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ABSTRACT 

 

A grid tied solar PV system can provide energy to the consumers without affecting the climate. 

Due to minimal maintenance cost and longevity of the inverters and PV panels the grid tied PV 

system makes itself attractive to the customer. In this work, we have presented the performance 

analysis of a 200kWp grid-tied photovoltaic (PV) system installed on the rooftop of the 

Bangladesh Bureau of Statistics Building in Agargaon, Dhaka. 

Real time output voltage, power, current and energy have been recorded for the month of 

December 2017. The input solar irradiance is calculated analytically to estimate the system 

efficiency. All the input and output data were collected and calculated, respectively, based on 

1-hour interval. We have observed a maximum and minimum daily energy production of 

471.9kWh and 94.5kWh respectively from the PV system. During that observation period, total 

9670.5kWh energy is delivered by the PV system. The PV modules of this PV system have 

maximum 15.4% conversion efficiency and the inverters have maximum 98% inversion 

efficiency. In that case the maximum theoretical efficiency of the system is 15.1%. 

Considering clear sky irradiance to the collector without considering the shadowing effect the 

PV system has 4.94% of monthly average overall efficiency. When we have considered the 

shadowing effect and clearness index separately, the monthly average overall efficiencies are 

5.12% and 7.13% respectively. After considering both the clearness index and shadowing 

effect the monthly average overall efficiency of the PV system is 7.50%. The PV system has 

1.75h/day of average daily final yield and 4.13h/day of average peak sun hours. Capacity factor 

of this PV system is 6.9% where it should be close to 15%. Average performance ratio is 0.42 

during the observation period, however a properly functioning PV system has a performance 

ratio from 0.6 to 0.8 depending on geographical location and time of the year. Practically it is 

possible to get a higher system efficiency from this PV system by reducing dirt loss as it 

exhibits maximum overall efficiency of 10.11% after two days of drizzle. 

After analyzing the efficiency and other parameters it can be concluded that the system 

performance is poor. We have found out that the lack of maintenance is one of the main reasons 

that reduces the efficiency of the PV system. Performance of the PV system can be improved 

by periodic cleaning of the PV panels and proper monitoring of the inverters and combiner 

boxes. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Mostly in late 20th century, questions have been raised muscularly against the harmful effects 

of traditional fossil fuel, natural gas, coal or nuclear power plants to the climate. Recently, to 

meet the excessive power demand associated with extreme industrial development, most of the 

countries are trying to increase the use of renewable and sustainable energy sources such as 

hydro power, solar PV, wind turbine, geothermal heat energy and other energy sources to 

produce electricity [1]. Solar power has the highest potentiality and solar PV can be used all 

over the world to extract electrical energy from solar energy. Global warming, limitations of 

traditional energy sources and availability of solar energy have drawn our attention to extract 

electrical energy from solar energy. Many countries already have gained grid parity on energy 

from solar PV and many other countries are pursuing solar PV a lot to reach the grid parity on 

this renewable energy source [1]. We have a large number of solar home systems and a 

significant number of mid-size solar PV plants with a capacity of roughly around 100kWp to 

500kWp. If the potentiality of those power plants has been utilized to the fullest extent then 

there will be significant energy contributions to the national grid and hence the power crisis 

will be reduced. 

 

1.2 Motivation 

From the beginning of 21st century, the use of renewable sources is increasing rapidly. The 

recently published report of National Renewable Energy Laboratory titled as “2016 Renewable 

Energy Data Book” shows that cumulative capacity of globally installed renewable electricity 

has increased by 9.1% from the year of 2006 to 2016 [2]. In 2016, 26% of total worldwide 

electricity generations has come from renewable sources and 15% of this portion has come 

from solar power [2]. 

There are a large number of mid-size and large solar PV plants that are in operation in 

Bangladesh. Bangladesh has a satisfying solar insolation and sunrise to sunset time duration 
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which is compatible for generating electricity from sunlight. Several stand-alone and grid tied 

solar PV plants are in operation in Bangladesh. According to Bangladesh Power Development 

Board an 8MWp and 3MWp grid connected PV plant, a 650kWp mini grid for remote area and 

a 30MWp solar park project are under implementation [3]. 

Bangladesh has implemented a vast amount of solar PV plants and a lot of projects are under 

pipeline. Performance of the existing PV plants need to be analyzed to ensure the optimal 

energy production as well as to determine whether the solar PV plants are operating as 

expected. 

By analyzing the performance of a solar PV system, we can determine the system efficiency 

and the causes of different losses. Once the factors of declination in energy production of a PV 

system are identified, we can take proper action to minimize the losses which will increase the 

efficiency of the PV system.  

Thus, the energy production of a PV plant can be increased, at the same time a guideline can 

be developed for other plants either already implemented or under design. 

For these reasons, we have selected to analyze the performance of a roof top fixed 200kWp 

grid tied solar PV plant located at the Bangladesh Bureau of Statistics, Agargaon, Dhaka. 

 

1.3 Literature Review 

Solar PV based power plants are among the best alternation of traditional power plants and the 

only option for remote areas where grid connection is not available or marine cable is the only 

option to supply from national grid. Therefore, the number of solar PV plants are significantly 

increasing day by day. To ensure the maximum energy production from the solar PV plant, the 

performance should be monitored and maintained so that the plant can utilize possible 

maximum energy from sunlight. 

According to the Sustainable and Renewable Energy Development Authority (SREDA), 

including off grid renewable energy based power sources, the total electricity generation of our 

county is 16,289.63MW and among this 473.63MW is generated from renewable sources, 

which is 2.91% of total generation [4]. 239.65MW power is generated by solar PV systems that 

is 50.6% of total generation from renewable sources [4]. There are 11 solar PV mini-grids in 

operation in Bangladesh and the cumulative capacity of those plants is 2.19MW [4]. A 3MW 
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solar park is also in operation [4]. A total of 26 on-grid and 36 off-grid roof top solar PV plants 

are in operation with a cumulative capacity of 13.35MW and 14.81MW respectively [4]. 

Mainly solar PV based power plants are of two types – grid-tied or on-grid and stand alone or 

off grid. Main components of a grid-tied solar PV system are obviously solar PV panels, 

Inverters, combiner box if required, and safety of protective components, such as, circuit 

breakers and fuses. To observe the performance of a plant we need to observe the real time 

input energy or solar insolation and energy generation. Subsequently we can compare the actual 

generation and the expected generation. 

Solar insolation will be calculated analytically as explained by Masters [5]. Using those 

models, we can estimate the actual input energy from sunlight to the solar PV panel considering 

the weather conditions, geographic location and time of the year. 

Bano et al. has analyzed the performance of a 1MW grid-tied solar PV plant in Jaipur, India 

[6]. In this paper the array yield, reference yield, final yield and capacity factor were determined 

[6]. To measure the system losses, array capture loss was explained as a cumulative loss of 

wiring, string diodes, low irradiance, partial shadowing, mismatching, maximum power 

tracking errors and dust loss [6]. System losses were consisting of DC to AC conversion loss 

and loss caused by passive circuit elements [6]. 

Chowdhury et al. has analyzed the performance characteristics of grid connected building 

integrated solar photovoltaic applications in Bangladesh [7]. Considering the atmospheric 

condition of Bangladesh some important factors such as partial shading effect on the PV cell, 

solar irradiance, cell temperature, ideality factor, clearness index, tilt angle, azimuth angle and 

fill factor have been focused in this report [7]. Tilt angle, azimuth angle, clearness index, 

ideality factor and shading effect have been found as the most influencing factors and also 

mentioned that power loss due to shading effect can be minimized by 15.8% using two diode 

protection schemes [7]. 

Rahman et al. have also observed the performance of a 6.08kWp grid connected solar PV 

system at Malaysian Energy Centre, Malaysia [8]. An irradiance sensor and two temperature 

sensors have been installed and externally connected to the PV system via the inverter to obtain 

the solar irradiance and to monitor the ambient temperature and module temperature profiles 

at the site [8]. Performance ratio, final yield, and system efficiency were investigated [8]. AC 

and DC power measurement were also done to calculate the inverter efficiency [8]. 
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1.4 Objectives 

The core purpose of this work is to analyze the performance of the solar PV plant and to 

determine if necessary, the factors that are responsible for performance degradation.  

