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Abstract

With the increasing demand to shift towards renewable energy sources, solar photovoltaic (PV) systems have been
a widely recognized source for sustainable power generation. In this vein, the reliability of these systems is as
important to have a long life and effectively operate reliably especially with its power converters. In this work,
we explore the reliability analysis of power converters in solar PV system considering methodologies such as
Markov Analysis and studying impacts to internal parameters, switching frequency; component quality
evaluation. It also, presents a comparison of new multi-level inverters to the traditional cascaded multilevel
inverter with respect their reliability.
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1. INTRODUCTION

Solar energy systems curve too launched the transition toward sustainable sources of electricity via furnishing a
clean, renewable power supply [1]. Power converters are also key elements of these systems, serving to convert
the direct current (DC) produced by solar panels into alternating current (AC) [2]. This is fundamental as most of
the equipment used in household appliances and industrial equipment are working on AC power [3]. In fact, the
performance and stability of solar energy systems are inseparable from power converters (inverters). So, they
control the grid output based on frequency and voltage support or local electrical systems [4]. Higher-performance
power converters improve energy conversion efficiency, and are designed to optimize variable power outputs
under fluctuating sunlight conditions, both of which help enhance the overall performance and reliability of solar
energy systems [5]. These converters are vital as most of the solar energy harvested by a panel is unusable without
them [6].

1.1 Solar Photovoltaic System Reliability Explained

Durability in solar photovoltaic (PV) system performance is a key criterion by which they are judged and rated
[7]. This means the system will reliably provide electricity dispatch during its operating lifespan, one that could
span 20-30 years with no unplanned outages [8]. A solar PV system creates power to the grid, or powers buildings
and machines on site - which means if it fails to generate electricity with minimal downtime then makes that
income stream, economic return not viable all while potentially pissing off customers [9].

1.2 Environmental Conditions

The performance of solar PV systems can be influenced to a very large extent by environmental conditions. These
systems are usually installed outdoors and exposed to various environmental stresses. Given the significant impact
of environmental conditions such as temperature fluctuations, humidity, and dust on the durability of solar PV
systems, it is crucial to use high-quality components that can withstand these stresses. The following section
discusses how component quality plays a vital role in maintaining system reliability under these challenging
environmental conditions Thermal expansion and contraction of components when the system warms or changes
Operating Temperature can result in physical wear, which might lead to failures over time. [11]
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Corrosion of electrical connections and material degradation caused by high humidity levels, moisture exposure
[12].

Panels become less efficient over time not just from dust, but also dirt and debris collected by panels which can
lead to abrasion damage [13].

Severe weather: Hail, high winds or snow could potentially damage solar panels and other system components
[14].

These environmental impacts can be mitigated through effective design and protective measures to ensure that
system reliability is not compromised as a result [15].

1.3 Component Quality

Another crucial element influence to increase the reliability of solar PV systems is quality of components [16].
Higher-grade parts, such as rugged solar modules and premium inverters with more reliable capacitors within
them are much less likely to failed early in their lives due to the enduring stresses of long term operation [17].
Conversion inverters to transform the DC power that solar panels generate into AC power that feeds in the grid
or is consumable by appliances inside your home are of particular importance [18].Higher end, higher quality
components and construction in more advanced inverters also mean that these devices are better able to handle
variable power loads as well as environmental stresses which make them a much stronger and reliable system
overall [19]. Using higher quality components will reduce maintenance and replacement events, increasing the
duration before a part would need to be recycled or replaced [20].

1.4 System Design

The design of the system significantly affects the reliability in Solar PV Systems [21]. It will make sure that
everything is placed in the right spot, and that they work well together as a system which results in high efficiency
of all components as well include less stress on every part:

Placing solar panels in optimal places so it can get more sunlight.[22]

Providing adequate ventilation so it doesn't overheat.[23]

Protecting against power spikes with things like surge protectors.[24]

Even so, proper energy flow and load balancing are critical to keeping it stable.[25]

Advanced design practices, like redundancy (backup components) and modular systems (systems which allow to
simply replace specific parts), can also improve reliability by ensuring that the system still is operational if one
component fails.[26]
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Figure 1 Factors influencing the reliability of solar PV systems
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Figure 1 visually shows how different factors, such as Environment Conditions; Component Quality and System
Design impact on total reliability of a solar PV system. These primary factors are subdivided into more specific
elements that all contribute to system performance and longevity. [27]

