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Abstract 

To be able to supply PV power that satisfies customer demand at all times, there is need for the 

generating plant to be available at all time. However, with the increased age and usage of the 

components, the component’s reliability reduces resulting to failure. These failures were due 
to a range of causes such as degradation and electrical wiring aging and cuts leading to a 

reduced performance efficiency and reliability. Therefore, to ameliorate the reliability of the 

system, a combined selective and preventive maintenance actions were planned by determining 

the best combination (optimal preventive maintenance intervals, optimal replaced 

components). In this work, an optimal preventive maintenance strategy with minimal repair 

was developed using iterative numerical technique for a photovoltaic (PV) plant with and 

without considering the influence of environmental condition on the system. An algorithm was 

developed on MATLAB to determine the optimal number of preventive maintenance actions that 

yields maximum availability by selecting the components to be maintained based on the 

reliability threshold without considering the environmental impact on the components. The 

environmental elements’ criticality was introduced and the reliability reiterated based on the 
new technique. Finally, by maximizing the availability of the system, an optimal preventive 

maintenance for a finite horizon was established. 

Keywords: photovoltaic system, reliability, selective maintenance, preventive maintenance, 

optimization, availability, environmental constraint. 
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1 Introduction 

Nowadays, the conventional energy sector becomes a very challenging area due to their 

high environmental impact. This energy generation mode brings into question air pollution, 

causing an increase in the greenhouse effect that in turn causes global warming. This caused 

renewable energy sources to gain attention, thereby necessitating the provision of various 

alternative energy sources including photovoltaics, wind energy, concentrated solar power 

(CSP) amongst others. Solar energy is the most abundant renewable energy source and appeared 

to be one of the most exploited renewable energy sources especially for electricity generation 

globally [1], reaching approximately 227 GW plant installations worldwide [2]. The increased 

growth rate of the PV exploitation increased the attention of investors, government 

organizations and other stakeholders for financial investment whose aim is to ensure that the 

PV systems reliably and cost-effectively generates energy. Failures of critical assets are 

sometimes catastrophic and result in extended downtime which are disadvantageous for the 

financial outcome of the investment, client satisfaction and safety. One of the Sustainable 



Development goals (SDGs) is affordable clean energy, which further emphasises the criticality 

of renewable energy and cleaner technologies [3].   

Reliability, availability, and maintainability (RAM) assessment is usually implemented 

in order to ensure maximum availability of the photovoltaic energy production at all-times [4]. 

Reliability and maintainability are important in measuring the effectiveness of systems. The 

major difference between reliability and maintainability is that reliability is the probability that 

a failure will not occur in a particular time, while maintainability is the probability that required 

maintenance will be successfully accomplished within a given time period. Maintainability is a 

design characteristic that affects accuracy, ease, and time requirements of maintenance actions 

which may be measured by combining factors such as maintenance frequency, maintenance 

costs, repair times, and labour hours [5]. 

All systems, equipment and components’ functionality tend to wane with usage and age. 
Preventive maintenance (PM) is often implemented to improve the overall system reliability 

and availability. PM scheduling plays a very important role in the successful, economical, and 

reliable operation of engineering systems. When maintenance actions are rarely performed 

especially imperfect maintenance, frequent system failures occur resulting in long downtime 

which affects the availability of the system as well as the financial benefit associated with it. 

However, when performed too often, it can cause material wastage and considerable increase 

in maintenance cost. Optimal scheduling becomes necessary in order to balance between the 

cost of maintenance and material usage as well as reducing downtime to maximize availability 

which are critical decision variables for any preventive maintenance policy.  

In a system comprising of different subsystems and sub-components, it is important to 

establish a maintenance strategy to find the maintenance priority of components within 

available resources. Due to constrained resources, not all possible maintenance actions can be 

performed on a system [6], which makes it imperative to optimally select the component to be 

maintained. This work deals with optimal selective PM action and ensuring maximum 

availability, bearing in mind a reliability threshold as the key decision variable for the 

maintenance action. Environmental condition impact on the reliability was also assessed as an 

extension of the work. 

Although the PV reliability notion was recognized about four decades ago [7], its 

significance over an entire PV generation system remains vague due to the complex nature of 

PV systems. Therefore, reliability analysis represents a decisive issue for the system planning. 

Majority of the existing literature focused on the reliability assessment of different subsystems, 

such as the inverter [8], PV module [9,10], and balance of systems (BOS) [11]. Much fewer 

literature discusses the reliability evaluation for entire PV system. Simplified, system-level 

models for PV system reliability using a Markov modelling concept was presented by [12]. 

Periodic PM schedule for the service life of a mechanical series system was optimized by [13] 

where they defined a formula to calculate the redundant life of the series and was used as the 

criterion for replacement selection.  

PM action model was developed by [14] to maximize system availability during each 

interval by formulating a constant value used as an improvement factor. Their model was based 

on the assumption that the time interval for a component with least life in a series system to be 

considered the maintenance interval period. This however was considered uneconomical 

because of high maintenance cost and material wastage. Vaurio [15] explored the time-

dependent unavailability of sporadically tested aging components under different testing and 



repair policies. Age diagnostic based renewal strategy was determined by Legat et al. [16] for 

an optimal PM strategy defined over finite time horizon. 

Vatn et al. [17] optimized the maintenance of energy production system taking into 

account safety and environment by minimizing production / maintenance costs. Further studies 

have treated both predictive and preventive maintenance using multi-objective optimization 

model to power distribution networks. Reliability and availability of PV system by means of 

general reliability analysis methods were studied by [18,19]. Fault tree method with an 

exponential probability distribution function was used to analyse the components of 7 large-

scale PV systems in [19], the method serves as a suitable tool for identifying the most critical 

components of PV systems and helps in identifying areas that planned maintenance should be 

focused on. Quantitative risk analysis technique was used by [18] on 20kW grid-connected PV 

system over a 25-year period to analyze the system and to assist in developing better 

maintenance strategies, and thus to realize maximum benefit of photovoltaic power.   

Failure mode and effects (Critical) analysis (FME(C)A) was applied to a reliability 

centred maintenance (RCM) to conserve the reliability of a PV system by failure modes 

identification. The result obtained was used to calculate the risk priority number (RPN) of the 

system which served as the decision variable of the maintenance [20]. Different models and 

maintenance strategies were developed by many researchers [13,14] in order to attain optimal 

preventive maintenance actions which are mostly cost minimization and selective preventive 

maintenance strategy. Very few literatures focus on availability based maintenance strategies 

and to the best of our knowledge, no one ever considered the influence of environmental 

condition on the reliability of the system.  

