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 The application of wind-photovoltaic complementary power generation 

systems is becoming more and more widespread, but its intermittent and 

fluctuating characteristics may have a certain impact on the system's 

reliability. To better evaluate the reliability of stand-alone power generation 

systems with wind and photovoltaic generators, a reliability assessment model 

for stand-alone power generation systems with wind and photovoltaic 

generators was developed based on the analysis of the impact of wind and 

photovoltaic generator outages and derating on reliability. A sequential Monte 

Carlo method was used to evaluate the impact of the wind turbine, 

photovoltaic (PV) turbine, wind/photovoltaic complementary system, the 

randomness of wind turbine/photovoltaic outage status and penetration rate 

on the reliability of Independent photovoltaic power generation system (IPPS) 

under the reliability test system (RBTS). The results show that this reliability 

assessment method can provide some reference for planning the actual IPP 

system with wind and complementary solar systems. 
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1. INTRODUCTION  

With the increasing environmental problems and new energy generation technology development, 

wind and complementary solar systems are more widely used in power generation systems [1]. However, the 

intermittent and variable nature of wind and photo voltaic strength era may affect the system's dependability 

[2], [3]. Therefore, conducting an in-depth study on the reliability assessment of stand-alone power generation 

systems containing wind and solar power is important. In the literature [4], a Monte Carlo approach based 

totally on a welfare mannequin used to be employed to consider the dependability of wind electricity vegetation 

below three wonderful running situations. In phrases of storage capability and top load, these two factors affect 

the dependability of small remoted wind strength structures used to be explored. Feixiang et al. [5], the 

reliability of the power generation system containing wind farms was evaluated by using the sequential Monte 

Carlo method based on the two-dimensional fuzzy c-mean clustering method to divide the wind farms into 

multiple states and calculate the transfer probabilities between the states of the wind farms based on the 

measured data. Jichao et al. [6], the photovoltaic (PV) output was segmented based on Fisher's optimal 

https://creativecommons.org/licenses/by-sa/4.0/
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segmentation and elbow point methods. Each period's PV output was simulated using the fuzzy c-mean 

clustering method. The reliability of the PV farm power generation system was evaluated by the Monte Carlo 

method. Kai et al. [7], the irradiance fluctuation index and clear sky index are solved by the actual data of the 

PV plant in each state, and the irradiance in the corresponding state is simulated in time. Finally, the sequential 

Monte Carlo approach evaluated the PV electricity producing system's dependability.  

In the literature [8], the reliability test system (RTS) check device was once used to calculate the 

reliability indices of strength manufacturing structures incorporating wind farms and PV systems. Then, they 

examined the dependability of the complementing wind and photo voltaic energy producing system. In the 

literature [9], the Copula principle was once used to consider the dependability of the wind and PV 

complementary energy technology system, taking into account the unpredictability and correlation of the 

output energy of the wind and photo voltaic complementary electricity technology system. In the previous 

literature [4]–[7], solely the reliability of wind electricity or photovoltaic structures used to be evaluated, now 

not the reliability of complementary wind energy systems; in the literature as mentioned above [8], [9], the 

effect of wind turbine and photovoltaic generator shutdown on gadget reliability was once now not evaluated. 

To consider the reliability of the complementary wind and wind impartial electricity technology system, we 

first regarded the electricity output of wind turbine and the usage of the wind farm energy mannequin 

underneath the impact of estimated wind pace and wind turbine three-state model; then, we viewed the impact 

of PV electricity bistatic model, and PV strength era used to be bought the use of the sequence of illuminance 

generated by way of Homer software program and PV model. On the foundation of the reliability test system 

(RBTS), take a look at the system. The sequential Monte Carlo method was once used to look at the effects of 

wind power, PV power, wind/PV power, shutdown country unpredictability, and permeability on the reliability 

of wind/PV generators. 

 

 

2. METHOD 

2.1.  Wind farm output model 

2.1.1. Wind speed model 

There are many methods for forecasting wind pace models, including the Weibull distribution 

approach, the time sequence method, and the synthetic neural community technique. The autoregressive 

shifting common (ARMA) is used in this work to forecast the wind pace because the time sequence method 

can more precisely depict the time sequence of wind velocity modifications and estimate the future wind 

velocity from a small volume of wind velocity facts [10]. Firstly, the historical wind speed is normalized, and 

its autocorrelation coefficient and bias correlation coefficient are found; secondly, the ARMA model's 

autoregressive order p and sliding average order q are determined from the obtained values the unknown 

parameters are estimated. The final step is to forecast the future wind speed using the fitted model [11], [12] 

and the projected wind speed at time t. SWt is the term for the anticipated wind speed at time t, is as (1)  

and (2). 