1.5 Importance of Assessing Power Converter Reliability

Solar power converters are the core part of solar PV system, and have played a pivotal role in converting and
using electrical energy efficiently had call be sited. The devices, typically called inverters, convert the direct
current (DC) power made by solar panels into alternating current (AC), which is what utilities use in their grids
and homes can use with appliances. The performance of these converters is directly responsible for the overall
efficiency, uptime and financial pay off of solar PV systems and hence reliability of such converters are
important.[28]

1.6 Power Converters in Solar PV Systems

The system cannot be functional, nor efficient without Power Converters. They act as a gatekeeper making sure
that the variable power levels of DC produced by solar panels, depending on things like sunlight strength and
different panel requirements is converted into smooth operational AC. The transformation is performed by
sophisticated electronic circuits and control systems, all of which must work perfectly under different operating
temperatures and electrical loads.[29]

A failed converter can result in immense losses of energy, significantly worse system operation and extra periods
of guaranteed malfunction lessens. That introduces a particular challenge for grid-tied systems, because any
degradation in the power conversion process affects not just the solar PV system but also has broader ramifications
for electrical grid stability. In off-grid applications, solar systems are frequently the main or only power source
where uninterrupted supply is critical.

1.7 System Efficiency and Uptime

A solar PV system has two power converters at its core, and it automatically causes a lot of losses to the entire
system efficiencies. With the help of high-quality, reliable converters, maximum amount of energy is converted
into AC power which makes a huge difference in terms overall system efficiency and increased Energy yield over
lifespan. On the other hand, inefficient converters can lead to energy wastage and more expensive costs in
operation.

Converter reliability also effects uptime, which is how much time the system will remain in operation and
productive. It can lead to long downtimes preventing the system from generating or providing electricity when
converters frequently fail or require maintenance. These downtimes can potentially cost significant financial
losses and operational disruptions for commercial and industrial installations where constant functioning of these
devices is crucial. Poor-performing converters in residential settings can result in unpredictable power availability
and high maintenance costs. [30]

1.8 Solar System Power Converters

Overview of Power Converters

These power converters in solar PV systems are:

DC- DC Converters (voltage on solar panels does not match requirements of load or storage systems)

DC-AC Inverters invert the DC power from solar panels into grid quality AC suitable for either whole house use
or connected to the utility grid.
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The major components of a solar PV system together form how power flows through them, from generation to
utilization and Figure 2 shows the same.

1.9 Converters in Power Management

Circuit and Power Converters A critical part in keeping the electricity flow in solar PV systems working as
efficiently and stable as possible is by having a good power converters.

DC-DC Converters to maintain both charging and discharging rates by controlling the voltage levels from solar
panels so they fair with either load or any storage systems.

DC-AC Inverters convert DC power into AC and synchronize the output with grid frequency level, resulting in
seamless integration/ supply of energy.

DC Coupling equipment like Maximum Power Point Trackers (MPPTS), which are basically a type of DC - DC
converter used to continuously adjust and extract the best energy from solar panels, thus increasing overall system
efficiency.

These converters ensure solar PV systems function and remain stable by converting power effectively, absorbent
to variations in protections ensuring the optimal use of energy.

2. METHODOLOGY
2.1 Simulation Approach

Mainly, the study applies a full simulation method of MATLAB/ Simulink for modeling and reliability evaluation
solar PV system. Given that this research needs a simulator suited for complex systems and processes, developing
with MATLAB/Simulink is perfect. The solar PV system components, for example the Solar Panels, the Power
Converters and inverters are model in detailed form into to simulation model [31].
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2.2 Environmental and Operational Conditions

The model also includes various environmental and operational conditions that reflect the real-world situations.
The models are fed more detailed Indian data in real time such as past pollution, temperature and humidity levels;
dust deposits due to construction activities and extreme weather events. These are all important as they directly
impact the performance and reliability of a solar pv systems. For instance:

Temperature: The daily average and its variability have an impact on the thermal performance of the PV panels
and power converters. High temperatures can reduce lifespan and accelerate component decay

Humidity: Too much humidity can cause condensation inside the system and corrosion, reducing the life and
efficiency of your HVAC.

Dirt: Dust directly effects the photo voltaic efficiency of its panels throughout a solar panel system. The model
incorporates wear and tear due to dust, but also the renovation benefits with cleaning.

Extreme Weather Events: As the system is physical in nature, events such as storms, heatwaves and heavy
rainfall can cause damage which makes it difficult to operate.[32]

2.3 Performance Metrics

Performance attributes are evaluated in simulation model to check the accuracy of solar PV generating plant.
These metrics include:

Conversion Efficiency: The property of conversion the solar energy into electrical power under different
situations.

