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Abstract— In the recent years, there is a growing trend of energy 

consumption all over the world, and we are facing an 

unquenchable demand for electricity. On the other hand, 

international growth in natural gas price and different restrictions 

on emitting greenhouse gases cause increase in expenses of fossil 

fuels power generation. As a result, renewable energy resources 

especially wind and solar energies are the best alternatives for 

power generation. The main disadvantage of wind and solar 

resources is their uncertainties. Cooperation of wind and solar 

systems could help to overcome this problem and have a more 

reliable network. In this paper, uncertainty model of a sample 

system (consist of photovoltaic panels, wind turbines and battery) 

is drawn out by probability and statistics calculations. 

Furthermore, a standalone microgrid is organized and designed 

with respect to the expected energy not supplied (EENS) and 

system cost indicators by using Monte Carlo method. 

Keywords-hybrid system; Monte Carlo method; Pareto 

optimality; sun tracker; EENS 

I. INTRODUCTION 

Using renewable energies helps societies to achieve 
sustainable development plan in the energy sector as well as 
improving reliability and security of power system. They can 
also cause variation in energy resources and development in 
passive defense strategies. On the other hand, using fossil fuels 
cause increase in greenhouse gases amount and global warming. 
Moreover, fossil fuels have finite resources, and there is always 
a lot of fluctuations in their price. Due to all of these reasons 
renewable energies are expanding rapidly all over the world [1]. 
Solar and wind energies are more widespread as a result of being 
convertible to other types of energies and abundance. 

Solar and wind technologies are entirely dependent on 
weather conditions so being reliable and supplying the demand 
in any situation is the most important aspect of designing a 
hybrid system consist of photovoltaic panels and wind turbines 
[2]. It is obvious that a storage system must be assumed for the 
system to work properly in any condition. Some aspects of 
operation and optimization of storage in a hybrid system are 
presented in the literature [3-9]. 

Economic aspect is another important issue in designing a 
hybrid system. As well as considering profits of not paying to 
power utilities, different costs of a hybrid system such as capital 
cost, maintenance cost and the cost of failure should be 
considered. In reference [10], cost-benefit analysis of a hybrid 

system for an oil depot in Sanandaj (capital of the Kordestan 
province in Iran) is done with HOMER application. 

Determining and also optimizing the size of photovoltaic 
panels, wind turbines and batteries is another issue in designing 
a hybrid system. In reference [11], a new method for optimizing 
a microgrid consist of photovoltaic panels, wind turbines and 
batteries with mixed-integer linear programming is presented; 
moreover, the effect of demand response on the provided design 
is considered. Reference [12] evaluated reliability and cost 
indicators of a hybrid system made up of wind turbines and 
photovoltaic panels beside diesel generators with LUEC 
(levelized unit electricity cost) and TNPC indexes. Reference 
[13] considered the LOLP (loss of load probability) as reliability 
indicator and in reference [14], reliability indexes are evaluated 
according to multiple criteria decision analysis (MCDA). 

In this paper, a microgrid is designed with respect to 
reliability and cost indicators. EENS is considered for reliability 
evaluation of the modeled system. This index shows the average 
amount of not supplied energy in a specific interval. There is a 
direct relation between EENS and the outage cost; consequently, 
it is desired to have as less as possible problems in the system to 
have lower EENS. The novelty of this paper is considering sun 
tracker photovoltaic panels beside conventional forms. 
Furthermore, it is tried to find a correlation between outputs of 
hybrid system components such as generated power of 
photovoltaic panels and wind turbines, which are calculated 
according to the last five-year weather reports of national 
renewable energy laboratory (NREL), and estimate the outputs 
of a particular year with first order regression. The correlation 
between outputs is created with covariance matrix, and 
subsequently, different conditions are simulated with Monte 
Carlo algorithm, and the results are evaluated. In other words, 
the reliability of a system in future years is estimated according 
to the historical data of wind and solar energies outputs and also 
electrical demands; afterward, the optimum structure for having 
minimum outage cost is designed. The remainder of this paper 
is organized as follows. Section II presents modeling aspects of 
the system. Section III introduces the solving procedure. Section 
IV explains simulation conditions and results. Finally, Section 
V draws relevant conclusions. 

II.  SYSTEM MODELING 

Meteorological information of a particular region in the 
United States at latitude 105.18° East and longitude 39.749° 
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North is used for simulation of a standalone microgrid. This 
information is hourly data of solar intensity radiation, azimuth 
and zenith angles of sun radiation, temperature and wind speed 
which are drawn out from the last five-year weather reports of 
NREL [15]. Figure 1 shows a typical view of the microgrid, and 
Figure 2 and 3 demonstrate the concept of azimuth and zenith 
angles. 

