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Abstract

This book presents a new approach for the optimum design of rooftop grid-connected
photovoltaic (PV) system installation on an institutional building at Minia
University, Egypt, as a case study. The new approach proposed in this book based on
optimal configuration of PV modules and inverters according to not only maximum
power point (MPP) voltage range but also maximum DC input currents of the
inverter. The system can be installed on the roof of Faculty of Engineering buildings’
B and C. The study presented in this book includes two scenarios using different
brands of commercially available PV modules and inverters. Many different con-
figurations of rooftop grid-connected PV systems have been investigated and a
comparative study between these configurations has been carried out taking into
account PV modules and inverters specifications. Energy production capabilities,
cost of energy (COE), simple payback time (SPBT) and greenhouse gas
(GHG) emissions have been estimated for each configuration using MATLAB
computer program.

A detailed dynamic MATLAB/Simulink model of proposed rooftop
grid-connected PV system based on multilevel inverter (MLI) topology is also
investigated in this book. The system structure (i.e., dual-stage, three-phase
grid-connected PV system) comprises a PV array, DC–DC converter, voltage
source inverter (VSI), and a low-pass filter. The proposed PV system is tested
against different circumstances, which in real facilities can be caused by solar
radiation variations. Also, a comparative study between two-level VSI (2L-VSI)
and three-level VSI (3L-VSI) topologies are carried out. The comparison is based
on estimation of total harmonic distortion (THD) content in voltage and current
waveforms at the point of common coupling (PCC).

Also, this book presents a comprehensive small signal MATLAB/Simulink
model for the DC–DC converter operated under continuous conduction mode
(CCM). Initially, the buck converter is modeled using state-space average model
and dynamic equations, depicting the converter, are derived. Then, a detailed
MATLAB/Simulink model utilizing SimElectronics® Toolbox is developed.
Finally, the robustness of the converter model is verified against input voltage
variations and step load changes.

xxiii



Chapter 1
Introduction and Background of PV
Systems

1.1 Concept of Research Work

Increasing environmental concerns regarding the inefficient use of energy, climate
change, acid rain, stratospheric ozone depletion, and global dependence on elec-
tricity have directed attention to the importance of generating electric power in a
sustainable manner with low emissions of GHGs, particularly CO2. In Egypt, total
GHG emissions were estimated at 137.11 Mt of CO2 equivalent, out of which more
than 70 % was emitted from energy sector including about 35 % attributed to the
electricity sector [1]. In the context of addressing environmental issues and climate
change phenomena, Egypt signed Kyoto Protocol in 1997 and approved it in 2005.
According to the Kyoto Protocol, the developed and industrialized countries are
obliged to reduce their GHG emissions by 5.2 % in the period of 2008–2012 [2].
To achieve this, many industrialized countries seek to decarbonize electricity
generation by replacing conventional coal and fossil fuel fired plants with renew-
able technology alternatives [3].

Due to the shortage of inexhaustible resources and environmental problems
caused by the emissions, the traditional power generations, which are based on
fossil fuel are generally considered to be unsustainable in the long term. As a result,
many efforts are made worldwide and lots of countries have being introducing more
renewable energies, such as wind power, solar photovoltaic (PV) power, hydro-
power, biomass power, and ocean power, etc. into their electric grids [4]. Currently,
a significant portion of electricity is generated from fossil fuels, especially coal due
to its low prices. However, the increasing use of fossil fuels accounts for a large
amount of environmental pollution and GHG emissions, which are considered the
main reason behind the global warming. For example, the emissions of carbon
dioxide and mercury are expected to increase by 35 % and 8 %, respectively, by the
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year 2020 due to the expected increase in electricity generation. Furthermore,
possible depletion of fossil fuel reserves and unstable price of oil are two main
concerns for industrialized countries [5].

While the prices for fossil fuels are skyrocketing and the public acceptance of
these sources of energy is declining, PV technology has become a truly sensible
alternative. Solar energy plays a major role since it is globally available, flexible
with regard to the system size and because it can fulfill the needs of different
countries since it offers on-grid and off-grid solutions [6]. The boundless supply of
sunlight and wind and their zero emission power generation become a driving force
in the fast growth of PV and Wind systems technology. Unlike the dynamic wind
turbine, PV installation is static, does not need strong high towers, produces no
vibration, and does not need cooling systems. In addition, it is environmentally
friendly, safe, and has no gas emissions [6]. The use of PV systems in electricity
generation started in the seventies of the twentieth century and today is currently
growing rapidly around worldwide in spite of high capital cost [5].

PV systems convert the sun’s energy directly into electricity using semicon-
ductor materials. They differ in complexity, some are called “stand-alone or
off-grid” PV systems, which signifies they are the sole source of power to supply
building loads. Further complicating the design of PV systems is the possibility to
connect the PV system generation to the utility “grid connected or on-grid” PV
systems, where electrical power can either be drawn from grid to supplement
system loads when insufficient power is generated or can be sold back to the utility
company when an energy surplus is generated [7, 8]. Based on prior arguments,
grid-connected, or utility-interactive systems appear to be the most practical
application for buildings where the available surface is both scarce and expensive.
Grid-connected PV systems currently dominate the PV market, especially in
Europe, Japan, and USA. With utility interactive systems, the public electricity grid
acts as an energy store, supplying electricity when the PV system cannot. The
performance of a PV system largely depends on solar radiation, temperature and
conversion efficiency. Although, PV systems have many advantages, they suffered
from changing of system performance due to weather variations, high installation
cost, and low efficiency that is hardly up to 20 % for module [9]. An interesting
problem associated with PV systems is the optimal computation of their size. The
sizing optimization of stand-alone or grid connected PV systems is a convoluted
optimization problem which anticipates to obtain acceptable energy and economic
cost for the consumer [10].

The main aim of this chapter is to present the introduction and concept of
research work done in this book. First, the chapter studies the energy situation in
Egypt and discusses Egypt goals and policies regarding their Renewable Energy
Sources (RESs) especially solar energy resource. Secondly, solar PV energy
applications share in Egypt are demonstrated and development of rooftop PV
technologies are discussed. Then, an overview of PV systems are presented.
Finally, the research motivation, objectives, and book outlines are introduced.

2 1 Introduction and Background of PV Systems



1.2 Energy Situation in Egypt

Energy plays a significant role in any nation’s development, and securing energy is
one of the most important challenges facing any developmental plans. While Egypt
has limited fossil fuels, their RESs abound. Nevertheless, RESs currently represent
just a small fraction of the energy mix. They appears to be great potential for the
utilization of Egypt’s renewable resources to generate electricity, thereby boosting
exports and economic development [11]. Recently, Egypt has adopted an ambitious
plan to cover 20 % of the generated electricity by RESs by 2022, including 12 %
contribution from wind energy, translating more than 7200 MW grid-connected
wind farms. The plan includes also a 100 MW Solar thermal energy concentrated
solar power with parabolic trough technology in Kom Ombo city, and two PV
plants in Hurgada and Kom Ombo with a total installed capacity 20 MW each [2].
In order for Egypt to achieve these goals, policies must be aimed at localizing the
Renewable Energy (RE) supply chain and strengthening technological capabilities
at various levels. Egypt is also still in the developmental phase of legislation
supporting the use of RE. A proposed electricity law is currently under construction
and development. It would include some legislation supporting RE in terms of
obligations or commitments on both energy consumers and producers to assign a
part of their production capacity and/or consumption to be from RESs.

The long-term security requirement of Egypt is to reduce the dependence on
imported oil and natural gas and move toward the use of RESs. Egypt’s current
captive-market electricity structure, with the government being a sole buyer, is not
conducive to the rise of a new RE regime. However, a new proposed electricity law,
now in the process of being approved. The anticipated new electricity law tackles
the issue by providing market incentives for private investors, along with those in
RE. Competitive bidding for a determined share of the Egyptian network from RE
is supposed to build a guaranteed market demand for renewable bulk-energy pro-
ducers. Additionally, based on decentralization trend, anticipated new law and
market structure, it seems likely that electricity prices will rise considerably,
including peak-demand figures. Subsidies, as a policy tool, will be used selectively,
especially for low-income and low-consumption residential consumers.