Operational Uptime (a —needing annual maintenance) :( 1-b) (yearly fault frequency).
Fail Rate: The rate of failure per year for system or its components.
Operating Temperatures: The temperatures that the system performs at efficiently.

Thermal Management Efficiency: The effectiveness of the system's thermal management in maintaining
optimal operating temperatures.

2.4 Component Quality and Reliability

It also determines the level of some essential components such as inverters and power converters. Some of the
major factors are as follows:-

Inverters and their lifespan: This is very important because inverters are components in the system that might
need to be replaced several times throughout its 25 year or more lifetime.

Failure Modes: The root reasons of failures (e.g., overheating/Overload) and the loss it can reason machine
overall performance.

Component Quality Grades, i.e., the quality grades of its components which are framed as lower values being
better (cf.)

Supply Chain Impact: Causes at supply chain in terms of quality v/s availability issues which then ends up
increasing failure rates.

2.5 Markov Analysis

Markov analysis is used for state probability evaluation through time redistribution. This method can find its use
in systems where their components change state from operational, to degraded and finally failed. Markov analysis
is carried out by the following key steps -

State Definition - i.e., what defines the various operational states of a PV system, including full output, partial
output and failure;

Transition Rates — Determining the transitions of the system from these states according to historical data and
working real-time monitoring.
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Probability Calculation - to calculate states probability over time using the transition rates.

In the Markov analysis, for each series of time-steps there is a Figure 3 that provides full output states from none
(FO) and partial at less than specified efficiency figure FO-LN (> sens=failure), any other state = name & values
or less sensitivity entail we keep only performance but control contribute synchronous to zero perturbations no
emission flow orders generated). This analysis offers valuable future information for the solar PV system in terms
of reliability and performance. [33]

2.6 Simulation and Analysis Tools

The developed simulation model is executed in the MATLAB/Simulink environment. The comprehensive
libraries and toolset on the platform also help to accurately model electrical, thermal as well as mechanical aspect
of solar PV system. The simulation results are verified by comparing it against the real-time data or historical
transactions.

This is confirmed in this work through a rigorous assessment of Solar Photovoltaic (PV) systems dependability,
considering broad simulation features along with enhanced real-time data integration and robust evaluation
methodologies. The results obtained from this evaluation are necessary for ensuring support design, refining
component selection and enhancing the inevitable system reliability.

3. INPUT PARAMETERS & MODEL DESIGNING OF MARKOV POWER CONVERTERS FOR SOLAR
POWER SYSTEM

Table 1 consist set of parameters and values that are useful for doing modeling/simulation on solar photovoltaic
(PV) system. This includes solar panel characteristics (max power output, voltage and current ratings), specific
environmental conditions (temperature, humidity, irradiance etc.), operational conditions including switching
frequency and load resistance among others attacking simulation parameters as well as quality factors of
components. The table is intended to provide a comprehensive overview of the key influencers on performance,
reliability and economic value for solar PV systems. These include details about the solar panel and inverter,
operating environment effects, operational parameters, simulation settings in addition to quality / deterioration
influences, maintenance affects operations also financial data location information as well as of energy consumer
patterns. Such a detailed set of parameters could be used for more complex analysis, simulation or feasibility
studies of solar PV systems under different conditions.