In the following subsections, the process of calculating the 
output of hybrid system components according to 
meteorological information is described. 

A.  Photovoltaic Panel Modeling 

Output power of the photovoltaic panels is related to their 
surface temperature, so environment temperature is converted to 
the panel’s surface temperature with the following equation. 

20
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Where Ta is environment temperature (°C), Tc is panel’s surface 
temperature (°C), IG is the amount of perpendicular radiation on 
the panel’s surface (kWh/m2), and NOCT is nominal operating 
cell temperature (°C) [17]. Equation 2 calculate a correction 
factor which derives panel’s actual output power from the 
nominal power of the photovoltaic panel. 

 

Figure 1. A standalone microgrid 

 

Figure 2. Zenith angle of sun radiation [16] 

 

Figure 3. Azimuth angle of sun radiation [16] 
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Where Yd is derating factor due to dust accumulation (%), Is is 
standard radiation (1 kWh/m2), Kp is Power temperature 
coefficient (%/◦C), and TSTC is cell temperature at standard test 
condition (STC) which is 25°C. The actual output power of 
photovoltaic panel is calculated by multiplying Ppv to nominal 
power of the panel. As perpendicular radiation on panel’s 
surface is needed in the equations, the total radiation data from 
the weather reports must be converted to vertical radiation with 
following equation [16]. 

 mod inS cos( ) sin( ) cos( ) sin( ) cos( )ule cidentS           (3) 

Where 
inS cident

is total amount of the radiation on the panel 

surface, α is sun elevation angle, β is panel installation angle, ψ 
is panel’s azimuth angle, and θ is azimuth angle of sun radiation. 
Due to reference [18] the best installation angle is approximately 
the latitude of the region that panel is placed in, and as the 
selected region is in the Northern hemisphere the azimuth angle 
of the panel is 180 degree. Figure 4 shows the angles mentioned 
above. 

SolarWorld SW 250 mono photovoltaic panels are used in 
these simulations. Technical characteristics of these panels are 
presented in Table 1. 

 

Figure 4. Calculating vertical radiation 
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TABLE 1. Technical Characteristics of SW 250 mono panels 

STC Performance Thermal characteristics 

Pmax 250 W NOCT 46oC 

Voc 37.8 V TC Isc 0.004 %/K 

Vmpp 31.1 V TC Voc -0.3 %/K 

Isc 8.28 A TC Pmpp -0.45 %/K 

Impp 8.05 A 
Operating 

Temperature 
-40oC to 85oC 

B. Wind Turbine Modeling 

Following equation is used for calculating the output power 
of wind turbines [11]. 
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Where Vci , Vr and Vco are cut-in, rated and cut-out speeds of the 
wind turbine. In this simulation, Atlantis Wind Craft W15 wind 
turbines are used. Table 2 shows some characteristics of these 
type of turbines. 

C. Model of  Photovoltaic Panel with Sun Tracker 

It is assumed that when a photovoltaic panel is supplemented 
with sun tracker, it will absorb total solar radiation and will 
produce its nominal output power until the sun is shining. 
Average hours of sunshine in these five years is eight hour, and 
nominal output power of panels is multiplied to 0.9 for 
considering the effect of dust accumulation. 

D. Battery and Load Modeling 

A Gaussian normal distribution curve with an average of 
600W and variance of 100W is proposed for modeling the 
electrical demand in this region, and also a 100 Wh battery is 
considered for this microgrid. 

III. SOLVING PROCEDURE 

Probability and statistics approaches are used in the proposed 
method for solving this problem. It is assumed that the last five-
year data has Gaussian normal distribution (Equation 5). 
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In this equation m and σ are average and variance of the random 
variable ‘x’ which has normal distribution. Subsequently, wind 
and solar outputs the same as demand have a normal distribution 
for every hour of the day with specific average and variance, that 
are calculated from each hour information of this five-year 
period with the following equations. 
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TABLE 2. Technical Characteristics of W15 wind turbines 

Technical Characteristics 

Rated Power 300 W 

Rated Wind Speed 10 m/s 

Cut-in Wind Speed 3 m/s 

Cut-out Wind Speed 13 m/s 

Maximum Tolerable Wind Speed No Limit 
 

As we know, components outputs of the hybrid system have 
an effect on each other. For example change in wind turbine 
output power can have an influence on outputs of other elements. 
Covariance is used in this paper to show the correlation between 
different data (Equation 8). 
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So far, for each hour of the day, there is a mean vector ‘m’ 
and a covariance matrix ‘C’. Equations 9 and 10 shows the 
structure of the. 
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Where ‘sunt’ refers to the photovoltaic panel with sun 
tracker. 

