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Abstract 

This paper investigates the effect of adding different capacities of wind power to the 

reliability of power systems using Monte Carlo method in order to obtain an optimum limit 

for that. At first, wind speed of the Swift Carnet Region in Canada, as a typical test area, is 

simulated and the amount of wind power output of the wind turbine generator is measured. 

Then, using the Monte Carlo Sequential Method, a model that involves energy generated 

by conventional and wind power generators is made. The power generated in Monte Carlo 

Sequence was compared with the system load in order to calculate risk indices. Then 

values of the ‘loss of load expectation’ and ‘loss of energy expectation’ indices are 

presented in the adequacy evaluation of the electric power system including the wind 

power generators. 
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1. Introduction 

Environmental concerns due to the generation of 

energy from conventional sources and restrictions of 

the fossil fuels including coal, oil and natural gas, as 

well as the emission problem, provide enough reason 

for the development and booming of the use of the 

renewable sources of energy in power systems [1].  

Among renewable sources of energy, wind has 

had the fastest growth rate and has been recognized as 

the most successful renewable energy source. 

Different countries of the world have policies towards 

the increased use of the wind power to enhancement 

penetration of wind power in power systems. 

Increased penetration of wind power in Electrical 

systems, therefore, widespread application and 

calculation of reliability indices find importance due 

to the variable nature of wind power.  

Wind turbine generators (WTG) have a high 

degree of fluctuation due to wind speed variation at 

the wind farm location, and cannot produce constant 

rate of power outputs. Therefore it is necessary to 

develop reliability evaluation techniques for the 

power systems including wind power.  

In order to carry out useful studies regarding wind 

power, we need precise models of forecasting wind 

speed variation at the wind farms location, to obtain 

suitable models for WTGs. 

Extensive studies [2-4] have been made for 

modelling wind speed behavior to performance, 

planning and reliability of wind energy conversion 

systems (WECS) or mixed power systems containing 

wind energy. In the past, Weibull distribution method 

[5] was used to estimate the speed of the wind speed 

data in wind power studies. Though these techniques 

could not recognize the chronology in wind speed 

variation at a specific location, and for this reason 

can't make the right model for the simulation of the 

wind speed. In the statistical analysis with time series, 

auto regressive moving average (ARMA) model with 

considering the chronology of the wind speed, is an 

appropriate model to simulate the wind speed. 

Reference [2] uses this method. Correspondence 

between wind speed and turbine generators power 

output is expressed as wind power curve with a non-

linear equation [6]. 

Reliability evaluation of the power generation 

systems such as WTGs generators is carried out with 

different techniques. In [5-10] analytical techniques 

have been used in modelling for the purpose of 

evaluating the reliability of power systems with 

WTGs. Analytical methods are suitable for evaluating 

conventional power generators, but they are not 

reliable in evaluating power systems with WTGs due 

to the necessity of temporal continuity for this 

purpose and intermittent nature of WTG output. 

Sequential Monte Carlo simulation (SMCS) is a 

powerful method for evaluating these systems 
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because of the consideration of the temporal and 

random nature of wind speed in simulation [18]. 

Reference [7] presents an algorithm which has been 

presented for deriving a probability based model for 

wind power generators. Reference [8] presents a 

technique to obtain multi-state power output models 

of WTG units for reliability evaluation. A simple 

WTG model which has been provided for the 

evaluation of reliability with acceptable accuracy is 

present in [9]. 

The ARMA model has been used with SMCS 

method in the reliability evaluation of power systems 

including wind energy in [11-16].  

In this paper, IEEE-RTS and RBTS test systems 

which are widely used in reliability studies are used 

for simulations. It has been assumed that RBTS is the 

generation test system and the IEEE-RTS is the load 

test system with 185MW load peak as shown in Fig.1. 

ARMA time series and SMCS techniques have been 

used for wind speed simulation and reliability indices 

evaluation respectively.  

To begin with, loss of load expectation (LOLE) 

and loss of energy expectation (LOEE) are calculated 

in the absence of wind power, and then the best added 

capacity of wind power with due regard to the 

reliability indices is figured out by adding WTGs 

with various capacities to the system. All simulations 

have been carried out at HL1 level with MATLAB. 

 

2. Statement of the problem 

Evaluation of the capacity of the generation 

facilities in answering to the whole system load is a 

main concern in adequacy evaluation at the HL1 

level. This important outcome can be achieved by 

developing power generation models, load models 

and using the two-state model (Markov Model).  

In general, there are two methods for the 

evaluation of the reliability: deterministic method and 

probabilistic method.  