The goal of this work is to propose a new PM strategy that maximises the availability 

of a PV system. We will find the optimal number of periodic preventive maintenance actions 

within a finite time horizon and then make a selective maintenance decision to choose the best 

components to be replaced during each action in order to guarantee maximum reliability. The 

proposed model will determine the components within the system to be maintained during a 

maintenance period. Additionally, the study explores the influence of environmental condition 

on the reliability of the system as the second part of the work. The originality of this work is to 

consider a combined preventive and selective maintenance strategy by determining the best 

combination of optimal number of preventive maintenance action as well as the best replaced 

components. Consequently, a perfect preventive maintenance action is considered if the all 

components are replaced during this action that restored the photovoltaic system to as good as 

new state otherwise an imperfect preventive is considered. On the other hand, an important 

originality is considered by studying the impact of the environmental factor on the combined 

preventive and selective maintenance strategy. 

Thus the work is organised as follows: Section 2 explains the PV system, the 

components considered, assumptions made, notations applied and the concept of 

selective/preventive maintenance strategy. Section 3 discusses the availability and reliability 

modelling approaches within the study under nominal condition as well as environmental 

assessment condition. Section 4 provides details of an optimization algorithm to determine the 

optimal combination (number of PM actions, selected of components to replaced). Section 5 is 

the numerical example and result obtained while section 6 concludes the study.    

 

 

 



2 PV system, Assumptions, Notations and preventive/selective Maintenance   

2.1 PV system failure causes 

A typical photovoltaic plant is a complex system composed of different electronic devices 

particularly photovoltaic modules and inverters of which the reliability will be studied 

throughout this work. Generally, the photovoltaic modules are connected either in series, in 

parallel or a combination of both. When connected in series, it ameliorates the voltage while in 

parallel ameliorates the current. Different series are connected in series to improve the intensity 

to form the photovoltaic field. As the output of the photovoltaic field is a direct current, the 

series are connected via DC Wires to the inverters which are then used to convert the output to 

an alternative current (AC). The output of the inverters is transported via AC Wires to the load. 

Figure 1 is a simplified scheme of a PV Plant. 

PV panels, AC and DC wires and inverter are considered to reduce complexity of the 

reliability computing in this work. As mentioned earlier, the objective of this work are to 

maximize the system availability and to explore the environmental influence on the reliability 

of the photovoltaic system. Thus, we have defined the major failures of each device and the 

environmental elements that influence those failures. The photovoltaic modules or panels are 

the most important devices of the photovoltaic system. They have various components such as 

photovoltaic cells, interconnectors, diode bypass, junction box, protective glass on both sides 

and ribbons. Their main failures are the components failures; Hotspot (an under-irradiated part 

of the panel behaves as a receiver which causes a heating of the zone), Delamination (separation 

of the bond between the plastics on the back and the glass on the front of the panel which allows 

air and moisture to creep inside), Discoloration and corrosion due to chemical reactions. Same 

failure causes considered for the DC and AC Wires; Cut and corrosion. Finally, the inverter 

doesn’t have detailed failure causes. Table1 matches each failure with the weather elements 
influencing its failure cause. 

fi

 

Fig 1: A PV field layout 

 An optimal preventive maintenance strategy with minimal repair was developed and applied 

to an electrical production system composed of several solar panels in a series structure. Indeed, 

in such a situation of failure of various photovoltaic system components, a minimal repair is 

applied characterized by a corrective maintenance action in order to resume back to operation 

 

 



of the photovoltaic system with the same failure rate it had before failure is called ‘as bad as 

old’ [29]. In order to reduce the probability of failure as well as the average number of failure 

of the photovoltaic system, a systematic periodic preventive maintenance was developed. In 

each preventive maintenance action, this work develops a priority selective maintenance 

strategy to choose and replace the most degraded components so as to guarantee maximal 

availability. At the same time, a minimal repair characterized by a palliative action to put it 

back into service by quickly adjusting or replacing certain elements, such as photovoltaic cells, 

interconnectors, diode bypass, junction box…, diodes or wires, without improving its reliability 

(that is, without reducing its failure rate).  

We want to determine the optimal number of preventive maintenance actions that 

maximizes the photovoltaic system availability. More precisely, the maintenance strategy 

adopted consists of systematically replacing a certain number of the photovoltaic system 

components at different time units with different components replaced each time depending on 

the component’s reliability. The failures that the global system can suffer are generally 
malfunctions, cable breaks, and poor power supply.  

TABLE I 

Failures and the type of environmental element(s) influencing the failure 

Component Failure 𝑻 𝑰 𝑯𝒖 𝑷 

Photovoltaic 

Panel 

Hotspots   x     

Junction box  x   x   

Broken glass  x x   x 

Diode bypass    x     

Delamination x   x   

Broken cells  x     x 

Welding ribbons x   x   

Interconnections x   x   

Discoloration   x     

Corrosion x   x   

DC/AC 

Wires 

Cut or melt x       

Corrosion x   x   

Inverter Failure x   x   

 

Where: 𝑇 refers to Temperature, 𝐼 to Irradiance, 𝐻𝑢 to Humidity and 𝑃 to Pressure 

2.2  Notations and assumptions  

  A: Notations used in the mathematical model 

A: Availability 

T: Production horizon 

Tmaintenance: Total maintenance duration 

R(t): System reliability at t 

Cj : Criticality coefficient of failure of the system 

N: Number of maintenance actions  

R*: Minimum required reliability threshold  

k: Maintenance period 



Requipment: Reliability function of equipment 

Rcause: Reliability function of cause of failure for a component 

R,j(t): Reliability of the jth component under the effect of environmental condition 

Ro,j(t): Reliability of the jth component under nominal condition 

Co,j: Criticality coefficient of jth component 

a/bcause: Failure cause constant under chemical influence 𝜇𝑝:        Preventive maintenance time 𝜇𝑐:        Corrective maintenance time 𝜑(𝑁):        Number of Average failure rate 𝛽𝑗:        Criticality coefficient vector for component j 𝜆𝑗/𝑖:        Constant failure rate of components/subcomponents  

Zi:        Vector of environmental conditions 

ZEC:            Environmental condition representation 

 

B: Assumptions 

1. The system and the components within are in a binary state, that is, they are either 

working or failed. 

2 Minimal repair is performed as soon as a component fails during a mission. 

3 After replacement, a component is ‘‘as good as new.’’ When minimal repair is 
performed, it becomes ‘‘as bad as old.’’  

4 All failures are assumed to be random and independent 

5 For the electrical components’ failure, the reliability is exponentially distributed with a 

constant failure rate while Weibull distribution was used for other types of failures. 

