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Abstract: Given the substitution process of generators using renewable energy sources instead of 
conventional generators in modern power systems, this paper proposes a Monte Carlo based method to 
determine an optimal level of this change. At first, LOLE index of the system was calculated without 
wind power to obtain the reference index. Then, the wind turbine units are replaced with the 
conventional generators. This purpose has been achieved in stages with the gradually reduced portion 
of conventional generators and increased portion of the of wind turbine generators in order to pave the 
way for the calculation of the required amount of wind power using Monte Carlo simulation method. 
The LOLE index at each step was compared with the base LOLE index. In the end, the 5% annual load 
increment rate in the development strategy with the focus on sole wind power generation was 
investigated and the power needed for each load increment was calculated. The proposed method was 
implemented on IEEE-RTS system.   
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INTRODUCTION 

 
 Considering the ever increasing consumption of electric power, and the expansion of the consuming 
industries, the issue of supplying reliable sources of energy needed by consumers gains importance. On the 
other hand, restrictions involving fossil fuels such as oil, natural gas and coal has resulted in the development of 
renewable energies. Renewable energies are produced by the conversion of energies from natural phenomena 
such as wind, sun, tide, geo-energy and so forth into electric energy. Wind energy has had the biggest rate of 
expansion in the world and is considered the most popular and widely used power generation units in the world 
(Billinton, R.  and R.N. Allan, 1996).  
 The power output from wind turbine generators (WTG) cannot be expected to uniformly satisfy the 
scheduled energy demand due to the rapid fluctuations of wind speed. Therefore the evaluation of the adequacy 
of the power systems and their reliability is extremely important.  
 Precise models of forecasting wind speed in wind farms are needed intermittent in order to have accurate 
models for the manufacture of wind turbine generators.  
 Previous studies including (Abouzahr and R. Ramakumar, 1991), used the Weibull distribution method for 
modelling the wind speed, but that model cannot consider the chronological variations in the wind speedy on a 
diachronic basis. Auto regressive moving average (ARMA) time series simulate wind speed continuously, and 
provides for a good real-world modelling of the wind speed for use in generation models (Billinton, R., et al., 
1996). Relation between the output power of the wind generator turbine and wind speed is described by the 
power curve (Giorsetto, P. and K. F. Utsurogi, 1983). References (Abouzahr and R. Ramakumar, 1991; 
Giorsetto, P. and K. F. Utsurogi, 1983; Wang, X., H. Dai, and R. J. Thomas, 1984; Karki R. and P. Hu, 2005; 
Karki R., et al., 2006; Karki R., et al., 2006; Wijarn Wangdee, 2005; Karki R. and R. Billinton, 2001; Karki R. 
and R. Billinton, 2004; Billinton R. and G. Bai, 2004; Billinton R., et al., 1996; Karki R. and R. Billinton, 2001) 
propose different techniques for reliability evaluation of the power systems. References (Abouzahr and R. 
Ramakumar, 1991; Giorsetto, P. and K. F. Utsurogi, 1983; Wang, X., H. Dai, and R. J. Thomas, 1984; Karki R. 
and P. Hu, 2005; Karki R., et al., 2006; Karki R., et al., 2006) use analytical techniques for the reliability 
evaluation of the power systems including wind energy. This approach models all system’s components using 
mathematical models on the basis of which indices are calculated. Another technique uses simulation methods, 
and calculates indices of reliability by simulating random behaviour of the system. The most important method 
of this kind is Monte Carlo Simulation (MCS). The analytical method is suitable for the analysis of generators 
with constant output powers, i.e. conventional generators. The sequential Monte Carlo Simulation (SMCS) 
techniques can easily consider the diachronicity of random events, and the correlation between the load and the 
wind power, which are important in reliability evaluations. References  (Wijarn Wangdee, 2005; Karki R. and 
R. Billinton, 2001; Karki R. and R. Billinton, 2004; Billinton R. and G. Bai, 2004; Billinton R., et al., 1996; 
Karki R. and R. Billinton, 2001)  use ARMA time series and Monte Carlo simulation method for reliability 
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evaluation the of the power systems, including wind power systems. Monte Carlo method takes into account the 
random nature of the wind speed in simulations, and produces more realistic results in comparison with the 
analytical method.  
 