The deterministic method estimates the reserve 

capacity through experience and information on load 

growth. In the deterministic approach, forecasting the 

amount of reserve is equal to: a percentage of the 

entire load or system’s output, the biggest generation 

unit or a combination of the two ways. Whereas the 

probabilistic method, used a combination of the load 

and generation model to obtain the system’s risk 

model and uses the result to forecast the capacity 

needed. Adequacy evaluation in the probabilistic 

model goes through the following three steps: 

1- Construct a generation model based on the 

operating characteristics of all the generating units in 

the system.  

2- Build a suitable load model 

3- Obtain the right risk model by combining the 

load and generation models.  

 

A. Generation model 

A generator unit in power systems can be shown 

by a two-state or a multi-state Markov model. The 

two-state model represents a generator unit in either 

of the two states: full working (Up) state or out of 

service (Down) state. The generation unit alternates 

between the two states as shown in Fig. 2. In this 

figure, λ is the failure rate and µ is the repair rate of 

the generator unit. In the two-state model, the 

derating is not there and derating only goes back to 

multi-state models. Generator units considered in this 

paper conform to the generator units of RBTS test 

system.  

 

  
Fig. 1: Roy Billinton test system 

 
Fig. 2: Two state model for generating unit 

 

In order to model the wind energy Conversion 

systems, simulate the wind speed data and WECS 

power generation model derivation are required. 

 

A.1. Wind Speed Model 

Wind speed varies in time and by site, and at a 

certain time, depends on the wind speed in the past 

hours. Therefore, for modeling the wind speed, we 

need a comprehensive model that consider all 

continuity chronological and wind speed variations in 

the past, present, and future. 

Making use of the wind speed measurements at a 

certain location and use the ARMA time series, it is 

possible to artificially produce the wind speed. 

Simulation takes place by ARMA time series of 

the speed of wind (SWt) for a special site using the 

mathematical equation (1).  

 .t t t tSW y     (1) 

where μt is the historical hourly mean wind speed, σt 

is the standard deviation of the wind speed, and yt is 

the value of the time series at time t. In [17] yt has 

been discussed extensively and the value of ARMA 

time series for Canadian Swift Current area (which is 
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our test case area) has been obtained as follows: 
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where αt is the white noise process with zero mean 

and a variance of 0.55792
2
. Using the above 

mentioned equations, the wind speed for one year has 

been simulated and used in later stages in the 

generation of wind power.  

 

A.2. WTG model 

Contrary to conventional generators, WTG are not 

able to generate a constant rate of power output. The 

power generated by a WTG is highly influenced by 

the wind speed. The relation between a WTG power 

output and the speed of the wind is described by a 

nonlinear equation known as the power curve as 

shows in Fig. 3. 

In this curve, cut-in, rate and cut-out wind speed 

are the most important parameters. A wind generator 

turbine at the wind speed of Vcut-in starts to generate 

and is turned off as soon as the speed of Vcut-out is 

reached due to safety precautions. The wind generator 

turbine is capable of power generation within the 

range of Vcut-in and Vcut-out. The generation power of 

the wind turbine at different speeds is depicted using 

the equation (3).  
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where Pr is the rated output power and Vci , Vr , Vco 

are the cut-in wind speed, the rated wind speed, and 

the cut-out wind speed respectively. 

Constants of A, B and C are calculated by Vci and 

Vr [10]. The Vci , Vr , Vco values used in the paper are 

14.4, 36, and 80 km/hour respectively [18]. Using 

these values, constants A, B and C are calculated as 

0.0311, -0.0215 and 0.0013. Power generated by each 

unit, (Pr) is 1MW and units of WTGs have been 

assumed to be the same for wind farms.  

 
Fig. 3.  Wind power curve 

 

Using the relations expressed in this section, the 

output power of the WTGs and output power from the 

conventional generator produced in Monte Carlo 

method are added up in order to obtain the total 

power production. Given the goal of this paper which 

is to compare the modes of reliability in the added 

wind power capacity, the added wind powers taken 

for comparison are: 5, 10, 15, 20, 25 and 30 MW. 

These values account for 2.0833, 4.1667, 6.2500, 

8.3333, 10.457, and 12.500 per cent of the overall 

conventional generation respectively. 

 

B. Load model 

Different kinds of load models can be presented 

for the energy demand of the system within a given 

period of time. The simplest model that can be 

considered for the load is the use of a fixed load for 

the entire period of the research. Normally, in such 

conditions, maximum load of the system is 

considered to be the constant load. Daily peak load 

variations curve (DPLVC), and load duration curve 

(LDC) are extensively used as load models in the 

adequacy evaluation of the power generation systems.  

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 and the amount of the load peak of the RBTS.  

