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  ABSTRACT  

 Reliable modern energy is essential to raising the living standards for an expanding 

worldwide population. The concept of renewable energy is a priority because of insufficient 

minerals and fossil fuels being used by conventional sources. The reliability of these renewable 

sources is a challenging task. Renewable energy requires more reserves and storage, and its 

generation is affected by weather, the seasons, and geographical location. Solar photovoltaic (PV) 

power generation is one of the major renewable sources of energy. If a house is fully dependent 

upon energy generated from solar PV sources and is not connected to the grid, then that house is 

referred to as a stand-alone PV-generated house. 

 The purpose of this thesis is to compare the reliability of a stand-alone PV-generated house 

with the reliability of a grid-connected house. The PV generation system in a house includes PV 

panels, charge controller, battery, inverter, and wiring system. A grid-connected house simply has 

a cable connected to a nearby distribution system. First, the size of the PV system for a specific 

geographical location is estimated by taking the average load of a house. Then the size of the PV 

panel, charge controller, battery, and inverter are estimated. Reliability of the inverter, wiring 

system, and charge controller are estimated using the failure rate of their internal individual 

electronics components. Since they have an insignificant aging effect, exponential distribution is 

used to estimate their reliability. The battery has a time-dependent failure rate, and its failure 

increases with aging; therefore, the Weibull distribution approach is used to estimate the failure 

and reliability of the battery. Similarly, because of the significant aging effect on PV panels, the 

Weibull distribution is applied to their estimated failure rate. Finally, the overall failure rate of the 

system is used to estimate the average interruption duration in a year. That value is compared with 

the system average interruption duration index (SAIDI) of the distribution system.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

 Electricity today is the main source of energy. Human life is completely dependent upon 

electrical energy. The major challenge with this form of energy is that it is not naturally obtained. 

Since electricity is derived from different primary sources of energy, such as coal, natural gas, 

nuclear fission, sunlight, wind, hydropower, etc., it is also referred to as a secondary source of 

energy. The demand for electrical energy is increasing day-by-day all over the world. As science 

and technology advances, the consumption of electricity in various fields is increasing 

dramatically. Currently, most of this demand in electricity is being fulfilled by coal and natural 

gas, as well as biomass and landfill gas. Burning such fossil fuels produces an extremely large 

amount of greenhouse gases, which directly affect the earth’s environment and oxygen level., 

Scientist say that along with pollution, a limited amount of coal and fossil fuels exists in the earth. 

The high consumption of such nonrenewable sources will decrease their amount, in turn creating 

the possibility that they may be exhausted in the near future. Increasing electricity generation 

through renewable sources might be one solution to reducing the consumption of fossil fuels and 

natural gas. Although the generation of electricity using renewable sources is a challenging task, 

considerable progress in this field has been made throughout the world. Today, solar energy is the  

leading renewable source of energy. Solar energy generation uses photovoltaic (PV) technology 

or solar thermal technology to harness energy from the sun. This paper discusses the PV 

technology used to generate electricity for stand-alone houses.  
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1.2 Statement of Problem  

 According to a projection of the U.S. Energy Information Administration (EIA), 28% of 

the total energy used will come from power plants using solar wind and geothermal by the year 

2040. The actual outcome, however, will still depend upon consumer choice, U.S. government 

policy, and market price of existing alternative energy sources. Solar, wind, hydro, and geothermal 

power seem to be the major renewable sources of energy that can be used as alternative sources. 

However, each of these has its own challenges. For example, the availability of water for hydro 

power depends upon the season of the year, solar and wind power production depend upon the 

weather, which is variable, thereby making it very difficult to maintain a balance between 

generation, supply, and demand. On the other hand, the system planner and operators will face the 

challenge of integrating different renewable energy sources in the same power grid. Some of the 

generation might be cheaper and some of it might be expensive. The power grid needs to be more 

flexible and requires more reserves for renewable sources. There could be several options to 

improve and solve these challenges, but overall, the output most be a reliable power system. 

 Today’s society is completely dependent upon electricity, with a single blackout or power 

cutoff resulting in huge economic loss. Renewable sources of energy strongly support the supply 

of electricity as well as play a major role in saving the environment and reducing the use of fossil 

fuels. The domestic house, large companies, or factories need a source of electricity with high 

reliability. The reliability of the power grid supplying electricity in the present market using 

conventional sources of energy is comparatively high. On the other hand, renewable energy 

sources will not be as reliable as conventional energy sources. Renewable sources require more 

reserves, they are less flexible, and their generation varies suddenly with the change in weather 

conditions. They also use more electronics components, which have a higher failure rate, thereby 
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decreasing their reliability and resiliency. Stand-alone photovoltaic generation for a residential 

house is one way of using a renewable energy source. Its comparative performance and reliability 

estimation are done in this paper. Therefore, this study will address the following research 

questions: 

• What is the appropriate size of a PV panel, battery, inverter, and controller for an average 

stand-alone house in the United States?  

• Is solar energy enough to supply the load of a house throughout the year? 

• What is the failure rate of each component used in the PV system? 

• What could be the overall system reliability with maximum and minimum possible repair 

time of the PV components? 

• What is the maximum and minimum reliability of a grid-connected house in United States? 

• Which of the above-mentioned houses is good relative to the reliability point of view? 

1.3  Objectives of Study 

 The broad objective of this study is to compare the reliability of a stand-alone (not 

connected to power grid) PV residential rooftop generator with battery storage to an identical home 

that has no PV generator or storage and instead is connected to the grid. This broad objective 

includes the following specific objectives: 

• To design a stand-alone PV residential rooftop generator. 

• To estimate the reliability of components used in a stand-alone PV residential rooftop 

generator. 

• To estimate the reliability of an identical home without a PV system or any storage. 

• To compare the reliability of both houses.  
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1.4  Significance of Study 

Most of research papers compute the availability of PV energy to the load. Their main 

limitation is that they compare the size of the load to determine if the PV system with the respective 

solar irradiation is enough to supply the load or not. If the total solar generation and energy left on 

a battery is always more than the load at that time, then the system is 100% reliable. This is not 

always true because system reliability depends upon component reliability. Some papers try to 

include the reliability of the battery and charge controller in the components of the PV system. 

Dependability analysis of a stand-alone PV system has been done in a few research papers, but 

this still overlooks the major “inverter” component in the system. This study tries to compute the 

reliability of all components that significantly affect the PV system, since the failure rate of the 

different components varies. Some components such as the source (generation based on weather 

versus electric load of a designed size), battery, and inverter will have a greater effect on system 

performance, and other components such as the charge controller, PV panels, wiring, and 

protection system will have a minor effect on system reliability.  

1.5  Limitation of Study 

 This study has several limitations, some of which could be in the assumption, and some of 

which could be improved in future work. The failure rate of each block of components is estimated 

with the failure rate of the electronics components used, such as the diode, resistor, capacitor, 

transistor, metal oxide semiconductor field effect transistor (MOSFET), switch, and integrated 

circuit (IC). The number and size of these components may vary because different designers have 

their own circuit diagram. The estimated failure rate might be different with different modules.  
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Another limitation of this study is that it does not include an economic analysis. Since the 

focus here is on system reliability, the overall cost of system is not estimated. The payback time is 

assumed to be between 10 and 15 years, which is the average for most PV systems.  
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CHAPTER 2 

LITERATURE REVIEW 

Power system engineering has three major challenges, and all studies in this field are 

focused on solving these main issues in the power system. The first challenge is to generate enough 

electricity. Since electricity is a major source of energy worldwide, its demand is increasing day 

by day for both developing countries and developed counties. Most of this demand is being 

fulfilled by conventional sources of energy. But many environmental studies claim that these 

conventional sources are decreasing day by day and the environment is being degraded. The only 

alternative solution to this problem is the enhancement of renewable energy sources. Therefore, 

fulfilling the increasing demand of electricity through renewable energy is the major concern and 

challenge of power system engineering.  

The second challenge is reliability. Power systems need reliable generation, transmission, 

and distribution. Preexisting conventional systems may be more reliable than renewable systems. 

If we first solve the problem by increasing in order to improve the performance and dependability 

of renewable sources, the reliability approach is important.  

The third challenge involves economics. The increasing demand for electricity can be 

solved using renewable sources, but even if we can estimate and improve the performance of these 

renewable sources, the overall cost will determine the choice.  

Many research papers concerning the reliability of electric power system have been 

published. Electricity generation through renewable sources such as solar photovoltaics and 

electricity generation and through conventional sources of energy are both equally important in 

the present situation of electricity demand and supply. The procedure for designing and sizing a 

PV system for the load has been described in many books and papers [1, 2, 3]. The design of solar 
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photovoltaics using the annual mean solar radiation has also been done [3]. Similarly, through the 

various loads connected in a house, the estimated load, size of the PV system, and reliability has 

been done in the work of Campoccia et al. [2]. The book Solar Photovoltaic Energy [1] discusses 

details about the design and sizing of a stand-alone PV system. Along with these papers, different 

software tools have been developed to estimate the size and components of a PV system. The PV 

watt [4] can be used to estimate the PV generation on location. The National Renewable Energy 

Laboratory (NREL) [5] has provided considerable information about renewable energy 

technology, including the estimated the load size of a house for almost all locations in the United 

States. In addition, several books [6, 7] provide most of the information about the solar PV system 

and the reliability concept.  

The stand-alone PV system itself is a combination of various components. The reliability 

prediction of this system is equally important. Through the estimated size of the PV system and its 

components, the reliability of a system by comparing the load, generation, and battery state of 

charge for the respective time can be estimated [3]. The battery state of charge shows that the 

battery never falls below its depth of discharge (DOD), where the generated energy is wasted for 

part of the year because of a smaller load and the battery is in fully charged state. With sizing and 

appropriate autonomy days, the PV system will not fail unless a certain worse seasonal change 

occurs. 

The drawback of this analytical method is solved by using a simulation method [2]. The 

electrical load behavior is characterized using a Monti Carlo approach by considering the 

stochastic variability of the electric energy demand. The variability of both load and energy 

production is correlated, and the probability that the load can remain unsupplied for a certain period 
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of time can thus be evaluated [2]. The result obtained is recalculated with different-sized PV 

generators, and the reliability is higher with a large-sized PV generator and battery.  

In the PV system, two levels determine reliability: system and component. An ample source 

and battery size (system-level reliability) will not estimate the exact reliability because there are 

many other components in the PV system. Failure of any of these components (component-level 

reliability) will result in failure of the entire system. The major components of a PV system include 

PV panels, battery, inverter, charge controller, and wiring. The failure rate of the charge controller 

and battery can be estimated, according to the work of Mishra and Joshi [8]. The conventional 

inverter has a very high failure rate. The concept of a new controller and further reduction of the 

failure rate through screening, derating, and redundancy is discussed. The reliability of individual 

components used in the inverter, the effect of temperature and humidity on the components, and 

the reduction in the failure rate through screening, derating, and redundancy are considered to 

estimate the reliability of the inverter. The failure rate of the electronics components and the 

calculation procedure is followed from this same work [8]. The paper also discusses the battery 

failure rate, which depends upon the depth of discharge of battery and the time interval between 

two consecutive discharges.  

Different types of inverters, their uses, and failure rate estimations are discussed in the 

work of Obeidat and Shuttleworth [9]. First, a multistring inverter best fits the PV generator size 

used in this thesis. The failure rate of the inverter is estimated by the sum of the individual 

electronics components used inside the inverter. The failure rate of the inverter is taken directly 

from this work [9], as the inverter size is almost the same as that required in this thesis.  

Failures that are not dependent on time are modelled by exponential distribution functions 

with proper scale parameters. In addition, the effects of component degradation based on time-to-
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failure are better represented, as a first approach, by growing linear Weibull distribution, with scale 

and shape parameters [8]. Most of the component-level reliability in a PV system can be estimated 

with an exponential function since they have a constant time-independent failure rate. The PV 

panels and battery have a time-independent failure rate. The PV generator power and battery 

capacity decrease as time increases, which means that the failure rate of the PV generator and 

battery will vary with time. Such characteristics of the battery and PV generator can be modelled 

using a Weibull distribution. Scale and shape parameters for the PV generator and failure rate for 

the wiring were taken from the work of Diaz et al. [10], since their estimation comes from a wide 

bibliographic review of a field and laboratory system. The Weibull scale and shape parameters of 

the battery used in this thesis were estimated based on its type, size, and discharging pattern.  
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CHAPTER 3 

DISTRIBUTED PHOTOVOLTAIC GENERATION 

3.1 Solar Power Generation 

Unlike fossil fuel and natural gas, renewable energy is the sustainable energy obtained from 

inexhaustible sources, which are also clean, green, and healthy energy sources. Some of the major 

renewable sources of energy are wind, solar, hydro, biomass, and geothermal. Solar energy is one 

of the more famous renewable free sources of energy created from sunlight and its heat. If a solar 

power installation is used on the roof of a house or other place exposed to sun, then that installation 

is referred to as a photovoltaic or solar thermal system.  Solar energy can also be harnessed by 

concentrating solar power and passive solar. The word photo means light and the word photons 

means energy extracted from light. The word voltaic means producing a voltage. For a solar 

photovoltaic system, the short abbreviation of PV is used.  