For this purpose, we will observe the daily energy generation for a certain time period from the 

particular solar PV system that we have selected. We will also estimate the daily solar 

insolation on the collector to estimate the system efficiency. We will observe the effects of 

some factors that degrade the system performance, such as, self-shadowing, dirt loss, sky 

clearness index etc. We will also estimate the fraction of energy losses due to these factors if 

necessary. 

We will also attempt to develop a guideline for other existing as well as under implementation 

solar PV plants to ensure the maximum possible energy production. For analyzing the 

performance of the PV plant, we will calculate some parameters such as array yield, final yield, 

reference yield, performance ratio and capacity factor. Solar insolation and sky clearness index 

will also be estimated to determine the efficiency of the plant. 

 

1.5 Thesis Outline 

This thesis report contains five chapter. A brief description of each chapter is given below. 

Chapter 1 introduces the background and availability of solar energy. A brief description on 

recent renewable energy generation and its potential is given. Motivation of using solar PV 

plant is discussed here. The main objective and a brief literature review on our thesis work is 

added in this chapter. Over all a brief overview of our thesis work is given here before going 

to deep analysis. 

Chapter 2 consists of basic description of grid-tied solar PV plant. The definition, classification 

and components of this PV plant is discussed in this chapter. The connection topology will also 

be discussed here. 

Chapter 3 includes the impact of grid-tied solar PV plant, mostly the effect of this plant on the 

national grid is focused here. The advantages of will also be discussed in this part. 
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Chapter 4 consists of the main analytical and mathematical calculations. All the performance 

matrices are explained here. Graphs and tables will be added here to observe the efficiency and 

overall performance of the system. 

Chapter 5 summarizes our thesis work that contains conclusion and future work. 

References and appendices are added at the end of the report. 
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CHAPTER 2 

GRID-TIED PV SYSTEMS 

 

2.1 Introduction 

Solar PV systems are usually of two types – stand alone or off-grid and grid-tied or on-grid. 

Both kinds of systems can be different in capacity, a system can be from several watts to several 

megawatts range. In this chapter we will discuss about the basic classifications of grid 

connected solar PV systems and the main components of the systems. We will also try to 

provide a basic idea on the connection topologies of PV systems. Block diagrams will be 

provided for better understanding. 

 

2.2 Components of Grid-Tied PV System 

Main components of a grid-tied PV system are PV arrays, MPPT, inverters, combiner box and 

safety and protective equipment. Some plants may not require inverters and combiner box, but 

in this section, we will try to provide a brief description of these components. 

 

2.2.1 PV Arrays 

Solar PV arrays are the heart of any system that extracts electrical energy from the sunlight. 

Usually solar cells absorb sunlight and produces free electrons and holes that travels through 

the closed-circuit path. In this method, current flows through the connected load. Generally, a 

single solar cell can produce a very small amount of power. Therefore, a large number of solar 

cells are assembled together as a panel for a particular power generation. In a solar PV plant 

there are many solar panels are connected in series to get the required voltage and a series of 

panels is called string. Many strings are connected in parallel to get a higher current as required 

by the system. The whole series and parallel combination of a solar panels finally act as a single 

power supply to the load. 

The series and parallel combination of solar panels are shown as block diagram in figure 2.1. 
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Figure 2.1: Solar PV Panels. 

Here, bypass diodes are required to protect the module from damage due to module shadowing 

because potential damaging hot spots can be created in shaded cells [5]. Bypass diode can 

protect individual modules but if a whole string becomes shaded then it may be possible that 

the shaded string starts drawing current from the rest of the strings connected in parallel instead 

of supplying current [5]. By placing a blocking diode or isolation diode at the top of each string 

as shown in the figure 2.1, the reverse current drawn by the shaded string can be prevented [5]. 

 

2.2.2 MPPT 

 

Figure 2.2: I-V Characteristics of Solar PV cell. 
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From the I-V characteristics of a solar cell as shown in figure 2.2 we can see that short circuit 

current (ISC) is the maximum current and open circuit voltage (VOC) is the maximum voltage 

that can be generated by the cell separately. Therefore, the maximum theoretical power 

generation from the cell is VOCISC. But in practice a particular operating point is denoted as the 

maximum operating point that is called maximum power point (MPP) [5]. The corresponding 

current and voltage on that point is Im and Vm. VmIm is the power of that maximum power point. 

But this figure is only for uniform solar insolation. The insolation over a whole day is not 

uniform. Here effect of variable solar insolation on maximum power point is shown in figure 

2.3. 

 

Figure 2.3: Effect of variable solar insolation on maximum power point. 

Here, we can see that the maximum power point is changing when the insolation is changed. 

That means the operating point has changed. But for a fixed load, operating point cannot be 

changed as the power requirement is fixed for a fixed load. Therefore, we need a device that 

will vary our power requirement with varying the solar insolation to set the operating point 

close to the maximum power point. This kind of device is called maximum power point tracker 

(MPPT) [5]. MPPT will provide some extra power to the load when the load requires a higher 

power than that of maximum power point and consumes some extra power by its own when 

load requires a lower power than that of maximum power point. Combination of capacitor, 

inductor, transformer and some power electronic components are used to implement such 

devices. 
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2.2.3 Inverters 

Solar PV can generate only DC power in its output. But most of the loads we use are AC load. 

Therefore, to run the AC loads using solar PV we have to invert the DC output of solar PV into 

AC. For this purpose, we use a device that is called inverter. Usually three types of inverters 

are used – square wave, modified sine wave and pure sine wave. Square wave inverters simply 

provide an AC square wave in its output and this type of inverter is the cheapest inverter. In 

modified sine wave inverter usually pulse width modulation technology and simple low pass 

filter is used that allows to pass only the required frequencies and blocks the harmonics but the 

filter is unable to smooth the output signal. In pure sine wave inverters, at first a modified sine 

wave is generated and then a very sensitive and high quality low pass filter is used for 

smoothing the waveform to get a pure sin wave in output. This kind of inverter is required 

where a stable pure sine wave AC output is required and the frequency tolerance is not 

acceptable. Wave forms of these three kinds of inverters are given in figure 2.4. 

 

Figure 2.4: Output waveforms of square wave, modified sine wave & pure sine wave 

inverters. 

 

2.2.4 Combiner box: 

If a solar PV system has used only one centralized inverter then the output can directly be 

supplied to the grid or load. But if more than one inverter is used then the output of every single 

inverter has to be combined together and then it can be supplied. For this purpose, we generally 

use a bus system where all the outputs from individual inverters are connected and in some 
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cases safety equipment such as circuit breakers can be present to isolate any individual inverter 

section in case of any faulty situation. 

 

2.2.5 Safety Equipment 

Usually in a grid-tied solar PV system, most of the safety measurements is required to protect 

the solar PV panels and the inverters as these are the major equipment of a PV system. Most 

of the safety measurements are provided internally with the inverter. Short-circuit diode and 

string fuse are used to protect the reverse polarity situation. DC over voltage and over current 

circuit breakers are used in the input side of the inverter. AC over current circuit breakers are 

used in the output of the inverter to avoid the short-circuit situation at the load side. In some 

inverters string failure detection and ground-fault detection are also added for better protection. 

If combiner box is present then there also circuit breakers are used to isolate individual inverter 

in case of any emergency. Where the final single or three phase lines are coupled with the grid, 

over voltage and over current protections are added on that point to protect the whole system.  

 

2.3 Types of Grid-Tied PV System 

Off-grid PV systems can be used to supply DC loads or sometimes AC loads. But a grid-tied 

solar PV system usually supplies AC electricity to the AC grid or can be used to supply to a 

particular feeder line along with the grid connection to minimize the energy consumption from 

the grid. In some countries where DC grid line is available, solar PV system can directly supply 

the DC power to the DC grid. 

A grid-tied solar PV plant may have backup battery storages to ensure uninterrupted power 

supply to the grid or the system may have no energy storages. Both types of PV systems are 

briefly explained here.  

 

 With backup storages: 

Usually grid-tied PV systems are used to supply the extra energy to the grid at day time 

to meet the peak demand without overloading the main power station. But in some 

situation at night time extra energy or backup energy is required. In that case battery 
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storages are used along with the PV system. In day time solar PV charges the battery 

storages as well as supplies electrical power to the grid after charging the batteries. 

Inverters are used to convert DC power into AC power [9], [10]. 

A block diagram showing the overview of grid-tied solar PV system supplying AC 

power with battery storages is given in figure 2.5. 

 

 

Figure 2.5: Grid-tied solar PV system with backup storages supplying AC power. 