1.3 Solar Energy Resource in Egypt

Favorable climate conditions of Upper Egypt and recent legislation for utilizing
RES provide a substantial incentive for installation of PV systems in Egypt. Egypt
possesses very abundant solar energy resources with sunshine duration ranging
from 9 to 11 h/day with few cloudy days over the year or ranging between 3285
and 4000 h/year. Egypt lies among the Sun Belt countries with annual global solar
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insolation, as shown in Fig. 1.1 ranging from 1750 to 2680 kWh/m2/year from
North to South and annual direct normal solar irradiance ranging from 1970 to
3200 kWh/m2/year also from North to South with relatively steady daily profile and
small variations making it very favorable for utilization [1].

El-Minia has a high solar energy potential, where the daily average of solar
radiation intensity on horizontal surface is 5.4 kWh/m2, while the total annual
sunshine hours amounts to about 3000. These figures are very encouraging to use
PV generators for electrification of the faculty as it has been worldwide success
fully used.

Fig. 1.1 Solar atlas of Egypt (annual average direct solar radiation) [1]
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1.3.1 Photovoltaic Applications in Egypt

Most of solar PV energy applications share in Egypt were demonstrated in Fig. 1.2,
including water pumping, desalination, refrigeration, village electrification, light-
ing, telecommunication, and other solar PV applications. It is estimated that the
solar PV systems installed capacity is presently more than 5.2 MW peak with
around 32 % of that capacity is in telecommunications sector due to the rapid
expansion of mobile telephones repeater stations where the desert represents more
than 90 % of Egypt’s area [1].

1.4 Rooftop Photovoltaic System Technology

In the next years, there will be an explosion of solar PV rooftops across the world,
big and small. Fifteen or 20 years from now, a “bare” rooftop will seem very
strange to us, and most new construction will include PV as routine practice. This
will lead to a parallel explosion in micro-grids (both residential and commercial),
community-scale power systems, and autonomous-home systems. The grid will
become a much more complex hybrid of centralized and distributed power, with a
much greater variety of contractual models between suppliers and consumers [4].

Development of rooftop PV technologies has received much attention and
introduction of a subsidy for the system cost and energy production especially in
Germany and Japan has encouraged the demand for rooftop PV systems [12], where
German PV market is the largest market in the world, and Germany is a leading
country in terms of installed PV capacity. One of the most suitable policies for
introducing rooftop PV systems to the market is Feed-in Tariff mechanism.
According to this approach, eligible renewable power producers will receive a set
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Fig. 1.2 PV applications share in Egypt [1]
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price from their utility for all the electricity they generate and deliver to the grid,
where grid interactive PV systems derive their value from retail or displacement of
electrical energy generated. The power output of a PV system depends on the
irradiance of Sun, efficiency and effective area of PV cells conducted. Therefore, it
is compulsory to choose the optimal size of PV system according to the application.

Egypt has abundant solar energy resource, which is extensively applied to
buildings. Therefore, solar energy utilization in buildings has become one of the
most important issues to help Egypt optimize the energy proportion, increasing
energy efficiency, and protecting the environment. Solar PV system can easily be
installed on the rooftop of education, governmental as well as on the wall of
commercial buildings as grid-connected solar PV energy application. Energy effi-
ciency design strategies and RE are keys to reduce building energy demand.
Rooftop solar PV energy systems installed on buildings have been the fastest
growing market in the PV industry. The integration of solar PV within both
domestic and commercial roofs offers the largest potential market for PV especially
in the developed world [12].

1.5 Photovoltaic Systems Overview

Photovoltaic systems can be grouped into stand-alone systems and grid-connected
systems as illustrated in Fig. 1.3. In stand-alone systems the solar energy yield is
matched to the energy demand. Since the solar energy yield often does not coincide

Fig. 1.3 PV systems classifications [13]
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in time with the energy demand from the connected loads, additional storage sys-
tems (batteries) are generally used. If the PV system is supported by an additional
power source, for example, a wind or diesel generator this is known as a PV hybrid
system. In grid-connected systems the public electricity grid functions as an energy
store [13].

1.5.1 Stand-alone Systems

The first cost-effective applications for photovoltaics were stand-alone systems.
Wherever it was not possible to install an electricity supply from the mains utility
grid (UG). The range of applications is constantly growing. There is great potential
for using stand-alone systems in developing countries where vast areas are still
frequently not supplied by an electrical grid. These systems can be seen as a
well-established and reliable economic source of electricity in rural areas, especially
where the grid power supply is not fully extended [14]. Solar power is also on the
advance when it comes to mini-applications: pocket calculators, clocks, battery
chargers, flashlights, solar radios, etc., are well-known examples of the successful
use of solar cells in stand-alone applications.

Stand-alone PV systems generally require an energy storage system because the
energy generated is not usually required at the same time as it is generated (i.e.,
solar energy is available during the day, but the lights in a stand-alone solar lighting
system are used at night). Rechargeable batteries are used to store the electricity.
However, with batteries, in order to protect them and achieve higher availability
and a longer service life it is essential that a suitable charge controller is also used as
a power management unit. Hence, a typical stand-alone system comprises the
following main components [13]:

1. PV modules, usually connected in parallel or series-parallel;
2. Charge controller;
3. Battery or battery bank;
4. Loads;
5. Inverter (i.e., in systems providing AC power).

1.5.2 Grid-Connected Photovoltaic Systems

The basic building blocks of a grid-connected PV system are shown in Fig. 1.4.
The system is mainly composed of a matrix of PV arrays, which converts the
sunlight to DC power, and a power conditioning unit (PCU) that converts the DC
power to an AC power. The generated AC power is injected into the UG and/or
utilized by the local loads. In some cases, storage devices are used to improve the

1.5 Photovoltaic Systems Overview 7



availability of the power generated by the PV system. In the following subsections,
more details about different components of the PV system are presented.

A grid connected PV system eliminates the need for a battery storage bank
resulting in considerable reduction of the initial cost and maintenance cost. The PV
system, instead, uses grid as a bank where the excess electric power can be
deposited to and when necessary also withdrawn from. When the PV system is
applied in buildings, the PV modules usually are mounted on rooftop, which can
reduce the size of mounting structure and land requirements.

1.5.3 The Photovoltaic Cell/Module/Array

The PV cell is the smallest constituent in a PV system. A PV cell is a specially
designed P-N junction, mainly silicon-based semiconductor and the power input is
made possible by a phenomenon called the photoelectric effect. The characteristic
of photoelectric effect was discovered by the French scientist, Edmund Bequerel, in
1839, when he showed that some materials produce electricity when exposed to
sunlight. The photons in the light are absorbed by the material and electrons are
released, which again creates a current and an electric field because of charge
transfer. The nature of light and the photoelectric effect has been examined by
several scientists the last century, for instance Albert Einstein, which has led to the
development of the solar cell as it is today [15].

Fig. 1.4 Main components of grid-connected PV systems [5]
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In most practical situations the output from a single PV cell is smaller than the
desired output. To get the adequate output voltage, the cells are connected in series
into a PV module. When making a module, there are a couple of things that need to
be considered.

• No or partly illumination of the module
During the night, when none of the modules are illuminated, an energy storage
(like a battery) connected directly in series with the modules makes the cells
forward biased. This might lead to a discharge of the energy storage. To prevent
this from happening a blocking diode can be connected in series with the
module. But during normal illumination level this diode represents a significant
power loss.

• Shading of individual cells
If any of the cells in a module is shaded, this particular cell might be forward
biased if other unshaded parts are connected in parallel. This can lead to heating
of the shaded cell and premature failure. To protect the system against this kind
of failure, the modules contain bypass diodes which will bypass any current that
cannot pass through any of the cells in the module.