Statement of the Prolem: 
 This paper uses IEEE-RTS test system in simulating the load and generation. At first, using the load 
information of the system in question, the load of the system is simulated with the peak load of 2850 MW, and 
then it is combined with the generation system model in order to obtain the risk model. The value of the Lose of 
Load Expectation(LOLE) index calculated at this stage is used as the base index. In the following, the trend of 
the substitution of conventional generators with wind turbine generators will be investigated, and given the 
production capacities of the conventional powers, the portion of the conventional power is reduced and the 
amount of the required wind power is calculated. In order to calculate the amount of the required wind power at 
each stage, LOLE of that stage is calculated and then compared with the base index. The process continues with 
the required amount of production in order to maintain the balance of the LOLE index in comparison with the 
reference index with 5 percent annual increments of the load. At this stage, it is assumed that the whole power 
requirement is to be met by wind power and the LOLE index at each stage is calculated and the amount of 
power needed is estimated. Finally, the amount of the LOLE index and the amount of the wind power needed is 
provided for all of the above states. It should be pointed out that all of the stages of the above have been 
simulated in MATLAB.  
 
Basic Concepts: 
 The most important issue in the adequacy evaluation of the power systems including wind power is the 
examination of the system ability to supply the load needed by it. By the ability it is meant the ability of the 
system to generate, transmit and distribute power up to the point of consumption. Reliability evaluation of the 
power system takes place at the three levels of generation, transmission and distribution, or three hierarchical 
levels of HL1, HL2 andHL3. 
 Considering the fact that power plants are at the top of the system's pyramid, and any turbulence in them 
affects the whole system, this paper evaluates the reliability indices at the production level, i.e. HL1. 
 Reliability calculations of the power systems for the determination of the level of production and reserve 
required for a system is carried out in either deterministic or probabilistic approach. In the deterministic 
approach, the amount of generation and reserve needed by the system is determined empirically so it is not a 
reliable method, whereas in the probabilistic method, the increments of the load is determined using the system 
reliability indices and then the generation and reserve needed are estimated. In the probabilistic method, the 
right risk model is obtained by the combination of the load model and generation model. This paper bases its 
calculations and simulations on the probabilistic approach.  
 The model used for this purpose in this study is the two-state Markov model. 1. Full generation state (Up), 
2.Forced-out-of-service state (Down). Another model that can be used in modelling the system is the multi-state 
model of Markov which includes a third derated mode. The proposed model used in this paper is the two-state 
Markov model in which the system goes from Up mode to Down mode with the failure rate  of λ, and goes from 
Down to Up with the  repair rate of µ. The amount of the production of the conventional generators is obtained 
using this model and Monte Carlo simulation model.  Real and accurate models of the production by wind 
turbine generators and a precise model of wind speed are needed in order to extract real and accurate models of 
the production output.  
 
Wind Speed Model: 
 Wind is produced by changes in the air temperature and always blows from high pressure to low pressure 
zones.  Therefore, the speed of the wind is different in different locations and times. In order to model the speed 
of the wind for a certain site, hourly records of the wind speed in that site is needed. A suitable model must be 
able to take into account changes in the wind speed and past and future correlations. ARMA time series 
encompasses both features of the above and can artificially simulate the wind speed of a certain site. Diachronic 
hourly data of the wind farm site collected over a long period of time is needed for simulation. This paper uses 
the wind speed information for Swift Current Region in Canada for a 15-year period of time from 1998 to 2003. 
Using the information above, ARMA time series are extracted for the above mentioned site (Billinton R. and W. 
Li, 1994). ARMA time series of wind speed is obtained from (1).  
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 A suitable load model using the mathematical relations of the load model can be achieved using the 
information on the hourly load of the IEEE-RTS test system. 
 
System Risk Model: 
 At this stage, risk index of the system should be calculated in order to evaluate the adequacy of the 
electrical power system including wind power. To this end, the risk model is required, which is extracted from 
the production model and load model. As mentioned under Introduction, there are various methods for the 
reliability evaluation of the power systems, the most common of which are the analytical method and Monte 
Carlo simulation method.  
 In the analytical method all of the system components are modelled using the mathematical equations on 
the basis of which indices are calculated. Other methods are based on simulation and use the simulation of 
random behaviour as the basis of the indices calculation. The most prominent method of this kind is the 
sequential Monte Carlo simulation (SMCS). The right method for the simulation of power systems, including 
wind power in which the unstable nature of wind speed and the consequent intermittent output power is taken 
into account is the SMCS.  
 The SMCS techniques provide a different way to estimate the indices by simulating the actual process and 
random behaviour of the system. Using this technique, the total production output of the conventional and wind 
power generators is calculated, and compared at each stage with the load of the system, and the desired system 
risk indices, i.e., LOLE and loss of energy expectation (LOEE) are thus determined.  
 