The main advantage of PV electricity is that it is renewable, clean, free, and cheaply 

installed. The major drawback of solar energy is that direct energy can only be obtained during the 

daytime when the sun is active. There is no solar generation during the nighttime. Even during the 

day, cloud and rain will affect the generation of energy. In order to overcome this issue, various 

techniques are practiced in solar generation. One of the best solutions for a PV system it by storing 

energy during the day and then using that stored energy at night. Sometimes the solar power system 

is integrated with other sources, such as wind, hydropower, or geothermal energy. Occasionally 

the PV system is interconnected with the conventional grid. At other times, solar energy is simply 

used in some industries for water pumping and heating.  

Photovoltaic solar energy consists of converting directly radiated light from the sun or any 

other source into electricity. This transformation is done by using PV modules/panels made up of 
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solar PV cells. Photovoltaics is the process of converting light into electrical energy using 

semiconductor materials. In a solar cell, a thin semiconductor wafer specially is treated, and 

negative and positive terminals are formed. When light strikes the cell, electrons in the outermost 

portion of the semiconductor material will reach a higher excitation level. These electrons can be 

captured in the form of an electrical current by connecting the conductor to two terminals. A simple 

diagram of a PV array is shown in Figure 3.1. Here a number of cells are connected with each 

other electrically to form a module. The module is strong enough to supply electricity at a certain 

voltage. In order to obtain a greater amount of electricity, multiple modules can be wired together 

to form an array. The energy produced by these modules is in the form of a direct current (DC). 

The desired voltage level can be increased or set through a series and parallel connection of these 

modules.  

 

Figure 3.1. Photovoltaic Array [11] 
 

The use of this type of electricity depends upon the purpose of the generation. Some 

locations such as mountains and islands are difficult to access, and this type of electricity is 

expensive to connect to the grid. In this case, a PV installation is more justified and economic. 

Even in accessible areas, electricity can be generated through a PV system, sent to a grid, and sold. 

Houses can also be made to be independent with the grid through a PV installation.  



12 

The photovoltaic system has a number of merits and unique advantages over conventional 

power-generating technologies, some of which are listed below: 

• The system can be designed for a wide variety of applications, sizes, and requirements, and 

can be used for either centralized or distributed power generation.  

• The components of the PV system have no moving parts, and are modular, easy 

expandable, and easily transportable. 

• The system has energy independence and environment compatibility. Its fuel (sunlight) is 

free and emits no environmental or noise pollution.  

Along with these merits comes disadvantages of the solar PV system compared to a conventional 

system, as listed below: 

• The cadmium and arsenic used in PV system are toxic, but they involve a minor 

environmental impact and can be easily controlled by proper disposal. 

• Solar energy is comparatively more expensive to produce than other conventional sources 

of energy.  

• The energy production in a PV system depends only upon sunlight; therefore, the 

fluctuating behavior of the sun can cause an imbalance in production. 

3.2  Classification of PV System 

The photovoltaic system can be designed to provide either DC, alternating current (AC), 

or both types of power service. They can operate independently or interconnect with a grid. 

Therefore, this type of system is classified according to its component configuration and 

operational requirement. PV systems are classified broadly into two categories.  

• Grid-Connected or Utility Interaction PV System 

• Stand-Alone PV System 
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 The grid-connected, or utility interaction PV system, shown in Figure 3.2 is interconnected 

to a utility grid. A bilateral interface is made between the PV system and the electric utility 

network, which allows the bilateral flow of AC power on either side whenever required. When the 

electrical load on the PV system side requires more power than it generates, power from the grid 

can help to compensate for it. Again, when PV generation is more than the load on the PV side, it 

will backfeed the grid. The inverter or power conditioning unit in this system converts the DC 

power generated by the PV array into AC power that is consistent with the voltage and power 

quality requirement of the utility grid.  

 

Figure 3.2. Grid-Connected Photovoltaic System 

The stand-alone PV system is usually designed to operate independently of the electric 

utility grid. A stand-alone PV system is used to supply electric loads that are not easily reachable 

with a distribution line, such as a rural house, cathodic protection of a buried tank, and radio-based 

stations. Since the generation of solar energy is fluctuating in nature and could be affected by rain, 

clouds, weather, and temperature, the design of a stand-alone PV system is not easy. All critical 

conditions in terms of low irradiation must be considered because for certain reasons, like lack of 

maintenance, exceptional load request, momentary fault of the conventional system, or low solar 

radiation, the load may stay interrupted for a period of time. 
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These kinds of stand-alone generators may have a PV array only, or they may be combined 

with other auxiliary power sources, or they may have a storage battery. The Institute of Electrical 

and Electronics Engineering (IEEE) standard further divides the stand-alone PV system into three 

categories: 

• Direct-Connected  

• Hybrid  

• Properly Named Stand-Alone 

The direct-connected PV system is connected directly to the load without an interposing 

storage system. As shown in Figure 3.3, this PV-based system generates electricity that is being 

used by the load at the same time. The hybrid PV system, as shown in Figure 3.4, is still directly 

connected with the load, but the system is integrated with another nonrenewable backup generator.  

 

 

Figure 3.3. Direct-Connected Photovoltaic System 

 

 

Figure 3.4. Hybrid Photovoltaic System 
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The properly named stand-alone PV system, shown in Figure 3.5, has a storage battery and 

is connected to the load. The stand-alone PV system is largely used when the loads are far away 

from the distribution center. 

 

Figure 3.5. Properly Named Stand Alone Photovoltaic System  

3.3  Components of Stand-Alone PV System 

The stand-alone generator is not only a PV system, but it also includes energy storage, 

regulators, inverters and other appliances specifically developed for their purpose. Knowledge 

about these components is required before designing the system. In addition, the application of a 

stand-alone PV system is highly diversified, so it is necessary to identify and deal with appliances 

for the required system. Here, each component discussed will focus on a properly named stand-

alone PV system used for a domestic house that is not supposed to be connected with any other 

source of electricity. 

3.3.1  Storage of Energy 

The batteries used in a stand-alone PV system generally store electrical energy. The entire 

amount of energy is produced only during the day by the PV array. Storage is primarily required 

for nighttime because there are no other sources of energy connected to the load. Storage generally 

involves approximately 20–30% of the initial investment and may increase in order to improve the 
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amount as required. Since the life expectancy of the storage elements is always less than the PV 

arrays, batteries must be replaced several times during the life of the system. Due to their 

continuous replacement, the initial 20–30% of the investment for batteries can increase to 70% of 

the total [1]. A stand-alone system employs different kinds of batteries: lead-acid, nickel (nickel-

zinc, nickel-cadmium, and nickel-metal-hydride), and lithium (lithium-ion, lithium metal, and 

lithium polymer). They have different charging and discharging characteristics, efficiencies, life 

cycles, and prices, depending upon the chemical used on them. Lead batteries are considered the 

most economic batteries used for a stand-alone PV house. Apart from these, an oxide reduction 

system, supercapacitors, flywheels, compressed air, and zinc-air batteries can also be used for 

storage. The storage may not be that effective, and typically they are not seen in practice.  

3.3.2  Charge Controller 

The charge controller helps to control the energy flux in a stand-alone PV system. Its 

function is to control the battery from overcharging and deep discharging. Even though the 

controller represents less than 5% of the total system cost, its function is very essential, and its 

quality will deeply affect the final cost of the energy production [1]. Since the battery is the most 

important and expensive part of the stand-alone PV system, its maintenance and control quality 

are extremely influential.  

The charge controller of a stand-alone PV system can be categorized into three main 

groups: series regulators, shunt regulators, and maximum power point tracker (MPPT). Series 

regulators include a switch between the generator and the battery to switch off the charge. Shunt 

regulators short circuit the solar generator after the charge is complete, and the MPPT enables a 

maximum power draw permanently from the panel array using the special electronics circuit. The 
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discharge regulator is added to all three of the above types of charge controllers to prevent the deep 

discharge of the battery.  

Apart from the battery regulation, many manufacturers of charge controllers often offer 

different additional functions, classified as either basic or recommended and sometimes useful. 

The basic accessories include the following: 

• Battery state indicators: These are used to determine the normal state of the battery. 

Generally, three LEDs can be used to indicate the state of battery: green for a full charge, 

yellow for charging, and red for load shedding.  

• Thermal compensation: The regulator most be adjusted to the local ambient temperature. 

In order to guarantee a long battery life, the average temperature should be stable and 

cannot dispense more than ±5o C.  

• Delay load shedding: This is useful for an inductive load. The controller should only allow 

for load shedding when the battery voltage remains below the set point for several seconds. 

This set point of voltage can also be adjusted according to the level of current taken.  

Recommended accessories include the following: 

• Adjustable disconnect set point: Some regulators with microprocessors can adjust the set 

point according to the recommendation of the battery manufacturer and the anticipated 

discharge characteristics.  

• Separate measure of battery voltage: Sometimes if the system is working in high current, 

the fall in regulator-battery voltage may cause load-shedding, oscillation, and insufficient 

battery charge. A separate measure of battery voltage can avoid this function. The 

consideration on the current section is required to reduce the thermal loss during power 

transport.  
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• Load management: Some load can be given priority, and some load can be rated as less 

important. A less-important load can be controlled according to the requirement of the state 

of battery charge.  

3.3.3  Converters 

The load in a house will vary. The generated and stored energy in the battery is in the DC 

form. In the stand-alone house, if all the load can be made to be DC, then there is no need to 

convert DC power from the battery to AC. Instead, a DC-to-DC converter can be used to match 

the voltage of a battery with the load. For a house with a large number of light points and different 

electronic devices, the AC power will be easier to install. Here, a DC-to-AC conversion of power 

is required. Therefore, converters are used for adapting DC voltage from panels or batteries to 

supply either DC voltage or AC voltage to the working appliance. Three different types of stand-

alone inverters are sine wave, square wave, and pseudo-sine wave inverter. Modern sine wave 

inverters are typically used in modern PVs because of their high efficiency up to 90%. 

Certain criteria are involved in the choice of inverter:  

• Output voltage accuracy (variation in output should be accepted by inverter) 

• Resistance to overcharging and reactive current 

• Harmonic distortion 

• Higher efficiency 

• Consumption in standby mode (should not outweigh the advantage of solar installation) 

The inverter is one of the important components of the PV system. It should have the longer 

life, low cost, and high efficiency. To ensure a longer life for the PV inverter, its design phase 

should be thoroughly investigated. Since different types of inverters are available on the market, 
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the choice of best inverter is also an important factor. Inverters are mainly classified into the 

following four types, as shown in Figure 3.6: 

• Centralized  

• String  

• Multistring  

• Micro  

 
 

Figure 3.6. Overview of photovoltaic inverters: (a) centralized, (b) string, (c) multistring,  
and (d) micro [9] 

 
Centralized inverters are high-power rating inverters typically above 100 kW. They are 

generally used in a three-phase supply of the grid and are connected in an array-like form. A 

common use of central inverters is on large buildings, industries, solar farms, etc. The advantages 

of this type of inverter is that they have a comparatively low capital cost, are highly efficient, and 

are easy to install. Noise and size are the major disadvantages of this type of inverter. Since they 
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are essentially a single large array, they have a potential single point where system failure can 

occur. The centralized MPPT system optimizes power output from an array and not through 

individual panels, so there can be a power loss.  

String inverters are low-power-rating inverters, usually used in domestic properties as well 

as commercial solar power systems. They are commonly roof mounted with a rating up to 100 kW. 

The MPPT performs well in this system. It may operate in a single phase because of its low power 

rating, but it is possible to add to the number of strings and make it multistring inverter depending 

upon the size required. String inverters have high design flexibility, high efficiency, robustness, 

and low cost.  

Multistring inverters are the best solution between centralized and string inverters. Here, 

the optimal operation of the system can be achieved since the MPPT can be applied to each string 

individually. Each string is individually connected to DC-DC converters, which provide higher 

voltage for common DC-AC converters. The only drawback is that the additional input of a DC-

DC converter may create a slight increase in conventional loss of the system.  

Microinverters are physically located in a small box behind or close to the respective PV 

panel. They are single-phase inverters rated typically below 300 W. They have a panel-level MPPT 

and more efficiency than string inverters. Since malfunctioning and shadowing of the individual 

panel will not have a large impact on the entire array, these types of inverters increase the 

availability of the system. Apart from this, string length is not a concern during the design process, 

and also they have the ability to use different makes and models within one system, which makes 

repairing and updating easier.  

On the other hand, microinverters have a big challenge in the market. It is very difficult for 

manufacturers to achieve high efficiently, a long lifetime, and competitive cost together 
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simultaneously. They are complex to install, and the cost is almost double compared to string 

inverters. Because these inverters are exposed to extreme temperatures, they must have good 

protection from extreme weather conditions.  

3.3.4  Other Basic Components 

Lightening protection is required to protect all PV system equipment. The panels may be 

rarely affected by lightning, but electronic equipment, regulators, inverters, lamp ballasts, and 

monitoring equipment may suffer serious damage. Effective protection methods include the 

following: protection against direct and indirect lightning strikes, equipment bonding, surge 

protectors, routing of cables and screening, earthing of the DC conductor, etc. As the classical grid, 

the electrical distribution in a solar PV system needs a fuse and circuit breaker. A programmable 

switch is also used in some automatic systems. These are generally time operated but can also be 

fitted for a certain light level or detection of person or movements.  

3.4  Grid Distribution System 

The grid distribution system comes after the generation and transmission of electricity. 

Generating plants consist of a number of generating units in which mechanical energy is converted 

to electrical energy using a prime mover that is directly coupled with an electric generator. The 

transmission system transfers bulk electric power from the generator to the different long-distance 

sub transmission or distribution system. Finally, the distribution system delivers power to the retail 

customer. Different types of cables, transformers, switches, relays, circuit breakers, switchgears, 

etc. are involved in this entire system. The power supply to an individual house depends upon the 

success the entire system. 

