Effect of different numbers of WTGs on the 

reliability index  
 
To verify the effect of different numbers of WTGs on the 

system reliability index, different cases are designed on 
nodes 15, 20, 25 as follows: without WTG, one WTG, two 
WTGs and three WTG. Fig. 11 shows the curve of the 
system reliability indices. 

In Fig. 11, all system reliability indices show a certain 
degree of improvement except the SAIFI because SAIFI is 
independent of the integrated state of WTGs. With an 
increasing number of WTGs, the scope of the island 
increases and the loss of power of the load point decreases, 
which further improves the system reliability. However, 
when the number of WTGs is more than 10, the system 
reliability index curve tends to be flat and the degree of 
system reliability improvement decreases until it reaches a 
saturated state, so we require a comprehensive variety of 
factors to determine the number of WTGs in which to 
invest. 
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Fig. 11. Curve of system reliability indices for different 

numbers of WTGs 
 

7.4.2. Effect of different locations of WTGs on the 
reliability index  

 
The installation locations of WTGs also have different 

effects on the system reliability, so two access cases are 
described.  

Case 1: WTGs are simultaneously installed at nodes 15, 
20, and 25. 

Case 2: WTGs are simultaneously installed at nodes 14, 
18, and 23. 

From Table 2, Case 2 results in an improvement in the 
system reliability index over Case 1. The reasons are 
mainly as follows: 

 
Table 2．Reliability indices with different WTGs locations 

Case SAIFI  
(f/syst.cust)

SAIDI  
(f/syst.cust) 

CAIDI 
(h/cust) 

ASAI 
(%) 

ENS  
(MW.h/yr)

Case 1 1.536 5.256 3.422 99.9400 40.517 
Case 2 1.536 5.187 3.376 99.9408 40.964 

 
1) WTGs are simultaneously installed at nodes 14, 18, and 

23 in Case 2, so it is possible to search for the first-level 
load zone nodes in different directions based on the 
policy of island division as described previously, and 
the island range can have various options. The WTGs 
that are simultaneously installed at nodes 15, 20, and 25 
in Case 1 are restricted by the system structure, so the 
search is only in a single direction: towards the 
upstream parent node.  

Table 1．Load point reliability indices 

Reliability index WTG location LP1 LP6 LP13 LP14 LP16 LP18 LP19 LP20 LP23 
None 1.32 1.35 1.58 1.93 1.93 1.93 1.91 1.95 1.78 

Node 20 1.32 1.35 1.58 1.93 1.93 1.93 1.91 1.95 1.78 λi /(f/yr) 
Node 25 1.32 1.35 1.58 1.93 1.93 1.93 1.91 1.95 1.78 

None 2.13 3.46 5.32 3.21 3.64 4.20 4.29 4.55 5.30 
Node 20 2.13 3.46 5.32 3.08 3.34 3.54 4.29 4.55 5.30 ir /(h/f) 
Node 25 2.13 3.46 5.32 3.21 3.64 4.20 4.08 4.27 4.37 

None 2.81 4.66 8.41 6.20 7.03 8.10 8.19 8.84 9.44 
Node 20 2.81 4.66 8.41 5.94 6.45 6.83 8.19 8.84 9.44 iU /(h/yr) 
Node 25 2.81 4.66 8.41 6.20 7.03 8.10 7.79 8.30 7.78 
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2)  Compared to the installation positions in Case 1, when 
WTGs are installed at nodes 14, 18, and 23, the feeder 
distance among the three nodes is reduced. As a 
consequence, an island joint supply can be realized 
after the fault is isolated under certain fault conditions, 
which can maximize the use of the output of the WTGs. 
For example, if the 3 -secA tion  or its upstream section 
fails, WTG1 and WTG2 can feed in a joint power 
supply after the fault isolation; if the 2 -secA tion  or its 
upstream section fails, WTG1, WTG2 and WTG3 can 
supply power to the 3 -secA tion  together, which 
improves the system reliability index. 

 
7.4.3. Effect of different types of power on the reliability 

index  
 
To further verify different effects on the system 

reliability of WTG and non-intermittent power, different 
cases are designed at nodes 14, 18,and 23 as follows: with 
three simultaneous WTGs, and with an equal capacity fuel 
cell. Fig. 12 shows the bar chart of the system reliability 
indices. 

From the bar chart in Fig. 12, it is clear that wind power 
has far less of an effect than does the large capacity of the 
fuel cell on the improvement of the system reliability index. 
This disparity occurs because the wind turbines have 
randomness and intermittency, which leads to a limited 
supply capacity, whereas the large capacity fuel cell has no 
such restrictions. However, because of their good social 
and environmental benefits, WTGs can play an important 
role in improving the reliability of the distribution network, 
particularly after wind power technology has been widely 
promoted. 

 

 
Fig. 12. Bar chart of the system reliability indices for 

different types of power 
 
 

8. Conclusions 
 
This paper studied the reliability evaluation of a 

distribution system with WTGs based on the switch-section 
partitioning method. The main contributions of this paper 
can be listed as follows: 

1) A reliability model of WTGs for the sequential Monte 
Carlo simulation was established using the analytic 
method of Weibull distribution and the Markov chain, 
which is more practical because it includes the derated 
and stop states.  

2) Failure mode analysis for the distribution network with 
WTGs was studied. The complex distribution network 
can be divided efficiently based on the switch-section 
search method. It is possible to reduce the required 
amount of calculation for the fault effect analysis by 
applying the regional attributes of the switch-section 
stored in advance, and the analysis hierarchy can thus 
become clearer. 

3)  The sequential Monte Carlo simulation method is 
adopted to evaluate the reliability of a distribution 
network with WTGs. By using the accumulation of 
time to failure of a given element as the condition for 
loop termination, it is possible to increase the number 
of samplings required in the simulation process to make 
the reliability indices more accurate and to simulate 
the fault state of the distribution network more 
authentically in the simulation period. 

4) The access of WTGs can improve the reliability index of 
the part load point and system reliability index. 
However, WTGs are less effective than non-intermittent 
distributed generation in improving the system 
reliability. Taking into account the effect of the island 
division strategy, different numbers and locations of 
WTGs have different effects on improving the system 
reliability index.  
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