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ABSTRACT: With large capacity wind farm connected to power system, due to its intermittency, random volatility
and uncertainty, the distribution of power flow will be effected. Previous studies mostly focus on the wind speeds
among different wind farms. In the present paper, probability distribution modeling method of joint output of wind
farm and Photovoltaic power station is distributed. This method not only considers the randomness of photovoltaic
power plants and wind farm output, but also considers the correlation between them. Firstly, calculate the
probability distribution of wind farm and select Kendall rank correlation coefficient as the correlation measure. Use
the Frank Copula function to calculate the joint probability distribution. At last, take RBTS standard testing system
as the example analysis to test the reliability of the wind farm. The results show that the reliability evaluation of
wind farm considering the correlation is more practical.
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INTRODUCTION

The distribution of China's wind energy resource is relatively concentrated. It distributes mainly in three north
regions and the eastern coastal areas, which determines that the domestic development of wind power is
characterized by large scale and continuity. Because of the random volatility of the wind energy, several indexes of
power system will be affected to some extent such as reliability, stability and electrical quality after the large-scale
wind power being connected into the system. Among these indexes, the reliability is an important indicator of the
modern power system [1-3]. With the increasing unit capacity of wind turbine and wind farm scale, how to make
effective evaluation on the reliability of system has become the urgent problem to resolve [4].

At present, there are many domestic and foreign researches on reliability of wind farm. Among them, many of them
use the copula function to make analyses and some foreign scholars apply copula function into the analysis of the
uncertainty of wind power. Copula function has been used to simulate a single wind farm output and study the
correlation problems. The domestic scholar Chou Guobing [5] and Wu Linwei [6] make research on the
measurement of reliability of wind farm considering the obstacles. Jiang Wen [7] based on Markoff chain method
and fully considering the randomness of wind power and forced outage rate of wind turbines, establishes reliability
model of wind farm by analytical method. Pan Xiong [8] and Ji Feng [9] use mixed copula function to analyze the
correlation of wind farm under different conditions, and conclude that mixed copula function is closer to historical
data model and power flows obtained by them are relatively consistent with each other. Then, Wang Xiaohong [10]
by taking advantage of the feasibility and superiority of time-varying Copula function in correlation analysis of wind
farm proposes a new and more effective method for correlation analysis of wind and power output of wind farm.

This paper combines the probability distribution of available wind farm capacity and that of available wind energy,
and calculate the probability distribution of the wind farm output power; select Kendall rank correlation to measure
the degree of correlation between them; based on the Copula theory, establish the reliability model of wind farm;
taking RBTS standard test system as an example, use this model to evaluate the reliability of wind farm system.

WIND FARM MODEL

Wind Generator Model

(1) Wind speed model

According to the analysis of the large number of experimental data, wind speed of most regions follows Weibull
distribution with 2 parameters and the probability density is:



Research on reliability of wind farm based on copula theory

427

 
1

expv vf v
c c c

                 

In this equation, c and β are respectively the scale parameter and shape parameter of Weibull distribution which can
be identified by the least square method according to the historical data of the wind speed measured at spot.

According to the above equation, its probability distribution function is:
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(2) Power output model

The output power of wind generator depends on the wind speed. Without considering the difference among wind
generator versions, linearity can be used to stimulate the relationship of the power output of wind generator out

P
and wind speed, as shown in the following equation:
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In the equation,: v represents the wind speed at the hub of wind generator; rP represents the rated power of wind
generator; , ,ci r cov v v respectively represent the cut-in wind speed, rated wind speed, and cut-out wind speed;

 1 2 1;r r ci cik P v v k k v    .

(3) Probability distribution of the output power Based on the probability distribution of the wind speed and the
specialty of the wind generator output, the probability distribution of output power of wind generator can be
obtained.

When 0 civ v  or cov v , 0outP  and there is:
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Model of the Level of Wind Energy

Without considering the faults of wind generator, calculate the amount of the output reduced by the constrictions of
wind energy. According to the output curve of wind speed and wind generator, the output power of wind farm can
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be obtained. Treat the wind farm discreteness as a multi-states unit, where the percentage of the output power of
No.i state accounted for rated output power is shown as the following equation:

  100%, 0,1, ,T
iP i i M
M

   

In this equation, M refers to the number of non outage states of the model.