 

 Without backup storages: 

Sometimes solar PV systems directly supply the generated power to the AC grid 

connection or to a particular feeder line along with the grid connection without any 

backup storage. In this case the system only provides energy at day time. This type of 

PV system requires less maintenance than a solar PV system with backup storages and 

more economically efficient when the capacity of PV plant goes up [9], [10]. 

A block diagram showing the overview of this type of grid-tied solar PV system is given 

in figure 2.6. 
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`  

Figure 2.6: Grid-tied solar PV system without backup storages supplying AC power. 

Finally, we can summarize that a solar PV plant can be two types in terms of grid types. If the 

grid is AC then the PV plant must supply AC power to the grid and inverter is mandatory to 

convert the generated DC power to AC. If DC transmission line and sub stations are available, 

in that case inverter is not required and DC power can directly be transmitted to the DC grid. 

In both cases, the plant may have backup battery storages or may not. Block diagrams of PV 

plant that is used to supply AC power to the grid with backup storages and without backup 

storages are shown in figure 2.5 and figure 2.6. Here a PV plants that is used to supply DC 

power to DC grid with backup storages and without backup storages is shown in figure 2.7 and 

figure 2.8. 

 

Figure 2.7: Grid-tied solar PV system with backup storages supplying DC power. 
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Figure 2.8: Grid-tied solar PV system without backup storages supplying DC power. 

 

2.4 Connection Topologies 

Grid connected solar PV systems have different connection topologies according to the 

connection of PV panels and inverters. Most common topologies are centralized inverter, 

master-slave, string to inverter, team concept, multi string and modular [11], [12], [13], [14]. 

A diagram consisting of all the topologies are given in figure 2.9. 

 

Figure 2.9: Connection topologies of grid-tied PV systems. 
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 Centralized Inverter Topology: 

This topology is very cost effective for high power output such as several megawatts. 

Only one inverter is used that minimizes the DC to AC conversion loss. But if the 

inverter is failed the system goes down. Only one inverter means MPPT is also 

centralized. Therefore, the power rating of MPPT should be very high that may reduce 

the accuracy of tracking the maximum power point. Power loss for array mismatch is a 

big issue here. 

 

 Master-Slave Topology: 

Here, a master inverter is working along with a slave inverter. It is more reliable than 

centralized inverter topology as it has a backup inverter. It is costlier than the previous 

one and the power loss due to array mismatch is still present here. 

 

 String to Inverter Topology: 

In this topology each string is connected with an individual inverter. The system is more 

reliable in terms of PV panel failure. Every inverter separately tracks the maximum 

power point for each string so that the accuracy of tracking maximum power point is 

improved in this topology. Replacing or maintenance of PV panel or inverter is easier 

in this method. 

 

 Team Concept Topology: 

In this topology both the string concept and master slave concept are present. We can 

use any of the topologies as our requirements. It is normally used for very large PV 

systems. For low irradiance, all the PV arrays are connected into master-slave topology 

and for higher irradiance all the strings are separately connected with the individual 

inverters to track the maximum power point more accurately. 

 

 Multi-String Topology: 

Here, each string is connected to a DC-DC converter with MPPT to track the maximum 

power point and voltage amplification. All the outputs of DC-DC converters are 

connected in bus and goes to the centralized inverter. It has advantages on maximum 

power point tracking as each string tracks the maximum power point separately but as 



Department of Electrical & Electronic Engineering, East West University P a g e  | 23 

 

it uses only one centralized inverter it is less reliable in case of any failure that may shut 

down the whole system. 

 

 Modular Topology: 

It is the latest topology and also denotes as it uses AC modules. In this topology all the 

inverters are embedded with the modules. It has many advantages like less or 

approximately no array mismatch loss as all the modules are connected separately with 

the inverters. It has a better monitoring of module failure and most flexible system that 

reduces the maintenance cost. Moreover, the lifetime of inverter reduces here as the 

inverters are mounted with the modules that increases the thermal stress on the 

inverters. 

 

2.5 Summary 

In this chapter we have discussed briefly about the fundamental components of a grid 

connected solar PV system. We have also discussed the connection topologies that are 

generally used to implement a solar PV power plant. We have tried to mention the associated 

advantages and disadvantages of all the connection topologies. 
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CHAPTER 3 

IMPACT OF GRID-TIED PV SYSTEM 

 

3.1 Overview 

Solar PV systems are most common in Bangladesh as small size off-grid solar home system in 

remote area where grid connection is unavailable. In present days, the use of large or medium 

size solar PV system is significantly increasing. The awareness of global warming and the fast 

advancing of technologies are the main reasons behind influencing people to pursue solar PV 

systems in large applications. When the PV system is used to supply electricity to the grid line, 

the irregular nature of output power might impose some challenges to operate the PV system 

as required. In this chapter, we will explore the advantages, challenges and impacts of a grid-

tied solar PV system. 

 

3.2 Advantages of Grid-Tied PV System 

Environmental pollution, global warming and possible insufficiency of fossil fuel reserves are 

considered as the major driving forces that are behind the necessity of installing solar grid-tied 

PV systems. In remote areas, stand-alone large or medium size solar PV systems can be 

installed for supplying electricity to the consumers. Majority of urban consumers are using 

electricity from the grid that is produced by traditional fossil fuel based power plants. To reduce 

the production of electricity from such type of power plants, grid-tied renewable and 

sustainable energy based power plants are the solitary substitutes. For this purpose, grid-tied 

solar PV systems are the best power sources which may supply a huge amount of electrical 

energy to the grid. 

Solar PV technology is growing so fast that some countries have already reached the grid parity 

in electricity from solar PV [1]. Once the grid parity is achieved on solar PV system, we will 

get electrical energy from grid-tied solar PV systems at a same price as we are getting from a 

typical power plant, however the harmful effects of that portion of energy generation are 

eliminated. 
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Grid-tied PV systems have some significant benefits to the utility companies too, particularly 

if the consumers are located far away from the load center. In that case PV systems can be 

installed on the feeder lines to decrease the feeder losses and to improve the voltage profile of 

the feeder line [15], [16]. A better voltage profile in a distribution type substation requires less 

maintenance costs for transformer and its load tap changers [17]. If the peak loading of feeder 

line is matched with the peak output of the PV system, then the loading of some transformers 

can be reduced at peak load periods in a network [18]. 

Therefore, we can summarize that grid-connected PV systems can provide some significant 

benefits such as environmental benefits, benefits to the electric utilities such as better voltage 

profile at load side, power loss reduction and less maintenance costs of the electric network. 

 

3.3 Problems Associated with Grid-Tied PV System 

A grid-tied solar PV system has some significant benefits, though some challenges have to be 

faced to ensure the proper operation of the PV system. The only input energy for a solar PV is 

the sunlight, but the sunlight is not uniform all over the day. Due to the variable solar insolation 

a PV system generates variable powers on its output corresponding to the amount of solar 

insolation [19], [20], [21]. When the PV system is used to supply to an AC grid then the 

frequency of the generated power is one of the most important factors that has to be kept stable 

as required. Another important task is to determine the actual total input energy to the PV 

system [22]. In this section we will briefly explain some challenges that have to be faced in a 

grid-tied solar PV system. 

 

3.3.1 Variation of Generated Power 

It is obvious that solar insolation varies over the day, but due to clouds or other weather issues 

such as foggy day or rain, the insolation varies a lot. Such situations are the main reasons behind 

the variation of generated output power that is not desired in any PV system [19], [20], [21]. 

Jewell et al. has reported that around 10 cloud patterns, with squall lines and cumulus clouds 

are the major reason that varies the output power of a PV system [23]. Squall lines are the most 

extreme case that can cause the output power of the PV plant to be zero, however such worst 

case can be predicted and the periods of time can also be predicted when the system may go 



Department of Electrical & Electronic Engineering, East West University P a g e  | 26 

 

out of service [23]. Cumulus clouds can fluctuate the output power of the PV system more 

frequently but it causes a lower loss as the solar insolation slightly fluctuates because of such 

clouds [23]. 

Therefore, it is obvious that we can never entirely eliminate the fluctuations of output power 

of a solar PV system. It is possible to improve the stability of generated power by proper 

weather forecasting, selection of connection topology, size of PV system and the available 

metrological data for a particular location. 

 

3.3.2 Variation of Frequency of Generated AC Power 

We have already discussed that a solar PV system faces power fluctuations in output due to 

some obvious reasons. The power as well as the current of PV system varies. The effects that 

varies the voltage are also the reasons that varies the current. Moreover, self-shadowing is 

another issue that varies the current of PV panel [5]. 