6 The failure rate of the same components is the same.  

7 For equipment having various causes, the reliability was assumed to be the product of 

the reliabilities of all the causes. 

 

2.3  Selective maintenance 

This section is aimed at establishing the optimal selective maintenance with high 

reliability level to ensure the next energy production periods run without discontinuity 

considering the obtained reliability estimation of the photovoltaic system under operating and 

environmental conditions. For this purpose, the photovoltaic is considered as a multi-

component system and whose components are only maintained in the predetermined optimal 

maintenance periods N that was computed in the preventive maintenance strategy. At each 

selective maintenance period 𝑘 = 1,2, … ,𝑁∗, the objective of priority selective maintenance is 

to select the right components 𝑖 = 1,2, … ,𝑁𝑐 to be maintained, so that a required reliability 

level is guaranteed until the next shutdown.  

Figure 2 shows a typical reliability system evolution of preventive maintenance. When 

the reliability of a system falls below a certain minimum threshold R*, maintenance is 

performed on the components depending on the required maintenance type. If for example as 

in figure 2, when maintenance is carried out at T, some components only requires servicing 

and/or repairs, in that case, imperfect maintenance is carried out. This increases the system 

reliability by making it younger but not completely making it new. At 2T, the type of 

maintenance carried out is a perfect maintenance which occurs when all components are 

replaced. At this point, the system becomes completely As Good As New (AGAN). The failure 



rate however, decreases with increase in maintenance as seen in figure 3. As such, it is 

minimized when imperfect maintenance is performed and becomes nearly zero (except when 

manufacturing failure occurs) when a perfect maintenance is performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Evolution of the reliability of a system 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: failure rate illustration during preventive maintenance actions 
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3 PROBLEM FORMULATION 

3.1  Availability formulation 

The objective of this work is optimal scheduling of maintenance actions for a photovoltaic 

plant. For this purpose, the problem of the availability maximization constrained to the 

reliability threshold was considered. In this section, a mathematical model was developed to 

express the availability of photovoltaic system as a function of the decision variables: the 

optimal number of preventive maintenance actions N* and the component to be replaced if it is 

to be maintained based on reliability threshold. The availability of the system is expressed as 

follow: 𝐴 = 𝑇−𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒𝑇       (1) 𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 = 𝑝𝑟𝑒𝑣𝑒𝑛𝑡𝑖𝑣𝑒 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛+ 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 

 

It was observed that the availability is inversely proportional to the maintenance duration 

therefore the problem is remodeled as: 

 

                             𝑀𝑖𝑛 𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒                            (2) 

subject to                          𝑅(𝑡) > 𝑅∗  ∀𝑡                             

 

The aim of this work is to maximize the availability of the system having in mind that the 

reliability of the photovoltaic system should be greater than a fixed minimum value called R∗. 
Thus, the problem is formulated as follows: 

Objective Function 

    𝑀𝑎𝑥 𝐴 = 𝑇−𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒𝑇      (3) 

  Where  𝑇𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒(𝑁) = ∑ ∑ [µ𝑃𝑖 ×𝑚𝑖(𝑘)]𝑁𝐶𝑖=1𝑁𝑘=1⏟              𝑝𝑟𝑒𝑣𝑒𝑛𝑡𝑖𝑣𝑒 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛+ 𝜇𝑐 × 𝜑(N)⏟      𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (4) 

Subject to   

  𝑅𝑃𝑉(𝑘. 𝑇, 𝑍𝐸𝐶) ≥ 𝑅∗  
 𝑚𝑖(𝑘) = {1      𝑖𝑓𝑡ℎ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑠 𝑡𝑜 𝑏𝑒 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑 𝑘0                                                                                       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

 

The average number of failure is expressed as follows 𝜑(N) = ∑ [∫ 𝜆𝑃𝑉𝑘(𝑡)(𝑘+1).𝑇𝑘.𝑇  𝑑𝑡] + ∫ 𝜆𝑃𝑉𝑘(𝑡)𝐻.𝛥𝑡𝑁.𝑇 𝑑𝑡𝑁−1𝑘=0   (5) 



where: 

𝜆𝑃𝑉,𝑘(𝑡) = −𝑑𝑅𝑃𝑉,𝑘(𝑡)𝑑𝑡𝑅𝑃𝑉(𝑡)      (6) 

 

Here, the preventive maintenance time (µ𝑃𝑖) can be defined as the sum of the duration 

of the following jobs:  

i. Access time (t1): This is the time required to gain access to and identify the failed 

component to be maintained by disassembling the system. 

ii. Inspection time (t2): The time required to determine and diagnose the cause of failure. 

iii. Replacement (or repair) time (t3): Once the component has been identified and 

inspected, this is the actual time of carrying out the main PM activity of either repair or 

replacement depending on the manager’s decision. 

iv. Assembling time (t4): This is the last stage consisting of verification, alignment and 

assembling the dismantled system to get it back up into operation. 

Furthermore, the Corrective Maintenance time (𝜇𝑐) in addition to the above mentioned time 

incurs additional time since the failure occurs unexpectedly [14]. The additional times are stated 

as follows: 

i. Supply delay time: the time delay in obtaining necessary spare parts or components. 

ii. Maintenance delay time: the time spent waiting for the maintenance personnel, 

resources and facilities to be in place. 

 

3.2 Photovoltaic reliability estimation 

 

3.2.1 Reliability probability estimation 

 

Let T be a random variable referring to the time to failure of an equipment and P the 

probability of its failure. Having in mind the assumptions made above, the reliability of the 

equipment at t is defined as the probability that the system will not fail before or at that instant. 

R is then the probability that T is greater than t. This is explicated as follows: 𝑅(𝑡) =  𝑃(𝑇 > 𝑡)                            (7) 𝑅(𝑡) =  𝑃(𝑇1 > 𝑡1, 𝑇2 > 𝑡2, … , 𝑇𝑛 > 𝑡𝑛)              (8) 

The PV system is complex and contains a large number of sub-assemblies that may be 

connected in series, parallel or even a combination of both. When the sub-assemblies are 

connected in series, the overall system will be interrupted in case of failure of one sub-assembly. 