The main goal of a power system is to supply electricity to the customer in a reliable and 

economic manner. An interruption or power outage may have several economic impacts on both 
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the utility and the customers. Even though the reliability of generation and transmission is good, 

if the distribution system has poor reliability, then the customer will receive a poor energy supply. 

Therefore, the distribution system reliability for customer is equally important. The power utilities 

have different network interconnections and telecommunication techniques to control and monitor 

the operation of a power system.  

The basic parameters used to evaluate the reliability of a system are load point indices and 

system reliability indices. The basic load point indices include load failure rate, average outage 

time, and average annual outage. System reliability indices includes energy orientation indices and 

interruption indices. Both indices are estimated on an annual basis. IEEE Standard 1366 defines 

some of the basic distribution system reliability indices as follows:  

• System Average Interruption Frequency Index (SAIFI)  

This is the average number of sustained interruptions experienced by a customer in a unit 

time.  

𝑆𝐴𝐼𝐹𝐼 =  
∑𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑆𝑒𝑟𝑣𝑒𝑑
(3.1) 

• System Average Interruption Duration Index (SAIDI)  

This is the average time that a customer has an interruption in a unit time. 

𝑆𝐴𝐼𝐷𝐼 =  
∑  𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑆𝑒𝑟𝑣𝑒𝑑
(3.2) 

• Customer Average Interruption Duration Index (CAIDI)  

This is the average interruption duration for those customers interrupted during a year.  

𝐶𝐴𝐼𝐷𝐼 =  
∑𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑡𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑
=
𝑆𝐴𝐼𝐷𝐼

𝑆𝐴𝐼𝐹𝐼
(3.3) 

• Customer Total Average Interruption Duration Index (CTAIDI) 

This is the average time that a customer faces an interruption spent without power.  
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𝐶𝑇𝐴𝐼𝐷𝐼 =  
∑𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛  𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑
(3.4) 

• Customer Average Interruption Frequency Index (CAIFI) 

This is the average frequency of sustained interruptions for those customers experiencing 

interruptions.  

𝐶𝐴𝐼𝐹𝐼 =  
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑
(3.5) 

• Average Service Availability Index (ASAI)  

This is the fraction of time that a customer has power during the reporting time.  

𝐴𝑆𝐴𝐼 =  
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝐷𝑒𝑚𝑎𝑛𝑑
(3.6) 

• Average System Interruption Frequency Index (ASIFI) 

This is the measure of expected number of times that the load is interrupted during the 

specified interval of time.  

𝐴𝑆𝐼𝐹𝐼 =  
∑𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑘𝑉𝐴 𝑜𝑓 𝐿𝑜𝑎𝑑 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑘𝑉𝐴 𝑆𝑒𝑟𝑣𝑒𝑑
(3.7) 

• Average System Interruption Duration Index (ASIDI) 

This is the average duration for which load is interrupted when a sustained outage occurs. 

𝐴𝑆𝐼𝐷𝐼 =  
∑𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑘𝑉𝐴 𝐷𝑢𝑟𝑎𝑖𝑜𝑛 𝑜𝑓 𝐿𝑜𝑎𝑑 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑘𝑉𝐴 𝑆𝑒𝑟𝑣𝑒𝑑
(3.8) 

• Average Energy Not Supplied Index (AENSI) 

This is the total energy not supplied to the total number of customers.  

𝐴𝐸𝑁𝑆𝐼 =  
∑𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑁𝑜𝑡 𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑆𝑒𝑟𝑣𝑒𝑑
(3.9) 
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CHAPTER 4 

RELIABILITY ANALYSIS 

4.1  Basic Reliability Theory 

Distribution reliability basically counts the outage of equipment used and the customer 

interruption. All equipment and all customers are energized under a normal condition. This normal 

condition can lead to outage or interruption due to different schedules and unscheduled events. 

The concept of power quality and availability comes together with the concept of reliability. This 

concept together is described by the hierarchy diagram shown in Figure 4.1. Power quality is the 

absence of deviation from a perfect sinusoidal voltage source with constant frequency and 

amplitude. Issues such as sags, swells, noise, transients, harmonic distortion, flicker, frequency 

variation, and sustained and momentary interruption comes under power quality. Reliability is a 

subset of power quality because momentary interruption and sustained interruption are considered 

reliability issues in the power system. On the other hand, availability is defined as the time during 

which voltage is uninterrupted. Since availability and unavailability deal strictly with interruptions, 

they are classified as a subset of reliability [7]. 

 

Figure 4.1. Hierarchy of Power Quality, Reliability, and Availability 
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The probability that a device has survived until time t is known as reliability function R(t). 

The probability that a device would fail at time t will give the failure distribution:  

𝐹(𝑡) = ∫ 𝑓(𝑡)𝑑(𝑡)
𝑡

0

   ⇒  𝑓(𝑡) =
𝑑𝐹(𝑡)

𝑑𝑡
(4.1) 

The reliability function is obtained by subtracting the failure distribution from 1: 

𝑅(𝑡) = 1 − ∫ 𝑓(𝑡)𝑑(𝑡)
𝑡

0

   ⇒  𝑓(𝑡) = −
𝑑𝑅(𝑡)

𝑑𝑡
(4.2) 

The mean time to failure (MTTF) is given by  

𝑀𝑇𝑇𝐹 = ∫ 𝑅(𝑡)𝑑𝑡
∞

0

(4.3) 

The probability that a device serviced until time t and fails in the next moment is referred to as 

conditional probability. It is given as 

𝑃{𝐴 𝐵}⁄ =
𝑃{(𝐴∩𝐵}

𝑃{𝐵}
=

𝑓(𝑡)

𝑅(𝑡)
  

where A is the probability that the device will fail between t and t + Δt, and B is the probability 

that the device survived until this moment. This probability is defined as a hazard rate.  

𝜆(𝑡) = 𝑃{𝐴 𝐵}⁄ =
𝑓(𝑡)

𝑅(𝑡)
 

The probability of failure is given as  

𝑓(𝑡) = −
𝑑𝑅(𝑡)

𝑑𝑡
 ⇒ 𝜆(𝑡) = 𝑓(𝑡)

𝑅(𝑡)
= −

𝑑𝑅(𝑡)

𝑑𝑡
∗

1

𝑅(𝑡)
 

⇒ 𝑅(𝑡) = 𝑒−𝜆𝑡 (4.5) 

The probability distribution function (PDF) is 

𝑓(𝑡)  = −
𝑑𝑅(𝑡)

𝑑𝑡
= 𝜆𝑒−𝜆𝑡 (4.6) 
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4.2 Failure Rate and Bathtub Curves 

The failure rate, also referred to as the hazard rate of the component, is defined as the 

probability of the component to fail at time (t + Δt), if it is still functioning at time t. Most of the 

time, the reliability of the component is modeled with single scalar value. But the single value 

might not be able to describe the entire story of that component. The newly installed equipment 

has a relatively higher failure rate for various reasons, such as manufacturing defect, damage 

during shipping, of incorrect installation. This period is called the infant mortality period or 

equipment back-in period. If the equipment is in service after the infant mortality period, then it 

will be in is useful life period. The scalar value used to describe the reliability will be useful in this 

period. After the end of the useful life time, the component’s constant failure rate will start to 

increase. This period is called the wear-out period. This changing of the component failure rate 

with time is shown with a bathtub curve in Figure 4.2. The bathtub curve, also called the bathtub 

hazard function, begins with a higher infant failure rate, followed by a lower and constant useful 

life failure rate, followed by an increasing wear-out period failure rate. 

 

Figure 4.2. Standard Bathtub curve 
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The reciprocal of the failure rate is the mean time between failure (MTBF). If the 

component cannot be repaired, then the MTTF is the time in which the component will fail. But if 

the component is repairable, then the MTBF is the time in which the product will be repaired and 

return to service. Reliability also depends upon component maintenance. After each maintenance, 

the reliability of the equipment will follow a sawtooth bathtub curve, as shown in Figure 4.3.  

 

Figure 4.3. Sawtooth Bathtub Curve 

4.3  Maintainability 

System components must be maintained. This can be either reactive maintenance 

(maintenance as a result of an unplanned system down), proactive maintenance (maintenance 

before failure), preventive maintenance (periodic maintenance to prevent future failure), or 

predictive maintenance (estimation of the condition through diagnostic measurement and then 

maintenance when a part is near failure). During maintenance, the components become 

unavailable. If r is the mean repair time of the component and m is the mean operating time of the 

component, then the probability of residing in an operating state (availability) is 

𝑃(𝐴) =
𝑚

𝑚 + 𝑟
(4.7) 

The probability of residing in a failed state (unavailability) is 

𝑃(𝑈) =
𝑟

𝑚 + 𝑟
(4.8) 
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4.4  Probability Distribution Functions  

Many distribution functions are used in reliability. Each function has different parameters 

used to describe the reliability depending on the components. Different methods are used to 

estimate the probability density function, cumulative distribution function, failure rate, and 

reliability function. Some of the most common probability distribution functions are as follows: 

normal distribution, lognormal distribution, exponential distribution, rectangular distribution, 

gamma distribution, Weibull distribution, and Raleigh distribution. Exponential distribution and 

Weibull distribution are mainly used in this paper. The failure rate, which is independent of time, 

is modelled with a proper scale parameter (λ) through the exponential distribution function and the 

time dependent failure rate, where the effect of component degradation, which depends on time, 

is modelled with Weibull distribution. The time-independent failure rate has both scale and shape 

parameters. 

4.4.1  Exponential Distribution 

The exponential distribution is most commonly used to analyze reliability. It has a constant 

failure/hazard rate, which is the characteristics of the equipment during its useful lifetime. Like 

other functions, it has a probability density function, cumulative distribution function, failure rate, 

and reliability function.  

𝑃(𝑠) =  𝑒−𝜆𝑡 (4.10) 

𝑃𝐷𝐹 = −
𝑑𝑅(𝑡)

𝑑𝑡
= 𝜆𝑒−𝜆𝑡 (4.11) 

4.4.2  Weibull Distribution 

One of the common models to analyze the time-dependent failure rate is the Weibull 

distribution. It has parameters, referred to as α (scale parameter) and β (shape parameter), and 
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based on these parameters, the shape of the distribution can change. Therefore, it plays a key role 

in reliability modeling.  

The probability distribution function is given as 

𝑓(𝑡) =
𝛽𝑡𝛽−1

𝛼𝛽
exp (−

𝑡𝛽

𝛼𝛽
) (4.12) 

The reliability function is given as 

𝑅(𝑡) = 1 −∫𝑓(𝑡)𝑑𝑡

𝑡

0

= 𝑒
−(
𝑡𝛽

𝛼𝛽
)

(4.13) 

𝑃𝐷𝐹 = −(𝑒
−(
𝑡𝛽

𝛼𝛽
)
− 1) (4.14) 

The hazard rate is given as 

𝜆(𝑡) =
𝑓(𝑡)

𝑅(𝑡)
=

𝛽𝑡𝛽−1

𝛼𝛽
exp (− (

𝑡
𝛼)

𝛽

)

exp (− (
𝑡
𝛼
)
𝛽

)

=
𝛽𝑡𝛽−1

𝛼𝛽
(4.15) 

In this distribution, the shape and size parameters can be changed. Failure can be increased 

with time, decreased with time, or constant with time: 

 β < 1: Time decreasing failure rate 

 β = 1: Constant failure rate 

 β > 1: Time increasing failure rate 

Reliability will be the same (0.368) when t = α. 

Due to the presence of the gamma function in the mean and variance equations, it is 

difficult to calculate the parameters of the Weibull distribution. In order to make the calculation 

easier, a transformation of variables is performed on the cumulative distribution function, and the 
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parameters are computed either graphically or by linear regression. The Weibull hazard rate 

function can be modeled as linear: 

𝜆(𝑡) =
𝛽𝑡𝛽−1

𝛼𝛽
 

ln(𝜆(𝑡)) = ln (
𝛽𝑡𝛽−1

𝛼𝛽
) = ln(𝛽) + ln(𝑡𝛽−1) − ln(𝛼𝛽) 

ln(𝜆(𝑡))⏟    
𝑦

=  (𝛽 − 1)⏟    
𝑚

ln(𝑡)⏟
𝑥

+ ln(𝛽) − ln(𝛼𝛽)⏟          
𝑐

(4.16) 

4.5  Electronic Components Modeling 

Several methods are used to estimate the reliability of components. Among them, method 

MIL-217F N2, developed by the U.S. Department of Defense, is a very famous method accepted 

around the world to estimate the failure rate of components. Table 4.1 summarizes the failure rate 

of different electronics components used in this system. A detailed explanation and derivation of 

these equations may be found in the reference [12].  