Most of the inverters used in grid-tied solar PV system are designed on the basis of automatic 

feedback-controlled method to get a stable pure sine wave output with a constant frequency. 

When the fluctuation becomes very frequent, it is possible that the frequency of the output may 

fluctuate [24]. When the input power fluctuates significantly, the high frequency harmonic 

components may appear on the output [24]. For grid-tied PV system the frequency must be 

stable because the grid can never tolerate any fluctuation in frequency. 

 

3.3.3 Solar Irradiance Measurement 

Sunlight is the only input for a solar PV system. To study a solar PV system, we need both the 

output and the input data of the PV system. We have already discussed that the output power 

of a solar PV system fluctuates. In order to study the fluctuations of the output of the PV system, 

the time resolution of the solar insolation data is very important and should be matched with 

the time resolution of the output data [22]. 

The deterministic component of solar irradiance defined by daily, monthly or yearly climate at 

a certain location can be estimated. Whereas the stochastic component that is the reason of the 

fluctuations of deterministic component of solar irradiation is defined by daily weather. To 
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estimate the output energy of a PV system over a particular time period, hourly irradiance data 

can be used [25]. For a better estimation we should take short-term time period or sub-hourly 

data to obtain the power variation for different type of clouds as the voltage and current 

fluctuates due to clouds that has a significant effect on the system efficiency [23]. In that case, 

the irradiance measurement becomes more critical, however the high time resolution of the 

irradiance data will be helpful to predict the efficiency of the system more precisely. 

 

3.4 Impact on Transmission Network 

We have discussed that the generated power from a solar PV may fluctuate over the day. As a 

result, the transmission line network may be affected by the PV system, if the size of PV system 

is large enough. The fluctuating power becomes the major reason which affects the 

transmission network [26]. 

Jewell et al. have found that power swings in lines, power reversal, over or under loading in 

some lines, and extreme voltage fluctuations mainly occur due to frequently power fluctuations 

[26]. 

Tan et al. have observed the voltage level and stability of transmission network after fault 

conditions [27]. The results have shown that PV units affects the voltage level of the 

transmission network and the rotor of connected conventional generators are affected due to 

the PV system after a fault occurs [27]. 

It may be possible that the transmission line is affected by the PV system but proper isolation 

units can solve these issues by isolating the PV system from the network in any extreme 

situation. 

 

3.5 Impact on Distribution Network 

Recently, the use of distributed solar PV system has significantly increased. The impacts of PV 

systems on the distribution networks are one of the most addressing issues to the utility 

companies. The impact of PV systems on distribution networks mainly depend on the size of 

the PV system. Small size roof top PV systems are very much common that is usually 

connected with the distributed load to decrease the energy consumption from the grid. Again, 
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when the size of the PV system becomes large enough, it is possible that the distribution 

network may be affected by the PV system. 

Power conditioning units used in PV system is responsible for introducing the harmonic 

distortion [28], [29]. Research shows that the introduced harmonic distortions are usually 

below the limits defined by the standards [28], [29]. The advanced inverter technology is now 

able to control the harmonic distortions, however, when a large number of solar PV systems 

are installed in neighbors, the filter capacitors and inductors used in interfacing inverters might 

be in resonance with the electric network [30], [31]. 

From the above discussion we can summarize that when PV systems are used on a distribution 

network, the main concerns should be the size of solar PV system. Another situation should be 

taken in concern that if the cumulative capacity of the PV systems installed in a particular area 

is large enough, the distribution network might be affected by the PV systems. 

 

3.6 Financial Impact 

The price of energy from solar PV in Bangladesh is still higher than that of energy from grid 

connection. However, the cost is rapidly decreasing due to advanced technology. Germany, 

Sweden, Italy, France, Australia, Chile, Jordan, 19 states of India and some other countries 

have already achieved the grid parity [1]. Morocco, Mexico and few other countries are very 

close to see the grid parity on solar PV [1]. We know that after achieving the grid parity, the 

cost of energy from solar PV will be the same or cheaper than the energy from the conventional 

sources. Simultaneously, the solar PV will eliminate the environmental issues associated with 

typical power plants without any extra expenses. 

Distributed type grid-tied solar PV systems that are used for supplying to a particular load for 

reducing the peak energy demand from the grid have large financial advantages. Though 

installation cost of a residential PV system has declined recently, still it requires a significant 

investment from the owner. Maintenance cost of a solar PV system is minimal as it requires 

only periodic cleaning and grid-tied PV system may require replacement of the inverters after 

around 15 years of installation [32]. Installation of solar PV system along with the grid 

connection has several advantages as the owner uses self-owned generation unit for electricity 

production. The utility bill will be lower and the peak demand for the utility will be lower that 

improves the load factor. As a PV system can last for 30 years or more, it can provide long 
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term protection against rising electricity rates. In some countries where net metering is 

available, owner is paid back for the extra energy generation by the residential PV system that 

goes to the grid [32], [33]. 

Although a mid-size or large-size grid-tied PV system requires significantly high initial cost, it 

takes around 5-6 years to pay back the installation cost [34]. As a PV system requires a very 

low maintenance cost, once the installation cost is recovered, the cost of energy generation 

form the PV system will be much lower than that of energy from conventional generation 

system. 
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CHAPTER 4 

PERFORMANCE ANALYSIS 

 

4.1 Introduction 

In this chapter we will analyze the performance of the selected grid-tied solar PV system. We 

will use the collected output data for the month of December 2017. The input solar estimation 

process will be discussed and the efficiency of the PV system will be estimated after 

considering self-shadowing effect and the sky clearness effect. Some performance matrices 

will also be calculated to get a better estimation of the performance of the PV system. A 

proposal will also be added to increase the efficiency of the PV system. 

 

4.2 System Specifications 

We have selected to analyze the performance of a roof top fixed 200kWp grid tied solar PV 

plant located at the Bangladesh Bureau of Statistics, Agargaon, Dhaka. A total of 670 solar 

panels each with capacity of 300Wp are used in this system that are made by EverExceed 

Industrial Co. Ltd., Germany. 12 inverters are used that are made by SMA Solar Technology 

AG, Germany. AC. The technical specifications of solar panel and inverter are shown in table 

4.1 and table 4.2 respectively. 

 

Table 4.1: Specification of ESM300 300Wp solar panel [35]: 

Construction & General Characteristics 

Model ESM300 

Manufacturer EverExceed Industrial Co. Ltd. 

Cell Material Polycrystalline Silicon 

Dimensions 

Length (mm) 1956 

Width (mm) 992 

Hight (mm) 45 
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Electrical Parameters at Standard Test Conditions (STC) 

Maximum Output Power 300W 

Output Power Tolerances 0 ~ +5% 

Module Efficiency 15.4% 

Voltage at Maximum Power 36.2 V 

Current at Maximum Power 8.28 A 

Open-Circuit Voltage 44.9 V 

Short-Circuit Current 8.85 A 

Electrical Parameters at Nominal Operating Cell Temperature (NOCT) 

Output Power 241 W 

Voltage at Maximum Power 37.0 V 

Current at Maximum Power 6.53 A 

Open-Circuit Voltage 45.0 V 

Short-Circuit Current 7.06 A 

Operating Conditions 

Maximum System Voltage 1000V (DC) 

Maximum Series Fuse Rating 15 A 

Operating Temperature Range −40°𝐶 ~ 85°𝐶 

 

Table 4.2: Technical specification of SUNNY TRIPOWER STP 17000TL-10 inverter [36]: 

General Data 

Model STP 17000TL-10 

Manufacturer SMA Solar Technology AG 

Dimensions 

Width (mm) 665 

Height (mm) 690 

Depth (mm) 265 

Operating Temperature Range −25°𝐶 𝑡𝑜 60°𝐶 

Typical Noise Emission 51 dB 

Power Loss in Night Mode < 1 W 

Cooling Method SMA OptiCool 

Maximum Efficiency 98.2% 
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DC Connection SUNCLIX DC Connector 