However, all sub-assemblies must fail in order to interrupt the overall system in the parallel 

connected system. For components associated in series, the reliability of the group is assumed 

to be the product of each component reliability as shown in (8): 𝑅(𝑡) = 𝑅1(𝑡). 𝑅2(𝑡) …𝑅𝑛(𝑡) =  ∏ 𝑅𝑖(𝑡)𝑛𝑖=1          (9) 



For equipment composed of different components associated in series, the unreliability 

function Q is used to define the reliability of the group. The unreliability of the equipment is 

the products of each component unreliability [22]: 𝑄(𝑡) = 1 − 𝑅(𝑡) = 1 − 𝑃(𝑇 > 𝑡)       (10) 

𝑄(𝑡) = 𝑄1(𝑡). 𝑄2(𝑡)…𝑄𝑛(𝑡) = ∏ 𝑄𝑖(𝑡)𝑛𝑖=1            (11) 

𝑄(𝑡) = (1 − 𝑅1(𝑡)). (1 − 𝑅2(𝑡))… (1 − 𝑅𝑛(𝑡))        (12) 

𝑅(𝑡) = 1 − ∏ (1 − 𝑅𝑖(𝑡))𝑛𝑖=1                        (13) 

𝑅(𝑡) =  1 − ∏ (1 − 𝑃𝑖(𝑇𝑖 > 𝑡𝑖))𝑛𝑖=1                    (14) 

The reliability of the equipment having various failure causes is assumed to be the product of 

the reliability functions established for each failure cause. Therefore, 𝑅(𝑡) = 𝑅𝑐𝑎𝑢𝑠𝑒 1(𝑡). 𝑅𝑐𝑎𝑢𝑠𝑒 2(𝑡) …𝑅𝑐𝑎𝑢𝑠𝑒 𝑛(𝑡)          (15) 

Equation 17 is summed into 18 

𝑅(𝑡) =  ∏ 𝑅𝑐𝑎𝑢𝑠𝑒 𝑖(𝑡)𝑛𝑖=1                          (16) 

3.2.2 Photovoltaic plant reliability: 

 

 System Reliability: 

As mentioned earlier, a system is composed of photovoltaic field, Dc Wires, inverters and AC 

Wires associated in Series. Thus, the reliability of the whole system is expressed as: 𝑅𝑠𝑦𝑠𝑡𝑒𝑚(𝑡) =  ∏ 𝑅𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖(𝑡)𝑛𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑖4𝑖=1      (17) 𝑅𝑠𝑦𝑠𝑡𝑒𝑚(𝑡) = 𝑅𝑃𝑉𝑓𝑖𝑒𝑙𝑑(𝑡). 𝑅𝐷𝐶 𝑊𝑖𝑟𝑒(𝑡)𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 . 𝑅𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠(𝑡)𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 . 𝑅𝐴𝐶 𝑊𝑖𝑟𝑒𝑠(𝑡)𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠    
(18) 

 Photovoltaic Field Reliability: 

The photovoltaic field is composed of 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 number of photovoltaic components associated 

in series. Its reliability has then this form: 𝑅𝑃𝑉𝑓𝑖𝑒𝑙𝑑(𝑡) = 1 − ∏ (1 − 𝑅𝑠𝑒𝑟𝑖𝑒,𝑖(𝑡))𝑛𝑠𝑒𝑟𝑖𝑒𝑠𝑖=1      (19) 

As the series are identical, their reliability functions are also identical. Thus the field reliability 

is equal to: 𝑅𝑃𝑉𝑓𝑖𝑒𝑙𝑑(𝑡) = 1 − (1 − 𝑅𝑠𝑒𝑟𝑖𝑒,𝑖(𝑡))𝑛𝑠𝑒𝑟𝑖𝑒𝑠      (20) 

 Photovoltaic Series Reliability: 



A Photovoltaic Series consists on 𝑛𝑝𝑎𝑛𝑒𝑙𝑠  panels associated in series has the following form: 𝑅𝑠𝑒𝑟𝑖𝑒,𝑖(𝑡) =  ∏ 𝑅𝑝𝑎𝑛𝑒𝑙,𝑗(𝑡)𝑚𝑗=1             (21) 
𝑅𝑠𝑒𝑟𝑖𝑒,𝑖(𝑡) =  (𝑅𝑝𝑎𝑛𝑒𝑙(𝑡))𝑛𝑝𝑎𝑛𝑒𝑙𝑠        (22) 

 Photovoltaic Panel Reliability: 

The reliability function of the photovoltaic Panel is expressed as follow: 𝑅𝑝𝑎𝑛𝑒𝑙(𝑡) = 𝑅𝑝𝑎𝑛𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠(𝑡). 𝑅𝑐𝑎𝑢𝑠𝑒𝑠(𝑡)                                              (23) 𝑅𝑝𝑎𝑛𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠(𝑡) =          𝑅𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥(𝑡). 𝑅𝑔𝑙𝑎𝑠𝑠(𝑡). 𝑅𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒(𝑡). 𝑅𝑐𝑒𝑙𝑙𝑠(𝑡). 𝑅𝑟𝑖𝑏𝑜𝑛𝑠(𝑡). 𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠(𝑡)     
(24)            𝑅𝑐𝑎𝑢𝑠𝑒𝑠(𝑡) = 𝑅𝑑𝑒𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑡). 𝑅ℎ𝑜𝑡𝑠𝑝𝑜𝑡(𝑡). 𝑅𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛(𝑡). 𝑅𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑡)             (25) 

 DC/AC wires Reliability: 

The DC Wires and the AC Wires reliability functions are of the same form, as such they are 

treated in a similar way: 𝑅𝑤𝑖𝑟𝑒(𝑡) = 𝑅𝑐𝑢𝑡(𝑡). 𝑅𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑡)                                              (26) 
 Inverter Reliability: 

 The inverter is a complex and expensive component of a photovoltaic system. The main 

causes of failure in inverters are mainly design problems, manufacturing defects and poor 

management practices [23] even though the effect of temperature and humidity can affect the 

functionality of the inverter. Thus, low inverter reliability contributes to an unreliable system 

and a loss of confidence in the renewable technology. The reliability function described by an 

exponential distribution and will be explicitly expressed in the next subsection. 