If the output voltage and current from a single module is smaller than desired,
the modules can be connected into arrays. The connection method depends on
which variable that needs to be increased. For a higher output voltage the modules
must be connected in series, while connecting them in parallel in turn gives higher
currents. It is important to know the rating of each module when creating an array.
The highest efficiency of the system is achieved when the MPP of each of the
modules occurs at the same voltage level. Figure 1.5 shows the relation between the
PV cell, a module and an array.

Fig. 1.5 Relation between the PV cell, a module and an array
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1.5.4 Power Conditioning Units

Power conditioning units are used to control the DC power produced from the PV
arrays and to convert this power to high-quality AC power before injecting it into
the UG. PV systems are categorized based on the number of power stages. The past
technology used single-stage centralized inverter configurations. The present and
future technology focus predominantly on the two-stage inverters, where a DC–DC
converter is connected in between the PV modules and the DC–AC inverter as
shown in Fig. 1.6.

In single-stage systems, an inverter is used to perform all the required control
tasks. But, in the two-stage system, a DC–DC converter precedes the inverter and
the control tasks are divided among the two converters. Two-stage systems provide
higher flexibility in control as compared to single-stage systems, but at the expense
of additional cost and reduction in the reliability of the system [16]. During the last
decade, a large number of inverter and DC–DC converter topologies for PV sys-
tems were proposed [16, 17], In general, PCUs have to perform the following tasks:

Controlled 
DC-AC
Inverter

LC
Filter

Utility Grid
Solar PV 
Arrays

(a)

Controlled 
DC-AC
Inverter

LC
Filter

DC-DC
Boost

Converter

Utility GridSolar PV 
Arrays

(b)

Fig. 1.6 Classification of system configurations a single stage b two stages
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1.5.4.1 Maximum Power Point Tracking (MPPT)

One of the main tasks of PCUs is to control the output voltage or current of the PV
array to generate maximum possible power at a certain irradiance and temperature.
There are many techniques that can be used for this purpose [17–20] with the
Perturb-and-Observe (P&O) and Incremental Conductance (IC) techniques being
the most popular ones [7].

1.5.4.2 Control of the Injected Current

Power Conditioning Units should control the sinusoidal current injected into the
grid to have the same frequency as the grid and a phase shift with the voltage at the
point of connection within the permissible limits. Moreover, the harmonic contents
of the current should be within the limits specified in the standards. The research in
this field is mainly concerned with applying advanced control techniques to control
the quality of injected power and the power factor at the grid interface [21–23].

1.5.4.3 Voltage Amplification

Usually, the voltage level of PV systems requires to be boosted to match the grid
voltage and to decrease the power losses. This task can be performed using step-up
DC–DC converters or MLIs. 3L-VSIs can be used for this purpose as they provide a
good tradeoff between performance and cost in high voltage and high-power sys-
tems [24].

1.5.4.4 Islanding Detection and Protection

Islanding is defined as a condition in which a portion of the utility system con-
taining both loads and distributed resources remains energized while isolated from
the rest of the utility system [25].

1.5.4.5 Additional Functions

The control of PCUs can be designed to perform additional tasks such as power
factor correction [26], harmonics filtering [27], reactive power control [28], and
operating with an energy storage device and/or a dispatchable energy source such as
diesel generator as an uninterruptible power supply [29].
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1.6 Connection Topologies of Photovoltaic Systems

PV systems have different topologies according to the connection of the PV
modules with the PCU. Some of the common topologies are discussed below.

1.6.1 Centralized Topology

This is one of the well-established topologies. It is usually used for large PV
systems with high-power output of up to several megawatts. In this topology [16,
30], a single inverter is connected to the PV array as illustrated in Fig. 1.7. The
main advantage of the centralized topology is its low cost as compared to other
topologies as well as the ease of maintenance of the inverter. However, this
topology has low reliability as the failure of the inverter will stop the PV system
from operating. Moreover, there is significant power loss in the cases of mismatch
between the modules and partial shading, due to the use of one inverter for tracking
the maximum power point. Since the maximum power point of each module varies
depending on the solar radiation (changing with tracking, shading, cloud cover,
etc.), module material, etc. Thus, a local maximum power point of a module may
not correspond with the global maximum power point of the whole system resulting
in under-operation of some PV modules.

1.6.2 Master–Slave Topology

This topology aims to improve the reliability of the centralized topology [31]. In
this case as shown in Fig. 1.8, a number of parallel inverters are connected to the
array and the number of operating inverters is chosen such that if one inverter fails,
the other inverters can deliver the whole PV power. The main advantage of this
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Fig. 1.7 Central inverter configuration of PV systems
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topology is the increase in the reliability of the system. Moreover, the inverters can
be designed to operate according to the irradiance level, where for low irradiance
level some of the inverters are shut down. This technique of operation extends the
lifetime of inverters and overall operating efficiency. However, the cost of this
topology is higher than that of the centralized topology and the power loss due to
module mismatch and partial shading is still a problem with this topology.

1.6.3 String Topology

In the string topology, each string is connected to one inverter as depicted in
Fig. 1.9; hence, the reliability of the system is enhanced [16, 30, 32]. Moreover, the

DC

AC

DC

AC
AC Voltage

Bus

Fig. 1.8 Master–slave configuration of PV systems
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Fig. 1.9 String inverter configuration of PV systems
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losses due to partial shading are reduced because each string can operate at its own
maximum power point. The string topology increases the flexibility in the design of
the PV system as new strings can be easily added to the system to increase its power
rating. Usually, each string can have a power rating of up to 2–3 kW. The main
disadvantage of this topology is the increased cost due to the increase in the number
of inverters.

1.6.4 Team Concept Topology

This topology is used for large PV systems; it combines the string technology with
the master–slave concept as shown in Fig. 1.10. At low irradiance levels, the
complete PV array is connected to one inverter only. As the irradiance level
increases, the PV array is divided into smaller string units until every string inverter
operates at close to its rated power. In this mode, every string operates indepen-
dently with its own MPP tracking controller [33].

1.6.5 Multi-String Topology

In this topology, every string is connected to a DC–DC converter for tracking the
MPP and voltage amplification [16, 32]. All the DC–DC converters are then con-
nected to a single inverter via a DC bus as shown in Fig. 1.11. This topology
combines the advantages of string and centralized topologies as it increases the
energy output due to separate tracking of the MPP while using a central inverter for
reduced cost. However, the reliability of the system decreases as compared to string
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Fig. 1.10 Team concept configuration of PV systems
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topology and the losses due to the DC–DC converters are added to the losses of the
system.

1.6.6 Modular Topology

This is the most recent topology. It is also referred to as “AC modules,” because an
inverter is embedded in each module as described in Fig. 1.12. It has many
advantages such as reduction of losses due to partial shading, better monitoring for
module failure, and flexibility of array design [16, 32]. However, this topology is
suitable only for low power applications (up to 500 W) and its cost is relatively
high. Moreover, the lifetime of the inverter is reduced because it is installed in the
open air with the PV module, thus increasing its thermal stress.
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1.7 Book Motivation

Thousands types of PV modules are developed regularly today. On the other hand,
there is also an enormous range of inverters. The inverter is a major component of
PV systems either stand-alone or grid connected. It affects the overall performance
of the PV system. What seems like a double dilemma. There is in fact a right
inverter for every available module rating. It is not always easy to find the right
combination of PV module and inverter. The modules simply have too many
different characteristics with various sizes and power ratings. Most manufacturers
of inverters for PV systems make a wide range between the maximum and mini-
mum values of MPP voltage range (Vmpp max, Vmpp min), where inverters act
properly and has no problem to find the MPP in where the module is working. Also
a maximum DC input current of the inverter must be taken into account. Therefore,
it is necessary to determine the optimal combinations of commercially available PV
modules and inverters. So the question is WHICH INVERTER FOR WHICH
MODULE? And which inverter provides the matching solution.