AC Connection Spring-Cage Terminal 

DC Input 

Maximum DC Power 17,410 W 

Maximum Input Voltage 1000 V 

MPP Voltage Range 400 V to 800 V 

Rated Input Voltage 600 V 

Minimum Input Voltage 150 V 

Maximum Input Current 
Input Terminal A 33 A 

Input Terminal B 11 A 

Maximum Short-Circuit Current 
Input Terminal A 50 A 

Input Terminal B 17 A 

Number of MPPT Inputs 2 

Strings per MPP Input 
Input Terminal A 5 

Input Terminal B 1 

AC Output 

Rated Power at 230 V, 50 Hz 17000 W 

Maximum Apparent AC Power 17000 VA 

Rated Grid Voltage ~3/N/PE, 230V/400V 

Nominal AC Voltage 220 V, 230 V, 400 V 

AC Voltage Range 160 V to 280 V 

Maximum Output Current 24.6 A 

Harmonic Distortion ≤ 2.6% 

Inrush Current < 20% of the Nominal AC Current for 10 ms 

Maximum Fault Current 0.05 kA 

AC Power Frequency 50 HZ / 60 Hz 

Feed-in & Connection Phases 3 

Protective Devices 

DC Reverse Polarity 
Short-Circuit Diode, Electric Fuse (Maximum 

50A) 

Reverse Current Electronic String Fuse 

Input-Side Disconnection Point Electronic Solar Switch, SUNCLIX DC Connector 
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DC Overvoltage Protection Surge Arresters Type II 

Grid Monitoring SMA Grid Ground 4 

Ground Fault Monitoring Insulation Monitoring: Riso > 323.4 kΩ 

 

Figure 4.1 shows the connection block diagram of the whole PV system. 

 

Figure 4.1: Block diagram of the whole PV system. 
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The system is divided into two blocks. Both blocks are symmetrical in connection. Each block 

consists of 335 solar panels that are directly connected with 6 inverters as the inverters have 

internal charge conditioning unit with MPPT. The outputs of the inverters are combined in 

combiner boxes using bus-bar and protective circuit breakers. In case of any inverter failure or 

maintenance, we can isolate the particular inverter from the system using the circuit breakers 

that are used in the combiner box. The outputs from the combiner boxes go to another central 

combining unit. Central combiner unit combines the whole PV system and has an energy meter 

that shows the power, voltage, current and energy in real time. This central combining unit is 

directly interfaced with the grid connection. The line to line voltage is 400V in three-phase 

connection. The energy meter measures and displays the energy that is supplied to the grid by 

the PV system. 

 

Figure 4.2 shows the actual connections inside the combiner boxes. 

 

Figure 4.2: (a) Combiner box that combines the inverters, (b) central combiner box that 

interfaces the PV system with grid connection. 
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4.3 Performance Matrices 

Some performance parameters are used to estimate the efficiency of a grid-tied PV system. In 

this section we will briefly explain some parameters such as final yield, reference field, system 

efficiency, performance ratio, and capacity factor that are used for estimating the performance 

of a PV system. 

 

4.3.1 Final Yield 

Final yield [6] is defined as the ratio of net daily, monthly or annual AC energy output of the 

PV system and the rated power of that PV system. It can be expressed as equation 4.1. 

𝑌𝑓 =
𝐸𝐴𝐶,𝑑

𝑃𝑃𝑉𝑟𝑎𝑡𝑒𝑑

… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (4.1) 

Where, 𝐸𝐴𝐶,𝑑 is daily AC output energy and 𝑃𝑃𝑉𝑟𝑎𝑡𝑒𝑑
 is the rated power of the PV plant. 

 

4.3.2 Reference Yield 

Reference yield [6] is defined as the ratio of total daily in-plane solar irradiation and the 

reference irradiation. It simply represents the number of peak sun-hours per day [h/d]. Equation 

4.2 can be used to obtain the reference yield or peak sun hour. 

𝑌𝑟 =
𝐻𝑡 [𝑘𝑊ℎ/𝑚2]

𝐺𝑖−𝑟𝑒𝑓 [𝑘𝑊/𝑚2]
… … … … … … … … … … … … … … … … … … … … … … … … … … … … . (4.2) 

Where, 𝐻𝑡 is the daily solar irradiance per unit area to the collector and 𝐺𝑖−𝑟𝑒𝑓 is the reference 

irradiance per unit area. 

 

4.3.3 Performance Ratio 

Performance ratio is a dimensionless quantity that refers to the overall effect of different losses 

on the rated output due to PV module temperature, inverter efficiency, wiring mismatch, soiling 

and component failure. It is basically a location-oriented term and it actually does not represent 

the amount of energy production. 
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Performance ratio [6] is defined as the ratio of the energy injected to the grid (final yield) and 

the energy that the system could have produced at its DC rated power for the number of peak 

sun hours per day (reference yield). It can be determined using the equation 4.3.  

𝑃𝑅 =
𝑌𝑓

𝑌𝑟
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (4.3) 

Here, 𝑌𝑓 is the final yield and 𝑌𝑟 is the reference yield. 

 

4.3.4 Capacity Factor 

The capacity utilization factor or simply capacity factor is defined by the ratio of actual energy 

generation by the PV system to the energy that could have been produced if the system is 

operated at its full rated power for 24h per day for a given time period or usually for a whole 

year [6]. We can calculate the capacity factor of a PV system using equation 4.4. 

𝐶𝑈𝐹 =
𝐸𝐴𝐶−𝑎

𝑃𝑃𝑉𝑟𝑎𝑡𝑒𝑑
× 8760

× 100% … … … … … … … … … … … … … … … … … … … … … … … . (4.4) 

Here, 𝐸𝐴𝐶−𝑎 is the actual annual energy production from the solar PV system.  

 

4.4 Solar Irradiance Calculation 

To estimate the input energy, we need to calculate the solar irradiance on the collector. For this 

purpose, we have followed the model given by Masters [5]. Solar irradiance has three 

components – direct beam, diffusion, reflected. The reflected radiation is very small in fraction 

comparing to the other two components. So, we can ignore the reflected component and can 

analytically calculate the solar irradiance using direct beam component and diffusion 

component. 

Total insolation on a tilted collector ignoring reflected component can be expressed as shown 

in equation 4.5. 

𝐼𝐶 = 𝐼𝐵𝐶 + 𝐼𝐷𝐶 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (4.5) 

Here, 𝐼𝐶 is the irradiance to the collector, 𝐼𝐵𝐶 is the direct beam radiation, and 𝐼𝐷𝐶 is the diffuse 

radiation to the collector. 
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The beam radiation on a tilted collector is provided by equation 4.6. 

𝐼𝐵𝐶 = 𝐼𝐵 cos 𝜃 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.6) 

Here, 𝐼𝐵 beam radiation at earth’s surface and 𝜃 is the incidence angle to the collector. 

Equation 4.7 represents the clear sky earth surface beam radiation at the earth’s surface. 

𝐼𝐵 = 𝐴𝑒−𝑘.𝑚 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (4.7) 

Here, 𝐴 is apparent extraterrestrial solar insolation, 𝑘 is atmospheric optical depth, and 𝑚 is 

the air mass ratio. 

Atmospheric optical depth and extraterrestrial solar insolation for nth day of the year are defined 

by as follows in equation 4.8 and equation 4.9 respectively. 

𝑘 = 0.174 + 0.035 sin [
360

365
(𝑛 − 100)] … … … … … … … … … … … … … … … … … … … … (4.8) 

𝐴 = 1160 + 75 sin [
360

365
(𝑛 − 275)] … … … … … … … … … … … … … … … … … … … … … … (4.9) 

Air mass can be calculated using equation 4.10. 

𝑚 =  
1

sin 𝛽
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (4.10) 

Here, 𝛽 is the sun elevation or solar altitude angle and it is defined by the equation 4.11. 

𝛽 = 90° − 𝑍𝑒𝑛𝑖𝑡ℎ 𝐴𝑛𝑔𝑙𝑒 … … … … … … … … … … … … … … … … … … … … … … … … … … (4.11) 

The cosine of the incidence angle on a tilted surface can be obtained using the angles like sun 

elevation, surface azimuth, collector azimuth, and collector tilt as shown in equation 4.12. 

cos 𝜃 = cos 𝛽 cos(∅𝑆 − ∅𝐶) sin ∑ + sin 𝛽 cos ∑ … … … … … … … … … … … … … … … . . (4.12) 

Here, ∅𝑆 is the solar azimuth angle, ∅𝐶 is the collector azimuth angle, and ∑ is the tilt angle of 

the collector. 

Again, diffusion component on the collector can be estimated using equation 4.13. 

𝐼𝐷𝐶 = 𝐼𝐷𝐻 (
1 + cos ∑

2
) … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.13) 
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Here, 𝐼𝐷𝐻 is the diffuse insolation on a horizontal surface that can be calculated by equation 

4.14. 