 

S Wt = μt + σt yt (1) 

 

𝑦𝑡 = α𝑡 + ∑ φ𝑖𝑦𝑡−𝑖
𝑝
𝑖=1 −∑ θ𝑗α𝑡−𝑗

𝑞
𝑗=1  (2) 

 

where μt is the mean value of wind speed at time t, σt is the variance, yt is the time series value, and the 

expression of yt is shown in (2). The autoregressive coefficient is denoted by φi (i=0,1,2,3,...,p), the  

sliding average coefficient is denoted by θj (j=0,1,2,3, ...,q), {αt} is the white with a mean of 0 and a variance 

of σα
2 . 

 

2.1.2. Fan outage model 

In order to simplify the calculation, the conventional shutdown model usually only considers two 

states: normal and shutdown, but in practice, due to wind speed fluctuations, external environment and other 

factors, when the load is too large to cause the unit gearbox oil temperature to reach the critical condition and 

alarm, the fan does not appear to be shut down and will not run according to the original state, but to protect 

the fan by reducing the wind energy absorbed by the fan with the propeller, and then after the alarm state is 

lifted Therefore, the derating state of the wind turbine should also be considered [13]. The three-state space 

model of the wind turbine is shown in Figure 1. 

In Figure 1 λ1 is the transfer rate of turbine outage, λ2 is the transfer rate of turbine derating, and μ1 

and μ2 are the repair rates. The three states of the wind turbine are random variables, which can be solved 

probabilistically by Markov's method [14], and the solution process is shown as follows:  

Construct the transfer matrix based on the state model diagram: 
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𝑇 = [
1 − (𝜆2 + 𝜆1) 𝜆2 𝜆1

𝜇2 1 − 𝜇2 0
𝜇1 0 1 − 𝜇1

] (3) 

 

Apply Markov process approximation principle: 

 

𝑃𝑇 = 𝑃 (4) 

 

where P is the probability vector for the limit state and T is the transfer matrix. Rewrite (4) as the expression 

shown in (5): 

 

𝑃(𝑇 − 𝐼) = 0 (5) 

 

where I is the unit matrix. Applying (5) to the transfer matrix of (3) gives the expression shown in (6). 

 

[𝑃1 𝑃2 𝑃3] [
−(𝜆2 + 𝜆1) 𝜆2 𝜆1

𝜇2 −𝜇2 0
𝜇1 0 −𝜇1

] = [0 0 0] (6) 

 

The result of transposing (6) is shown in (7). 

 

[
−(𝜆2 + 𝜆1) 𝜇2 𝜇1

𝜆2 −𝜇2 0
𝜆1 0 −𝜇1

] [

𝑃1
𝑃2
𝑃3

] = [
0
0
0
] (7) 

 

Add the complete probability condition and replace any equation of the matrix in the above equation with the 

complete probability condition; here, the first equation is replaced with the total probability condition. The first 

equation is replaced by the complete probability condition to obtain the expression shown in (8). 

 

[

1 1 1
𝜆2 −𝜇2 0
𝜆1 0 −𝜇1

] [

𝑃1
𝑃2
𝑃3

] = [
1
0
0
] (8) 

 

where P1, P2, P3 are the probability of the turbine being in operation, derating and shutdown respectively, the 

result is shown in (9). 

 

{
 
 

 
 
𝑃1 =

𝜇1𝜇2

𝜇1𝜆2+𝜆1𝜇2+𝜇1𝜇2

𝑃2 =
𝜇1𝜆2

𝜇1𝜆2+𝜆1𝜇2+𝜇1𝜇2

𝑃3 =
𝜆1𝜇2

𝜇1𝜆2+𝜆1𝜇2+𝜇1𝜇2

 (9) 

 

The transfer rates of the wind turbine from the operating state to the shutdown state and the derating 

state are λ1 and λ2, and the duration of state 1 operation τ12 before state 1 enters state 2 is shown in (10): 

 