Several advantages in applying grid-connected PV systems on institutional or
governmental buildings were found, some of these are the operational hours of
office building coincide with the peak power production time of PV systems, and
they do not require additional land use, since the building surface is used to
accommodate PV modules on the roof. Also the educational benefits that comes
with owning buildings with PV system raises the awareness of students about RE
and energy efficiency issues, where the presented study would be useful and
applicable for planning rooftop grid-connected PV installations in any other geo-
graphical location in Egypt.

1.8 Research Objectives

The main objectives of the presented book are list as follows:

i. A new approach for optimum design of rooftop grid-connected PV system is
presented based on optimal configuration of PV modules and inverters
according to not only MPP voltage range but also maximum DC input current
of the inverter.

ii. Many different configurations of rooftop grid-connected PV systems have
been investigated and a comparative study between these configurations has
been carried out taking into account PV modules and inverters specifications.

iii. Energy production capabilities, COE, SPBT, and GHG emissions have been
estimated for each configuration using MATLAB computer program.

iv. The dynamic behavior of a MATLAB/Simulink model for a grid-connected
PV system has been studied under different irradiance conditions.

v. A comparative study of THD content in voltage and current waveforms at the
PCC for two different VSI topologies is carried out.
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vi. A small-signal MATLAB/Simulink model of a buck converter in CCM has
been developed and the effects of load changes and input voltage variations on
the proposed model has been studied.

1.9 Book Outlines and Organization

To achieve the above objectives, the present book is organized in six chapters, two
appendices in addition to a list of references. The chapters are summarized as
follows:

Chapter One
The main aim of this chapter is to present the introduction and concept of research
work done in this book. First, the chapter studies the energy situation in Egypt and
discusses Egypt goals and policies regarding its RES especially solar energy
resource. Secondly, solar PV energy applications share in Egypt are demonstrated
and development of rooftop PV technologies are discussed. Then, an overview of
PV systems is presented. Finally, the research objectives and book outlines are
introduced.

Chapter Two
The literature review of the research efforts in the areas of design and sizing of PV
systems, power quality improvement of grid-connected PV systems, and
small-signal model of nonisolated DC–DC converters are provided.

Chapter Three
This chapter presents a new approach for optimum design of rooftop grid-connected
PV system. The study presented in this chapter includes two scenarios using dif-
ferent brands of commercially available PV modules and inverters. Many different
configurations of rooftop grid-connected PV systems have been investigated and a
comparative study between these configurations has been carried out taking into
account PV modules and inverters specifications. Energy production capabilities,
COE, SPBT, and GHG emissions have been estimated for each configuration using
proposed MATLAB computer program.

Chapter Four
This chapter presents a simulation study in steady state conditions for the PV
system proposed in chapter three under varying weather conditions, mainly solar
irradiation. A detailed model of a dual-stage, three-phase rooftop grid-connected
PV system is investigated. The system structure and the modeling techniques of
each part of the PV system have been discussed, based on MATLAB/Simulink,
including PV array, DC–DC converter, VSI, and a low-pass filter. These are fol-
lowed by introduction of the MPPT and VSI control schemes. A comprehensive set
of simulation cases have been conducted. Also, the chapter presents a comparative
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study of THD content in voltage and current waveforms at the PCC for 2L-VSI and
3L-VSI topologies through Fast Fourier Transform (FFT).

Chapter Five
This chapter presents a comprehensive small-signal MATLAB/Simulink model for
the DC–DC buck converter operated under CCM. Initially, the buck converter is
modeled using state-space average model and dynamic equations, depicting the
converter, are derived. Then, a detailed MATLAB/Simulink model utilizing
SimElectronics® Toolbox is developed. Finally, the robustness of the converter
model is verified against input voltage variations and step load changes.

Chapter Six
In this chapter, the research book is concluded. The contributions to the PV research
communities are highlighted. In addition, recommendations for future research
opportunities are proposed.
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Chapter 2
Literature Review

2.1 Introduction

A large number of national and international studies have been conducted to study
the opportunities of reducing electricity consumption and improving energy effi-
ciency of institutional and governmental buildings during rush hours. These studies
show that, it is quite possible to limit the increase in energy use without having
negative effects. So, the Government of Egypt has set a strategy to implement a
number of polices up to year 2022 to diversify energy resources and rationalize the
energy needs of different activities without hindering the development plans.
Among these polices are taking executive actions to increase energy efficiency in
order to reduce total energy consumption by 8.3 % by the year 2020, and achieving
an electricity generation mix composed of 20 % RE, by year 2022 [34].

This chapter provides a literature review about previous work. The survey
includes the following aspects:

• Design and sizing of PV systems.
• Power quality improvement of grid-connected PV systems.

2.2 Review of Related Work

Many researches on the design and sizing approaches of grid-connected PV sys-
tems, and power quality of grid-connected PV systems have been investigated.
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2.2.1 Design and Sizing of Photovoltaic Systems

Samimi et al. (1997) [35] analyzed the optimal tilt angle and other aspects of PV
modules in various climates. However, an economic optimization design tool for
optimal PV size based on technology information, current tariffs and policy has not
yet been developed.

Hernández et al. (1998) [36] developed a methodology for optimal size of PV
system for different building types. The adopted design criterion was to optimize
the profitability and amortization of PV installation.

Haas et al. (1999) [37] investigated the socioeconomic aspects about an Austrian
200 kWp-rooftop program (100 PV systems with an average capacity of 2.28 kWp)
to promote small grid-connected PV systems in Austria.

Bansal and Goel (2000) [38] discussed the integration of 25 kWp solar PV
system in an existing building of cafeteria on the campus of Indian Institute of
Technology, Delhi by creating a solar roof covering an area of about 250 m2. The
system was found to be optimum if integrated with an angle of 15° tilt with relation
to north–south axis, in Delhi’s climatic conditions, therefore giving it higher
efficiency.

Gong, and Kulkarni (2005) [39] suggested an optimization method for a
grid-connected PV system based on maximizing the utilization of the array output
energy and minimizing the electricity power sold to the grid.

El-Tamaly, and Adel A. Elbaset (2006) [40] proposed a computer program to
determine optimal design of PV system. The proposed computer program based on
minimization of energy purchased from grid. A comparative study between three
different configurations (stand-alone Photovoltaic Power System (PVPS) with
Battery Storage (BS), PVPS interconnected with UG without BS and
grid-connected PVPS accompanied with BS) has been carried out from economic
and reliability points of view with the main goal of selecting suitable one, to be
installed at Zâfarana site to feed the load requirement.

Ferna´ndez-Infantes et al. (2006) [41] developed a specific computer application
for automated calculation of all relevant parameters of the installation, physical,
electrical, economical, as well as, ecological for designing a PV system installation
that may be either used for internal electric consumption or for sale using the
premium subsidy awarded by the Spanish Government. It was found that economic
incentives, like subsidies for part of the investment, and the chance to sell all the
electricity generated at 6 times its market price, are required to make a PV
installation profitable.

Li et al. (2009) [42] dealt with the sizing optimization problem of stand-alone
PVPS using hybrid energy storage technology. The three hybrid power systems,
i.e., PV/Battery system, PV/fuel cell (PV/FC) system, and PV/FC/Battery system,
are optimized, analyzed and compared. The proposed PV/FC/Battery hybrid system
was found to be the configuration with lower cost, higher efficiency, and less PV
modules as compared with single storage system.
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Mellit et al. (2009) [43] presented an overview of artificial intelligent techniques
for sizing PV systems: stand-alone, grid-connected, PV-wind hybrid systems, etc.
Their results show that the advantage of using an artificial intelligent-based sizing
of PV systems providing good optimization, especially in isolated areas, where the
weather data are not always available.

Ren et al. (2009) [44] dealt with the problem of optimal size of grid-connected
PV system for residential application and developed a simple linear programming
model for optimal sizing of grid-connected PV system. The objective of the study is
to minimize the annual energy cost of a given customer, including PV investment
cost, maintenance cost, utility electricity cost, subtracting the revenue from selling
the excess electricity. It would be seen that the adoption of PV system offers
significant benefits to household (reduced energy bills) and to the society (reduced
CO2 emissions) as a whole.