TABLE 4.1 

FAILURE RATE OF ELECTRONICS COMPONENTS 

Component Failure Rate (Failures/10⁶Hours) 

Capacitors 𝜆𝑝= 𝜆𝑏𝜋𝑇𝜋𝐶𝜋𝑉𝜋𝑆𝑅𝜋𝑄𝜋𝐸 𝜆𝑏 = Constant depending on capacitor type 
 
𝜋𝑇 = 𝑒𝑥𝑝 ( −𝐸𝑎

8.617∗10−5
(

1

𝑇+273
−

1

298
)) 

 
T = Capacitor ambient temperature 
 

𝜋𝑉 = ( 𝑆
0.6
)
𝑌
+1      , S=Operating Voltage

Rated Voltage
 

 
𝜋𝐶 = 𝐶𝑥 (capacitor factor) 
 
𝜋𝑆𝑅 = Series resistance factor 
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TABLE 4.1 (continued) 

Inductors 𝜆𝑃 = 𝜆𝑏𝜋𝑇𝜋𝑄𝜋𝐸 𝜆𝑏 = 0.00003 
𝜋𝑇 = 𝑒𝑥𝑝 (−1275 ( 1

𝑇+273
−

1

298
)) 

Resistors 𝜆𝑃 = 𝜆𝑏𝜋𝑇𝜋𝑃𝜋𝑆𝜋𝑄𝜋𝐸 𝜆𝑏 = Constant depending on resistor type 
𝜋𝑇 = 𝑒𝑥𝑝 ( −𝐸𝑎

8.617∗10−5
(

1

𝑇+273
−

1

298
)) 

T = Resistor case temperature 
𝜋𝑃 = Power factor =
Power dissipation (𝑃)0.39  

𝜋𝑆 =

0.71 𝑒0.1 𝑆

0.54 𝑒2.04 𝑆

    𝑠 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

𝑅𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

  

Diodes 𝜆𝑃 = 𝜆𝑏𝜋𝑇𝜋𝑆𝜋𝐶𝜋𝑄𝜋𝐸 𝜆𝑏 = Constant depending on diode type 

𝜋𝑇 = exp(−3091 ( 1

𝑇𝐽+273
−

1

298
)) 

𝑇𝐽 = Junction temperature  

𝜋𝑆 = 

{
 
 

 
 

0.054  𝑓𝑜𝑟 𝑆 ≤ 0.3 

𝑆2.43 𝑓𝑜𝑟 0.3 < 𝑆 ≤ 1

𝑆 =
Voltage applied

Voltage rated

𝑆 = Voltage stress ratio

 

𝜋𝐶 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  
MOSFET 𝜆𝑃 = 𝜆𝑏𝜋𝑇𝜋𝐴𝜋𝑄𝜋𝐸 𝜆𝑏 = 0.012 

𝜋𝑇 = exp(−1925 ( 1

𝑇𝐽+273
−

1

298
)) 

Transistor 𝜆𝑃 = 𝜆𝑏𝜋𝑇𝜋𝐴𝜋𝑅𝜋𝑆𝜋𝑄𝜋𝐸 𝜆𝑏 = 0.0074 for NPN and PNP 

𝜋𝑇 = 𝑒𝑥𝑝 (−2114 ( 1

𝑇𝑗+273
−

1

298
)) 

𝜋𝐴 = Application factor 𝜋𝑅
= Power rating factor

=
0.043  𝑓𝑜𝑟 𝑃 ≤ 0.1𝑊 

𝑃0.37 𝑓𝑜𝑟 0.1 < 𝑃
 

𝜋𝑠 = 0.45 × exp(3.1 𝑆)  
Microcircuits 𝜆𝑃 = 

 (𝐶1𝜋𝑇 + 𝐶2𝜋𝐵)𝜋𝑄𝜋𝐿 
𝐶1 = Complexity failure rate and 
 𝐶2 = Package failure rate 
𝜋𝑇 =Temperature factor  

𝜋𝑇 = 𝑒𝑥𝑝 ( −𝐸𝑎

8.617∗10−5
(

1

𝑇𝐽+273
−

1

298
)) 

𝑇𝑗 = Worst-case junction temperature 
𝜋𝐿 = Learning factor  
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TABLE 4.1 (continued) 

Switch 𝜆𝑃 = 𝜆𝑏𝜋𝐿𝜋𝐶𝜋𝑄𝜋𝐸 𝜆𝑏 = 𝐵𝑎𝑠𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑡𝑦𝑝𝑒  
𝜋𝐿 = 𝐿𝑜𝑎𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑡𝑦𝑝𝑒 
𝜋𝐶  =  Constant configuration factor  
𝜋𝐶 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 (𝑁𝐶)

0.33  
𝐸𝑎: activation energy, x and y depend on capacitor type; 𝑇𝐻𝑆: hot spot temperature; 
𝑇𝐽: junction temperature; Ρ: rated resistor power;  𝜆𝑏= base failure rate; 𝜋𝑇 = Temperature factor;  
𝜋𝑄 = quality Factor; 𝜋𝐸 = environmental factor 

 
4.6  Effect of Temperature and Humidity on Reliability 

Most failure mechanisms have different physical and chemical processes involved to 

decrease the performance of equipment.  The occurrence and rate of these processes are highly 

depended on temperature. The Arrhenius model is the most accepted model to predict the 

exponential increase in rate of reaction with temperature: 

𝑓 = 𝑓0 × 𝑒
−
𝐸𝑎
𝐾 (

1
𝑇−

1
𝑇0
)

(4.17) 

where 

𝑓 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒  

𝑓0 = 𝐵𝑎𝑠𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑟 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  

𝐸𝑎 = 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑒𝑉)  

𝐾 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑇 = 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾)  

𝑇0 = 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾)  

Similarly, humidity can affect the failure rate. This relation is given by 

𝑓1 = 𝑓0 × (
𝑅𝐻1
𝑅𝐻2

)
𝑛

(4.18) 

where 

𝑓1 = 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑎𝑡 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑅𝐻1  
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𝑓0 = 𝐵𝑎𝑠𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒  

𝑅𝐻1 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦  

𝑅𝐻1 = 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑦  

𝑛 = 2.7 𝑓𝑜𝑟 𝑃𝑉 𝑠𝑦𝑠𝑡𝑒𝑚  

4.7  Reliability Modeling of Series-Connected, Parallel-Connected, and Mixed Systems  

In a series-connected system, all components should be working toward reliability. If Ei is 

the event that component i will not fail, 𝑃(𝐸𝑖) = 𝑅𝑖 , then the probability that no component will 

not fail is 

𝑅𝑠𝑦𝑠 = 𝑃(𝐸1 ∩ 𝐸2 ∩ 𝐸3 ∩ …) 

𝑅𝑠𝑦𝑠 = 𝑃(𝐸1 ∩ 𝐸2 ∩ 𝐸3 ∩ …) = 𝑃(𝐸1) ∙ 𝑃(𝐸2) ∙ 𝑃(𝐸3) ∙ … 

Rsys = R1 ∙ R2 ∙ R3 ∙ … (4.19) 

In a parallel-connected system, the failure of all components will result in system failure. If Ei
C is 

the event that component i will fail, then the probability that no component will not fail is  

𝑅𝑠𝑦𝑠 = 1 − 𝑃(𝐸1
𝑐 ∩ 𝐸2

𝑐 ∩ 𝐸3
𝑐 ∩ …) 

𝑅𝑠𝑦𝑠 = 1 − 𝑃(𝐸1
𝑐 ∩ 𝐸2

𝑐 ∩ 𝐸3
𝑐 ∩ …) = 1 − 𝑃(𝐸1

𝑐) ∙ 𝑃(𝐸2
𝑐) ∙ 𝑃(𝐸3

𝑐) ∙ … 

Rsys = 1 − (1 − R1) ∙ (1 − R2) ∙ (1 − R3) (4.20) 

Most practical systems have both series and parallel connected components. In this work, the 

parallel-connected system is considered as the subsystem, and all subsystems are considered as 

series-connected systems.  

If the system becomes more complex, then some method that is neither parallel nor series 

nor mixed is found. Some techniques to solve such problems include the conditional probability 

method, cut set method, connection matrix technique, and fault tree method.  
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CHAPTER 5 

METHODOLOGY 

5.1 Design of Stand-Alone Photovoltaic System 

The design of a stand-alone photovoltaic system includes calculating its cost and size. 

Determining the exact size is a relatively complex process because of the numerous parameters 

that must be considered, fluctuating weather, and multiple interactions between the different 

choices. There are many optimization software and online methods to design the solar PV system. 

This chapter describes the basic procedure for all designs.  

5.1.1  Evaluation of Requirement 

The first thing to consider in the design of a stand-alone PV system is the load size 

requirement. The designer must keep in mind that solar energy is expensive, and energy economy 

must be prioritized for all appliances. Some appliances may cost more, but they might consume 

less energy and help to save lot of money in the PV system.  

The next thing to consider is appliance voltage. PV energy is direct current, meaning that 

the ideal appliances should be in 12, 24, or 48 V DC, depending on size: the higher the power of 

the PV array, the higher the value of the chosen voltage. Most domestic appliances use 110 or 220 

V AC. In order to design a good system, it is necessary to calculate the exact energy requirement, 

which is given by equation (5.1): 

𝐸 = 𝑃 × 𝑇 (5.1) 

where E is the total energy requirement, P is the power consumed, and T is the time of operation. 

If P is in watts and T is in hours, then the unit of energy will be in kilowatt hours (KWhr).  
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Different appliances consume power differently and have different operating times. In 

order to calculate the daily total consumption of energy by all appliances, the electrical energy 

consumed in 24 hours must be calculated: 

𝐸𝑐𝑜𝑛𝑠 = ∑(𝑃𝑛 × 𝑇𝑛) = 𝑃1 × 𝑇1 + 𝑃2 × 𝑇2 + … . . +𝑃𝑁 × 𝑇𝑁

𝑁

𝑛=1

(5.2) 

where Econs is the total energy consumed in a day, Pn is the consumption power of each different 

appliance, and Tn is the respective time of consumption by Pn. When all appliances are working 

on the same voltage, the daily consumption can also be measured in ampere hours (Ah). This unit 

is more practical for all systems connected on a battery.  

5.1.2  Recoverable Solar Energy 

The second step in designing a stand-alone PV system is to determine the solar energy to 

recover the load and power calculated in the first step. Several things must be taken into 

consideration during the design of PV arrays, the first of which is orientation and pitch of the 

modules.  

Orientation is the cardinal point or direction of the solar panel faces. Pitch is the angle in 

degrees that the solar panel makes with the horizon. The ideal orientation of PV modules should 

be towards the equator, i.e., south in the northern hemisphere and north in the southern hemisphere. 

Since a stand-alone system must produce energy at a constant level throughout the year, the pitch 

angle must be fixed in such a way that production is optimized during the winter months. The ideal 

pitch is approximately equal to the latitude of the location +10o.  

The second thing to consider is collection of the exact meteorological data. Any surface 

exposed to the sun receives a power per unit area of the surface, which is referred to as flux or 

solar irradiance (W/m2). This irradiance varies according to the time of the day, climate, and cloud 
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cover. By the end of the day, the energy produced by flux can be calculated in Wh/m2/day. The 

lowest value of the operating period of the system can be used for quicker sizing.  

The third thing to consider is shading due to other buildings, mountains, or trees. The effect 

of shading on the radiation must be calculated based on the type and time of the shading. 

5.1.3  Definition of PV Modules 

In order to define the PV modules, several steps of estimation and calculation most be 

followed. The following must be calculated: system peak power, required daily electricity 

production of the module, practical PV power calculation after considering different losses, 

estimation of the module technology, and operating voltage and structure of the PV array. 

The first step here is to calculate the system peak power. A stand-alone system fully 

depends on solar generation; because there is no backup generator, the battery is the only buffer 

storage. If energy consumption is greater than supply, then a larger battery capacity does not supply 

more appliances for a longer period of time. Therefore, system peak power is necessary to consider 

during the calculation of the electrical production of the module. Under standard test conditions 

(STC), the PV module is usually described by its peak power Pp (W). Therefore, when exposed to 

STC for N hours, the electrical energy produced is  

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑁 × 𝑃𝑝 (5.3) 

Radiation is not equal throughout the day, and the energy produced during N hours is not 

constant. Labouret and Villoz [1] describe the method to represent the profile of daily radiation 

into an identical radiation for an equivalent hour. The total solar energy, expressed in Wh/m2/day, 

will be estimated as the product of 1000 W/m2 by a certain number of hours, or “equivalent hours,” 

as shown in Figure 5.1. This shows that the equivalent hours are numerically equal to the total 

solar energy as expressed in KWh/m2/day.  
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𝐷𝑎𝑖𝑙𝑦 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑏𝑦 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (
𝑤ℎ

𝑚2

𝑑𝑎𝑦
) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ℎ𝑜𝑢𝑟 (

ℎ

𝑑𝑎𝑦
) × 100 (

𝑤

𝑚2)  

𝑖𝑒. 𝐸𝑠𝑜𝑙𝑎𝑟 = 𝑁𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 × 1000 (5.4) 

 

Figure 5.1. Representation of Number of Equivalent Hours a Day of Solar Radiation [1] 

Assuming that the panel power is directly proportional to the instant radiation, the 

production of PV power in equation (5.3) now can be modified as  

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑁𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 × 𝑃𝑝 (5.5) 

Substituting equation (5.4) into equation (5.5) yields the electrical energy in Wh/day produced in 

a day as 

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑠𝑜𝑙𝑎𝑟 × 𝑃𝑝 (5.6) 

Multiplying the current and voltage at the peak time gives the peak power. Therefore, dividing 

equation (5.6) by the voltage (Vm) at peak power yields the electrical energy produced as 

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑠𝑜𝑙𝑎𝑟 × 𝐼𝑚 (5.7) 

where 

 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑎 𝑑𝑎𝑦 (
𝐴ℎ

𝑑𝑎𝑦
)  

𝐼𝑚 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑆𝑇𝐶 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒  (𝑎𝑚𝑝𝑠)  

𝑉𝑚 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒 (𝑣𝑜𝑙𝑡𝑠)  
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The practical PV calculation must include losses. Since shading was already discussed in 

the previous section, other electrical losses are discussed here. Losses could be due to dirt, snow, 

or sand on the panel; line losses at the terminal of the blocking diode, series regulator, or cable; or 

the voltage effect from changes in the temperature, energy efficiency of the battery, etc. Numerous 

losses may or may not occur at the same time, but they will still lower the real power generation 

of the panel. It very difficult to include all these losses in the calculation since verification must 

be done in a specialized laboratory.  