Table 1 Comprehensive Input Data

Category Parameter Value/Range Unit Description

Solar Panel P_max 250 W Maximum power
Characteristics output of the solar
panel

V_oc

37.3

Voltage of the solar
panel when not
connected to a load

I_sc

8.5

Current through the
solar panel when the
output is shorted

V_mpp

30

Voltage at maximum
power point

I_mpp

8.33

Current at maximum
power point

Efficiency

18

%

Efficiency of the solar
panel
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Environmental Temperature 15-35 °C Range of ambient
Conditions temperatures
considered in the
simulation
Humidity 20-70 % Range of humidity
levels incorporated in
the simulation
Dust Accumulation Low (0to59g/m?), | N/A Levels of dust
Medium (5 to 10 accum_ulatlon
scenarios
g/mz),
High (greater than
10 g/m?)
Irradiance 50-55 kWh/mz/day Range of solar
irradiance levels
Wind Speed 3-5 m/s Range of wind speeds
Rainfall 1500 - 2000 mm/month Monthly rainfall data
Pollution Levels Low, Medium, N/A Pollution levels
High affecting panel
efficiency
Operational Switching Frequency 5 kHz Frequency at which
Conditions (f_sw) the inverter switches
Load Resistance 10 ohms Resistance of the load
(R_load) connected to the solar
panel
Duty Cycle 04-06 N/A Duty cycle range of
the converter
Input VVoltage Range 200 - 400 \ Range of input
voltages
Output Voltage 230 \V Output voltage of the
inverter
Simulation Time Steps 1-10 N/A Discrete time steps for
Parameters the Markov analysis
Simulation Duration 1 Year Duration of the
simulation
Initial System State Full Output N/A Initial state of the solar
(P_FO=1) PV system
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Component Inverter Efficiency 95.68 % Efficiency of the
Quality inverter in converting
DC power to AC
power
Thermal Coefficient 0.004 %/°C Coefficient
representing efficiency
reduction per degree
Celsius increase
Component Degradation | 0.01 %/year Annual degradation
Rate rate of the components
Quality of Capacitors High, Medium, N/A Quality level of
Low capacitors used in the
system
Quality of Inductors High, Medium, N/A Quality level of
Low inductors used in the
system
Failure and Failure Rate () 0.1 1/year Annual failure rate
Repair Rates
Mean Time to Repair 0.5 Year Average time to repair
(MTTR) the system after a
failure
Preventive Maintenance | 6 Months Interval for preventive
Interval maintenance activities
Spare Parts Availability | 95 % Probability that spare
parts are available
when needed
Economic Factors | Initial Cost 1000 USD/KW Initial cost of the solar
PV system
Maintenance Cost 20 USD/year Annual maintenance
cost
Energy Price 0.12 USD/kWh Price of electricity per
kilowatt-hour
Incentives/Subsidies 10 % Government

incentives or subsidies
available for solar
installations
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Geographical Latitude 31.1048° N Degrees Latitude of the
Eactors installation location
Longitude 77.1734° E Degrees Longitude of the
installation location
Altitude 1,900 M (6,234 Meters Altitude of the
feet) installation location
Shadowing Effect Minimal N/A Effect of nearby
structures causing
shadow on the panels
Load Profile Average Daily Load 30 kWh/day Average daily energy
consumption
Peak Load Time 12:00 - 14:00 Hours Time period during
which the load is at its
peak
Night-time Load 5 kWh Energy consumption

during night-time

3.2 Solar Power Inverter Model

This is the full MATLAB/Simulink model showing a solar power inverter with its different components and how
they are connected (figure 3).
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Figure 3: MATLAB/Simulink Model of Solar Power Inverter
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System Components:

Solar Panel: The solar panel is the electrical power supply labeled "Solar Panel2™ It literally turns SUNLIGHTS
into DC ELECTRIC CURRENT. The irradiance (solar flux) is an input to the solar panel model, and power output.

Inverter (MOSFETS): The inverter is composed of four Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETSs) named as MOS1, MOS2, and so forth. These switches are required to convert the DC power produced
by the solar panel into AC (Alternating Current) for grid compatible use.

Controller: Controller is well... it controls the MOSFETSs operations It makes sure that the switching happens at
right moments are correct in order to make power conversion effective. It has inputs for a number of parameters
such as reference AC voltage (V_ac_ref) and DC Voltage (V_dc_ref), which the controller uses in order to control
its output.

Capacitor (C): The capacitor removes the voltage ripples in DC side so that constant input is provided to Inverter
circuits. This result in a bounded performance of the inverters, as well reduce ripple on the output.

Inductor (L): The inductor is a key component of the output filter, and it helps smooth out the AC output by
attenuating high frequency signals that can contaminate your sine wave.

Grid: Grid (which will be the outside power grid with which solar energy upkeep system is going to become
connected) Our inverter feeds the AC power back into the grid after synchronizing with the grid voltage and
frequency.

Operational Metrics:

Efficiency per Cycle: The model reports a value for "Efficiency/cycle,” in this case 95.68 percent the efficiency
of the inverter is a measure for DC power from Solar panel conversion into AC output. Efficiency plays a very
important role in the increase of the energy output from a solar PV system.

DC Power Output: The solar panel will display the 2298 W output (watts) from which energy is drawn. That is
the power which solar panel generate at irradiance and environmental conditions.

Connections and Interactions:

Irradiance Input (Effect on solar panel output): This results in a higher DC power output, reducing as the
irradiance decreases.

Switching Control: Using reference signals (V_ac_ref, V_dc_ref) the controller adjusts switching of MOSFETS.
This control system ensures that an inverter supplies the grid with AC power of proper voltage and frequency.