Kornelakis and Koutroulis (2009) [45] analyzed optimization of grid-connected
PV systems using a list of commercially available system devices. The analysis was
based on selecting the optimal number and type PV module installation, in such a
way that the total net economic benefit achieved during the system’s operational
lifetime period is maximized.

Kornelakis and Marinakis (2010) [46] proposed an approach to select the
optimal PV installation using Particle Swarm Optimization.

Kornelakis (2010) [47] presented a multi-objective optimization algorithm based
on PSO applied to the optimal design of grid-connected PV systems. The proposed
methodology intends to suggest the optimal number of system devices and the
optimal PV module installation details, such that the economic and environmental
benefits achieved during the system’s operational lifetime period are both
maximized.

Al-Salaymeh et al. (2010) [6] proposed a design of PV system to produce energy
for basic domestic needs. The proposed design studied the feasibility of utilizing
PV systems in a standard residential apartment in Amman city in Jordan to conduct
energy and economic calculations. It was found that the calculated payback period
high in a stand-alone system, to decrease payback period a grid-connected PV
system was suggested. The output results of this study show that installation of PV
system in a residential flat in Jordan may not be economically rewarding owing to
the high cost of PV system compared to the cost of grid electricity.

Suryoatmojo et al. (2010) [48] presented a method to determine optimal
capacities of PV system, battery bank and diesel generator unit according to min-
imum cost objective functions of system reliability and CO2 emissions. The opti-
mization method included studying on three different PV technologies: ASE-300
(mc-Si based EFG), Kyocera KC-120 (mc-Si based wafer) and AstroPower AP-120
(thin film Si). The optimization results indicates that the AP-120 module is rec-
ommended to be installed in the rural area case; East Nusa Tenggara, Indonesia.

Muneer et al. (2011) [49] proposed an optimization model to facilitate an
optimal plan for investment in large-scale solar PV generation projects in Ontario,
Canada. The optimal set of decisions includes the location, sizing, and time of
investment that yields the highest profit. They considered various relevant issues
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associated with PV projects such as location-specific solar radiation levels, detailed
investment costs representation, and an approximate representation of the trans-
mission system.

Li et al. (2012) [50] studied a grid-connected PV system installed in an insti-
tutional building in Hong Kong. The analysis was based on two years measured
data made in Hong Kong from 2008 to 2009. Technical data including available
solar radiation and output energy generated were systematically recorded and
analyzed. It was found that with Feed-in-tariff schemes, high electricity selling price
can shorten the payback period for grid-connected PV system to a reasonable time
period that should be less than the lifetime (e.g. less than 20 years).

Oko et al. (2012) [51] presented a design analysis of PV system to supply a
Laboratory at the Department of Mechanical Engineering, University of Port
Harcourt, Nigeria. An automated MS Excel spreadsheet was developed for the
design and economic analyses of PV system. Their results show that, unit cost of
electricity for the designed PV system is high compared to the current unit cost of the
municipally supplied electricity, but will be competitive with lowering cost of PV
system components and favorable government policies on Renewable Energy (RE).

Mehleri et al. (2013) [52] presented an optimization based approach for eval-
uation of RES on a Greek residential sector taking into account site energy loads,
local climate data, utility tariff structure, characteristics of RE technologies (tech-
nical and financial) as well as geographical circumstances.

2.2.2 Power Quality Improvement of Grid-Connected
Photovoltaic Systems

Prodanovic´ and Green (2003) [53] designed a filter and a complementary con-
troller for a three-phase inverter that rejects grid disturbance, maintains good
waveform quality and achieves real and reactive power control. A full discrete-time
controller design has been presented and validated with experimental results using
DSP implementation. Both voltage-mode and current-mode control have been
examined in order to choose the appropriate control strategy for power quality.
Both methods provide a solution for active and reactive power control but the
current-mode control has been chosen for its advantages in respect of rejection by
the current control loop of harmonic distortion present in the grid. The power
quality has been demonstrated with time and frequency domain results showing the
high quality of the currents injected into the voltage grid.

Oliva and Balda (2003) [54] presented a power quality study performed on a PV
generator in order to estimate the effects that inverter-interfaced PV dispersed
generation might have upon the quality of electric power. Different interpretations
of the harmonic distortion limits set in the IEEE 519-1992 standard are performed
together with a comparison with the BC Hydro’s harmonic current limits. This
paper also includes a statistical analysis of all measurements recorded with the help
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of two PQ monitors, an evaluation of the results from a connection/disconnection
test, and harmonic simulation results.

Sannino et al. (2003) [55] highlighted the concept of “custom power” for
medium power applications. Advantages and disadvantages of several custom
power devices have been pointed out. Both devices for mitigation of interruptions
and voltage dips and devices for compensation of unbalance, flicker and harmonics
were treated. It was concluded that custom power devices provide in many cases
higher performance compared with traditional mitigation methods. However, the
choice of the most suitable solution depends on the characteristics of the supply at
the PCC, the requirements of the load and economics.

Li et al. (2005) [56] presented a three-phase four-wire grid-interfacing power
quality compensator for compensating voltage unbalance and voltage sag, in a
microgrid. During UG voltage unbalance, the proposed compensator, using a shunt
and a series four phase-leg inverter, can enhance both the quality of power within
the microgrid and the quality of currents flowing between the microgrid and UG.
Functionally, the shunt four-leg inverter is controlled to ensure balanced voltages
within the microgrid and to regulate power sharing among the parallel-connected
DG systems. The series inverter is controlled complementarily to inject negative-
and zero-sequence voltages in series to balance the line currents, while generating
zero real and reactive power. During utility voltage sags, the series inverter can also
be controlled to limit the flow of large fault currents using a proposed flux–charge
control algorithm. The performance of the proposed compensator has been verified
in simulations and experimentally using a laboratory prototype.

Teichmann and Bernet (2005) [57] evaluate three-level topologies as alternatives
to two-level topologies for low-voltage applications. Topologies, semiconductor
losses, filter aspects, part count, initial cost, and life-cycle cost were compared for a
grid interface conventional drive application, and a high-speed drive application. It
was found that a three-level topology is superior in terms of total semiconductor
losses at switching frequencies as low as and beyond 2–3 kHz in practical appli-
cations. At switching frequencies above 5 kHz, the three-level converter always
features lower losses.

Alepuz et al. (2006) [24] presented a novel approach for the connection of PV
system to the UG by means of a three-level neutral-point clamped VSI
(3L-NPCVSI). The controller of the system is based on the multivariable LQR
control technique. The good performance of the system in both steady state and
transient operation has been verified through simulation and experimentation using
a 1-kW prototype, where a PC-embedded digital signal processor board is used for
the controller implementation. With the model and regulator presented, a specific
switching strategy to control the DC-link neutral-point voltage is not required.

Busquets-Monge et al. (2008) [58] proposed a control and modulation scheme
for the connection of a set of PV arrays to a multilevel diode-clamped three-phase
inverter. The scheme allows one to independently set each PV array voltage to its
MPP without diminishing the quality of the output voltages. Comparing to a
conventional system using a two-level inverter, this feature allows one to increase
the power extracted, particularly under partial shades covering the PV facility or in
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case of mismatched PV arrays. Simulation and experimental tests have been con-
ducted with three PV arrays connected to a four-level three-phase diode-clamped
converter to verify the good performance of the proposed system configuration and
control strategy.

Gajanayake et al. (2009) [59] presented a controller design for a Z-source
inverter based flexible DG system to improve power quality of the UG. The con-
trollers were designed to operate in two modes. The inverter injects high-quality
current into the grid when the DG system operates in full capacity. When the
system operates below its ratings, the designed controllers improve the voltage
quality of the grid. The proposed control method was tested with simulation results
obtained using MATLAB/Simulink/PLECS toolboxes and subsequently it was
experimentally validated using a laboratory prototype. Simulation results show
good reference tracking and harmonics performance.