Simulations: 
 To begin with, information on the load in question is used to do the simulation with the peak load of 2850 
MW, and then this model is combined with the generation system’s model in order to extract the system risk 
model. In this paper a SMCS technique is used for the extraction of the generation model. In order to estimate 
the conventional generators production level with the SMCS technique, first a random number between [0, 1] 
with a uniform probability of occurrence is selected. This figure is compared with the forced outage rate (FOR) 
of the system in order to determine the system state. If the FOR value is greater than that of the system, the unit 
is in full production sate and will deliver its rated power at the output; otherwise, the system’s output power is 
considered zero. This cycle is thus repeated for all generator units, and after the production output of all units is 
determined, the whole production powers are added and stored in Cc. In the first stage, system’s reliability is 
checked in the absence of the wind turbine generator and the LOLE index is thus calculated. This index is 
considered as the base index in the calculations. The distinguished feature of this method of simulation is its 
demand for high degree of accuracy in the convergence of the indices that are obtained for calculations because 
of the random nature of the process.  
 If the index used does not have a given degree of convergence, the results will prove inaccurate and 
calculations thereon will prove erroneous. In this example, given the slow rate of convergence of the LOEE and 
LOLE, a 300 hundred-year period has been considered as the convergence period. In the following, the status of 
the wind turbine generators are studied, and 12, 20, 50, 76, 100, 155, 197, 350 and 400 MW are deducted 
respectively from the conventional production output and the amount of wind power generation required is 
calculated. Table 1 shows the peak value of a conventional power generator with their corresponding required 
wind power generation supplement capacities,Ciunderneath. The wind speed has been simulated using ARMA 
time series used for the simulation of the output power of the wind turbine generators. For the calculation of the 
required wind power at each stage, the LOLE index of that stage is calculated and then compared with the 
reference LOLE, and in case its value exceeds the reference value, more power is added to the wind power of 
the system. This process goes on to until the calculated LOLE and reference LOLE almost match. In the 
following, the amount of power needed for the maintaining the value of LOLE index against the reference index 
with a 5 percent annual load increment was examined. Here, it was assumed that it is meant to supply the whole 
power by means of wind turbine generators. In this way, as it was said before, by calculating the LOLE index at 
each stage, the amount of wind power required is estimated. Table 1 shows the peak value of the conventional 
power with Ci and the amount of wind power needed for different loads. Table 2 shows LOLEi for better 
comparison and understanding of the results at various stages as shown in table 1.  
 The speed of the wind is random by nature, and thus it cannot deliver a constant output rate. It is 
noteworthy regarding the results shown in tables 1 and 2 that with the omission of the conventional powers and 
given the corresponding load increments, the wind power can no longer generate the power needed to answer 
the loads against the base LOLE index. Thus, due to the limitations of the system’s stability, the wind power can 
only partially supply the power needed given the base LOLE index.  
 Therefore where the wind power is to supply more than 5 or 6 percent of the whole power, the LOLE index, 
which is indicative of the loss of load expectation, will rise drastically, which will result in the sharp fall in the 
reliability of the system.    
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Table II: The Value Of Lole Index Given The Added Wine Power At Each Stage With The Annual Load Increments Of 5 Precent In 

Hours/Year. 
state LOLE1 LOLE2 LOLE3 LOLE4 LOLE5 LOLE6 LOLE7 LOLE8 LOLE9 LOLE10 

Load=2850 
1 9.55 10.63 11.06 13.64 16.24 18.72 26.41 33.28 63.31 61.33 
2 9.55 10.31 10.67 12.46 14.08 15.51 20.19 23.98 39.5 35.41 
3 9.55 9.81 10.14 10.49 12.05 10.76 12.78 11.17 15.7 14.72 
4 9.55 9.68 9.74 9.7 10.5 9.63 10.34 9.66 15.69 14.71 
5 9.55 9.55 9.55 9.54 9.55 9.55 9.56 9.54 15.69 14.71 

Load=2993 
6 22.57 22.06 22.02 22.99 21.88 21.89 22.25 20.59 32.82 32.96 
7 9.82 9.89 9.82 11.17 10.85 11.34 14.83 17.08 32.82 32.96 
8 9.69 9.58 9.61 9.77 10.01 10.67 14.36 16.91 32.82 32.96 
9 9.55 9.55 9.55 9.57 9.59 9.85 13.84 16.74 32.82 32.96 

Load=3143 
10 23.09 22.65 22.75 21.92 21.64 21.71 29.29 35.74 66.32 68.62 
11 12.5 13.53 14.07 16.73 19.32 21.69 29.27 35.74 66.32 68.62 
12 12.44 13.45 14 16.63 19.19 21.69 29.26 35.74 66.32 68.62 
13 12.42 13.42 13.96 16.6 19.12 21.67 29.24 35.74 66.32 68.62 