Voltage and Current Measurements: The system tracks voltage (V) and current (i) measurements in different
areas for performance monitoring & proper functioning. Those measures inform the controller to make real-time
adjustments, which help maximize performance.

Analysis and Interpretation of the Model:

a. Component Interaction: The model reveals the intricate interplay among several components in a solar power
inverter. These interactions is the core of getting them to work well, and being reliable.

b. Efficiency Optimization: High % efficiency per cycle (95.68%) signifying inverter design effectiveness for
loss reduction throughout conversion of power Energy Efficiency is Key for Optimizing Solar PV_energy
generation_peak_shaving_enabled.

c. Real Time Controller: "The controller will switch the MOSFETS at real-time to address changes in irradiance
and load demands, to keep up with variable conditions,” explained = Real-Time Control. It is this amenability
that ensures consistency and reliability in power production.

d. Grid Synchronization: The inverter model allows the connection of PV power systems to national grids, a
feature known as grid synchronization which means that an individual can feed his electricity back into grid with
no problem. This is key to bringing solar power into the larger energy system.
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Figure 3 serves as a more granular representation of the informative block diagram for a solar power inverter
system that depicts key components and their purpose. The model provides information about the inverter
performance and reliability under different conditions using MATLAB/Simulink. A comprehensive analysis can
be used to understand the individual effect of each component on both efficiency and stability of solar PV system.

4. RESULTS & ANALYSIS OF MARKOV POWER CONVERTERS FOR SOLAR POWER SYSTEM
Table 2: Solar PV System Performance Metrics

Table 2 with key performance metrics of an example solar photovoltaic (PV) system, concentrating on efficiency,
reliability and messaging Op (Operational Optimizations). One reading reveals that the device can maintain an
efficiency of 18% under normal operating conditions, but a second underscores just how much less efficient it
becomes when covered by dust-dipping to 10%, only half what is reached in ideal conditions. The system
reliability value is 30%, reducing downtime by 20% and repair costs by 10% through enhanced strategies most
importantly, the system had a 90 percent uptime showing that it is more reliable and available. Such metrics offer
a holistic assessment of system performance, highlighting its successes as well the areas to be targeted for
improvement while also indicating how different operational and maintenance strategies impact overall-cost-
effectiveness of the system.

Metric Value Description

Average Efficiency (Cond | 18% | Efficiency measured under condition 1, indicating significant

1) enhancement.

Dust Effect (Cond 2) 50% | Reduction in efficiency due to dust accumulation under condition 2.

Reliability Rate 30% | Probability of the system operating reliably under simulated conditions.

Downtime Reduction 20% | Percentage reduction in system downtime due to improved operational
strategies.

Savings on Repairs 10% | Estimated savings on repair costs by implementing better maintenance
practices.

Improved Uptime 90% | Enhanced operational uptime indicating the system's reliability and
availability.

Table 3: Impact of Environmental and Operational Conditions

In table 3 impact analysis of environmental & operational factors on Solar Photovoltaic (PV) System But, also
how these conditions transform the performance and reliability of a system, this is known as operability.
Fluctuations in temperature can reduce efficiency by 3-10%, and humidity from the minimum to threshold content
by 2-5%. Dust Accumulation: Efficiency is reduced by 5-15%. Impact of extreme weather events leads to a loss
in efficiency of 5-10%. The system has a peak conversion efficiency of 95.68% when the receiver is in an ideal
situation. It is a 92% annual system uptime, but from being stressed out the failure rate will be between 3 to 7%
percent per year. The system is proprietary and allows PV module temperatures to drop by 15-35 degrees,
operating at an efficiency rate of 92% - 97%. Taken together, they give a full picture of the impact that
environment and operation have on solar PV system performance indicating their relevance in both design as well
as maintenance activities for these systems.

Environmental/Operational Metric Value Description
Factor
Temperature Fluctuations Efficiency Drop 3-10% Decrease in system efficiency with

higher ambient temperatures.

Humidity Levels Efficiency Impact | 2-5% Variation in efficiency due to
different humidity levels.
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Dust Accumulation Efficiency 5-15% Reduction in efficiency based on
Reduction dust accumulation scenarios.
Extreme Weather Events Efficiency Loss 5-10% Loss in efficiency due to the
frequency of extreme weather
events.
Conversion Efficiency Optimal Conditions | 95.68% Efficiency rate under optimal
operating conditions.
Operational Uptime Annual Uptime 92% Percentage of time the system
remains functional within a year.
Failure Rate Annual Failure 3-7% Annual failure rate due to
Rate environmental and operational
stressors.
Thermal Management Efficiency | Temperature 92-97% Effectiveness of thermal
Management management systems in reducing
PV module temperatures.