τ12 = −
1

λ2
ln γ12 = −𝑀𝑇𝑇𝐹 ln γ12 (10) 

 

The duration τ13 of state one operation before state one enters state three is shown in (11): 

 

τ13 = −
1

λ1
ln γ13 = −𝑀𝑇𝑇𝐹 ln γ13 (11) 

 

where MTTF is the mean operating time before failure, γ12 and γ13 are uniformly distributed random numbers 

within [0,1]. The transfer rates of wind turbines from the outage and derating states to the operating state are 

μ1 and μ2, and the derating and outage fault repair times τ21 and τ31 are shown in (12) and (13), respectively: 

 

𝜏21 = −
1

𝜇2
𝑙𝑛 𝛾21 = −𝑀𝑇𝑇𝑅 𝑙𝑛 𝛾21 (12) 
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τ31 = −
1

μ1
ln γ31 = −𝑀𝑇𝑇𝑅 ln γ31 (13) 

 

where MTTR is the mean time to repair, γ21 and γ31 are uniformly distributed random numbers within [0,1]. 

 

2.1.3. Fan outage model 

Under the impact of wind speed, the fan output is nonlinearly proportional to wind speed, as considered 

in Figure 2's strength output attribute curve [15]. In Figure 2, vci, vr, vco replicate the cut-in wind speed, rated wind 

speed, and cut-out wind velocity of the turbine, whereas pr represents the turbine's rated power. The wind 

turbine output strength mannequin curve may additionally be written as a segmental feature of (14). 

 

 

  
  

Figure 1. Wind turbine three-state  

model 

Figure 2. Typical output power curve for wind 

turbines 

 

 

𝑝𝑧 =

{
 

 
0 (0 ≤ 𝑣𝑡 ≤ 𝑣𝑐𝑖)

(𝛼 + 𝛽𝑣𝑡 + 𝛾𝑣𝑡
2)𝑝𝑟 (𝑣𝑐𝑖 ≤ 𝑣𝑡 ≤ 𝑣𝑟)

𝑝𝑟 (𝑣𝑟 ≤ 𝑣𝑡 ≤ 𝑣𝑐𝑜)

0 (𝑣𝑡 ≥ 𝑣𝑐𝑜)

 (14) 

 

where vt is the predicted wind speed, α, β, γ are the coefficient of the power characteristic curve for wind 

turbines, and the solution formula is shown in (15). 

 

{
 
 

 
 𝛼 =

1

(𝑣𝑐𝑖−𝑣𝑟)
2 [𝑣𝑐𝑖

2 + 𝑣𝑐𝑖𝑣𝑟 − 4𝑣𝑐𝑖𝑣𝑟 [
𝑣𝑐𝑖+𝑣𝑟

2𝑣𝑟
]
3

]

𝛽 =
1

(𝑣𝑐𝑖−𝑣𝑟)
2 [4(𝑣𝑐𝑖 + 𝑣𝑟) [

𝑣𝑐𝑖+𝑣𝑟

2𝑣𝑟
]
3

− (3𝑣𝑐𝑖 + 𝑣𝑟)]

𝛾 =
1

(𝑣𝑐𝑖−𝑣𝑟)
2 [2 − 4 [

𝑣𝑐𝑖+𝑣𝑟

2𝑣𝑟
]
3

]

 (15) 

 

2.2.  Photovoltaic power generation output model 

2.2.1. Photovoltaic generator outage model 

The PV power generation system mainly consists of transmission lines, transformers, inverters, PV 

arrays and other components, and the failure of any component will have a particular impact on the PV output, 

so the PV generator outage model adopts the conventional two-state model [16], and its two-state space model 

diagram is shown in Figure 3. In Figure 3, λ3 is the transfer rate of the PV generator from the operating state to 

the decommissioning state, and μ3 is the repair rate. Markov's method is used to solve the probability, P4 and 

P5 are the probability that the PV generator is in operation and out of operation respectively, and the result is 

shown in (16). 

 

 
 

Figure 3. Photovoltaic generator set dual state model 
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{
𝑃4 =

𝜇3

𝜆3+𝜇3

𝑃5 =
𝜆3

𝜆3+𝜇3

 (16) 

 

The duration of the operating condition τ3 and the repair time of the outage τ4 are shown in (17) and 

(18), respectively: 

 

τ3 = −
1

λ3
ln γ3 = −𝑀𝑇𝑇𝐹 ln γ3 (17) 

 

τ4 = −
1

μ3
ln γ4 = −𝑀𝑇𝑇𝑅 ln γ4 (18) 

 

where MTTF is the mean duration of operation before failure, MTTR is the mean repair time, and γ3 and γ4 are 

uniformly distributed random numbers within [0,1]. 