In the next step, a linear estimator is used for estimating 
wind, solar and demand information of a particular hour in the 
future according to the five-year data. As a result, each element 
of ‘m’ and ‘C’ matrixes of an hour in the next year are estimated 
from statistical data of past 24 hours. For example, the solar 
output of 12 PM, May 1st, 2017 is estimated from the past 24 
hours data which are calculated from that five-year information. 

In linear estimating, it is assumed that S(n) is estimable 
according to the p data before it. Equation 11 shows this. 

     1 2^ ( ) 1 2 ... ps n a s n a s n a s n p                 (11) 

Estimator’s coefficients (ak) are calculated with the aim of 
minimizing mean square error of the estimation (Equation 12). 
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By taking partial derivative of mean square error with 
respect to ‘ak: k=1... N’ and setting them equal to zero, Equation 



2017 25th Iranian Conference on Electrical Engineering (ICEE) 

 

  

13 is achieved. In this equation ‘Rss(i)’ represents the random 
process (s(n)) in the instant i. where ‘E’ is mathematical 
expected value that will be equal to average in the case of being 
ergodic. 
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                                                      (13) 

Equation 13 is extensible to a system of N equations in N 
unknowns, and as correlation function is an even function, it is 
written in matrix form (Equation 14). 
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Finally, estimator’s coefficients (ak) are calculated with 
Equation 15. 
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Where ‘R’ and ‘r’ are defined as below. 
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 By having estimator’s coefficients, equation 11 can easily 
estimate any information that is needed. Now a joint Gaussian 
distribution is available for estimated solar (with or without sun 
tracker), wind and demand data for each hour of the next year. 
So reliability indicator is now calculable with these data. It 
should be mentioned that Gaussian joint function follows 
Equation 15. 

 Figure 5 shows the Monte Carlo algorithm that is used for 
calculating EENS and cost indicators. This procedure is carried 
out for each joint Gaussian distribution of wind, solar and 
demand outputs, and intended indicators are calculated. A large 
number of Monte Carlo tests are done and finally, EENS and 
cost indexes are calculated by averaging the results. 

IV. SIMULATION RESULTS 

In this section, simulation results of a microgrid with only 
one unit of each component are presented. It is assumed that all 
required dada of the past five years is available, and linear 
estimators’ coefficients of any season are calculated individually 
from that season’s information. Actual demand’s data are not 
available. Therefore, they are made up, and due to their 
randomness, there is some fluctuation in result’s curve. 

EENS indicator of any hour in the next year is predictable 
with the presented procedure. As the probability of power outage 
is higher in summer, in the following the EENS curves of 
summer’s hour are illustrated. For having better resolution in the 
curves, they only present the results of first three days of 
summer. Figure 6 shows EENS indicator value vs. hours of the 
first three days of summer for a situation that panels have sun 
tracker and there is not any battery in the system. It is obvious in 
this figure that in the middle of the day, due to the high output 
power of photovoltaic panels, EENS is dramatically low. 

In the following, the effect of using batteries on the system 
reliability is investigated. In Figure 8, 100 Wh battery capacity 
is added to the system. This figure shows that due to the low 
capacity of the batteries in comparison with demand and system 
size and also their zero initial charge, using battery does not 
improve system reliability. As a result, 500 Wh battery capacity 
with 400 Wh initial charge is considered for this special case, 
and outcomes are demonstrated in Figure 9. In this figure, blue 
curve shows EENS indicator of the system without sun tracker 
but with battery, and red curve illustrates results of the system 
with both battery and sun tracker. It can be seen that in both 
conditions using this size of battery improves system reliability. 

Figure 6. Predicted EENS curve for the first 72 hours of summer (panels 
have sun tracker and there is no battery) 

Figure 7. Predicted EENS curve for the first 72 hours of summer, there is no 
battery in system (red curve: without sun tracker, blue curve: with sun tracker) 
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 Figure 10 shows outage rate for the system with sun tracker 
(blue curve) and without it (red curve). According to this figure, 
outage rate has its minimum in the middle of the day, as the same 
as EENS index, due to high solar power outputs. 