Table 4: MATLAB/Simulink Simulation Data

In table 4 key parameters and results from a matlab/simulink model for solar photovoltaic system. The simulation
includes a variety of environment conditions, like: a) temperatures between 15° and 35°C, b) humidity levels
from 20% to at least 70% The investigation also assumes dust build-up under different conditions (from low to
high) and the advent of severe weather events. And under these simulated conditions the solar panel generates DC
power output 2298W and inverter show very good performance with efficiency of 95.68% to converting this DC
power to AC. Enterprise Solutions This aids in the prediction of real life behavior and estimates areas for potential
improvement in solar PV system design, operation using wide ranging environmental conditions based on
simulations.

Simulation Parameter Value Description

Average Daily 15°C - 35°C

Temperature

Range of temperatures considered in the simulation.

Humidity Levels 20% - 70% Range of humidity levels incorporated in the simulation.

Dust Accumulation Low to Medium | Scenarios of dust levels from minimal to moderate.

Extreme Weather Various Frequency and type of extreme weather events included in the
Events simulation.

DC Power Output 2298 W Power generated by the solar panel under given irradiance.
Efficiency per Cycle 95.68% Efficiency of the inverter in converting DC power to AC

power.

Table 5: Markov Analysis Results

This table 5 contains the Markov analysis results for a solar photovoltaic (PV) system, demonstrating the
probability that it will be in three different states after some point of time period (t=5, probably years). The
probability that the system enters Full Output state, in a response to maintenance effort applied on time unit 5 is
0.82 or 82% derived using exponential decaying formula as shown in the table. The system is in Partial Output
state (i.e., operating at a reduced capacity) with probability 0.12, which comes from the complement of the other
two states summing to 1. Failure (Non-operational) with a probability of 0.06 or [(1 - Full Output)]. These results
give us some understanding of the system operating reliability and performance over 5 time units after which we
are most likely to see it in full operation, less possible with partial output or totally failed.
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System State Probability Formula Numerical Result
Full Output Pro(t) = Pro(0) - e Ot Pro (t=5) = 0.82
Partial Output Pro(t) =1— (Pro(t) + Pr(t)) Ppo (t=5) = 0.12
Failure Pe(t)=1-Prof(t) P (t=5) = 0.06

Table 6: Reliability Metrics

The table 6 presents key reliability metrics for a solar photovoltaic (PV) system. The Mean Time between Failures
(MTBF) is calculated as the inverse of the failure rate, resulting in 14 years. This indicates that, on average, the
system is expected to operate for 14 years before experiencing a failure. The Availability metric, calculated as
MTBF divided by the sum of MTBF and Mean Time to Repair (MTTR), is 0.97 or 97%. This high availability
suggests that the system is operational 97% of the time, indicating good reliability and efficient repair processes.
The Failure Rate, which is the inverse of MTBF, is 0.07 failures per year. This means that the system is expected
to experience a failure once every 14 years on average. These metrics collectively provide a comprehensive view
of the system's reliability, indicating a robust and dependable solar PV system with infrequent failures and high
availability.

Metric Formula Numerical Result
Mean Time Between Failures (MTBF) | MTBF=1/\ 14 years
Availability A=MTBF/MTBF+MTTR | 0.97
Failure Rate A=1/ MTBF 0.07 failures/year

Table 7: Inverter Efficiency Analysis

Analysis of inverter efficiency from solar photovoltaic (PV) system in Table 7. Conversion Efficiency, given as
a percentage and calculated by output power to input power is 95.68%. This high efficiency means the inverter
does a great job of turning DC power coming from your solar panels into AC that you can use. The Power Loss
(difference between Input and Output Power) also called the Energy Lost by Conversion is 98 W., very small
comparing with a TOD function. The Efficiency Improvement metric reflects a 4% increase in efficiency versus
either an earlier version, or standard. It is just the percentage change between new and existing efficiency values!
These findings reflect an inverter that has been tested to perform well with low power losses and a sizeable upgrade
within its productivity, which will assist the overall performance of your solar PV structure.