Geibel et al. (2009) [60] demonstrated possibilities of inverter-coupled systems
in terms of power quality and reliability improvement. Measurements for active
power filters (series and shunt) as well as measurements of the behavior of
inverter-coupled systems with UPS functionality during grid faults were shown and
discussed. Implementation of these functionalities in real series products will
strongly depend on the additional economic benefit. Reduced subsidies on
renewable energy sources raise the possibilities for a high deployment of such
systems.

Hosseini et al. (2009) [61] presented a control system that combines
grid-connected PV system and power quality enhancement with two system con-
figurations. In the first configuration, the PV panel is connected directly to active
filter and the output voltage of PV panel is equal to the DC bus voltage in MPP. In
the second configuration, due to low voltage of PV panel, it is connected to active
filter through a DC–DC boost converter. The system can not only realize PV
generation, but also suppress current harmonics and compensate reactive Power.
Simulation results with PSCAD/EMTDC software show that the PV system can be
used to provide the function of power quality managements and also to transfer its
power to the ac local loads.

Luo et al. (2011) [62] developed a building integrated photovoltaic (BIPV)
central inverter control strategy combined with reactive power compensation,
harmonic suppression and grid-connected power generation. Recursive integral PI
had been adopted to obtain precise current of a BIPV inverter. The improved ip-iq
algorithm could detect the harmonics and reactive power rapidly. The introduction
of network voltage forward feed control can effectively restrain system disturbance.
Also, it enables BIPV inverter not only to provide active energy, but also to
suppress the harmonics and reactive power current brought in by load. Prototype
development based on simulation results and photovoltaic experimental platform
had been set up and united control research had been done.

Wang et al. (2011) [63] proposed a grid-interfacing system topologies with
enhanced voltage quality for microgrid applications. Two three-phase four-leg
inverters, together with DC microsources and nonlinear loads, are employed to
construct a general series–parallel grid-interfacing system. With the reconfigurable
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functionalities, the proposed systems have been compared with conventional ser-
ies–parallel systems and shunt-connected systems, showing flexible applicability.
The system also shows the possibility to achieve auxiliary functions such as voltage
unbalance correction and harmonic current compensation. The proposed methods
have been verified by experimental tests on a laboratory setup.

Bojoi et al. (2011) [64] proposed a control scheme for a single-phase H-bridge
inverter with power quality features used in DG systems. The proposed scheme
employed a current reference generator based on Sinusoidal Signal Integrator
(SSI) and Instantaneous Reactive Power (IRP) theory together with a dedicated
repetitive current controller. The idea is to integrate the DG unit functions with
shunt active power filter capabilities. With this approach, the inverter controls the
active power flow from the renewable energy source to the grid and also performs
the nonlinear load current harmonic compensation by keeping the grid current
almost sinusoidal. Experimental results have been obtained on a 4 kVA inverter
prototype tested for different operating conditions. The experimental results have
shown good transient and steady state performance in terms of grid current THD
and transient response.

Kamatchi Kannan and Rengarajan (2012) [65] dealt with a model of PV array or
battery operated DC–DC boost converter fed three-leg VSI with star/delta trans-
former for power quality improvement. A synchronous reference frame was pro-
posed for three-phase four-wire Distribution Static Compensator (DSTATCOM) for
reactive power compensation, source harmonic reduction, and neutral current
compensation at the PCC. The PV array or battery operated boost converter was
used to step up the voltage to match the DC-link requirement of the three-leg VSC.
To derive the reference current in order to generate the firing pulse to the VSC, the
overall system is designed, developed and validated by using MATLAB/Simulink
environment.

2.2.3 Small-Signal Model of DC–DC Converter

Until now a numerous software applications of small-signal model for DC–DC
converter applications have been developed to be utilized in controller design and
increase converters’ performance. These applications vary in various aspects such
as PSCAD/EMTDC software, PSpice simulator, Internet-based platform
PowerEsim and MATLAB/Simulink software package.

Mahdavi et al. (1997) [66] presented a generalized state-space averaging method
to the basic DC–DC single-ended topologies. Simulation results were compared to
the exact topological state-space model and to the well-known state-space aver-
aging method.

Reatti and Kazimierczuk (2003) [67] presented a small-signal circuit model for
pulse width modulated (PWM) DC–DC converters operated in discontinuous con-
duction mode. The proposed model is suitable for small-signal, frequency-domain
representation of the converters.
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Mohamed Assaf et al. (2005) [68] analyzed the nonlinear, switched, state-space
models for buck, boost, buck–boost, and Cuk converters. MATLAB/Simulink was
used as a tool for simulation in the study and for close loop system design.

Ghadimi et al. (2006) [69] presented a detailed small-signal and transient
analysis of a full bridge PWM converter designed for high voltage, high power
applications using an average model. The derived model was implemented in
PSCAD/EMT tool and used to produce the small-signal and transient characteristics
of the converter.

Mayo-Maldonado et al. (2011) [70] proposed an average large signal as well as
small-signal dynamic model for the buck–boost converter to investigate the
dynamic modeling, stability analysis and control of the continuous input current
buck–boost DC–DC converter. Also, experimental results of a current-mode control
based on Linux and an open-source real-time platform were presented.

Galia Marinova (2012) [71] dealt with the possibility to apply the PSpice sim-
ulator as a verification tool for switched mode power supply design with the
Internet-based platform PowerEsim utilizing real component models in PSpice,
which give better accuracy.

Ali Emadi (2013) [72] presented a modular approach for the modeling and
simulation of multi-converter DC power electronic systems based on the general-
ized state-space averaging method. A modular modeling approach based on the
generalized state-space averaging technique had been utilized to build large-signal
models.

Modabbernia et al. (2013) [73] presented a complete state-space average model
for the buck–boost switching regulators. The presented model included the most of
the regulator’s parameters and uncertainties.

Mashinchi Mahery and Babaei (2013) [74] proposed a new method for mathe-
matical modeling of buck–boost DC–DC converter in CCM. The proposed method
is based on Laplace and Z-transforms. The simulation results in PSCAD/EMTDC
software as well as the experimental results were used to reconfirm the validity of
the hypothetical investigation.
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Chapter 3
Optimum Design of Rooftop
Grid-Connected PV System

3.1 Introduction

Egypt is experiencing one of its most considerable energy crises for decades. Power
cuts in Egypt have been escalated in recent years due to the shortage of fuel
necessary to run power plants—due to the rapid depletion of fossil fuels and
continual instability of their prices—and overconsumption of loads especially in
summer season, which negatively affected various levels of social and economic
activities. On the other hand, Egypt has some of the highest GHG emissions in the
world. To solve problems of power cuts and emissions, Egypt is taking impressive
steps to rationalize consumption and optimize the use of electricity in addition to
develop and encourage PV system projects that can be deployed on rooftop of
institutional and governmental buildings. As a result, Egypt government intends to
implement about one thousand of grid-connected PV systems on the roof of gov-
ernmental buildings. As a case study, this book presents a new approach for
optimum design of 100 kW rooftop grid-connected PV system for Faculty of
Engineering buildings. In order to ensure acceptable operation at minimum cost, it
is necessary to determine the correct size of rooftop grid-connected PV system
taking into account meteorological data, solar radiation, and exact load profile of
consumers over long periods. The next limitation to consider is the area available
for mounting the array. For the majority of grid-connected PV systems, this area is
the roof of the house or any other building.

This chapter presents a new approach for optimum design of rooftop
grid-connected PV system installation on an institutional building at Minia
University, Egypt as a case study. The new approach proposed in this chapter is
based on optimal configuration of PV modules and inverters according to not only
MPP voltage range but also maximum DC input currents of the inverter. The
system can be installed on the roof of Faculty of Engineering buildings' B and C.
The study presented in this chapter includes two scenarios using different brands of
commercially available PV modules and inverters. The first scenario includes four

© Springer International Publishing AG 2017
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types of PV modules and three types of inverters while the second scenario includes
five types of PV modules and inverters. Many different configurations of rooftop
grid-connected PV systems have been investigated and a comparative study
between these configurations has been carried out taking into account PV modules
and inverters specifications. Energy production capabilities, COE, SPBT, and GHG
emissions have been estimated for each configuration using proposed MATLAB
computer program.