It is possible that some simple procedure could minimize the losses. For example, wiping 

and cleaning the panel dirt regularly, ensuring good cable wiring, installing a good ventilation 

system for high temperature loss could reduce a majority of the losses. Losses arising through a 

voltage mismatch will generally be completely avoided using an MPPT regulator, the function of 

which is precisely to achieve a balance between the battery and the panel by aligning itself on the 

maximum power point of the panel [1]. With such a module, the current loss has the coefficient 

C1 and varies between 0.65 and 0.9, depending upon the type of current. By including this current 

loss coefficient, the practical calculation of PV power is expressed as  

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐶1 × 𝐸𝑠𝑜𝑙𝑎𝑟 × 𝐼𝑚 (5.8) 

  After this calculation, the next step is module selection, which depends on the power to be 

supplied, their cost, climatic condition, and sometime aesthetic condition. For a low power and 

low-cost application, amorphous silicon panels are used, and for a higher power application, 

crystalline silicon modules are used. 

The choice of operating voltage is another important step to be considered. The voltage of 

a PV system depends upon the type of appliances, power of the system, materials used in the 

modules and appliances, and geographical location of the system. For the given value of power, if 
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the selection of voltage is lower, then it may cause large Ohmic losses in the cable. Although an 

adequate diameter of the conductor may reduce loss, increasing the voltage level is a better idea 

than increasing the size of the conductor. Table 5.1 provides the recommended voltage for different 

power levels, which is taken from the work of Labouret and Villoz [1].  

TABLE 5.1 

RECOMMENDED VOLTAGE WITH POWER RATING 

Power of PV System 0–500 Wp 500 Wp–2 KWp 2–10 KWp > 10 KWp 

Recommended Voltage 12 V DC 24 V DV 48 V DC > 48V DC 
 
The selected voltage fits most appliances. If the appliances are in different voltage levels, 

then the voltage can be changed with DC/DC converters or DC load and inverters for AC loads. 

For voltage loss, PV modules supplying a 12 V nominal system should have voltage at a maximum 

power point at least equal to 17–18 V for operation in hot countries, and 15–16 V for operation in 

temperate countries [1]. For higher multiple voltage levels, these values will also get multiplied. 

The final step here is to design the PV array. The number of modules is approximated to 

the higher whole number. Their installation will be either in series, in parallel, or mixed, depending 

upon the voltage required and module voltage.  

5.1.4  Sizing of Energy Storage 

With solar energy, there is a temporary variation of climate during the day, and there will 

be no energy generation during the night. Energy storage is necessary in order to support a 

continuous load for the entire day. The size of the storage battery depends on the requirement of 

the buffer storage. Batteries vary in capacity according to the available temperature, number of 

cycles, life expectancy, DOD, etc., and battery choice depends upon the budget and battery 

technology such as a sealed or open battery, absorbent glass mat (AGM), gel, etc.  
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Autonomy is the number of days during which a system operates without power generated 

through the PV panels. Due to irregular weather behavior, it may be rainy and cloudy for several 

days, which is usually assumed to be 5–8 days in a temperate climate zone and 2–4 days in a 

tropical climate zone. Therefore, the duration of autonomy provides roughly the probability of 

having a series of worse weather days in success. During the design of energy storage, autonomy 

should be considered so that the battery can still supply load during that period.  

The nominal capacity necessary for the battery to operate during N autonomy days without 

solar power is given as 

𝐶𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑁𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 × 𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (5.9) 

where 

𝐶𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑈𝑠𝑒𝑓𝑢𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑖𝑛 𝐴ℎ  

𝑁𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑜𝑓 𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟  

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐷𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛 𝐴ℎ 

The nominal capacity of a battery is different with useful capacity. Nominal capacity is 

generally given for the discharge time of 20 hours at a temperature of 25oC. The depth of discharge 

and temperature must be considered in order to estimate the nominal capacity. The DOD is the 

degree to which a battery is discharged in relation to its capacity. When the battery is completely 

discharged, its DOD is 100%. Since a battery life cycle directly depends on the DOD, the battery 

is never allowed to discharge completely.  

Temperature will also affect the capacity of battery. Cold temperatures will lower the 

battery capacity by slowing the chemical reaction for the charging and discharging procedure. In 

order to find the exact result, a discharge curve with respect to temperature for battery is necessary. 
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This curve varies with the type of battery used and is provided by the manufacturer. Figure 5.2 

shows the curve of how a lead-acid battery performs with respect to discharge rate and temperature. 

 

Figure 5.2. Lead-Acid Battery Capacity with Respect to Temperature and Discharge Rate [1] 

By considering both temperature and depth of discharge, the nominal capacity of a battery 

is calculated as 

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝑁𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 × 𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑃𝐷 × 𝑅𝑇
 (5.10) 

where 

𝑃𝐷 = 𝐴𝑢𝑡ℎ𝑜𝑟𝑖𝑧𝑒𝑑 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  

𝑅𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  

After considering and calculating all parameters that affect the life cycle of a battery, the 

battery type must be chosen by considering other additional parameters such as maintenance 

availability, replacement cost, availability, recycling, etc.  

5.1.5  Charge Controller Sizing 

The charge controller has three important parameters: nominal voltage, input current, and 

output current. The nominal voltage should be same as the voltage of the array. The input current 
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is the maximum charge current that modules can produce and still be safely accepted by the charge 

controller. The current can be estimated simply by multiplying 1.5 times the total short circuit 

current of the modules for the shunt regulator and 1.5 times the total current Im at the maximum 

power point. The output current is the total maximum load that appliances can draw 

simultaneously.  

5.1.6  Inverter Sizing and Choice 

Chapter 3 discusses the different types of inverters available on the market, including their 

advantages and disadvantages. Bassed on the size of the system used in this work, a multistring 

inverter, as shown in Figure 5.3, was chosen. For sizing the inverter, the input rating of the inverter 

most be higher than the total wattage of the appliances. The nominal voltage of the inverter is the 

same as that of battery. An inverter that is above 30% of the size of the total wattage of the 

appliances is considered to be a safe inverter [3]. 

 

Figure 5.3. First Multistring Inverter Circuit [13] 
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5.1.7  Wiring Plan 

Wiring selection plays a vital role in the voltage drop and losses of the system. The 

diameter of the wiring should be compatible with the terminals of the modules and regulator. The 

voltage drop in the conductor is given by Ohm’s law: 

𝑑𝑉 = 𝑅 × 𝐼  𝑤ℎ𝑒𝑟𝑒 𝑅 = 𝝆
𝑙

𝑠
 (5.11) 

where 

𝑅 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑤𝑖𝑟𝑒 𝑖𝑛 𝑜ℎ𝑚𝑠 (𝛺)  

𝑙 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 (𝑚)  

𝝆 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑛𝑐𝑒 𝑜𝑓 𝑤𝑖𝑟𝑒 (
𝑚𝛺

𝑚𝑚2)  

𝑠 = 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 (𝑚𝑚2)  

5.2  Energy Reliability Indices 

In the autonomous system, the energy reliability indices are equally important. Technical 

failure analysis may not be exact and accurate without considering the generation-to-consumption 

ratio. Some of the reliability indices are summarized below:  

5.2.1  Normalized PV Generator Size 

The normalized PV generator size is the ratio of the mean daily energy produced to the 

mean daily energy demand: 

𝐶𝐴𝑐𝑡𝑢𝑎𝑙 =
𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ×

𝐺𝑑𝑚
𝐼𝑆𝑇𝐶

𝐿
(5.12)

 

where  

𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 𝑃𝑉 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑠𝑖𝑧𝑒 (𝑤𝑎𝑡𝑡𝑠)  

𝐺𝑑𝑚 = 𝑀𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 (𝑤. ℎ/𝑚
2/𝑑𝑎𝑦)  

𝐼𝑆𝑇𝐶 = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑎𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑑𝑖𝑡𝑜𝑛𝑠 (1000 𝑤/𝑚
2)  
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5.2.2  Normalized Storage Capacity  

The normalized storage capacity is the ratio of maximum useful energy to the mean daily 

energy demand, also referred to as an autonomy day:  

𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =
𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 × 𝐷𝑂𝐷𝑚𝑎𝑥

𝐿
(5.13) 

where 

𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴. ℎ)  

𝐷𝑂𝐷𝑚𝑎𝑥 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  

𝐿 = 𝑀𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 (𝐴. ℎ/𝑑𝑎𝑦)  

5.2.3  Loss of Load Probability  

Loss of load probability (LLP) is the ratio of energy not supplied to the user to the energy 

demand by the user over a certain period:  

𝐿𝐿𝑃𝑇 =
∫ 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑓𝑖𝑐𝑖𝑡
𝑇

0

∫ 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑚𝑎𝑛𝑑
𝑇

0

(5.14) 

5.2.4  PV Generator Power Factor 

The real power of the PV module is different than its nominal value. The deviation 

increases with an increase in the time of the modules because of progressive degradation of the 

PV module. The PV generator power factor is the ratio of actual power to the nominal power of 

the PV module:  

𝑟𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟(𝑡) =
𝑃(𝑡)

𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙
=
𝑃0 − ∆𝑃(𝑡)

𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙
(5.15) 

where 

𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 𝑝𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟  

𝑃0 = 𝑅𝑒𝑎𝑙 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 𝑝𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)  
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∆𝑃(𝑡) = 𝑃𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠 𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒  

5.2.5  Storage Capacity Factor 

The battery will lose its initial capacity along with the time of its use. This is referred to as 

the battery capacity correction factor and is defined as the ratio of the real battery capacity after 

time period t to the nominal capacity of the battery:  

𝑟𝐵𝑎𝑡𝑡𝑒𝑟𝑦(𝑡) =
𝐶(𝑡)

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙
=
𝐶0 − ∆𝐶(𝑡)

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙
(5.16) 

where 

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  

𝐶0 = 𝑅𝑒𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙)  

∆𝐶(𝑡) = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑙𝑜𝑠𝑠 𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒  

5.2.6  Regulation against Battery Deep Discharge 

The maximum depth of discharge designed for a battery in a stand-alone PV system may 

not be exactly the same as the actual maximum depth of the discharge of battery. This correction 

factor, or normalized battery capacity factor, is the battery: 

𝑟𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑡) =
𝐷𝑂𝐷𝑚𝑎𝑥;𝑟𝑒𝑎𝑙
𝐷𝑂𝐷𝑚𝑎𝑥

(5.17) 

By considering these indices, the previously defined generator and storage size are 

modified into real size by the following:  

𝐶𝐴𝑐𝑡𝑢𝑎𝑙(𝑡) = 𝐶𝐴𝑐𝑡𝑢𝑎𝑙 × 𝑟𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟(𝑡) 

𝐶𝑆𝑡𝑜𝑟𝑎𝑔𝑒(𝑡) = 𝐶𝑆𝑡𝑜𝑟𝑎𝑔𝑒 × 𝑟𝐵𝑎𝑡𝑡𝑒𝑟𝑦(𝑡) × 𝑟𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑡) (5.18) 

5.3  Long-Term Dependability Estimation  

The available energy supply for the PV system depends mainly on two factors: energy 

shortage at non-failed states, and the components failure rate with their corresponding repair times. 
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For a global dependency analysis, cost must also be taken into consideration. For a house 

connected with a grid, the availability depends upon the interruption and its duration. 

5.3.1  Source Reliability  

The first factor used to analyze long-term dependability is the availability of enough source 

and storage in a non-failure state. In order for the system planner to make an objective decision, 

an analytical method is sufficient to evaluate the reliability of both. An analytical system uses a 

mathematical model and direct numerical solution to evaluate the reliability indices. Sometimes 

when a complex system and complex operation procedure are modelled, it is necessary to make a 

certain assumption and simplify the problem. As a result, to evaluate system behavior more 

comprehensively and to evaluate more reliability indices, a simulation technique must be 

considered. The simulation method, as a real experiment, simulates the actual process and random 

behavior of the system reliability. In this research work, the Monti Carlo simulation was used as 

the simulation technique. Here, random values were selected, and the model was calculated based 

on those random values. Results of the modules were recorded and repeated with other random 

values. This technique compares the results and repeats the calculations of the modules again and 

again until the required level of accuracy is obtained. A number of samples of the models were 

used, and each sample was run n number of times. The mean of the sample result was accepted if 

the standard deviation (SD) of the result was within the limit. 

5.3.2  Component Failure 

The second factor used to analyze long-term dependability is the failure of components. 

Even if storage is adequate and the source is supplying enough energy, failure of any other 

components will affect the whole system. In order to analysis this, the failure rate and probability 

of success of all elements with time must be studied. The component failure rate can be analyzed 
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with an exponential distribution and its corresponding failure rate. But for some of the components, 

such as the panel and battery, their degradation with time does not approximate the constant failure 

rate. Therefore, their performance must be represented on a Weibull distribution by approximating 

their scale and shape parameters.  

5.4 MATLAB 

MATLAB is a very strong mathematical tool software used in science and engineering. It 

employs a pragmatic approach to solve mathematical problems within a very short period of time. 