𝐼𝐷𝐻 = 𝐶. 𝐼𝐵 … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (4.14) 

Here, 𝐶 is the sky diffusion factor that can be calculated for nth day of the year using equation 

4.15. 

𝐶 = 0.095 + 0.04 sin [
360

365
(𝑛 − 100)] … … … … … … … … … … … … … … … … … … … … . (4.15) 

The zenith and solar azimuth angle will be collected hourly from online database [37]. 

 

4.5 Clearness Index Calculation 

Sky clearness index is defined by the ratio of the average horizontal insolation at a site and the 

average extraterrestrial insolation on a horizontal surface above the site. It can be calculated 

using equation 4.16 [5]. 

𝐾𝑇 =
𝐼𝐻̅

𝐼0̅

… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.16) 

Here, 𝐼𝐻̅ is the monthly average horizontal insolation at the site and 𝐼0̅ is the monthly average 

extraterrestrial insolation on a horizontal surface above the site just above the atmosphere. 

The average horizontal insolation at the particular site will be collected from online database 

[38]. The extraterrestrial insolation for nth day of the year on a horizontal surface above the site 

can be estimated by equation 4.17. 

𝐼0̅ = (
24

𝜋
) (𝑆𝐶) [1 + 0.034 cos (

360𝑛

365
)] (cos 𝐿 cos 𝛿 sin 𝐻𝑆𝑅 + 𝐻𝑆𝑅 sin 𝐿 sin 𝛿) … … (4.17) 

Here, 𝑆𝐶 refers to the solar constant, 𝐿 is latitude of the site, 𝛿 sun declination angle, and 𝐻𝑆𝑅 

is the sunrise hour angle. 

The sun declination angle for nth day of the year and sunrise hour angle can be calculated using 

equation 4.18 and equation 4.19 respectively. 

𝛿 = 23.45 sin [
360

365
(𝑛 − 81)] … … … … … … … … … … … … … … … … … … … … … … … … . (4.18) 
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𝐻𝑆𝑅 = cos−1(− tan 𝐿 tan 𝛿) … … … … … … … … … … … … … … … … … … … … … … … … … . (4.19) 

 

4.6 Solar Insolation Considering Clearness Index 

The total insolation after considering the clearness index can be estimated by following the 

models given by Masters [5]. If we ignore the reflected component of the solar irradiance then 

the total insolation striking the collector after considering clearness index can be estimated 

using equation 4.20. 

𝐼𝐶̅ = 𝐼𝐻̅ (1 −
𝐼𝐷̅𝐻

𝐼𝐻̅

) ∙ 𝑅𝐵 + 𝐼𝐷̅𝐻 (
1 + cos ∑

2
) … … … … … … … … … … … … … … … … … … … (4.20) 

Here, 𝐼𝐻̅ is the total horizontal insolation, 𝐼𝐷̅𝐻 is the diffuse portion of the insolation, and 𝑅𝐵 

average beam tilt factor. Here, the ratio of diffuse portion of the insolation to the total horizontal 

insolation will be calculated by correlating the clearness index [5]. 

The beam tilt factor can be estimated by equation 4.21. 

𝑅𝐵 =
cos(𝐿 − ∑) cos 𝛿 sin 𝐻𝑆𝑅𝐶 + 𝐻𝑆𝑅𝐶 sin(𝐿 − ∑) sin 𝛿

cos 𝐿 cos 𝛿 sin 𝐻𝑆𝑅 + 𝐻𝑆𝑅 sin 𝐿 sin 𝛿
… … … … … … … … … … … … . (4.21) 

Here, 𝐻𝑆𝑅𝐶 is the sunrise hour angle for the collector when the sunlight first strikes the collector 

and 𝐻𝑆𝑅 is the sunrise hour angle. 

To correlate clearness index Masters has followed the Liu and Jordan correlation equation 

shown in equation 4.22. 

𝐼𝐷̅𝐻

𝐼𝐻̅

= 1.390 − 4.027𝐾𝑇 + 5.531𝐾𝑇
2 − 3.108𝐾𝑇

3 … … … … … … … … … … … … … … … . (4.22) 

Here, 𝐾𝑇 is the clearness index. 

The sunrise hour angle for the collector which means when the sunlight first strikes the 

collector face can be obtained by equation 4.23. 

𝐻𝑆𝑅𝐶 = 𝑚𝑖𝑛{cos−1(− tan 𝐿 tan 𝛿),   cos−1[− tan(𝐿 − ∑) tan 𝛿]} … … … … … … … … … (4.23) 
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4.7 Analysis of Collected Data 

We have collected the AC output voltage, current, power, and energy readings from the 

selected PV system for the month of December 2017. We have collected the real time data 

from the energy meter provided in the central combiner box that interfaces the PV system with 

grid connection. We will analytically calculate the solar insolation and the clearness index to 

assess the performance of the PV plant. 

We have data for the time period of 9 AM to 5 PM during the weekdays. To obtain the energy 

for a whole day we have extrapolated the power vs. time curve and integrated the fitted curve 

to calculate the area that represents the energy not included between 9 AM to 5 PM. 

At first, we have taken a sample day with maximum number of output data available. Then, we 

have plotted the power vs. time curve in MATLAB and fitted the polynomial curve on that 

power vs. time curve. We have used the trapezoidal rule to calculate the area of the fitted curve 

[39]. Then, we have separately calculated the energy from sunrise to 9 AM and from 9 AM to 

evening. Then, we estimated the ratio of these two energies to estimate the energy fraction from 

sunrise to 9 AM. Figure 4.3 shows the plot of power vs. time. 

 

Figure 4.3: Power vs. time curve with polynomial fitting for December 3, 2017. 
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Now, if ‘α’ is the ratio of those energies, then we can estimate the daily output energy as (1+α) 

times the energy from 9 AM to evening. 

To estimate the value of ‘α’, we have chosen 3 days in the observation time with a maximum 

number of output data available. Table 4.3 shows the estimation of ‘α’. 

Table 4.3: Estimation of ‘α’. 

        

03-12-17 405.48 463.43 49.06 414.38 0.118 453.32 2.1 

12-12-17 428.97 469.63 27.97 441.65 0.063 455.99 2.9 

27-12-17 372.56 418.89 35.99 382.90 0.094 407.58 2.7 

 

From table 4.3 we have observed that for the values of α = 0.118; 0.063 and 0.094, error 

between calculated energies and the energies obtained from polynomial fitting is less than 3% 

which is acceptable.  Therefore, an average value of α = 0.1 can be used to calculate the daily 

output energies of the PV system for the observation period. 

To estimate the input energy, we have followed the models provided by Masters that is 

explained in section 4.4 of this chapter. At first, we have theoretically calculated the hourly 

solar insolation on the collector and then integrated power with time to obtain the daily in plane 

solar insolation. 

We have also observed the shadowing effect of the PV system. Figure 4.4 shows the shadowing 

due to building and figure 4.5 shows the self-shadowing at different times of a day for better 

understanding. 
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Figure 4.4: Shadowing due to building at – (a) 1 PM – 2 PM, (b) 2 PM – 3 PM, (c) 3 PM – 4 

PM, (d) 4 PM – 5 PM. 

 

 

Figure 4.5: Self-shadowing at – (a) 1 PM – 2 PM, (b) 2 PM – 3 PM, (c) 3 PM – 4 PM, (d) 4 

PM – 5 PM. 
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After a day of observation, we have observed that shadowing of the panels starts after 12:30 

PM. We have observed both the shadowing effect for the building and the array structures. We 

have recorded percentage of shaded area of panels from 1 PM to 5 PM at one-hour interval. 

We have normalized the amount of shadowing of the panels. Numbers of shaded panels in 

different time periods of the day are given in table 4.4. 

Table 4.4: Number of shaded panels due to self-shadowing and building. 