The probability  TF i of No.i state is the cumulative probability which takes  T rP i P as the center, and
 2rP M as the radius. Output powers in this range are considered to be  T rP i P as shown in the following

equation:
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The output power of the whole wind farm is the joint probability distribution of operation state of wind farm and the
available wind energy, which is:

     ,out O T
i PP i k P k P i kP ik
M M

  

And its probability is:      , T OF i k F i F k

From the above equation, it can be known that if 1 1 2 2i k i k ,    1 1 2 2, ,out outP i k P i k . The product of i and k
determines the output level of the wind farm, so there are many situations where output powers are the same. For
example: under the circumstances that all the wind generators are running while wind speed is too low, or the wind
is in the rated speed while all wind generators are at outage, the outputs of the wind farm will both be 0.

In addition, the state number of wind power output obtained by the above equation is not simply equal to M or L,
but has been re-expanded. Therefore, in order to simplify the reliability evaluation, the results can again be discrete
to the designated state by using the method mentioned in last chapter. The number of discrete state should be
selected according to the specific requirements of computing time and calculation accuracy.

THE CORRELATION OF COPULA THEORY

The Definition of Copula Function

The outputs of wind farm and photovoltaic power station are complementary, but not linear correlative. The
computation of their joint probability distribution by using traditional probability theory is complex. The theory of
Copula provides a new idea for solving complex problems with high dimension joint distribution, which transport
the joint distribution problem into 2 problems: marginal distribution and the correlation degree. And the model is
practical and effective, at the same time it has simplified the calculation.

Presume that  ,H   is a joint distribution function which has marginal distributions  F  and  G  , then there
exists a Copula function to meet the following equation:

      , ,H x y C F x G y

In addition, by the density function  ,c   as well as marginal distribution function  F  and  G  of Copula
function  ,C   , the density function of distribution function  ,H   can be obtained:

          , ,h x y c F x G y f x g y



Research on reliability of wind farm based on copula theory

429

In this equation,        
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, and  f   g  are respectively the density functions

of  F  and  G  .

In the Copula family, Archimedes Copula has excellent properties and has been applied widely. Gumbel, Clayton
and Frank Copula function are 3 commonly used two dimensional Archimedes Copula functions. Among them,
Gumbel Copula and Clayton Copula function can only describe the non negative correlation between variables, and
the Frank Copula function can also describe the negative correlation between the variables.

Considering the outputs of wind farm and photovoltaic power station in the same area are often complementary,
namely have the negative correlation, this paper selects the Frank Copula as link function of joint probability
distribution of wind farm and photovoltaic power station. The distribution function and density function of Frank
Copula function are respectively:
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In these equations,  represents the relevant parameters; 0, 0   represents the random variables u and v are
positively correlated; 0  represents that the random variables u and v tend to be independent; 0  means
that random variables v and u are negatively correlated.

Measurement of Correlation of Copula Function

Pearson linear correlation coefficient is commonly used in solving correlation problem of 2 random variables.
However, when Pearson linear correlation coefficient is used to deal with nonlinear correlation problem, there are
following shortcomings:

(1) If the probability distribution of random variables has heavy tail, Pearson linear correlation coefficient can not
accurately describe the correlation between variables.

(2) After the nonlinear transformation, correlation degree between variables may change.

(3) There is relationship between random variables, but Pearson linear correlation coefficient may be zero.

The Kendall and Spearsou rank correlation coefficients outperform than Pearson linear correlation coefficient in
Copula theory. Therefore, the Kendall rank correlation coefficient is used to measure the correlation of outputs of
wind farm and photovoltaic power station.

Suppose that set       1 1 2 2, , , , , ,N Nx y x y x y   is a sample space which is composed of N groups of observed
values of random vector (X, Y), where X and Y are continuous random variable, and ix and iy are corresponding
one by one in time. Let  ,i ix y and  ,j jx y be the two groups of observed values randomly selected from
 .i,j=1,2,…,N and i j . If i jx x and i jy y or i jx x and i jy y , namely    0i j i jx x y y   ,  ,i ix y and
 ,j jx y are considered to be consistent; similarly, if    0i j i jx x y y   ,  ,i ix y and  ,j jx y are not consistent.

Kendall rank correlation coefficient represents the difference between consistent probability and inconsistent
probability between the observed values  ,i ix y and  ,j jx y which are selected randomly from the samples. Then
the general form of Kendall rank correlation coefficient can be obtained.