 

2.2.2. Photovoltaic generator set power output model 

Similar to wind power system, the power output of PV system is influenced by external factors and 

has certain fluctuation and randomness. After sunset and before sunrise, the PV output is 0. After sunrise, the 

PV output gradually increases with the increasing irradiance of sunlight and reaches the maximum value at a 

certain time, and then decreases with the decreasing intensity of light during the period from that time to sunset. 

In this paper, the power output characteristic curve is shown in Figure 4, using the method of Wenyi et al. [17]. 

 

 

 
 

Figure 4. Photovoltaic generator set power output characteristic curve 

 

 

In Figure 4, Gstd, Rc and ps represent the rated light intensity, specific light intensity and PV output 

during the transition from nonlinear to linear PV output, respectively. The PV output power model curve can 

be expressed as a segmented function as in (19): 

 

𝑃𝑠 = {

𝑃𝑠𝑛(𝐺𝑏𝑡
2 /(𝐺𝑠𝑡𝑑𝑅𝑐)) (0 ≤ 𝐺𝑏𝑡 ≤ 𝑅𝑐)

𝑃𝑠𝑛(𝐺𝑏𝑡/𝐺𝑠𝑡𝑑) (𝑅𝑐 ≤ 𝐺𝑏𝑡 ≤ 𝐺𝑠𝑡𝑑)

𝑃𝑠𝑛 (𝐺𝑠𝑡𝑑 ≤ 𝐺𝑏𝑡)

 (19) 

 

where psn is the photovoltaic rated power, Gbt is the real-time light intensity sequence, where Gbt is generated 

by Homer software. 

 

 

3. RESULTS AND DISCUSSION 

3.1.  Principles of reliability evaluation for independent power generation systems 

The examination of the dependability of electricity manufacturing structures is categorized into two 

categories: impartial structures and linked systems. It is assumed that the on-hand producing capability of any 

electricity supply in the stand-alone gadget can also be linked to any load factor. The line is completely reliable 

as if all generators and all loads are connected to the same busbar. The model is shown in Figure 5 [18]. 
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Figure 5. Model diagram of independent power generation system 

 

 

3.2.  Evaluation criteria, algorithms and indicators 

For machines with unbiased power technology for scenery complementarity, the machine is unreliable 

due to a lack of power when the equipment capacity is much less than the load. Moreover, when the machine 

potential is higher than the load, the machine is in a reliable state. Figure 6 shows the time-series superposition 

of the independent power producer (IPP) system capacity state concerning the load, where T(R1) and T(R2) 

denote the time interval when the system is in an unreliable state, respectively [12]. 

 

 

 
 

Figure 6. Independent power generation system capacity status and load time series overlay 

 

 

Currently, the reliability assessment methods include network, state space, state enumeration, and 

Monte Carlo simulation methods. However, in the reliability assessment of the IPP system with scenic 

complementarity, the assessment process has more influencing factors and larger computation than the 

traditional power system reliability assessment [18]. In the reliability assessment of the stand-alone power 

generation system with wind and solar complementarity, the common reliability assessment indexes are loss 

of load probability (LOLP), power shortage expectation expected energy not serviced (EENS), power shortage 

expectation loss of load expectation (LOLE), and expectation) [16]. Since LOLP is closely related to the 

reliability of the power generation and transmission system, it can reflect the supply and demand situation of 

the power market more realistically and directly. It can also quantify the risk caused by the lack of system 

capacity more intuitively, so it is chosen as the reliability evaluation index in this paper. Its calculation formula 

is shown in (20): 

 

𝐿𝑂𝐿𝑃 =
𝑋

𝑁
 (20) 

 

where X is the number of times the system load (maximum load in a day) exceeds the effective generating 

capacity in the system during the simulation time, and N is the simulation time. 