 

C. System risk model 

System risk model is achieved by combining the 

generation and load models. Using the risk model, 

one can calculate the system risk indices such as 

LOLE and LOEE. Generally, two basic approaches 

are available for the calculation of the risk indices in 

adequacy evaluation models. The analytic model uses 

statistical and mathematical models for the 

description of the direct elements of the system and 

the risk indices are obtained using mathematical 

models. This method is mostly used in the reliability 

evaluation of the conventional generators and related 

equipment. SMCS simulates actual values of 

processes and random behaviors of the system, too. In 

SMCS, various methods are used in evaluating 

indices through the simulation of real processes and 

random behavior of the system. SMCS is a practical 

method for the evaluation of the power systems, 

including wind power plants. Monte Carlo simulation 

techniques comprise sequential and non-sequential 

methods [1]. 

In sequential simulation technique, simulation 

takes place on the basis of time series from the actual 

states of the system in consideration of the conditions 

in the future and in the past. In non-sequential 

simulation time series are not considered during 

simulation. Therefore, system’s behaviors are 

available at various points in time in a discrete 

manner. 

The sequential MCS approach simulates the basic 

intervals in chronological or sequential order, 

recognizing the fact that the system state in a given 

time interval is correlated with that in the previous, 

and the subsequent time intervals. In non-sequential 

simulation chronological order is not considered 

during simulation and the system behavior at each 
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time interval is considered to be independent. 

This paper uses SMCS for the evaluation of the 

risk indices. In this method, a random number 

between [0, 1] with uniform distribution is generated. 

This number is compared with the forcing out rate 

(FOR) of the generator. If the random number is 

greater than FOR, the generator is in the ‘Up’ state, 

and the generating power of the unit is at the capacity 

included in the total generation capacity.  Otherwise, 

the unit is in the ‘Down’ state and zero generation 

power is considered for the unit.  

This step is carried out for all of the 11 generation 

units and the total generation power of the whole 

generators is calculated. The total generation power 

of the conventional generators (Cc) is calculated by 

adding up all generation powers of the units at this 

stage. In the next stage, for the demonstration of the 

effect of wind power with different capacities, Cc 

obtained at each stage is added to different capacities 

of wind power (Cw) and total generation obtained at 

each stage (Ctotal=Cc+Cw) are compared with the 

system load at the relevant point in time.  

If the load is greater than the total generation, the 

system will have failures (loss of the load) and loses 

energy. This goes ahead for a long period of time 

until the right convergence has been achieved in 

LOEE index, because LOEE is converged later than 

the other index and the convergence of this index 

entails the convergence of other indexes. In the end, 

values of LOLE and LOEE are presented for various 

modes and shown on a bar diagram for better 

comparison. Title of the Article 

 

3. Simulation and results 

Simulation of the system indices such as LOLE 

and LOEE are needed for the reliability evaluation of 

the system. At first, LOLE indices are simulated for 

the probabilistic generation of the conventional 

generation units in the presence of the simulated load, 

and then the generation capacities of 5, 10, 15, 20, 25, 

30 MW of the wind power is added to the generation 

of the conventional generators and then LOLE is 

calculated for these indices. Fig. 4 shows the system 

at the above modes in full. It should be pointed out 

that the added capacity of the wind power at each 

mode has been mentioned at the top of the figure.  

Fig. 4 compares different modes of wind power 

added from 0 to 30MW. LOEE index is also 

simulated for the calculation of probabilistic the loss 

of energy expectation. Also, the right convergence 

trend is simulated and the results appear in Fig. 6 and 

Fig.7.  

As seen in the figures, adding the wind power to 

the system, significantly increases the reliability of 

the system, however, this increase depends greatly on 

the capacity of the added wind power.  

Table 1 shows the impact of the wind powers 

added on the LOLE and LOEE indexes of system 

reliability. Therefore, given the significance of the 

system reliability and investment power, the best 

mode will be chosen.  

 

 
Fig. 4.  LOLE versus wind energy penetration. 

 

 

 
Fig. 5. LOEE versus wind energy penetration. 

 

 
Table 1: The final value of the reliability indices 

Added wind 

capacity(MW) 

LOLE LOEE 

0 1.1130 6.2470 

5 0.9660 6.0028 

10 0.8443 5.8438 

15 0.7597 5.7223 

20 0.6950 5.6552 

25 0.6497 5.6046 

30 0.6127 5.5729 

 

4. Conclusion 

In this paper, the optimal contribution level of 

wind power plants in a typical conventional power 

system is determined using a proposed algorithm 

based on Sequential Monte Carlo Method. The 

proposed method uses the risk and energy indices 

LOLE and LOEE to find the best contribution level. 

The proposed method is examined for two well-

known reliability test systems and its validity is 

shown. 
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Fig. 6.  Comparison of LOLE for all of states 

 

 
Fig. 7.  Comparison of LOEE for all of states 
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