 

3.3 Explicit Reliability functions 

 

More explicitly, the reliability of components is often characterized by failure rate λ and is 
expressed as in the equation thus: 𝑅 =  𝑒−𝜆𝑡       (27) 

It was established based on [24], that the reliability functions of the different components 

depend only on time and independent of atmospheric conditions; hence for each component, 

the explicit reliability functions are given as follows: 

PV Panels 

For the PV Panels, the components and the causes for failure 𝑅𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥(𝑡), 𝑅𝑔𝑙𝑎𝑠𝑠(𝑡),𝑅𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒(𝑡), 𝑅𝑐𝑒𝑙𝑙𝑠(𝑡), 𝑅𝑟𝑖𝑏𝑜𝑛𝑠(𝑡),  𝑅ℎ𝑜𝑡𝑠𝑝𝑜𝑡(𝑡), 𝑅𝑑𝑒𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛(𝑡),𝑎𝑛𝑑   𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠(𝑡) have the same form given as: 



𝑅𝑒𝑞𝑢𝑖𝑚𝑒𝑛𝑡/𝑐𝑎𝑢𝑠𝑒(𝑡) = 𝑒−𝜆𝑒𝑞𝑢𝑖𝑚𝑒𝑛𝑡/𝑐𝑎𝑢𝑠𝑒 .𝑡                                             (28) 
 

Thus, the reliability of the panel components is expressed by: 𝑅𝑝𝑎𝑛𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠(𝑡) = 𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑡            (29) 
The reliability functions related to the discoloration and corrosion failures 𝑅𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛(𝑡),𝑅𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑡)  are expressed as follows: 𝑅𝑐𝑎𝑢𝑠𝑒(𝑡) = 𝑒−𝑏𝑐𝑎𝑢𝑠𝑒.𝑡 +𝑎𝑐𝑎𝑢𝑠𝑒                                                          (30) 
Thus, Rcause is expressed by: 𝑅𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛/𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑡) = 𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).𝑡 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛     (31) 
Those failures are due to chemical reactions and this is the reason for using different probability 

distribution. 𝑅𝑝𝑎𝑛𝑒𝑙 (𝑡) = 𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑡                                 ∙ 𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).𝑡 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛              (32)   
DC/AC wires: 

The Wires have two failure causes; cut and corrosion. For each cause, the reliability function 

has a different form: 𝑅𝑐𝑢𝑡(𝑡) = 𝑒−𝜆𝑐𝑢𝑡𝑡                                                                                 (33) 
     𝑅𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑡) = 1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛. 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛                                    (34) 
The reliability of the AC and DC wires is then: 

    𝑅𝑤𝑖𝑟𝑒(𝑡) = (1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝑤𝑖𝑟𝑒. 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝑤𝑖𝑟𝑒) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝑤𝑖𝑟𝑒∙𝑡          (35) 
Inverter: 

The reliability function of the inverter is described by an exponential distribution: 

     𝑅𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑡) = 𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑡                                                                   (36) 
Thus the reliability expression of one photovoltaic system is expressed by: 𝑅𝑝𝑣 (𝑡) = 𝑅𝑝𝑎𝑛𝑒𝑙 (𝑡) ∙ 𝑅𝐴𝐶−𝑤𝑖𝑟𝑒(𝑡) ∙ 𝑅𝐷𝐶−𝑤𝑖𝑟𝑒(𝑡) ∙ 𝑅𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑡) 
Therefore, 𝑅𝑝𝑣 (𝑡) = 𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑡                                                  ∙ (𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).𝑡 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 )∙ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐷𝐶∙𝑡   )∙ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐴𝐶∙𝑡   ) ∙ 𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟∙𝑡     (37) 



Consequently, the reliability of photovoltaic power plant is given by: 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡(𝑡) = (1 − (1 −(𝑅𝑝𝑎𝑛𝑒𝑙(𝑡))𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) . 𝑅𝐷𝐶 𝑊𝑖𝑟𝑒(𝑡)𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 . 𝑅𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠(𝑡)𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 . 𝑅𝐴𝐶 𝑊𝑖𝑟𝑒𝑠(𝑡)𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠      
(38) 

Subsequently, 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡 (𝑡) =   (1 − (1 − (𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑡  ∙ 𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).𝑡 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 )𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠)∙ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐷𝐶∙𝑡   )𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠⋅ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝑐) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐴𝐶∙𝑡   )𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠∙ (𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟∙𝑡  )𝑛𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟                                                                      (39) 
Moreover, if a maintenance action is applied at the instant 𝑘. 𝑇 with (k: 1,..,N),  the reliability 

of the Photovoltaic plant is expressed: 

  𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡 (𝑘. 𝑇) = 𝑅𝑝𝑎𝑛𝑒𝑙 (𝑘. 𝑇)(1−𝑚𝑖(𝑘)) ∙ 𝑅𝐴𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇)(1−𝑚𝑖(𝑘)) ∙ 𝑅𝐷𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇)(1−𝑚𝑖(𝑘)) ∙                                            𝑅𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑘. 𝑇)(1−𝑚𝑖(𝑘))      (40) 𝑅𝑝𝑣 (𝑘. 𝑇) = 𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑏𝑦𝑝𝑎𝑠𝑠 𝐷𝑖𝑜𝑑𝑒+𝜆𝑐𝑒𝑙𝑙𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑘∙𝑇∙(1−𝑚𝑖(𝑘))                                                  ∙ (𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛)∙𝑘∙𝑇 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 )(1−𝑚𝑖(𝑘))∙ (1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶 . (𝑘 ∙ 𝑇)𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶)(1−𝑚𝑖(𝑘)) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐷𝐶∙𝑘∙𝑇∙(1−𝑚𝑖(𝑘))   ∙ (1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶 . (𝑘 ∙ 𝑇)𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶)(1−𝑚𝑖(𝑘)) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐴𝐶∙𝑘∙𝑇∙(1−𝑚𝑖(𝑘))   ∙ 𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟∙𝑘∙𝑇∙(1−𝑚𝑖(𝑘))                                                                                  (41) 
And Consequently the reliability of photovoltaic power plant: 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡(𝑘. 𝑇) = (1 − (1 − (𝑅𝑝𝑎𝑛𝑒𝑙 (𝑘. 𝑇)(1−𝑚𝑖(𝑘)))𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠).  (𝑅𝐷𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇)(1−𝑚𝑖(𝑘)))𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 . (𝑅𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑘. 𝑇)(1−𝑚𝑖(𝑘)))𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 . (𝑅𝐴𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇)(1−𝑚𝑖(𝑘)))𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠  
                              (42) 

3.4  Photovoltaic Plant Reliability under Environmental Condition Influence 

In this section, an in-depth study of the reliability estimation of photovoltaic components as 

a function of environmental conditions using a parametric relationship between environmental 

and risk factors was carried out. Each climatic factor 𝑧𝑖 is associated with a weighting 

coefficient 𝛽𝑖,𝑗 that quantifies the influence of climatic factors on the photovoltaic system. A 

multiplicative regression model for survival data (Cox) regression model was used to establish 

the relationship between the reliability function established under nominal climatic conditions 