Various high-level mathematical computations can be done in MATLAB. The algorithm used in 

this research was developed with MATLAB, which is an easy tool for also performing modeling, 

simulation, prototyping, and data analysis. Most of the calculations and results in graphical form 

for this research are from MATLAB.  

5.5  Monte Carlo Simulation 

The main function of the power system is to provide electricity to its customers in the most 

economical and reliable way. There are always conflicts relative to economics and reliability of 

the system, and various design criteria have been specified with attempts to solve both of these 

constraints. Looking back in history, during the 1930s, the requirement of probabilistic evaluation 

of power system reliability was recognized and slowly some techniques to evaluate them were 

developed. Up until now, now most of the evaluation techniques are analytical and very minor, or 

they are simulation techniques. The Monte Carlo simulation is a famous simulation technique that 

is applied most of the time 

The name Monte Carlo comes from the very famous gambling city in the country of 

Monaco. Since this technique was used to generate the variable and random behavior of gambling 

games, it became known as Monte Carlo simulation. Later on, it was used as a powerful statistical 
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analysis tool for diverse problems ranging from mathematics, science, engineering, and non-

engineering fields. 

In actuality, Monte Carlo simulation collects a large number of random samples and 

conducts experiments with those random samples in a computer. The output characteristics are 

studied statistically, and conclusions are drawn based on the statistical experiments. Three main 

steps are involved in Monte Carlo simulation: sampling on random input variables, evaluating the 

model output, and statistical analysis of the model output. These steps are show in a block diagram 

in Figure 5.4. 

 

Figure 5.4. Algorithm of Monte Carlo Simulation 

The first step in sampling random input involves generating the sample of random input 

variables up to “n” number of samples (an, bn, cn,….). These samples are used as input to the 

simulation experiment. The generated random variables are uniformly distributed between 0 and 

1, which are later transformed into random variables that follow a given distribution.  

In the second step, the “n” number of sample inputs are evaluated. This results in obtaining 

“n” number of outputs with those inputs.  

The third step involves statistical analysis on “n” number of sample outputs and estimates 

the characteristics of the outputs. Variation is typically welcome because repeated simulations will 
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eventually produce a distribution of results from which the mean, median, variance, and other 

statistical measures can be computed. Typically, this calculation is continued until the required 

level of accuracy is obtained in the output. Some of the statistical measuring technique are 

summarized below: 

Standard mean of error: 𝑆𝐷 = 𝜎

√𝑛 
, where σ is the standard deviation of the sample, and 

“n” is the number of runs  

Normalized standard deviation: 𝑆𝐷 = 𝜎

√𝑛×�̅� 
 , where x is the mean value of the sample.  

Mean of sample: �̅� = 1

𝑁
∑ 𝑥𝑖
𝑁
𝑖=1  

Standard deviation of sample: 𝜎 = √ 1

𝑁−1
∑ (𝑥𝑖 − �̅�)

2𝑁
𝑖=1  

MATLAB is one of the strongest mathematical tools used to carry out Monte Carlo 

simulation easily. This research employed the MATLAB tool for its simulation. It has been pointed 

out that the main drawback of Monte Carlo simulation is the enormous number of runs 

(experiments), and hence considerable amount of time, required to reach an acceptable accuracy 

in the results. Therefore, this technique is very expensive, time-consuming, and tedious. Many 

simplified assumptions are necessary in order to make the results more feasible.  
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CHAPTER 6 

RESULTS 

6.1  Design of PV System 

This chapter includes the evaluation of load size, which in turn allows for estimating the 

size of the PV generation. It also estimates the size for all components, such as battery, charge 

controller, and inverter.  

6.1.1  Evaluation of Requirements 

Different places, cities, and countries have different power consumption. Depending upon 

the development of the country and city and availability of the technology, the use of electrical 

power varies. Even within the same city and same area, the consumption of electricity varies from 

house to house and time to time. It is difficult to determine the exact value of load that is consumed. 

The “Open Energy Information” source [5] provides the average estimated load data for all states 

and cities available in the U.S. It has hourly load data for different types of buildings. These data 

could be highly useful for all energy professionals in their estimation of hypothetical solar plants. 

This study used data for Wichita, Kansas. It was assumed that the stand-alone house would have 

the same number of electrical appliances using electrical energy as a normal house connected to a 

distribution network. Therefore, the typical monthly maximum and minimum energy consumption 

per day (KWhr/day) by house is summarized in Table 6.1. 

Details of hourly loads are contained in a large Excel file, which was used for further 

calculation. From Table 6.1, it can be seen that there is large variation in load for each month. 

Some months have a greater difference between their maximum and minimum loads. Most energy 

professionals sum up all electrical load appliances in a house and multiply that number with the 

number of hours used to evaluate the load. Then they use the maximum load value to evaluate and 
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design the size of the power plant. July has the day of maximum load of the year with 64.35 

KWhr/day, and August has the day of minimum consumption with 17.77 KWhr/day. Considering 

64.35 KWhr/day for the design may lead to a larger PV system, in turn perhaps requiring a large 

capital investment. Since the standard deviation of the load is high (0.6712), most of the generated 

power is probably wasted. The design here used the average load (35.91 KWhr/day) to estimate 

the capacity of the power plant. 

TABLE 6.1 

SUMMARY OF ENERGY CONSUMPTION FOR A YEAR IN WICHITA, KANSAS 

Month Maximum Minimum Average 

January 45.12 37.2 40.05 

February 43.31 35.46 38.43 

March 38.03 32.01 34.00 

April 32.57 29.64 30.86 

May 30.83 17.79 27.66 

June 46.81 24.62 35.53 

July 64.35 33.40 47.54 

August 57.11 17.77 41.50 

September 51.80 26.39 33.82 

October 35.67 28.76 30.51 

November 35.71 31.73 33.71 

December 44.02 25.69 37.22 
 

6.1.2  Calculation of Recoverable Solar Energy 

The latitude of 37.68o north and 97.33o west, a place near Wichita State University, was 

used in this research. These values were good for approximating the orientation, pitch, and solar 

irradiance of the area. To obtain maximum generation from the sun, the orientation and pitch 
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should be 52o facing north in the summer and 22o facing north in the winter [13]. A stand-alone 

PV system needs constant generation of energy throughout the year. Since winter is the least sunny 

time of the year, production must be optimized during winter. In the fixed and immovable panel, 

the pitch should be considered as the optimum angle in winter.  

For solar irradiance, the lower value of the year was used for quicker sizing. In Kansas, the 

lower value of irradiance is 2.12 KWh/m2/day during the month of December, so this same value 

was used for sizing. This irradiance indicates a day with 1,000 w/m2/day generation for 2.12 hours.  

6.1.3  Definition of PV Modules 

Without considering any voltage loss and considering a current loss coefficient of 0.9, the 

solar panel must produce the following amount of energy per day: 

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐶1 × 𝐸𝑠𝑜𝑙𝑎𝑟 × 𝑃𝑚 = 0.9 × 2.12 × 35.91 =  68.52 𝐾𝑤ℎ/𝑑𝑎𝑦 

As shown previously in Table 5.1, a voltage of 48 or greater at this power level is recommended. 

The system here was designed with 48 V DC. At that voltage, the daily energy consumption of 

35,910 Whr/day would be equivalent to 748.124 Ah/day. Using equation (5.8), the current at 

maximum STC power of the module can be calculated as follows:  

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐶1 × 𝐸𝑠𝑜𝑙𝑎𝑟 × 𝐼𝑚 

𝐼𝑚 =
𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝐶1 × 𝐸𝑠𝑜𝑙𝑎𝑟

=
748.124

0.9 × 2.12
= 392.1 𝐴𝑚𝑝 

For considering voltage loss, the voltage of 48 V would be equivalent to (15×4 = 60 V) 

after considering losses. With modules having a maximum voltage of 60 V, the PV power of the 

system should be at least 

𝑃𝑉𝑝𝑜𝑤𝑒𝑟 = 392.1 × 60 = 23.706 𝐾𝑊𝑝 

Considering the market, 400-watt, 48-volt panels are easily available. The number of solar 

panels required by installing this size panel is calculated as follows:  
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝑃𝑎𝑛𝑎𝑙𝑠 =  
𝐴𝑟𝑟𝑎𝑦 𝑃𝑒𝑎𝑘

𝑊𝑎𝑡𝑡𝑎𝑔𝑒 𝑜𝑓 𝐸𝑎𝑐ℎ 𝑆𝑜𝑙𝑎𝑟 𝑃𝑎𝑛𝑒𝑙
=
23706

400
= 59.27 

Therefore, approximately 60 modules in parallel are required for this study.  

6.1.4  Sizing of Energy Storage 

In tropical countries, the number of autonomy days is considered to be two to four days. 

Considering four days of autonomy without solar power, the useful capacity of the battery would 

be calculated using equation (5.9) as 

𝐶𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑁𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 × 𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 4 × 35.91 = 143.64 𝐾𝑤ℎ𝑟 

Taking the depth of discharge of 0.7 and considering that the battery is inside at room temperature 

with a temperature effect of 0.95, the nominal capacity of the battery is modified using equation 

(5.10):  

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝑁𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 × 𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑃𝐷 × 𝑅𝑇
=
4 × 35.91

0.7 × 0.95
= 216 𝐾𝑤ℎ𝑟. 

The nominal capacity of each 48-volt battery can be calculated as 

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
216𝐾𝑤ℎ𝑟

48 𝑉𝑜𝑙𝑡
= 4500 𝐴𝑚𝑝 ℎ𝑟 

6.1.5  Charge Controller Sizing 

The nominal voltage of the charge controller is the same as that of the array, or 48 V DC. 

The input current in the charge controller is 

𝐼𝑖𝑛𝑝𝑢𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 1.5 × 𝑁𝑜 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔𝑠 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 × 𝑀𝑎𝑥 𝑝𝑜𝑤𝑒𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒

= 1.5 × 60 ×
400

48
= 750 𝐴 

Assuming that the maximum possible load would be 4.57 KW, taking the efficiency of the inverter 

as approximately 0.85, the output current of the controller would be 𝐼𝑜𝑢𝑡𝑝𝑢𝑡 =
4570

0.85×48
= 112 𝐴. 
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For the transitory peaks, it was assumed that power tools use three times their nominal power. 

Therefore, the total peak current would be 112 × 3 = 336 A.  

6.1.6  Sizing of Inverter 

The total maximum load of a house is 4.57 KWhr. In order to ensure that the inverter can 

supply load even in during the peak time of the year, the size of inverter most be larger than the 

total maximum load of a house. For safety reasons, the inverter rating is put at 30% above the peak 

load, then the rating of inverter would be 5.94 KW. 

6.2  Reliability Estimation of Source 

In this study, both analytical and simulation methods were used to obtain the failure rate 

and reliability of the PV system source for supplying the electrical load in a stand-alone house. In 

this section, the PV system refers to the source (sun). It calculates the probability of supplying 

enough PV radiation form the sun to its PV system. It does not consider the failure due to any 

instruments used in the PV system; it only considers the size of the load, size of the generation, 

and storage capacity with a given DOD. The analytical method used the fixed-load pattern given 

by Open Energy Information [5] and other different real-life data of the load for several years. It 

also used the solar irradiant of the same area and electric energy that can be generated through the 

model describe in the above sections. If the location and size of the PV system are provided, then 

the annual hourly production of electricity can be estimated thorough the PV watt website [4]. 

Data can be modified according to the input choice. The specific module type, array type, system 

loss percentage, tilting angle, Azimuth angle, inverter efficiency, etc., can be provided. The input 

on PV watts here is from the calculated results in the previous section. Because of the sufficiently 

large size of the PV system and sufficiently large size of the storage, the analytical method did not 
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show any chance for failure for the availability of energy. Figure 6.1 shows how the battery is 

discharged and charged during a one-year time interval. 

 

Figure 6.1. Hourly Energy Discharge in Battery for One Year 

The full capacity of the battery was 216 KWhr. Considering a DOD of 70%, the battery 

could get maximally discharged down up to 64.8 KWhr. Referring to Figure 6.1, it can be seen 

that the battery is never discharged below 113.37 KWhr, providing a conclusion that the battery is 

maximally discharged up to a depth of 47.5% only. During this one-year period, the battery was 

charged or discharged by 6844.1 KWhr. Considering the 70% DOD, the battery ran 46 cycles in 

one year. Considering the actual DOD, the battery was discharged as a 47.5% DOD, and the battery 

ran 67 cycles in one year. 