3.2 Site Description

Faculty of engineering which located in Upper Egypt was established in the late of
1976s. It is comprised of three buildings A, B, and C, with approximately 200 staff,
3500 undergraduate students, and 400 employees. Location is selected as it has
many of the typical attributes of an education building, since it contains classrooms,
offices, computer laboratories, and engineering laboratories. An important limita-
tion to consider in the design of rooftop PV system is the area available for
mounting the arrays on the buildings. To determine the amount of space available
for the system, a site survey was performed leading to net roof areas available of
2100 and 3100 m2 for buildings B and C, respectively. Coordinate of selected site
is 28.1014 (28° 6′ 5″) °N, 30.7294 (30° 43′ 46″) °W. Electrification of faculty of
engineering is often realized through an electric distribution network via three
transformers with rated 1000, 500, and 500 kVA from Middle Egypt for Electricity
Distribution Company (MEEDCo.). There are three energy meters M1, M2, and M3

with numbers 16947, 59310007, and 59310857, respectively, put on each trans-
former to indicate the total energy consumed by faculty loads. Figure 3.1 shows a
Google Earth™ image of the selected site.

3.2.1 Load Data

First, the load demand of faculty of engineering has been gathered. The main
electrical loads for faculty are represented in lighting, fans, Lab devices,
air-conditioners, and computers with accessories. Table 3.1 provides most electrical
appliances used in the faculty, while Table 3.2 provides energy consumption and
their bills values for the faculty of engineering during a recent year, 2013 which
have been taken from MEEDCo. These values actually have been gotten from
electricity bills paid by the university, where university is the largest customer of its
energy supplier. It can be seen that the yearly energy consumption reaches 980.33
MWh during 2013 year. According to energy bills, it was noticed that energy
consumed continues to increase due to the increasing loads that faculty added
during the recent period. Also it was found that the faculty pays 25 piaster/kWh
(3.57 cent/kWh) up to 2012 year as an energy tariff, it is considered as power
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service on low voltage according to the tariff structure of the Egyptian Electricity
Holding Company. Starting from January 2013, the energy tariff increased by about
13.8 % to be 29 piaster/kWh (4.14 cent/kWh). It is expected that tariff structure
continues to increase to reduce governmental subsides.

Fig. 3.1 Google Earth™ image of faculty of engineering buildings’ layout

Table 3.1 Typical electrical appliances

Floor Load type Total
power/floorLights

(40 W)
Fans
(80 W)

Air-conditions (3
HP)

No. of
units

Ground 565 36 4 34,432

First 510 37 11 47,978

Second 435 33 3 26,754

Third 426 32 4 28,552

Fourth 416 20 2 22,716

Sum 2352 158 24 –

Total power 94,080 W 12,640 W 53,712 W 160,432 W
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3.2.2 Climate Data

Strength of solar radiation is the primary consideration in selecting location for PV
installation. The generated output power of a PV array is directly proportioned to
the input solar radiation. So, to get an optimum design of rooftop PV system, it is
important to collect the meteorological data for site under consideration. Hourly
data of solar direct irradiance and ambient temperature are available for 1 year.
Table 3.3 shows monthly average radiation on the horizontal surface which has
been obtained from Egyptian Metrological Authority for El-Minia site, Egypt.
El-Minia and Upper Egypt region have an average daily direct insolation between
7.7 and 8.3 kWh/m2/day [1, 75].

It is clear from Table 3.3 that solar energy in this region is very high during
summer months, where it exceeds 8 kWh/m2/day, while the lowest average
intensity is during December with a value of 3.69 kWh/m2/day and the actual
sunshine duration is about 11 h/day. So, solar energy application is more and more
considered in El-Minia and Upper Egypt as an RES compared to conventional
energy sources. Figure 3.2 shows the hourly solar radiation over the year seasons as
a sample data.

3.3 Methodology

3.3.1 Radiation on Tilted Surfaces

Solar irradiance data provide information on how much of the sun’s energy strikes a
surface at a location on the earth during a particular period of time. Due to lack of
measured data of irradiance on tilted surfaces, mathematical models have been
developed to calculate irradiance on tilted surfaces.

3.3.1.1 Estimation of Monthly Best Tilt Angle

The new approach is presented based on monthly best tilt angle tracking. Hourly
solar radiation incident upon a horizontal surface is available for many locations.
However, solar radiation data on tilted surfaces are generally not available [76]. The
monthly best tilt angle, b (degrees) can be calculated according to the following
equations [76]:

b ¼ ; � d ð3:1Þ
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If calculations are made based on monthly average variables, it is recommended
to use the average number of days for each month and the number n of the day
presented in Table 3.4.

The declination angle can be calculated for the Northern hemisphere in terms of
an integer representing the recommended day of the year, n, by

d ¼ 23:45� � sin 360 � 284þ nð Þ
365

� �
ð3:2Þ
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Fig. 3.2 Hourly solar radiation on horizontal surfaces at El-Minia site

Table 3.4 Number of the average day for every month and its value [77]

For the average day of the month

Month n, for the i day of the month Recommended
date

n, Recommended day per
year

Jan. i 17/1 17

Feb. 31 + i 16/2 47

March 59 + i 16/3 75

April 90 + i 15/4 105

May 120 + i 15/5 135

June 151 + i 11/6 162

July 181 + i 17/7 198

Aug. 212 + i 16/8 228

Sept. 243 + i 15/9 258

Oct. 273 + i 15/10 288

Nov. 304 + i 14/11 318

Dec. 334 + i 10/12 344
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3.3.1.2 Calculation of Radiation on Tilted Surfaces

Average daily solar radiation on horizontal surface, H for each calendar month can
be expressed by defining, KT the fraction of the mean daily extraterrestrial radia-
tion, Ho as [76]

KT ¼ H

Ho
ð3:3Þ

The average daily radiation on the tilted surface, HT , can be expressed as follows:

HT ¼ R � H ¼ R � KT � Ho; ð3:4Þ

where R is the ratio between radiation on tilted surfaces to radiation on horizontal
surfaces. R can be estimated individually by considering the beam, diffuse, and
reflected components of the radiation incident on the tilted surfaces toward the
equator. Assuming diffuse and reflected radiation can be isotropic then R can be
expressed as follows [76]:

R ¼ HT

H
¼ 1� Hd

H

� �� �
� Rb þ Hd

H

� �
1þ cosðSÞð Þ

2

� �
þ q � 1� cosðSÞð Þ

2

� �

ð3:5Þ

Hd

H
¼ 1:39� 4:027 � KT þ 5:531 � KT

� �2�3:108 � KT
� �3

; ð3:6Þ

where Hd is the monthly average daily diffuse radiation. However, Rb can be
estimated to be the ratio of the extraterrestrial radiation on the tilted surface to that
on horizontal surface for the month, thus [76]:

Rb ¼
sin dð Þ sin ; � dð Þ p=180ð Þx0

s þ cos d cos ; � dð Þ sin x0
s

� �
sin dð Þ sin ;ð Þ p=180ð Þþ cos dð Þ cos ;ð Þ sin xsð Þ ; ð3:7Þ

where

xs ¼ cos�1 � tan ;ð Þ tan dð Þð Þ ð3:8Þ

x0
s ¼ min xs; cos�1 � tan ; � Sð Þð Þ tan dð Þ� 	 ð3:9Þ
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3.3.2 Mathematical Modeling of PV Module/Array

Most studies related to the performance of PV systems require the use of a model to
convert the irradiance received by the PV array and ambient temperature into the
corresponding maximum DC power output of the PV array. The performance of PV
system is best described using single-diode model [78−81] or two-diode model
[82]. These models are used to establish I-V and P-V characteristic curves of PV
module/array to obtain an accurate design, optimum operation, and discover the
causes of degradation of PV performance. The models recorded in the literature
[78−81] vary in accuracy and complexity, and thus, appropriateness for different
studies. PV cells essentially consist of an interface between P and N doped silicon.
Therefore, they can be mathematically evaluated in a manner akin to that employed
when dealing with basic P-N junctions. The single-diode model, shown in Fig. 3.3,
is one of the most popular physical models used in the analysis to represent the
electric characteristics of a single PV cell [83].