(𝑅0,j(𝑡)) and the function 𝐶𝑗(𝑍) of 𝑗 climatic conditions. To integrate the environmental impact 

on the reliability function, a criticality coefficient (C) for each failure was defined [25]. The 

coefficient is the product of the frequency (F), the Detectability (D) and the severity (S) of each 

failure. 𝐶 = 𝐹 × 𝐷 × 𝑆                                                                                  (43) 
Based on the indication of the environmental elements that stimulates each failure type as 

shown in Table I, different values of the criticality coefficient were defined based on the 

weather data. The environmental data was explored by assigning a value between 0 and 5 to 

each element according to its real value. The mathematical expression of the criticality 

coefficient as a function of the weather elements was established as in (46) and shown in figure 

4. The idea is to amplify the degeneration of reliability if the environmental conditions were 

more critical and recompense if otherwise. 𝐶𝑗(𝑍) = 𝑒𝛽𝑗𝑍 = 𝑒𝛽0,𝑗+∑𝛽𝑖,𝑗𝑍𝑖                                                         (44) 
Where: 𝛽𝑗 = (𝛽0,𝑗, 𝛽1,𝑗, 𝛽2,𝑗, 𝛽3,𝑗, 𝛽4,𝑗) is the vector of parameters of 𝐶𝑗(𝑍) 
Equation (46) is reconstructed as (47) where the criticality coefficient 𝑐𝑗(𝑍) is defined as: 

𝑐𝑗(𝑍) = 𝐶𝑗(𝑍)𝐶0,𝑗 = 𝑒∑𝛽𝑖,𝑗∙𝑍𝑖𝐶0,𝑗                      (45) 
where 𝐶0,𝑗 is considered the constant of criticality for each component. 

 

 

Figure 4: Criticality coefficient of the weather elements 



The criticality factor (Cj) was integrated into the reliability function equation yielding 

equation (48). 𝑅𝑗(𝑡) denotes the reliability function of the ith component/cause depending only 

on time while 𝑅0,𝑗(𝑡) is the reliability for nominal environmental conditions. Given 

that 𝑅𝑗(𝑡, 𝑍) must imperatively decrease over time, we opted for the integration of the previous 

value of this function. So the following expression was developed for each reliability function 

related to each failure/component: 𝑅𝑗(𝑡, 𝑍) =  𝑅𝑗(𝑡 − 1, 𝑍𝑡−1) − (𝑅0,𝑗(𝑡 − 1) − 𝑅0,𝑗(𝑡)) ∗ 𝑐𝑗        (46) 
Where: 𝑍𝑡−1: is the vector of environmental elements corresponding to the time instant (t – 1). 

And 𝐻𝑗 = 𝑅𝑗(𝑡, 𝑍) − 𝑅𝑗(𝑡 − 1, 𝑍𝑡−1) 
Thus:   {𝑐𝑗 < 1 ∶  𝐻𝑗 < 𝑅0,𝑗(𝑡) −  𝑅0,𝑗(𝑡 − 1)             𝑐𝑗 = 1 ∶  𝐻𝑗 = 𝑅0,𝑗(𝑡) −  𝑅0,𝑗(𝑡 − 1)             𝑐𝑗 > 1 ∶  𝐻𝑗 > 𝑅0,𝑗(𝑡) −  𝑅0,𝑗(𝑡 − 1)              
The reliability of the plant at t under condition Z becomes 

 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡(𝑡, 𝑍) = 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡 (𝑡 − 1, 𝑍𝑡−1) − (((1 − (1 − (𝑅𝑝𝑎𝑛𝑒𝑙(𝑡 − 1))𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) . 𝑅𝐷𝐶 𝑊𝑖𝑟𝑒(𝑡 −1)𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 . 𝑅𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠(𝑡 − 1)𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 . 𝑅𝐴𝐶 𝑊𝑖𝑟𝑒𝑠(𝑡 − 1)𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠) − ((1 − (1 −(𝑅𝑝𝑎𝑛𝑒𝑙(𝑡))𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) . 𝑅𝐷𝐶 𝑊𝑖𝑟𝑒(𝑡)𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 . 𝑅𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠(𝑡)𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 . 𝑅𝐴𝐶 𝑊𝑖𝑟𝑒𝑠(𝑡)𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠) × 𝑒∑𝛽𝑖,𝑘∙𝑍𝑖𝐶0,𝑘 )
          (47) 

More explicitely it becomes  𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡 (𝑡, 𝑍) = 𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡 (𝑡 − 1, 𝑍𝑡−1) − (  (1 − (1 − (𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙(𝑡−1)  ∙𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).(𝑡−1) +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 )𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) ∙ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶 . (𝑡 −1)𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐷𝐶∙(𝑡−1)   )𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 ⋅ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶 . (𝑡 − 1)𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝑐) ∙𝑒−𝜆𝑐𝑢𝑡−𝐴𝐶∙(𝑡−1)   )𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠 ∙ (𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟∙(𝑡−1)  )𝑛𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 − (1 − (1 −(𝑒−(𝜆𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑥+𝜆𝑐𝑒𝑙𝑙𝑠+𝜆𝑟𝑖𝑏𝑜𝑛𝑠 +𝜆𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠)∙𝑡  ∙𝑒−(𝑏𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑏𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛).𝑡 +𝑎𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛+𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 )𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) ∙ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐷𝐶) ∙𝑒−𝜆𝑐𝑢𝑡−𝐷𝐶∙𝑡   )𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠 ⋅ ((1 − 𝐶𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝐶 . 𝑡𝑎𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛−𝐴𝑐) ∙ 𝑒−𝜆𝑐𝑢𝑡−𝐴𝐶∙𝑡   )𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠 ∙ (𝑒−𝜆𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟∙𝑡  )𝑛𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟) ×𝑒∑𝛽𝑖,𝑘∙𝑍𝑖𝐶0,𝑘     (48) 

 

If a maintenance action is applied at the instant 𝑘. 𝑇 with (k: 1,..,N),  the reliability of the 

Photovoltaic plant is expressed: 



𝑅𝑝𝑣𝑝𝑙𝑎𝑛𝑡(𝑘. 𝑇, 𝑍) =((1 − (1 − (𝑅𝑝𝑎𝑛𝑒𝑙 (𝑘. 𝑇, 𝑍)(1−𝑚𝑖(𝑘)))𝑛𝑝𝑎𝑛𝑒𝑙𝑠)𝑛𝑠𝑒𝑟𝑖𝑒𝑠) ∙ (𝑅𝐷𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇, 𝑍)(1−𝑚𝑖(𝑘)))𝑛𝐷𝐶 𝑊𝑖𝑟𝑒𝑠. (𝑅𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑘. 𝑇, 𝑍)(1−𝑚𝑖(𝑘)))𝑛𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠 ∙ (𝑅𝐴𝐶𝑤𝑖𝑟𝑒(𝑘. 𝑇, 𝑍)(1−𝑚𝑖(𝑘)))𝑛𝐴𝐶 𝑊𝑖𝑟𝑒𝑠 ) ×
𝑒∑𝛽𝑖,𝑘∙𝑍𝑖𝐶0,𝑘            (49) 

 

4 Optimization Algorithm  

 In order to apply an algorithm to problem, a series of steps have to be clearly defined. There 

are N number of maintenance action planned for the maintenance action. The objectives of the 

work are to determine the optimal number of maintenance actions to be carried out in order to 

achieve maximum availability while selecting the components to be maintained during each 

maintenance period depending on the component reliability at the time of the maintenance and 

to explore the influence of environmental condition on the reliability of the PV system. 

furthermore, there is no constraint on to the number of components to be maintained during 

each maintenance period. This is because some components life cycle and degradation factors 

are lower than others. An overview of the algorithm is shown in the flow chart in figure 5. 