𝑈𝑛𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑡𝑦 (𝑈) = 𝐹𝑜𝑟𝑐𝑒𝑑 𝑂𝑢𝑡𝑎𝑔𝑒 𝑅𝑎𝑡𝑒 (𝐹𝑂𝑅) =  
𝑟

𝑟 + 𝑚
= 0 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝐴) =  
𝑚

𝑟 +𝑚
= 1 
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It appears that the system is 100% reliable. But the fact is, the available data of load, 

storage, and source favor the demand for those years. The main concern here is that, for the random 

sets of 1000 years, with random load and random generation, what is the probability that the data 

will still be favorable? Therefore, the simulation technique was used with random variation on the 

load pattern and random variation on the generation to try and estimate the availability of the 

system. The calculation was very lengthy and time consuming for the simulation. Since it is very 

difficult to reduce the standard deviation of error, the random variables were modified. The 

computation was narrowed to an individual month, giving the limited maximum-to-minimum 

range for a selection of random variables. These monthly results were then summed to provide an 

annual value. By doing this, the variation in the multiple random value was reduced, and the time 

of computation was decreased. The MATLAB calculation through Monte Carlo simulation 

provided the following results for the designed system: 

Total number of samples run: 126 

Mean of sample (hour interruption in a year) = r = 1 hr 

Mean service hour (m) = 8,759 hr 

Normalized standard deviation = 0.0001  

𝑈𝑛𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑡𝑦(𝑈) = 𝐹𝑜𝑟𝑐𝑒𝑑 𝑂𝑢𝑡𝑎𝑔𝑒 𝑅𝑎𝑡𝑒 (𝐹𝑂𝑅) =  
𝑟

𝑟+𝑚
=

1

1+8759
= 0.000114  

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝐴) =  
𝑚

𝑟+𝑚
=

8759

1+8759
= 0.999886 = 99.9886%  

6.3  Reliability Estimation for PV Components 

The British standard provides the definition of reliability as follows: “Reliability is the 

ability of an item to perform a required function under a stated condition for a stated period of 

time.” The National Aeronautics and Space Administration provides the following definition of 

reliability: “Reliability is a probability of a device performing adequately for the period of time 
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under the operating conditions encountered.” Both definitions are very relevant to the PV system 

since it has a longer payback period and is installed in remote locations with newer technology. 

The success of a PV system throughout its lifetime will be measured by the availability of power 

sources to loads. The availability is a probability of functioning or servicing time at any specific 

time in the expected life.  

The mean time to repair for most components of the PV system may be very high because 

typically they are installed in a remote area. This time may be shorter if there is available skilled 

manpower, spares parts, and proper tools near the plant. Either way, failure in the system will 

reduce its performance and increase the system’s payback period. Occasionally the first mean time 

to failure might actually be the life of that piece of equipment. Several things must be considered 

in order to design and choose system equipment in order to decrease the payback period. For this 

reason, compatible and adoptable interfacing equipment is highly recommended for a PV system. 

Since the failure rate of equipment is unknown, it is very important to accurately predict the 

reliability of the instrument used in a PV system. The components of a PV system mainly include 

the PV panels, batteries, charge controller/battery voltage regulator (BVR), inverter, maximum 

power point tracker, and load.  

The reliability of a PV power source will depend upon the reliability of its constituent 

components. The performance of each component will affect the performance of the others. For 

example, if all components are functioning well but energy cannot be supplied through the source 

because of unpredictable weather for a few weeks, then the insufficient battery charge will fail the 

whole system. Similarly, if something is wrong with the inverter only, then the whole system will 

stop. This also applies to failure of the controller, PV array, battery bank, etc. For components that 
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are connected in series, the reliability of the system is given by the product of the individual 

component reliability:  

𝑅(𝑡)𝑆𝑦𝑠𝑡𝑒𝑚 = 𝑅(𝑡)𝑆𝑜𝑢𝑟𝑐𝑒 × 𝑅(𝑡)𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 × 𝑅(𝑡)𝐵𝑎𝑡𝑡𝑒𝑟𝑦 × 𝑅(𝑡)𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟𝑎 × 𝑅(𝑡)𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 

6.3.1  PV Modules Reliability Estimation 

Modules are generally the most reliable components of a PV system. Sometimes due to 

vandalism, lightning, installation problems, or manufacturing defects, their sudden breakage may 

occur. Therefore, it is necessary to consider the possible failure rate of the modules in order to 

perform a long-term analysis. Crystalline silicon technology has a lower failure mode than 

amorphous technology [10]. In the failure analysis of PV modules, their real and nominal power 

are not considered since the power outcome will be lower in the long term. After some months of 

sun exposure, all PV modules experience a progressive power loss. For a close approach to reality, 

the time-dependent indices of a PV generator are modeled on the Weibull distribution with scale 

and shape parameters of 0.01 and 2, respectively [10]. 

The failure rate in a Weibull distribution, shown previously in equation (4.12), is 

𝜆(𝑡) =
𝛽𝑡𝛽−1

𝛼𝛽
=
2 × 𝑡2−1

(
1
0.01

)
2 = 0.0002𝑡 = 0.0002

𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠

𝑦𝑒𝑎𝑟
 

The probability of success using previous equation (4.13) is estimated below, and the result is 

plotted in Figure 6.2. 

𝑅(𝑡) = 𝑒
−(
𝑡𝛽

𝛼𝛽
)
= 𝑒

−(
𝑡2

(
1
0.01)

2)

= 𝑒−0.0001𝑡
2 
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Figure 6.2. Reliability of PV Modules 

6.3.2  Charge Controller Reliability Estimation 

The reliability of a charge controller depends upon the reliability of its different 

components. Mishra and Joshi [8] discuss the reliability of two different types of regulators: a 

conventional battery voltage regulator and a new regulator. They also provide the reliability of 

each used in their system. The failure rate of a new regulator is decreased significantly from the 

traditional one, but this value still seems high. The block diagram for a new battery voltage 

regulator is shown in Figure 6.3.  

Using the variable rate and calculating the probability of success still provides a lower 

reliability estimation value for the charge controller. Hence, several modifications can be done to 

improve its estimated reliability. One modification is the reduction of non-essential components 

of the system, which minimizes its complexity and eventually reduces the failure rate. Another 

approach uses the screening and derating method. Screening reduces the failure rate by replacing 

low-quality components with “high-reliability” electronic parts that pass the burn-in test. Derating 

is a method of decreasing the failure rate by using components at a stress level below their rated 
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level of stress. Also, reliability can be improved through parallel redundancy and stand-by 

redundancy. Regulator components and their failure rate after screening are listed in Table 6.2. 

Summation of the failure rate of all components gives the overall failure rate of the BVR. 

 

Figure 6.3. Block Diagram of New BVR [8] 

TABLE 6.2 
 

CALCULATION OF FAILURE RATE OF CHARGE CONTROLLER USING STANDARD 
RELIABILITY LEVEL OF ELECTRONICS PARTS 

 

S. No. Component Unit Quantity (n) Failures per 109 h 
(f) N*f 

1 Resistance (Fixed) 66 58 3528 
2 Variable Resistance 7 122 854 
3 Integrated Circuit 8 168 1344 
4 Transistor 10 250 2500 
5 Diode 15 84 1260 
6 Electrolyte Capacitor 10 429 4290 
7 Ceramic Capacitor 14 214 2996 
8 Switch 1 200 200 
9 Terminal Connector 6 100 600 

10 Solder Point (Mech.) 355 4 1420 
11 MOSFET 3 40 120 

 TOTAL   6823  
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The effect of temperature and relative humidity are also considered in the failure rate. Here 

the reference temperature is 25oC (298 K), and the reference humidity is 65%. Considering the 

mean ambient temperature of 35oC (308 K) and relative humidity of 85%, Ea = 0.8 eV and using 

previous equations (4.17) and (4.18), the failure rate can be estimated as follows: 

𝑓 = 𝑓0 × 𝑒
−
𝐸𝑎
𝐾
(
1
𝑇
−
1
𝑇0
)
= 𝑓0 × 𝑒

−
0.8×1.6×10−19

1.38×10−23
(
1
308

−
1
298

)
= 2.748𝑓0 

𝑓1 = 𝑓0 × (
𝑅𝐻1
𝑅𝐻2

)
𝑛

= (
0.85

0.65
)
2.7

= 2.06 

After considering the temperature and humidity, the failure rate increased by a factor of 

2.748 × 2.06 = 5.66 

The failure rate of new the BVR is now 

𝑓 = 5.66 × 6823 = 38618 

Mishra and Joshi [8] also applied the derating effect to both system-level and model-level 

redundancy in order to obtain the least possible failure rate. Derating here includes derating all 

components by 50% (i.e., double the voltage, current, and power rating), which increases their 

lives by a factor of 30. The fifth power law, or Arrhenius principle, states that the life of 

components is approximately inversely proportional to the fifth power of the stress. This yields a 

decrease in the failure rate of resistance, capacitors, switch, and terminal points, as shown 

previously in Table 6.2, at a mean temperature and mean relative humidity, by a factor of 5.65:  

𝑓𝑎 =
800 + 430 + 1276 + 17 + 600

5.65
=
3123

5.65
= 553 

Similarly, for semiconductors (integrated circuits, transistors, diodes, and MOSFET), life 

depends upon junction temperature. At an ambient temperature of 25oC, reducing the power level 

by 50% will reduce the junction temperature to 50o C from 100o C. The failure rate is reduced by 

the following expression using previous equation (4.17): 
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𝑓 = 𝑓0 × 𝑒
−
𝐸𝑎
𝐾
(
1
𝑇
−
1
𝑇0
)
= 𝑓0 × 𝑒

−
0.8×1.6×10−19

1.38×10−23
(
1
373

−
1
323

)
= 47 𝑓0 

𝑓𝑏 =
(1344 + 441 + 495 + 120) × 5.66

47
=
13584

47
= 289 

The failure rate of the new solder point will also decrease, at least by the fifth power law: 

𝑓𝑐 =
1300

5.65
= 230 

The overall failure rate becomes: 𝑓 = 𝑓𝑎 + 𝑓𝑏 + 𝑓𝑐 = 553 + 289 + 230 = 1072 

The stand-by redundancy at the block level will reduce the failure rate by 34 times:  

𝜆𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑏𝑎𝑛𝑘 =
1072

2(𝑠𝑡𝑎𝑛𝑑 − 𝑏𝑦) × 7(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑜𝑐𝑘𝑠) × 2(𝑚𝑜𝑑𝑢𝑙𝑒 𝑑𝑢𝑝𝑙𝑖𝑐𝑎𝑖𝑡𝑜𝑛)
= 38.5 

For the module-level stand-by redundancy, the failure rate is 98.5 per 109 hours. This is equivalent 

to 8.6285 × 10-4 failures/year. The failure rate for different modes is summarized on Table 6.3. 

The probability of success 𝑃(𝑠) =  𝑒−𝜆𝑡 = 𝑒−8.6285×10−4×𝑡 

Reliability of the charge controller is shown in Figure 6.4 

TABLE 6.3 

PROBABILITY OF SUCCESS OF CHARGE CONTROLLER FOR DIFFERENT CRITERIA 

Sn Methods Failures per 
109 hr 

𝑷(𝒔) =  𝒆−𝝀𝒕 
t = 5 yr       t = 10 yr 

1 Reduction of Components 115605 0.06 0.04 

2 Screening 38618 18.42 3.4 

3 Derating 1072 95.41 91.04 

4 Redundancy 536 97.68 95.41 

5 Module-Level Stand-By Redundancy 38.5 99.83 99.66 
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Figure 6.4. Reliability of Charge Controller 

6.3.3  Battery Reliability Estimation 

Reliability of the battery bank depends upon two factors: DOD and time interval between 

two consecutive discharges. In the design in this research, the battery is modelled with a 

70% DOD. In order to calculate the average time between two consecutive discharges, normally 

the autonomy day and days required to charge the battery fully are added. In this critically designed 

PV system, the battery is designed to accommodate 4 non-sunshine days, and on average, it takes 

another 3.15 days to replenish the energy. This assumption provides the critical time interval 

between two consecutive deep discharges as 7.15 days. However, through previous analysis of 

annual data, it was found that the battery with a capacity 216 KWhr discharged a total of 6844.1 

KWhr in one year’s time. This means that by looking at the battery’s total capacity, the load will 

make only 31.68 deep discharges in a year, which on average means 11.52 days for the time 

interval between two consecutive discharge.  
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The life cycle of a battery depends upon the depth of discharge. The curve in Figure 6.5 

shows the life cycle with DOD for different commercial batteries. Similarly, Figure 6.6 shows the 

expected life cycle versus DOD for a lead-acid battery, which is commonly used in a PV system.  

 

Figure 6.5. Life Cycle with DOD for Different Batteries [14]  

 

Figure 6.6. Expected Life Cycle vs. DOD of Lead-Acid Battery [15] 
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Looking at the actual discharge pattern of the battery for a year, shown previously in  Figure 

6.1, the battery has a higher discharge during the three winter months of December, January, and 

February, and it has a comparatively much lower discharge during the other months. If the 

maximum DOD is allowed up to 47.5% during winter and 14% during the rest of the year, then 

the weighted average DOD for the battery will be 

𝐷𝑂𝐷 = 
47.5 × 3 + 14 × 9

12
= 22.38 

Therefore, the life of the battery is 3000 cycles × 11.52 days = 34,560 days, and the failure of 

battery per year is 𝜆 = 365

34560
= 0.01056 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠/𝑦𝑒𝑎𝑟 

The energy storage of a battery is divided into three main sections: empty zone, available 

energy, and rock content or unusable part [16], as shown in Figure 6.7.  

 

Figure 6.7. Battery Energy Storage with Degradation and Aging 

The empty zone can be refilled by charging the battery, the available energy is that which is 

available from the battery to discharge, and the unusable part is rock content, which no longer 

stores energy. This rocky part of the battery become inactive and decreases the overall capacity of 

battery. Because there is less area to fill, the charging time of battery will shorten. This part 
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increases because of the aging effect. The capacity decreases, even with deep discharge stresses of 

the battery. Therefore, the battery should have more partial discharge than deep discharge. 

Along with the failure rate of the battery, component degradation also occurs in the battery. 