Time Period 

Shaded panels in percentage Equivalent 

Number of shaded 

panels 
No. of Panels 

Shaded area in 

each panel (%) 

01:00 PM to 02:00 PM 96 5 4.8 

02:00 PM to 03:00 PM 

12 25 

34.8 14 20 

71 15 

03:00 PM to 04:00 PM 

12 75 

130.25 

44 70 

54 65 

51 55 

44 40 

30 15 

52 10 

04:00 PM to 05:00 PM 

40 100 

149.5 

54 95 

27 80 

20 70 

20 50 

37 20 

52 10 

 

The input energy to the PV system is calculated after considering these shadowing effect as the 

shaded panels get only the diffusion component of the sunlight, whereas the major energy 

component of the sunlight is the direct beam component. 
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Next, we have calculated the sky clearness index analytically to get the actual input energy to 

the PV system. For these purpose, we have collected the monthly average terrestrial horizontal 

insolation from online database [39]. Then we have calculated the extraterrestrial insolation 

using the models provided by Masters as explained in section 4.5. Finally, we have obtained 

the clearness index using that information. We have gotten a clearness index of 0.625 for the 

month of December 2017, whereas the clearness index in Bangladesh for that month is typically 

0.5 to 0.6 [40]. Therefore, this value of clearness index can be approximately used to calculate 

the actual in plane solar irradiance to the collector. 

Table 4.5 shows the input irradiance, input irradiance considering the shadowing effect, input 

irradiance considering the clearness index, input irradiance considering both shadowing and 

clearness index, output energy of the PV system for the observation period. 

 Table 4.5: Input and output energies of the PV system. 

    

 

 

03-12-17 7110.7 6911.7 4984.6 4785.6 445.7 

04-12-17 7095.6 6717.9 4964.3 4586.6 387.9 

05-12-17 7076.9 6883.1 4962.8 4768.9 419.2 

06-12-17 7071.7 6608.8 4927.0 4464.1 383.6 

07-12-17 7089.8 6885.0 4931.5 4726.7 427.2 

10-12-17 7065.4 6742.6 4887.7 4564.9 112.5 

11-12-17 7046.3 6672.4 4872.3 4498.4 94.5 

12-12-17 7056.6 6855.6 4868.9 4667.9 471.9 
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13-12-17 7047.5 6823.2 4823.2 4631.3 391.6 

14-12-17 7050.8 6841.0 4853.5 4643.7 450.2 

17-12-17 7466.6 7085.3 5541.7 5160.4 352.4 

18-12-17 7018.9 6821.7 4815.6 4618.4 364.3 

19-12-17 7014.7 6820.9 4811.6 4617.8 180.9 

20-12-17 7010.5 6800.0 4805.9 4595.4 277.6 

21-12-17 6977.2 6755.4 4790.1 4568.3 291.9 

24-12-17 7025.3 6799.2 4816.5 4590.4 302.2 

26-12-17 7031.5 6808.0 4825.2 4601.7 373.3 

27-12-17 7023.9 6822.7 4823.2 4621.9 409.8 

28-12-17 7042.9 6810.5 4840.2 4607.7 401.5 

31-12-17 7066.5 6876.8 4876.3 4681.6 454.0 

Average 7069.5 6817.1 4902.5 4650.1 349.6 

 

Table 4.6 shows the daily efficiencies considering shadowing and clearness index separately 

and both at the same time. 

Table 4.6: Efficiencies of the PV system considering clearness index and shadowing. 

Date 

System Efficiency (%) 

Without 

Considering 

Shadowing & 

Clearness Index 

Considering 

Shadowing 

Considering 

Clearness 

Index 

Considering 

Clearness 

Index & 

Shadowing 

03-12-17 6.27 6.45 8.94 9.31 

04-12-17 5.46 5.77 7.80 8.45 

05-12-17 5.92 6.09 8.45 8.79 

06-12-17 5.42 5.80 7.79 8.53 

07-12-17 6.03 6.21 8.66 9.04 

10-12-17 1.59 1.67 2.30 2.46 

11-12-17 1.34 1.42 1.94 2.10 

12-12-17 6.69 6.88 9.69 10.11 

13-12-17 5.56 5.74 8.06 8.46 

14-12-17 6.39 6.58 9.28 9.69 
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17-12-17 4.72 4.97 6.36 6.83 

18-12-17 5.19 5.34 7.57 7.89 

19-12-17 2.58 2.65 3.76 3.92 

20-12-17 3.96 4.08 5.78 6.04 

21-12-17 4.18 4.32 6.09 6.39 

24-12-17 4.30 4.44 6.27 6.58 

26-12-17 5.31 5.48 7.74 8.11 

27-12-17 5.83 6.01 8.49 8.87 

28-12-17 5.70 5.89 8.29 8.72 

31-12-17 6.43 6.60 9.32 9.69 

Average 4.94 5.12 7.13 7.50 

 

From table 4.6 we have observed that the PV system has efficiency between 4-6% without 

considering the clearness index and around 6-9% after considering the clearness index. 

Considering the shadowing effect and clearness index separately the monthly average 

efficiency of the PV system is 5.12% and 7.13% respectively. When we have considered both 

shadowing effect and clearness index, monthly average 7.50% of overall system efficiency is 

delivered by the PV system. The maximum efficiency of the system is 10.11% at 12th 

December. There was drizzle on December 10th and 11th. 

 

4.8 Investigation of System Performance 

In section 4.7 of this chapter, we have observed that the PV system has 7.5023% of monthly 

average overall efficiency after considering both clearness index and shadowing effect. 

Clear sky solar irradiance, solar irradiance after considering shadowing only, clearness index 

only, both shadowing and clearness index, and output energies are shown in figure 4.6. Figure 

4.7 shows the overall efficiency of the PV system for those scenarios. 
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Figure 4.6: Daily input and output energies of the PV system. 

 

 

Figure 4.7: Overall efficiency of the PV system. 

0

1000

2000

3000

4000

5000

6000

7000

8000

So
la

r 
Ir

ra
d

ia
n

ce
 (

kW
h

/D
ay

),
O

u
tp

u
t 

En
er

gy
 (

kW
h

/D
ay

)

Daily Input & Output Energy

Daily Clear Sky Solar Irradiance to The Collector (kWh)

Daily Input Energy Considering Shadowing Effect (kWh)

Daily Input Energy Considering Clearness Index (kWh)

Daily Input Energy Considering Shadowing & Clearness Index (kWh)

Daily Output Energy (kWh)

0

2

4

6

8

10

12

0
3

-1
2

-1
7

0
4

-1
2

-1
7

0
5

-1
2

-1
7

0
6

-1
2

-1
7

0
7

-1
2

-1
7

0
8

-1
2

-1
7

0
9

-1
2

-1
7

1
0

-1
2

-1
7

1
1

-1
2

-1
7

1
2

-1
2

-1
7

1
3

-1
2

-1
7

1
4

-1
2

-1
7

1
5

-1
2

-1
7

1
6

-1
2

-1
7

1
7

-1
2

-1
7

1
8

-1
2

-1
7

1
9

-1
2

-1
7

2
0

-1
2

-1
7

2
1

-1
2

-1
7

2
2

-1
2

-1
7

2
3

-1
2

-1
7

2
4

-1
2

-1
7

2
5

-1
2

-1
7

2
6

-1
2

-1
7

2
7

-1
2

-1
7

2
8

-1
2

-1
7

2
9

-1
2

-1
7

3
0

-1
2

-1
7

3
1

-1
2

-1
7

Ef
fi

ci
en

cy
 (

%
)

Overall Efficiency of The PV System

Without Considering Shadowing & Clearness Index Considering Shadowing

Considering Clearness Index Considering Clearness Index & Shadowing



Department of Electrical & Electronic Engineering, East West University P a g e  | 48 

 

We have observed that the shadowing effect has an insignificant effect on the system 

efficiency. However, the clearness index has a significant effect on the system efficiency. We 

have some extreme cases in observation period when the output became very low due to rain 

on 10th and 11th December and extreme foggy weather during the 3rd week of the month. 

Monthly average overall system efficiency of 5.12%, 7.13%, and 7.50% were obtained for 

considering only shadowing effect, only clearness index, and both shadowing and clearness 

index respectively. 

The PV modules used in this PV system have a maximum efficiency of 15.4% [35] and the 

inverters have a maximum efficiency of 98% [36]. In that case, the system has a maximum 

theoretical overall system efficiency of 15.1%. From table 4.6 we have observed that daily 

overall system efficiencies as well as the monthly average overall efficiency of the PV system 

are much lower than the theoretical maximum efficiency of the PV system. We have observed 

that the PV system exhibits a maximum of 10.11% of daily overall system efficiency after a 

rainy day with considering clearness index and shadowing effect. In all these situations, dirt 

loss is not considered. Consequently, it is possible to get higher overall system efficiency from 

this PV system if dirt loss can be reduced. 

According to the analyzation of system efficiency for different situations, we can say that the 

efficiency of the PV system is not satisfactory. Further analyzation of some performance 

matrices is needed to estimate the performance of the PV system more accurately. 