 At the beginning of the horizon, all components are new and are assumed to have highest 

reliability. The maintenance scheduling is planned such that a selective maintenance on the 

components is carried out at the time of the preventive maintenance action. A vector 

representation showing he sequence of the maintenance action is a finite integer of string m. 

Each element of m is one of the number of maintenance actions available. We start with m1 and 

calculate the reliability of the components to determine if the verification condition (reliability 

threshold) is met. Once an element in the solution string is selected for the first maintenance, 

the next element becomes the next action plan for the next maintenance plan. It is possible to 

find two identical strings of solution during the planning horizon; the vector is therefore 

constructed in a way that strikes out all duplicates of the string so that maintenance is carried 

out on each component once during a maintenance action period. 

 With the solution string constructed, the number of preventive maintenance action (N) was 

set to Nmax  and the threshold of reliability. the algorithm was set in such a way that for each N 

(1:Nmax) selected, the maintenance time is evaluated using equation (6). The total maintenance 

time takes care of both the planned preventive and corrective maintenance time. The availability 

estimation as in equation 5 was subsequently followed. The availability achieved was stored 

and used as the threshold for the next availability estimation, and if the value is less than the 

previous value, the previous value remains the intended availability until a greater value is 

obtained, in other words, it stores only the maximum availability of the system.   

 



 
 

Figure 5: Algorithm flow chart 

 

5.   Numerical Example 

 Following the numerical optimization procedure based on the algorithm we developed for 

a finite number of maintenance actions, we propose the following numerical example whose 

values are arbitrarily chosen. The constant failure rates of the PV system components and 

subcomponents are tabulated in table 2. A PV system consisting of 3 PV modules connected in 

series, the output is connected to 2 inverters via DC cables. The inverter output is transmitted 

to the load via 2 AC cables as well. The reparation rate for each component and the constant 

corrective maintenance time is also tabulated in table 3. Considering the environmental 

condition influencing the components/subcomponents, the criticality coefficient data is given 

in appendix 1 while the corresponding represented values were shown in Figure 4. The 

environmental condition parameters chosen for this purpose are 3,4,3,4 for temperature, 

humidity, irradiance and pressure respectively according to figure 4 and the chosen time horizon 

is 1000 units of time. Using this information, the system availability was determined under two 

scenarios mentioned as: 

Scenario 1: System under nominal condition  

Scenario 2: System under environmental condition assessment  

 

 

 

 

 

   

No 

Yes 



Table 2: Component/subcomponent constant failure rate 

Failure mode Constant Failure rate (hr-1) 

Hot spot 7.13 x 10-7 

Diode bypass 5.85 x 10-7 

Junction box 7.87 x 10-7 

Delamination 5.44 x 10-7 

Glass case (broken) 5.44 x 10-7 

Cell 7.13 x 10-6 

Soldering tape 4.84 x 10-6 

Interconnection box 

b-Discoloration 

a-Discoloration 

b-Corrosion 

a- Corrosion 

DC cable 

DC cable Corrosion coefficient 

AC cable 

AC cable Corrosion coefficient 

Inverter 

4.68 x 10-6 

1.36 x 10-20 

3.08 x 10-20 

1.61 x 10-21 

3.08 x 10-20 

4.83 x 10-8 

1.68 x 10-7 

1.30 x 10-8 

8.82 x 10-8 

9.51 x 10-6 

 

Table 3: PV system components’ repair rate  
Component PM time (unit) CM (unit)  

PV panel 0.3 1.5 

DC wire 0.2 

AC wire 0.2 

Inverter 0.3 

 

5.1   Results and Discussion 

 After successful iteration of the algorithm, and varying the number of 

maintenance actions to obtain the optimal that yields maximum availability for both scenarios, 

it was observed as in Figure 6 under nominal condition, the system availability is maximum 

when three (3) maintenance action are performed. Figure 7 explains the availability of scenario 

2 where the environmental elements’ influence was taken into account. We noticed that only 

two (2) maintenance actions yielded the least down time. In figure 8, it is clear that the system 

is more available under the nominal condition even with the increased number of maintenance 

with scenario 2 having 99.1% under 10 maintenance actions, 98.7% at 15 and 98.2% at 20. The 

corresponding values are 99.56%, 99.47 and 99.37% for scenario 1 respectively. Large number 

was chosen in order to determine to ascertain that the value was the global maximum and not 

the local maximum. Considering the effect of the environment on the availability, the effect is 

more visible on the reliability than on the availability. 

 

 



 
Figure 6: Availability for the system under the nominal environmental condition  

 
Figure 7: Availability for the system under the influence of the environmental condition  



Figure 8: Availability for the system comparing the 2 scenarios. 

During each maintenance action, since it is assumed that components undergo perfect 

maintenance, they make the system almost as good as new if all the components are replaced 

which makes it highly reliable. Having the maximum number of maintenance that yields the 

availability, we can obtain the length between the maintenance missions as 1000/N* 

representing 333 units for scenario1 and 500 units for scenario 2. In tables 4 and 5 the selected 

components to be replaced during each maintenance action are shown.  

 

Table 4: Replaced components during the PM action in scenario 1 when N* = 3 

Period (units) Reliability 

(%) 

PV panel AC wire DC wire Inverter 

333 96.08 x x - - 

666 99.36 - - x x 

1000 99.99 x x x x 

 

During the first action as in table 4, PV panel and AC wire were maintained making the 

system reliability to be 98.74% and 85.32% while the other 2 components were maintained. 