Let  ,i ix y and  ,j jx y be any 2 possible values of random vector (X, Y). Then  ,i ix y and  ,j jx y are
independently identical distributed. Define          0 0i j i j i j i jP x x y y P x x y y         as the
Kendall rank correlation coefficient, which is denoted as  1,1 , i j   . And P in the equation represents the
probability of events.
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If 0T  , random variables X and Y are positively related; if 0T  , the random variables X and Y are negatively
correlated; if 0T  , the correlation between random variables can not be made sure. The relationship between of
Kendall rank correlation coefficient T and the relevant parameters  in Frank Copula function is:

 41 1kT D 
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RELIABILITY MODEL OF WIND FARM AND EXAMPLE ANALYSIS

Reliability Model of Wind Farm

To highlight the problem, , in establishing the reliability model of wind and photovoltaic complementary power
generation system in this paper, the randomness as well as the correlation between the wind farm and photovoltaic
power station are especially taken into considerations. Without considering the component failure of wind and
photovoltaic complementary power generation system temporarily, and suppose that its component is completely
reliable.

According to the density function of joint probability of wind farm and photovoltaic power station outputs, the
cumulative probability distribution of wind and photovoltaic complementary power station is obtained by integral
operation. Suppose that the installed capacity of the wind farm is 1S , installed capacity of photovoltaic power station
is 2S , and then the cumulative probability distribution of the total outputs of wind and photovoltaic complementary
power generation system can be calculated by the following formula.

   
1 1 2 2
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In this equation, X is power output of wind and photovoltaic complementary power station, and  P X is the
cumulative probability.

Establish a power output outage table of wind and photovoltaic complementary power station by the cumulative
probability  P X , by which thereby establish reliability model of wind and photovoltaic complementary power
station. This model uses the relevant parameters  of Frank Copula link function to measure the correlation degree
between the outputs of wind farm and photovoltaic power station. Therefore, a power output outage table of wind
and photovoltaic complementary power generation system established though the above equation not only contains
randomness, and also contains the correlation between the outputs of wind farm and photovoltaic power station.

Example Analysis

(1) Reliability analysis

The RBTS reliability test system is used as the research object. The installed capacity of system is 240MW, and the
unit parameters and the hourly load data can be seen in the existing literature. Select hourly loss of load expectation
(HLOLE) and expected energy not supplied (EENS) as the index of reliability and make reliability evaluation on the
example system. The 40MW unit which has 0.02 forced outage rate in the testing example system is replaced by
40MW wind and photovoltaic complementary power station. The ratio of wind power capacity 1

S and
photovoltaic capacity 2

S is 10:1. Suppose that the wind speed and the illumination characteristics of this
complementary power station is same with a demonstration project in Jiangsu coastal area which has a total installed
capacity of 200.25MW and 174 wind turbines (93 1.5MW DFIG and 81 0.75MW squirrel cage induction wind
turbines); and the total capacity of photovoltaic power station is about 20.004MW.

The Kendall rank correlation coefficient 0.161T   of wind farm and photovoltaic power outputs in practical
demonstration is consistent with that in the example. At the same time, the reliability index of the system has been
calculated when the capacity has been replaced respectively by 40MW wind farm and 40MW photovoltaic power
station. The results are shown in Table 1.
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Table 1. Analysis of the Reliability Index.

Reliability Index

40MW complementary
power generation system

1 2: 10 :1S S 
40MWwind farm

40MW photovoltaic
power station

HLOLE/( 1h a ) 15.671 15.549 18.323
EENS/( 1MW h a  ) 264.706 264.511 268.982

It can be seen from the table that the reliability of complementary power station is close to that of wind farm with
same capacity. Namely, the wind power in the complementary power station plays a leading role. Effect of PV
system on reliability of the example system is covered by the larger the capacity of complementary system.

In order to highlight the effect of photovoltaic system, in the following research, it is supposed that the capacity ratio
of wind power and photovoltaic power in 40MW complementary power station is 1:1. And the other conditions
remain unchanged.

Reduce every element in the out put sample which is collected from the200MW wind farm to the 1/10 of the
original size, and add the output of 20MW photovoltaic power station of the same time. Then the output data of
40MW complementary power station, where in the capacity ratio between wind and photovoltaic is 1:1, is formed.
Reliability index calculated according to this data is taken as the referenced value. The results are shown in Table 2.

Table 2. Analysis of the Reliability Index.

Reliability Index Proposed method Referenced value

HLOLE/( 1h a ) 16.628 17.067

EENS/( 1MW h a  ) 266.121 266.936

By comparison, the difference between calculated value and referenced value is very small, indicating that this
method is feasible.

CONCLUSION

Through the analysis, the following conclusions can be obtained:

(1) Based on the instability characteristics of wind power, algorithm for calculating the output power is proposed in
the paper and it is more realistic and practical.

(2) According to the Copula theory, a reliability model of wind farm is established, which considers the randomness
and the complementation of wind farm and photovoltaic power station.

(3) In this paper, the reliability model of wind farm is evaluated on its reliability by the RBTS test system. And the
calculation results show that the proposed method can better estimate the effect of output correlation on reliability.
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