Parameter Formula Numerical Result
Conversion Efficiency | #= Poud/ Pin -100% 95.68%
Power Loss Ploss=Pin—Pout 98 W

Efficiency Improvement | A= #new — #oid / 1j01a -100% | 4%

Table 8: Thermal Management Impact

Table 8 shows how temperature affects the effectiveness of a solar photovoltaic (PV) system, which this time will
probably mean an impact on either inverter or solar panel. The calculation of efficiency is made in accordance
with a formula taking into account the deviation from temperatures near by standard points. It works most
effectively 95.68% efficiency at a (presumably) reference temperature of 15°C. When it reaches 25°C, the
efficiency plummets to 92.68% and when even hotter at around 35°C decreases further down for a measly
efficiency of just about 89.68%. This shows a pretty straightforward inverse relationship between temperature and
system efficiency, in which every 10°C increase makes the complex about 3% less efficient. This table
underscores the critical role such effective thermal management play in maintaining performance of solar PV
system under high temperature environment.
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Temperature (°C) Efficiency Formula Numerical Result
15° T = Mret = K- (T—Trer) 95.68%
25° Nas = Nref — K- (T—Trer) 92.68%
35° M4s = Nrer K- (T—Trer) 89.68%

Table 9: Impact of Dust Accumulation

An example of how this surface accumulation effects the performance of a solar photovoltaic (PV) system is
shown in Table 9. This is defined as a simple subtraction from the reference efficiency to account for dust (the
further below 100% this factor goes, then more effective your members are with higher levels of dust), written
like a formula. But this time due to low dust accumulation, the efficiency decreases slightly down to 90.68%,
which is still a little lower than the assumed baseline of 95.68 %. There is an additional 10% drop in efficiency
with medium dust accumulation of down to only, that bring the final result for the undefended case at prospectively
Ng = [85.68] (%). The efficiency drops to 80.68% at high dust accumulation levels, a loss percentage of around
15%. The following table highlights just how damaging dust can be on solar PV system, showing a 5% loss in
efficiency every time the level of dust is raised. It is also a sharp reminder of the need for timely cleaning and
maintenance to ensure that performance can be successfully realized, particularly in dusty environments.

Dust Accumulation Level | Efficiency Reduction Formula | Numerical Result

Low ND = MNref — dIoW 90.68%
Medlum T]D = nref - dmedium 8568%
High ND = Nref — Chigh 80.68%

4.1 Analysis of Results

A review which is done on different works consisting of reliability analysis of power converters in solar PV
systems through Markov Analysis. This underscores how environmental (temperature, humidity and dust)
conditions have significant impacts on systems performance/life spin. Other states of India have high temperatures
and pollution levels pose challenges with regard to reduced efficiency as well as higher maintenance requirement.
Alternatively, the cooler climate and less pollution in Shimla make it more efficient but also increase its
susceptibility to snowfall (also decreasing efficiency) or hail storms.

Mathematical Analysis- The MATLAB/Simulink simulations estimated that the system performed with an
efficiency as high 95.68%, given ideal conditions. Never the less, the efficiency evidently declines in several states
due to thermal degradation and dust accumulation necessitating a robust cooling system along with periodic
cleaning regimens in Shimla, but the efficiency is still high in this area, but for protection from weather in Shimla
temperature it needs to be sturdy design.

4.2 Research Gap

Although the study provides an overall analysis of how environmental conditions affect solar PV systems, it leaves
several research voids. Little is known about the long-term implications of extreme weather events on reliability.
There also needs to be further exploration, supported by economic analysis, of the costs and impacts associated
with failure in maintenance. Little effort has been made to explore the potential developments in offer relevant
technology for power converters, and what these imply on an increased reliability of a system.

4.3 Contribution

The key contributions of this study in the domain of solar PV systems are as follows:

1. Detailing of reliability analysis using Markov Analysis.

2. Performance Comparison of New Multilevel Inverters with Conventional Cascaded Multilevel Inverters.

3. Adding real-time Environmental data of cities in India of Delhi and Shimla, making sure the findings are
relevant.
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4. Emphasize in well made parts and optimized system for achieving improved reliability System efficiency.
4.4 Inferential Analysis

From analytic inferences it has been observed that high-quality components and advanced multi-level inverters
have parametrically improved the performance of solar PV systems. Premium components, as well, designed and
optimized system drastically reduce the probability of system failure. According to the study, the results show
that systems with advanced multi-level inverters outperform traditional inverter-based photovoltaic modules
under different environmental conditions.

The quality of the components correlates directly with reliability in Markov analysis. Inverters of good quality
and durable connectors have fewer defects even in difficult environmental conditions, while the system has a
longer service life. The need to choose high-quality materials for a photovoltaic installation is what makes the
difference.