Load=3300 
14 27.43 29.25 29.97 35.92 40.54 44.65 58.64 70.07 121.73 129.42 
15 27.18 29 29.72 35.62 40.42 44.63 58.61 70.07 121.73 129.42 
16 27.07 28.88 29.6 35.49 40.28 44.53 58.53 70.05 121.73 129.41 
17 27.06 28.87 29.59 35.48 40.27 44.52 58.5 70.04 121.73 129.4 

Load=3465 
18 55.79 58.88 60.55 70.39 79.69 87.89 111.06 128.97 210.74 227.5 
19 55.78 58.88 60.54 70.39 79.69 87.89 111.06 128.97 210.74 227.5 
20 55.78 58.87 60.53 70.37 79.66 87.86 111.03 128.94 210.73 227.5 

Load=3638 
21 108.37 113.48 116.72 132.01 144.89 157.35 191.41 218.86 336.35 365.7 
22 108.37 113.48 116.72 132.01 144.89 157.35 191.41 218.86 336.35 365.7 
23 108.35 113.46 116.7 131.99 144.87 157.33 191.38 218.83 336.33 365.68 

Load=3820 
24 190.41 198.71 202.85 226.05 246.27 263.41 309.78 346.49 493.53 527.68 
25 190.41 198.71 202.84 226.04 246.26 263.4 309.76 346.47 493.51 527.66 

Load=4011 
26 310.6 320.95 327.43 358.19 383.09 405.5 461.44 504.59 664.84 701.53 
27 310.6 320.95 327.43 358.19 383.09 405.5 461.43 504.58 664.83 701.52 

 
REFERENCES 

 
Billinton, R. and R.N. Allan, 1996. Reliability Evaluation of Power Systems. 2nd Edition, Plenum Press.  
Abouzahr and R. Ramakumar, 1991. An approach to assess the performance of utility-interactive wind 

electric conversion systems. IEEE Transactions on Energy Conversion, 6(4): 627-638. 
Billinton, R., H. Chen and R. Ghajar, 1996. Time-series models for reliability evaluation of power systems 

including wind energy. Microelectronics Reliability, 36(9): 1253-1261. 
Giorsetto, P. and K.F. Utsurogi, 1983. Development of a new procedure for reliability modeling of wind 

turbine generators. IEEE Transactions on Power Apparatus and Systems, 102(1): 134-143. 
Wang, X., H. Dai and R.J. Thomas, 1984. Reliability modeling of large wind farms and electric utility 

interface systems. IEEE Transactions on Power Apparatus and Systems, 103(3): 569-575. 
Karki, R. and P. Hu, 2005. Wind power simulation model for reliability evaluation. Proceedings of the 

IEEE Canadian Conference on Electrical and Computer Engineering, Saskatoon, pp: 541-544. 
Karki, R., P. Hu and R. Billinton, 2006. A simplified wind power generation model for reliability 

evaluation. IEEE Transactions on Energy Conversion, 21(2): 533-540. 
Karki, R., P. Hu and R. Billinton, 2006. Reliability evaluation of a wind power delivery system using an 

approximate wind model”, 41st International Universities Power Engineering Conference, Newcastle, UK. 
Wijarn Wangdee, 2005. Bulk electric system reliability simulation and application. Ph. D. thesis, University 

of Saskatchewan. 
Karki, R. and R. Billinton, 2001. Maintaining supply reliability of small isolated power systems using 

renewable energy. IEE Proceedings Generation, Transmission and Distribution, 148(6): 530-534. 
Karki, R. and R. Billinton, 2004. Cost-effective wind energy utilization for reliable power supply. IEEE 

Transactions on Energy Conversion, 19(2): 435-440. 
Billinton, R. and G. Bai, 2004. Generating capacity adequacy associated with wind energy. IEEE 

Transactions on Energy Conversion, 19(3): 641-646. 



Aust. J. Basic & Appl. Sci., 7(8): 683-689, 2013 

689 
 

Billinton, R., H. Chen and R. Ghajar, 1996. A sequential simulation technique for adequacy evaluation of 
generating systems including wind energy. IEEE Transactions on Energy Conversion, 11(4): 728-734.  

Karki, R. and R. Billinton, 2001. Reliability/cost implications of PV and wind energy utilization in small 
isolated power systems. IEEE Transactions on Energy Conversion, 16(4): 368-373. 

Billinton, R. and W. Li, 1994. Reliability Assessment of Electrical Power Systems Using Monte Carlo 
Methods. Plenum Publishing, New York. 

Pandit, S.M. and S.M. Wu, 1983. Time Series and System Analysis with Application. John Wiley & Sons, 
Inc.  