Whenever a component undergoes maintenance, it has a lower probability of failure. Hence, 

increasing the system reliability value is achieved for the next mission. At the last stream, a 

perfect maintenance was carried out by replacing all components and making the system “As 
Good As New”. In table 5, only PV panel and inverter were maintained during the maintenance 

break with the system having 89.38% reliability with a total component replacement at the end 

of the horizon.   

 

Table 5: Replaced components during the PM action in scenario 2 when N *= 2 

Period (units) Reliability 

(%) 

PV panel AC wire DC wire Inverter 

500   89.38 x - - x 

1000 99.99 x x x x 

 

 

 



5.2   Sensitivity analysis 

To validate the algorithm, we decided to test it with different values of the corrective 

maintenance time of 10 and 20 and the reparation time to be 0.2, 0.1, 0.15 and 0.25 for the PV 

panel, DC and AC wires and the inverter respectively and criticality coefficient of 3, 4, 4, 1 for 

temperature, humidity, irradiance and pressure, the results are tabulated in tables 6 and 7.  From 

table 6, the optimal number of missions are 5 for scenario 1 and 2 for scenario 2. For scenario 

2, the optimal number remained the same as the initial condition but there is a slight variation 

in the availability from 99.50% to 99.75% under the same criticality condition for the system 

with decreased amount of CM and increased PM time. In table 7, both the CM and PM time 

were increased but the availability change is insignificant compared to the initial value of 

99.50%    

Table 6: Result for CM time = 10  

 Scenario 1 Scenario 2 

N* 5 2 

A* (%) 99.83 99.75 

R (%) 97.25 70.57 

 

Table 7: Result for CM time = 20  

 Scenario 1 Scenario 2 

N* 4 4 

A* (%) 99.64 99.51 

R (%) 96.58 72.72 

 

The reliabilities are seen to be decreasing from 97.25% to 96.58% under scenario 1. This is 

because of the slight change in the optimal periodicity from 5 to 4 and increase in scenario 2 

from 70.57% to 72.72% because it has shorter periodicity. To further explore the influence of 

the environmental condition, 4 different vectors were arbitrary built from fig 4 and tabulated in 

table 8. The results tabulated in table 9 were used to compare to the results obtained in tables 6 

and 7.  

Table 8: Vector strings for environmental assessment 

Vector Parameters 

[T, H, I, P] 

1 

2 

3 

4 

[4, 2, 5, 1] 

[2, 4, 5, 5] 

[3, 2, 2, 5] 

[2, 3, 3, 5] 

 

Table 9: Environmental influence with cm = 10 and cm = 20 for vectors 1 and 2 

Vector  Availability (%) Reliability (%) 

  CM = 10 CM = 20 

1 99.58 78.84 79.93 

2 99.62 26.70 27.50 

3 99.51 35.10 36.30 

4 99.48 13.60 14.10 

 

It is clear from table 9 that temperature plays the most significant role on the PV system. 

Therefore, when temperature is low, the reliability is seen to be affected drastically thereby 



making the system reliability ridiculously low while the pressure coefficient affects the 

reliability minimally. This can however, be attributed to the fact that temperature affects most 

of the components as seen in table 1. From table 9, the vector string V1 having temperature to 

4, humidity 2, Irradiance 5 and pressure 1 has the highest reliability of 78.84% when CM = 10 

and 79.93% when CM = 20 with 99.58%. In V2, temperature was decreased while humidity 

was increased and other parameters at maximum, the reliability was found to be 26.7% and 

27.50% for CM 10 and 20 respectively. increasing temperature, reducing both humidity and 

irradiance while keeping the pressure constant as in V3 increased the reliability from 26.7% to 

35.1% when CM10 and 27.5% to 36.3% when CM20. Lastly in V4, extremely low reliability 

is experienced with the vector parameters despite increasing the humidity and irradiance.  

 

6 Conclusion 

This paper presented an algorithm for selective preventive maintenance by considering 

the reliability threshold. The reliability of each component was calculated at the end of each 

mission and the components to be replaced were pre-determined. The availability of the system 

was determined for each scenario under each maintenance action so as to determine the optimal 

number of maintenance actions that ensures availability. The system reliabilities were also 

calculated considering the optimal number of maintenance while carrying out selective 

maintenance on the components. For both scenarios, 2 components were maintained during 

each action. Temperature, humidity, atmospheric pressure and solar irradiance are found to 

aggrevate failures in the photovoltaic system. their influence was considered in order to 

understand the magnitude of the effect on the system availability as well as the reliability. It 

was observed from the simulation result that the system needed to be maintained more 

frequently in scenario 2 resulting into ample downtime as compared with the system in scenario 

1 condition.  

The maintenance time was varied for the components as well as the environmental 

condition. From the analysis, temperature proved to be highly influential on the system. when 

the temperature coefficient is high as in V1, it yielded high reliability of 78.84% and 79.93% 

while in V4, it only yielded 13.60% and 14.10% respectively even when other parameters are 

sufficiently good. This high temperature improves the system reliability within the threshold. 

Therefore, the influence an environment has on the PV system was explored and the 

relationship with the maintenance time was established. It was evident that the environmental 

condition affects the reliability of the system significantly but has minimal effect on the 

availability.    
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Appendix 1 

 Hot 

spot 

Junctio

n box 

Glass 

case 

Diode 

bypass 

Delaminatio

n 

Cell Solderin

g tape 

Interconnecti

on box 

Discoloratio

n 

Corrosio

n 

Cut Corrosio

n cable 

Inverte

r 

              

Constant 3.993 2.907 1.336 3.521 1.783 1.517 1.207 1.741 3.463 2.703 1.692 1.591 1.874 

Temperatur

e 

0 0.141 0.461 0 0.228 0.293 0.438 0.213 0 0.153 0.365 0.133 0.395 

Irradiance 0.369 0 0 0.361 0 0 0 0 0.128 0.206 0 0 0 

Humidity 0 0.102 0 0 0.319 0 0.080 0.408 0.076 0 0 0.338 0.179 

Pressure 0 0 0 0 0 0.170 0 0 0 0 0 0 0 

 20.415 39.100 18.584 12.997 35.743 20.516 19.154 45.093 60.161 46.679 18.440 22.952 38.384 



 

 

 

 

 

 



Figures

Figure 1

A PV �eld layout



Figure 2

Evolution of the reliability of a system



Figure 3

failure rate illustration during preventive maintenance actions



Figure 4

Criticality coe�cient of the weather elements



Figure 5

Algorithm �ow chart



Figure 6

Availability for the system under the nominal environmental condition

Figure 7



Availability for the system under the in�uence of the environmental condition

Figure 8

Availability for the system comparing the 2 scenarios.