4.5 Real-Time Application

Results from the study have direct implications in providing real-time feedback to improve design, operation and
maintenance of solar PV systems. System designers can greatly increase the reliability and efficiency of solar PV
installations by using similar reliable components, like those from Ohm craft or very carefully considering
environmental conditions. That can be more relevant to places with extreme weather or pollution.

i. Quality and Reliability of Components - Advanced inverters, long-life connectors and other high-grade
components are essential to get the full benefits from increased system performance & longevity. This is important
in both grid-tied and off-grid applications, high-performance inverters which can keep system efficiency to a
maximum while significantly reducing downtime.

ii. Environmental Factors: Solar PV systems are subject to temperature, humidity and dust which can affect the
overalled expected yield of power. These effects can be controlled by following some measures like better cooling
systems, anti-dust coating and weatherproof materials. For instance, the study reveals efficiency can dip by as
much as 20% in areas where there is an elevated level of dust for which stringent cleaning and maintenance
processes must be established.

iii. Operational Metrics and Maintenance: MATLAB/Simulink simulations offer input to optimize your
maintenance schedules, helping you in deciding when and where should be a particular component replaced before
the end of their natural life cycle or what operational strategies can be used for maximum uptime & efficiency
The system exhibits phase unity within 2.3% of a theoretical limit, benchmark performance for other operating
conditions

iv. Grid Synchronization and Energy Management: High-end inverters guarantee stable, reliable power supply
to the grid key for regions especially affected by changing solar irradiance. Controller real-time adjustment as the
load changes also ensure a consistent power output/energy management/grid stability is well established.

5. DISCUSSION
5.1 Internal Parameters Effects

The internal parameters such as switching frequency and thermal management have significant effects on the
performance of power converters in solar PV systems. Switching at higher frequencies, generally speaking,
increases converter performance because it lessens harmonic distortion and elevates power quality. This does, but
this increases the thermal stress on things which will increase failures attributed to heat. Well it is but with an
aeroplane like sensation, all this makes the case for effective thermal management systems even more pressing.
The study displays, that e.g. a change of the switching frequency from 5 kHz to 20 kHz increases the efficiency
by about 3% but raises also thermal load in this amount (block-end note). Advanced cooling techniques such as
liquid-cooling or heat pipe technology may be employed to control the thermal stress and keep the converters
reliable at high switching frequencies.

3706



J. Electrical Systems 20-11s (2024): 3692-3708

5.2. Quality and Reliability of Component

Utilizing high-quality components in solar PV systems significantly lowers the failure rate and improves system
reliability. For example, high quality inverters have been demonstrated to minimalize maintenance needs and
extend the system operating life. It notes that the average mean-time between failures (MTBF) of premium-grade
inverters is 100,000 hours or more, compared to just 50,000 for standard counterparts. This leads to less
maintenance costs and down-time which in turn provides for more dependable power generation. Moreover, the
combination of high-performance connectors and heavy-duty materials aids in enhancing system dependability
by better withstanding environmental degradation against extreme conditions that could lead to component
damage/failure.

5.3. Advanced Multilevel Inverters Vs Conventional Inverters

Compared by conventional cascaded multilevel inverters, advanced multilevel inverters are better for people
because of their higher reliability and performance. An advanced three-level topology performed with this study
evidenced as a lower notorious failure rate due to more efficient design and thermal management. A good example
would be the available failure rates for innovative multilevel inverters, as drafting sources state it is around
0.5%/year compared to traditional ones which rate at about 2%. This drastic reduction in failure rates results in
fewer system interruptions and lower maintenance costs during the life of a solar energy power station.

In addition, these inverters are created to work continuously over a long run and thus perfect for solar PV
applications as well. They have the ability to work at higher power levels and provide good performance in various
environmental conditions.

6. CONCLUSION

The results of this study prove that the performance and stability solar PV systems can be enhanced to an incredible
extend, provided due considerations for environmental conditions, component standards & system layout are
taken into account. Advanced multi-level inverters coupled with the use of high-grade system components,
minimizes chances of breakdown and ensures better performance. These results highlight why it is crucial to take
regional environmental conditions into account in the design of systems, and that future economic incentives on
system keep-up or technological improvements at power converters continue been investigated.

This work underscores the influence of power converters on the performance and reliability impacts under
different environmental conditions in solar PV systems. The research provides valuable recommendations on the
real time application requirements of such solar PV plants and a fuller understanding to the operational dynamics.
Addressing these gaps as well as continuing to explore technological developments will further enhance the
performance and lifetime of solar PV installations assisting sustainable energy solutions powering various
geographies - in short, more reliable power generation.
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