For these purpose, we have calculated some parameters such as final yield, reference yield, 

performance ratio and the capacity factor for this PV system. Table 4.5 contains the values of 

these parameters which will provide a better estimation of the performance of the PV system. 

Capacity factor of the PV system is calculated only for the observation period from December 

3rd to December 31st. In these 29 days, the PV system has supplied a total of 9670.5 kWh energy 

to the grid. 
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Table 4.7: Values of performance matrices for the PV system. 

Date 
Final Yield 

(h/day) 

Reference Yield 

(h/day) 
PR 

Capacity Factor 

(%) 

03-12-17 2.23 4.16 0.54 

6.9 

04-12-17 1.94 4.15 0.47 

05-12-17 2.09 4.14 0.51 

06-12-17 1.92 4.14 0.46 

07-12-17 2.14 4.15 0.52 

10-12-17 0.56 4.13 0.14 

11-12-17 0.47 4.12 0.11 

12-12-17 2.36 4.13 0.57 

13-12-17 1.96 4.12 0.48 

14-12-17 2.25 4.12 0.55 

17-12-17 1.76 4.37 0.40 

18-12-17 1.83 4.10 0.44 

19-12-17 0.90 4.10 0.22 

20-12-17 1.39 4.09 0.34 

21-12-17 1.46 4.08 0.36 

24-12-17 1.51 4.10 0.37 

26-12-17 1.87 4.11 0.45 

27-12-17 2.05 4.10 0.49 

28-12-17 2.01 4.12 0.49 

31-12-17 2.27 4.13 0.55 

Average 1.75 4.13 0.42 

 

Here, we have observed that daily final yield for the PV system is less than 2.5 h/day. Daily 

final yield represents the time required for the PV system at its rated power condition to produce 

the same amount of energy that is produced in a whole day [6]. Therefore, a higher value of 

final yield represents more energy production from the PV system. We usually expect the value 

of daily final yield close to the peak sun hour. Because if the PV system operates in its rated 

condition for the time of peak sun hour, the maximum energy production is possible. We have 

observed monthly average 4.13 h/day of peak sun hour and average 1.75 h/day of daily final 
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yield for this PV system which is much lower than the average peak sun hour. Therefore, a 

huge amount of useable solar energy is still available that can be converted into electrical 

energy. 

The monthly average reference yield or peak sun hour is 4.13 h/day which is reasonable for the 

month of December. The performance ratio is less than 0.6 and the monthly average 

performance ratio is 0.42, where a PV system may usually have a performance ratio from 0.6 

to 0.8 depending on the location and the weather of that location [41]. 

Capacity factor of a PV system depends on geographical location and weather conditions. A 

higher capacity factor represents more energy production from the PV system. The capacity 

factor for roof top solar PV system in Indian sub-continent region is around 16-17% [42]. We 

have gotten a capacity factor of 6.9% for the observation period for this PV system, where it 

should be around 15%. Thus, the capacity factor of this PV system is unsatisfactory. A poor 

capacity factor means the system produces a much lower energy than the energy that could 

have been produced by the PV system. 

After analyzing all the performance parameters and the overall efficiency, we can say that the 

performance of the PV system is not satisfactory. Necessary initiatives should be taken to 

improve the performance of the PV system. 

 

4.9 Proposal for Increasing the Performance 

From the above analyzation we have observed that the performance of the PV system was not 

satisfactory. The efficiency of the system can be improved by taking necessary initiatives. We 

know that in every solar PV system the panels need to be cleaned regularly. As far as we have 

known that the panels have not been cleaned for around 1 year. Figure 4.9 shows the panels 

during the observation time and figure 4.10 shows the close up of the panels to estimate the 

dirt condition on the panel. 
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Figure 4.8: PV panels of the system. 

 

 

Figure 4.9: Close up of the panels of the PV system. 
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From the above figures we can see that a lot of dirt is present on all the panels of the PV system. 

To get a better estimation, we have cleaned half of a panel that is shown in figure 4.11. 

 

Figure 4.10: Solar panel after cleaning. 

Here we can easily observe that the amount of dirt is significantly high which degrades the 

performance of the PV system. 

Some other reasons are also responsible for degrading the performance of the PV system too. 

One of the reasons is lack of monitoring the performance. The inverters have online database 

system to store and monitor the real time energy generation from the system. However, the 

facility is out of service for around 1 year. For this reason, the monitoring of individual inverters 

is not done as the system is large enough and located at the roof of a Govt. building where the 

entry is restricted. We have also known that the routine system checkup was not done by the 

company that installed the PV system. 

Some necessary initiatives such as cleaning of the panels and monitoring of the system should 

be done to improve the performance of the PV system. To ensure a better performance and 

expected energy generation from a grid-tied PV system, we should follow some conditions and 

regular monitoring. A guideline is given below. 
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 The tilt angle for a fixed PV system should be chosen wisely as it affects the output of 

any PV system. 

 Distance between the adjacent rows of panels should be sufficient to eliminate the self-

shadowing. 

 Location should be chosen wisely to avoid the shadowing due to any building structure. 

  Although the inverters used in grid-tied PV system has a very high performance, the 

operation should be monitored regularly to ensure the optimal energy production. 

 If online data is available then it should be recorded to make the monitoring of the 

system easier. 

 If a system has combiner boxes then that boxes should be checked periodically and the 

connections should be made by bus bars. It is better to avoid simple wire connection 

inside any combiner box where circuit breakers are present. 

 Voltage, power and frequency variations should be monitored in grid-tied PV system. 

 The security measurements must be checked periodically. 

 The periodic cleaning of the PV panels is much important to ensure that the PV modules 

get as much light as possible. 

 

4.10 Summary 

In this chapter we have provided the configuration of the system. The input irradiance is 

calculated with and without considering the clearness index. The daily energy generation was 

measured and the efficiency of the system has been calculated. Some performance matrices 

have been estimated and the result was not much satisfactory. Finally, a proposal to take some 

initiatives for improving the performance of the PV system is provided.  
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CHAPTER 5 

CONCLUSION 

 

5.1 Summary 

We have analyzed the performance of a 200kWp grid-tied solar PV system. We have observed 

the energy production from the PV system for the month of December 2017. There were some 

extreme cases due to rain and heavy foggy weather when the output of the PV system became 

very low. Except for these extreme situations, the output of the PV system was not much 

satisfactory but moderate. 

We have found that the monthly average overall efficiency of the PV system is 4.94% without 

considering clearness index or shadowing effect on the PV system. The monthly average 

overall efficiency of the PV system is 5.12% considering only the shadowing effect both for 

building and self-shadowing. Considering the clearness index, we have found that the monthly 

average overall efficiency is 7.13%. When we have considered both the clearness index and 

shadowing effect the monthly average overall efficiency is 7.50%. The PV system had the 

minimum overall efficiency of 2.10% on 11th December as there was drizzle on that day. After 

the drizzle, the PV system exhibited the maximum overall efficiency of 10.11%. The monthly 

average daily final yield is 1.75 h/day and the average peak sun hour for the observation period 

is 4.13 h/day. 6.9% of capacity factor is shown by the PV system for the observation period of 

December, 2017. The monthly average performance ratio was 0.42 for the PV system. 

Analyzing all the performance matrices we can summarize that the performance of the PV 

system is not satisfactory and it can be increased. We have found that lack of maintenance and 

regular monitoring of the PV system are the main reasons that degrade the performance of the 

PV system. To increasing the performance of the PV system the steps that should be taken are 

explained in this work. 

A brief guideline is provided for PV system to ensure the energy production from the system. 
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5.2 Future Work 

In this work we have observed one mid-size PV system. There are more mid-size and a number 

of large-size PV systems in operation in Bangladesh. These PV systems have required a large 

amount of installation cost. Therefore, monitoring of the performance of these PV systems is 

necessary to ensure the maximum energy production from these PV plants as a lot of money is 

invested. For these purpose, we want to observe more such PV systems so that we can build up 

a general guideline to ensure the maximum energy production from the PV system.  

Here, we have calculated solar insolation analytically. By using improved technology and 

instruments it is possible to measure real time solar insulation to get more reliable estimation 

of performance indices. After executing the guideline, a repeat experiment on the same system 

can be done to verify the improved performance. This repeat experiment will help to ensure 

that the provided guideline is effective for the experimented PV system as well as for the other 

PV systems which are facing similar troubles like the experimented one. 
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