 

3.3. Evaluation flowchart 

Figure 7 depicts the assessment flowchart for the wind-complementary impartial energy producing 

device reliability evaluation process: First, the uncooked statistics are loaded, then the wind pace of 8,760 h 

for one year is forecasted primarily based on the uncooked statistics the use of the ARMA algorithm, and the 

three-state reliability mannequin of the wind turbine is built taking shutdown, operation, and derating into 

account. The wind turbine output feature calculates an annual wind strength manufacturing of 8,760 h primarily 
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based on the mannequin and previous records. The model generates the simulated load of 8,760 h a year, and 

the LOLP value is calculated. The impact of the wind turbine/photovoltaic generator set and its state 

randomness on the reliability, the impact of the wind/photovoltaic and scenic complementary generator set on 

the reliability, and the impact of the penetration rate on the reliability are also analyzed.  

 

 

 
 

Figure 7. Reliability assessment flow chart 

 

 

In this study, RBTS looks at machines based on a sequential Monte Carlo approach [19] to check the 

reliability of independent power generators with wind and PV complementarity. The single-line diagram of the 

test system is shown in Figure 8, where there are 11 turbines (total build-up potential of 240 MW), 6 buses, 
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and 9 lines. 11 turbines with capacities of 5, 5, 10, 20, 20, 20, 20, 20, 20, 20, 20, 40, 40, 40 (in MW) and 11 

generating units with mean repair time MTTR of 2, 2, 4, 2. 4, 2. 4, 2. 4, 2. 4, 2. 4, 5, 3, 6, 6 (in h) and mean of 

operating time MTTF is 198, 198, 196, 157. 6, 157. 6, 157. 6, 157. 6, 157. 6, 195, 147, 194, 194 (in h), and the 

forced outage cost FOR is calculated using (21) for a high load of 185 MW and a simulation time of 8,760 h 

for this system.  
 

𝐹𝑂𝑅 =
MTTR

𝑀𝑇𝑇𝑅+𝑀𝑇𝑇𝐹
 (21) 

 

The real-time sequence diagram of the 8,760 h load model is shown in Figure 9. For wind farm 

modelling: In this example, the wind speed prediction model is established by the ARMA algorithm with the 

historical wind speed data of a regional wind farm; the wind turbine cut-in wind speed is 9 km/h, and the rated 

wind speed is 43.2 km/h, the cut-out wind speed is 79.99 km/h, the rated power is 2.5 MW, the three-state 

transfer rate of the wind turbine is obtained from the historical data, λ1, λ2, μ1, μ2 were taken as 7.96 times/year, 

5.84 times/year, 58.4 times/year and 48.3 times/year, respectively, and the derating state output power of the 

wind turbine was 0.8 times of the normal state. Figure 10 depicts the simulation of the 8,760 h wind speed 

predicted by the ARMA algorithm. For the PV generator set: In this example, the PV real-time sequence of the 

PV generator set is generated by Homer software, the psn of the PV generator set is taken as 1 MW, Gstd is taken 

as 1MW/m2, Rc is taken as 0.15 MW/m2, and the two-state transfer rate of PV generator set is obtained from 

the historical data, λ3 and μ3 are taken as 10.84 times/year and 48.3 times/year, respectively [20]–[26]. In the 

PV generator set output modelling, Homer software generated an 8,760 h light irradiance real-time sequence 

diagram, as shown in Figure 11. 
 
 

 

 
  

Figure 8. Single line diagram of the  

RBTS 

Figure 9. Model diagram of independent power 

generation system 
 

 

  
  

Figure 10. Model diagram of independent power 

generation system 

Figure 11. Model diagram of independent power 

generation system 
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4. CONCLUSION 

In this paper, a sequential Monte Carlo method is used to evaluate the reliability of the wind/light 

complementary stand-alone power generation system, and the effects of the three-state shutdown model for 

wind turbines and the two-state shutdown model for PV generating units are considered on the wind farm and 

PV output. With consistent wind and solar resources, increasing the total installed capacity of new energy 

generation and the number of turbines can increase the system's reliability. Moreover, for wind power and 

wind/light complementary power systems, increasing the installed capacity of wind/light complementary 

power systems has no substantial effect on dependability until the existing capacity exceeds a specific 

threshold. In the case of wind turbines, for instance, increasing the penetration rate of wind/PV generators 

decreases the system's reliability, but the effect is subtle; in the case of wind turbines, increasing the penetration 

rate of wind/PV generators has little effect on the system's reliability; in the case of PV generators, increasing 

the penetration rate decreases the reliability. 
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