A brief look at the results shows that expected energy not 
supplied index does not have proper value in some hours. It is 
needed to adjust designing parameters (size and quantity of 
photovoltaic panels and turbines) in order to have a more reliable 
system. On the other hand, system’s costs is an additional issue, 
so it is important to have a tradeoff between reliability and costs 
of the system. Therefore, an optimum point is found by changing 

the designing parameters individually and jointly, and 
monitoring cost and reliability indicators for a specific hour. For 
example, according to the results 8 PM of the first day of 
summer have the worst EENS value; thus, finding an optimum 
point for this hour leads to a more reliable system in all of the 
other hours. 

Figure 11 shows EENS value vs. system cost in the case of 
changing photovoltaic panel (without sun tracker) size. The 
point that system has the highest reliability in addition to the 
lowest cost is optimum. According to the figure these two 
requires are partially satisfied at the knee point. Figures 12 and 
13 demonstrate the Pareto optimal point when other designing 
parameters are changing. 

 

 
Is demand smaller than (Solar output power + Wind output power) ? 

 

Is battery’s empty capacity greater than absolute value of 

[Demand - (Solar output power + Wind output power)] ? 

 

Battery’s charge absolute value of [Demand - (Solar 

output power + Wind output power)] ? 

 

 

Battery fully 

charged 

 

Absolute value of [Demand - 

(Solar output power + Wind 

output power)] adds to 

battery’s charge 

 

 

Battery supply the lack 

of energy 

 

 

Battery’s charge runs out 

and power outage occurs 

 

Yes 

Yes Yes No 

No 

No 

Figure 5. Monte Carlo algorithm 

Figure 9. Effect of 500 Wh battery on predicted EENS index (blue curve: 
with battery-without sun tracker, red curve: with sun tracker and battery, 

orange curve: without sun tracker and battery, purple curve: with sun 

tracker-without battery) 

Figure 8. Effect of 100 Wh battery on predicted EENS index (blue curve: 

with sun tracker-without battery, green curve: with sun tracker and battery, 

orange curve: without sun tracker and battery, black curve: with battery-
without sun tracker) 

Figure 10. Outage rate for the first 72 hours of summer, there is no battery in 

system (red curve: without sun tracker, blue curve: with sun tracker) 

Figure 11. EENS index vs. cost ($) in the case of changing fixed panels size 
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System operator could choose any of the different designing 
points which are illustrated in the figures according to the 
system cost or reliability limits. In this paper optimum point is 
a point that both indicators have a relatively good condition. 

 Tables 4 and 5 present optimum point’s information (Pareto 
optimal point) of the different design procedures. In these tables, 
design one is the given name for the process of changing size of 
fixed photovoltaic panels to find an optimum point, and design 
two and three represent changing the size of panels with sun 
tracker and wind turbines. The cost of optimum points is 
calculated due to economic information of Table 3. It can be 
seen that using sun tracker improves system reliability, but on 
the other hand, it increases system’s cost. 

TABLE 3. Components’ cost ($) for each unit of outputs 

Component Type Unit Cost ($) 

Panel (without tracker) 1 W 1.5 

Panel (with tracker) 1 W 2 

Wind turbine 1 W 3 

Battery (100 Wh) 1 Wh 0.5 
 

TABLE 4. EENS and cost information of Pareto optimal point (knee point) of 
designs 

Design Cost ($) EENS indicator (W) 

One 58.72 120 

Two 60.08 80 

Three 60.78 160 
 

TABLE 5. Optimum components size in knee point of designs curves 

Design 
Optimum fixed 

panels size (W) 

Optimum panels 

with sun tracker size 

(W) 

Optimum 

wind turbine 

size (W) 

One 300 10 15 

Two 15 350 30 

Three 5 20 300 
 

V. CONCLUSION 

Hybrid standalone wind and solar systems are good 
alternatives for based on fossil fuels power generation systems. 
Especially for away from the power network regions. In 
addition, these systems are more efficient than systems with one 
renewable source. 

 In this paper, a standalone hybrid system which consists of 
wind and solar resources is optimized with respect to EENS and 
reliability indicators. Pareto optimal points for the desired year 
in future are found in the case of changing different designing 
parameters (size of photovoltaic panels with or without sun 
trackers and wind turbines). So according to the reliability and 
cost limits of the system, best design can be chosen, which in 
this paper the knee point of curves is. In other word, system 
designer or operator is able to choose between different 
component’s sizes according to reliability and cost indexes. 
These indicators are calculated due to Monte Carlo method and 
correlation between outputs of system components is simulated 
with statistical analysis (covariance matrix). 

Better battery modeling, modeling the demand with actual 
data, economic evaluation with invest rate of return and 
considering component’s useful life are issues that can be 
discussed in the future works to have results with better 
accuracy. 
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