As time passes, the battery will lose its capacity by a certain factor. The battery capacity factor 

varies with equation (6.1): 

𝐶𝑠𝑡 = 𝐶𝑠 (1 −
0.1

0.7
) 𝑡 (6.1) 

where t is the time in years. Regardless of whether the battery is being used or not, its capacity 

will reduce with time. Most research shows that if the battery is kept fully charged for a year, its 

capacity will still drop down by more than around 10% of its original capacity. This capacity-loss 

factor may not occur during the summer, but during the winter, the DOD is comparatively high for 

the battery. Therefore, this aging effect will affect the winter time operation after a few years of 

installation. This type of component degradation time to failure is estimated with the Weibull 

distribution [10].  

Considering the capacity loss factor of the battery in each year and recalculating the failure 

rate year by year, the results are summarized in Table 6.4.  

TABLE 6.4 

FAILURE RATE OF PV SYSTEM WITH INCREASING YEARS 

Time 
(year) 

Battery Full 
Capacity 
(KWhr) 

Weighted 
DOD 

Cumulative 
Number of 

Cycles 

Consecutive 
Days for 

Discharge 

Failure Rate 
𝝀 (failures/year) 

0 216 22.38 3000 11.52 0.0106 

1 183.6 26.87 2500 – 32 = 2468 9.79 0.0151 

2 153.36 31.82 2000 – 70 = 1930 8.17 0.0231 

3 123.12 40.38 1475 – 115 = 1360 6.56 0.0409 
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We can compare this behavior in a Weibull failure rate linear function. Since the battery life is 

short, the Weibull distribution is used to model the failure rate of the first few years of the battery. 

The linear function of previous equation (4.16) is used to determine the scale and shape parameters 

of the Weibull distribution:  

ln(𝜆(𝑡))⏟    
𝑦

=  (𝛽 − 1)⏟    
𝑚

ln(𝑡)⏟
𝑥

+ ln(𝛽) − ln(𝛼𝛽)⏟          
𝑐

 

The linear parameters obtained each year of battery performance are listed in Table 6.5. 

TABLE 6.5 

LINEAR PARAMETERS OF WEIBULL DISTRIBTUION FOR BATTERY 

Time (year) X = ln(t) Y = ln(𝝀(t)) 

1 0 -4.1930 

2 0.693 -3.7679 

3 1.0986 -3.1966 
 
Using these x and y values, the slope (m) and y intercept (c) of the function can be determined as  

Slope 𝑚 =
𝑦2−𝑦1

𝑥2−𝑥1
=
−3.1966+4.1930

1.0986−0
= 0.9069 ⇒(𝛽 − 1) = 0.9069 ⇒ 𝛽 = 1.9069 

𝑐 = 𝑦 −𝑚𝑥 =  −4.1930 − 1.9069 ∗ 0 = −4.1930 

⇒ ln(𝛽) − ln(𝛼𝛽) = −4.1930 

⇒ ln(1.9069) − ln(𝛼1.9069) = −4.1930 

 α = 12.646  

The failure rate in the Weibull distribution is calculated using previous equation (4.15): 

𝜆(𝑡) =
𝛽𝑡𝛽−1

𝛼𝛽
=
1.9069 × 𝑡1.9069−1

(12.646)1.9069
= 0.0151𝑡0.9069 = 0.0151 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠/𝑦𝑒𝑎𝑟 

Using previous equation (4.13), the probability of success is calculated as 

𝑅(𝑡) = 𝑒
−(
𝑡𝛽

𝛼𝛽
)
= 𝑒

−(
𝑡1.9069

12.6461.9069
)
= 𝑒−0.00792𝑡

1.9069
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Using the reliability equation, the probability of success for the battery is plotted in Figure 6.8. 

This may not be enough to describe the reliability of the battery. The battery is considered a failure 

if it is not able to store enough energy for an autonomous period of time. 

 

Figure 6.8. Reliability of Battery 

6.3.4  Inverter Reliability Estimation 

The failure rate of the inverter is calculated by summing the failure rate of each electronics 

component used in the inverter. The designed inverter has a similar circuit as shown previously in 

Figure 5.3. The table in the Appendix shows the total failure of first multistring inverter when 𝜋𝑄 

(quality factor) is low at 18.66 failures/106 hours (0.1634 failures/year). The reciprocal of this 

gives the mean time between failures, which is equivalent to 53,590 hours (6.11 years). Since 

components in the inverter have a constant failure rate, the exponential function can be used to 

predict the reliability of the inverter. The probability of the inverter not failing until time t in years 

is expressed as  

Probability of Success = 𝑝(𝑡) = 𝑒−0.1634𝑡 

The reliability of the inverter will be an exponential function, as shown in Figure 6.9. 
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Figure 6.9. Reliability of Inverter 

 
6.3.5 Wiring Reliability Estimation 

The scale parameter (𝜆) of the exponential distribution function for wiring is 0.002 for a 

stand-alone PV system [10]:  

𝑝(𝑡) = 𝑒−𝜆𝑡 = 𝑒−0.002𝑡 

With this failure rate value, the reliability of wiring is shown in Figure 6.10. 

 

Figure 6.10. Reliability of Wiring 
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6.3.6  Overall Reliability of PV System 

The overall failure rate of the system is the sum of the failure rate of the individual 

components. The overall reliability of the system can also be calculated by multiplying the 

reliability of each component. The reliability of source, generator, charge controller, and wiring 

together are higher and can be negligible compared to the reliability of the battery and inverter. 

Figure 6.11 show the overall reliability of a stand-alone PV system.  

 

Figure 6.11. Overall Reliability of Stand-Alone PV System 

6.4  Maintenance and Repair Time 

The failure rate and probability of success of the stand-along PV system is not enough to 

describe the reliability of any system. The failure rate along with repair time and maintenance 

gives the exact estimation of system reliability. In the PV system, the repair time is very difficult 

to estimate. Particularly in the case of rural electrification, the availability of spare parts and 

manpower to repair and maintain the faulty parts are not known. Sometimes, it may be too 

expensive, and transportation may be complicated. Therefore, depending upon the place and 

situation, the repair time and rate may vary. If spare parts are available, then the maintenance time 

is very short and the effect on energy supply is not considerable. The energy supply will get 

interrupted after each failure until repairing is done. Maintenance time differs from a few hours to 
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a week or sometime several weeks, depending upon the situation. Different maintenance scenarios, 

their associated mean down time (MDT), and the availability associated with them is listed in 

Table 6.6. From previous equation (4.7), the probability of residing in an operating state even if 

the maintenance time is different can be calculated as 

𝐴𝑓𝑎𝑖𝑙𝑢𝑟𝑒 =
𝑀𝐷𝑇

𝑀𝑈𝑇 +𝑀𝐷𝑇
 

TABLE 6.6 

MEAN DOWN TIME DURING MAINTAINANCE 

Maintenance Scenario MDT Afailure 

1 hour 1/8760 0.9999 

1 day 1/365 0.9972 

1 week 7/365 0.9808 

1 month 30/365 0.9178 
 

The available values seem to be very optimistic even for a long repair time of one week or 

a month. On average, considering three days of repair time for all components of the PV system, 

the outage time estimation for the first year is shown in Table 6.7.  

The failure rate of the generator and battery follow a Weibull distribution, meaning that the 

failure rate will not be the same for the rest of the year. An increase in the failure rate will increase 

the outage time each year. The average total outage time in each year has been calculated and is 

shown in Table 6.8. Because of the loss in battery capacity over time, the battery will not be able 

to support all the load after completion of the fourth year. Therefore, the recommendation is to 

replace the battery after the fourth or fifth year, according to the requirements of the customer. For 

the stand-alone house, the outage caused during battery replacement can be considered as 

negligible, since it is planned by the owners themselves. 
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TABLE 6.7 

ANNUAL OUTAGE TIME FOR FIRST YEAR 

Component Failure Rate Repair Time  
(days) 

Average Annual Outage Time  
(hours) 

Insufficient Source 
Capacity – – 1 

Insufficient Battery 
Capacity – – 0 

Generator 0.0002t 3 0.0144 

Controller 0.00086 3 0.0619 

Battery 0.0151× t0.9069 3 1.0872 

Inverter 0.01866 3 1.3435 

Wiring 0.0002 3 0.0144 

TOTAL   3.5215 
 

TABLE 6.8 

AVERAGE OUTAGE AT END OF EACH YEAR WITHOUT RELPACING BATTERY 

Year Number of 
Failures 

Average Energy 
Not Served Time  

(Hours) 

Insufficient Battery 
Capacity if Not Replaced  

(Hours) 

Total Outage in 
Year  

(Hours) 
1 0.0350 3.5215 0 3.5215 

2 0.0484 4.4873 0 4.4873 

3 0.0612 5.4075 0 5.4075 

4 0.0736 6.2997 0 6.2997 

5 0.0857 7.1714 6 13.1714 

6 0.0976 8.0272 52 60.0272 

7 0.1093 8.8700 191 199.87 

8 0.1209 9.7018 5153 5162.7018 

9 0.1323 10.5241 5153 5163.5241 

10 0.1436 11.3381 5153 5164.3381 
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6.5  Reliability of Grid-Connected House 

The reliability of a house connected to a grid depends upon the reliability of the entire 

functional zone of generation, transmission, and distribution. Each system has a different 

subsystem and different types of connections. Considering an individual house, the failure of 

certain things within its functional zone may or may not affect its power supply. Failure and fault 

on certain nodes of a distribution system will cut off the power beyond that node. But because of 

different protection systems installed on a system, the load before that failure node will still be 

supplied electricity. For a number of reasons, the reliability of each house connected to the grid 

will not be exactly the same as every other house in the grid. Reliability indices with an overall or 

average value for all customers connected to grid electricity were used in the estimations in this 

research. According to the summary of utility reported data, the average SAIDI of the U.S. is 244 

minutes (4.067 hours), the average SAIFI of the U.S. is 1.49, and the average momentary average 

interruption frequency index (MAIFI) of the U.S. is 6.55 [17]. Figure 6.12 plots the average annual 

outage of a stand-alone PV system with the annual average SAIDI of a grid-connected house, and 

follows a sawtooth curve because of the replacement of battery at every fourth year of installation. 

 
Figure 6.12. Comparison of Grid-Connected and Stand-Alone PV Generator Houses  
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CHAPTER 7 

CONCLUSION 

The research and calculations in this research focused on estimating the size and reliability 

of a stand-alone photovoltaic-generated house. This house has a battery for storage and is not 

connected with any other sources of energy. The results obtained were compared with the 

reliability of a house connected to a grid.  

The reliability of any renewable sources of electricity generation is comparatively lower 

than that of conventional sources of energy. Renewable energy sources require almost the same 

amount of reserve energy that is equal to their capacity. This is also true for PV generation. It 

appears that when trying to supply electricity to a house with a stand-alone PV generator, it is not 

possible to maintain the same reliability as with a grid-connected house. But considering a number 

of things during the design of the system and the choice of equipment can improve the reliability 

of the PV system. The PV size and storage size mainly determine the reliability. If the PV size is 

large enough to supply the load for an entire year and if the battery size is large enough to support 

the load during a possible autonomy period, then the failure of the PV system will only be due to 

equipment failure. Also, regular maintenance, regular cleaning of the solar panels, timely 

replacement of the battery, having other spare parts readily available during the time of a fault, 

and knowledge about a possible fault that might occur on the equipment may highly improve the 

reliability of a stand-alone PV system. The reliability of a grid-connected house is not in the control 

of the individual customer, but the reliability of a stand-alone PV-generated house can be 

controlled by its owner. 
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If the battery is changed within the four-year interval and if any other fault can be repaired 

or replaced within a three-day period, then the annual average outage of a grid-connected house 

and a stand-alone PV-generated house becomes equal. Therefore, it can be said that the reliability 

of a PV system, on average, is almost equal to the reliability of a grid-connected house.  

If the house is in a remote location and if the house needs to be connected to an individual 

long-distance distribution cable, then because of the failure rate of the cable, the stand-alone house 

may have a better reliability. The exact value depends upon how far away the house is located in 

the rural area. If the cable used has a failure rate of 0.065 failures/KM/year with a maintenance 

time of one day, then the interruption of 0.065 days/Km will be added to the interruption time 

obtained from the SAIFI value. As the distance increases, the interruption time will also increase, 

and the system reliability will decrease. 
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CHAPTER 8 

FUTURE RESEARCH 

The dependability analysis of stand-alone PV generation is researched in this paper. The 

system dependability analysis, technical dependability analysis, and failure and maintenance time 

are discussed. Some of the components were modified and used to improve reliability. The PV 

generator and battery size were designed to be very large in order to make a house independent of 

any other sources of energy. Future work might include the design of better reliable components 

for this system. Sometimes the modification may be insignificant in terms of reliability compared 

to the increase in cost. Therefore, a complete economic analysis would be important future work 

in this area.  

The material and labor cost will vary according to country, place, market, company, and 

time. If the number of houses depending on a PV system increase, then the components will 

become more easily available and cheaper. However, an economic analysis based on current prices 

is essential. Components used during a new installation have their own cost, and transportation, 

installation, and labor costs must also be considered. Also, the battery replacement within a few 

years has its own cost. Maintenance costs also need to be more precisely estimated. The annual 

benefits relative to the amount paid for electricity of a stand-alone PV-generated house could be 

the same as for a grid-connected house. In the case of rural electrification, the cost of additional 

distribution wire could be added to the benefits. 

After calculating the overall cost of this project, overall annual maintenance cost, and 

annual benefits, then the payback period and salvage value after the payback period can be 

approximated. A cash flow analysis with relevant interest rate would help to determine the exact 
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payback period. After all, if the benefits-cost ratio is greater than 1, then the project is considered 

to be feasible. 
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