The mathematical equation describing the IV characteristics of a PV solar cells
array is given by the following equations where the output current can be found by

I tð Þ ¼ Iph tð Þ � Io tð Þ exp
q V tð Þ � I tð Þ � Rsð Þ

AKT tð Þ
� �

� 1
� �

� V tð Þþ I tð Þ � Rs

Rsh
ð3:10Þ

The hourly reverse saturation current, Io tð Þ varies with temperature as follows:

Io tð Þ ¼ Ior
TðtÞ
Tr

� �3

� exp q � Ego=Ki
1
Tr

� 1
T tð Þ

� �� �
ð3:11Þ

The hourly generated current of solar cells module, Iph tð Þ varies with tempera-
ture according to the following equation:

Iph tð Þ ¼ Isc þKi T tð Þ � 298ð Þð Þ � HT tð Þ
100

ð3:12Þ

Iph

ID
Rsh

Rs
+

-

V

I

D

Fig. 3.3 Equivalent circuit of
a PV module
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The output power of a PV module can be calculated by the following equation:

Ppv;out tð Þ ¼ V tð Þ � I tð Þ ð3:13Þ

3.3.3 Calculation of Optimal Number of PV Modules

The number of subsystems, Nsub depends on the inverter rating, Pinverter and size of
PV system, Psystem. To determine the number of subsystems, inverter rating and
module data must be known.

Nsub ¼ Psystem

Pinverter
ð3:14Þ

Series and parallel combination of each PV subsystem can be adjusted according
to not only the MPP voltage range but also maximum DC input current of the
inverter. Estimation of the initial total number of PV modules for each subsystem
can be calculated as follows:

NPV sub i ¼ Pinverter

Pmax
ð3:15Þ

Most manufacturers of inverters for PV systems make a wide range between the
maximum and minimum values of MPP voltage range Vmpp max;Vmpp min

� �
, where

inverters act properly and have no problem to find the maximum power point in
where the module is working. Minimum and the maximum number of PV modules
that can be connected in series in each branch, Ns min and Ns max, respectively, are
calculated according to the MPP voltage range as follows:

Ns min ¼ ceil
Vmpp min

Vmpp

� �
ð3:16Þ

Ns max ¼ ceil
Vmpp max

Vmpp

� �
; ð3:17Þ

where Vmpp is the maximum power point of PV module. The optimal number of
series modules, Ns sub is located in the range of

Ns min\Ns sub\Ns max

Minimum and the maximum number of PV modules that can be connected in
parallel in each subsystem, Np min and Np max, respectively, are calculated as
follows:
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Np min ¼ ceil
NPV sub i

Ns max

� �
ð3:18Þ

Np max ¼ ceil
NPV sub i

Ns min

� �
; ð3:19Þ

where optimal number of parallel modules Np sub is located in the range of

Np min\Np sub\Np max

Number of PV modules connected in parallel Np sub may be set to Np min but
cannot be set to Np max, because the DC current results from all parallel strings may
be higher than the maximum DC input of the inverter which may damage the
inverter. For each number of series modules, Ns sub in the series range calculated
previously, estimation of the corresponding parallel modules for each subsystem
can be calculated as follows:

Np sub ¼ ceil
NPV sub i

Ns sub

� �
ð3:20Þ

Then, recalculate the total number of PV module, NPV sub according to each
resulted series and parallel combination

NPV sub ¼ Ns sub � Np sub ð3:21Þ

Assuming that inverter is operating in the MPP voltage range, the operating
input voltage and current of the inverter Vmpp sub; Impp sub

� �
can be calculated as

follows:

Vmpp sub ¼ Ns sub � Vmpp ð3:22Þ

Impp sub ¼ Np sub � Impp ð3:23Þ

From previous calculations, a database containing probable series and parallel
combinations, PV modules, DC input voltage and current for each subsystem is
formed. Optimal total number of PV modules for each subsystem is selected
according to minimum number of PV modules which satisfies not only the MPP
voltage range but also the maximum DC input current of the inverter. The total
number of PV modules, NPV for the selected site can be calculated from the
following:

NPV ¼ Nsub � NPV sub ð3:24Þ
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3.3.4 Optimal Orientation and Arrangement of PV Modules

Photovoltaic arrays are usually tilted to maximize the energy production of the
system by maximizing the direct irradiance that can be received. Optimal placement
of PV array is often somewhat elevated, which reduces not only direct beam
radiation in the winter, but also to some extent diffuse radiation all year round. In
cases of single-row PV system, this loss of diffuse radiation is partially offset by
additional reflected radiation from the building. But in most cases, PV array is
installed in multiple rows or in stacks, which reduce the impact of reflected radi-
ation. So, to increase output capture power from PV array, the clearance distance as
shown in Fig. 3.4 between the rows of the various arrays can be calculated as
follows [84]:

a ¼ d cos bþ h cot a1 ¼ d cos bþ sin b cot a1ð Þ ð3:25Þ

PV arrays are usually tilted to maximize the energy production of the system by
maximizing the direct irradiance that can be received. Horizon elevation angle can
be determined as follows [84]:

a1 ¼ 66:5� � ;

3.3.5 Economic Feasibility Study

The most critical factors in determining the value of energy generated by PV system
are the initial cost of the hardware and installation, and the amount of energy
produced annually [85]. Commonly calculated quantities are SPBT and COE.

Fig. 3.4 PV modules with several stacked arrays [84]
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A grid-connected PV system is economically feasible only if its overall earnings
exceed its overall costs within a time period up to the lifetime of the system. The
time at which earnings equal cost is called the payback time and can be evaluated
according to SPBT.

3.3.5.1 Cost of Electricity (COE)

The economical aspect is crucial for PV systems because of their high cost, which is
reflected on price of kWh generated by them. COE is a measure of economic
feasibility, and when it is compared to the price of energy from other sources
(primarily the utility company) or to the price for which that energy can be sold, it
gives an indication of feasibility [86]. Initial capital investment cost is the sum of
the investment cost of parts of PV system, i.e., PV array, DC/AC inverter, and
miscellaneous cost (wiring, conduit, connectors, PV array support, and grid
interconnection)

Ccap ¼ CPV þCinverter þCm ð3:27Þ

Miscellaneous cost, Cm can be determined as follows:

Cm ¼ Clabor þCwiring þCracks þCgrid ð3:28Þ

The COE ($/kWh) is primarily driven by the installed cost and annual energy
production of system which can be calculated form the following equation:

COE ¼ Ccap þCmain

AEP
ð3:29Þ

Economic parameters considered in the proposed rooftop grid-connected PV
system are shown in Table 3.5.

Table 3.5 Economic parameters considered for the proposed system

Description Value Notes

Installation labor cost ($/h) [87] 16.66 0.43 h/unit

Installation Materials cost [wiring, conduit, connectors] ($/module)
[87]

3.60

Mounting structure cost ($/Wp) [88] 0.080

O&M costs, ($/year) [89] 425.60

Grid Interconnect cost ($) [87] 2,000

Life time, N (years) 25

Tracking system Monthly
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3.3.5.2 Simple Payback Time (SPBT)

A PV system is economically feasible only if its overall earnings exceed its overall
costs within a time period up to the lifetime of the system. The time at which
earnings equal cost is called the payback time. In general a short payback is
preferred and a payback of 5–7 years is often acceptable. SPBT provides a pre-
liminary judgment of economic feasibility, where SPBT calculation includes the
value of money, borrowed or lost interest, and annual operation and maintenance
costs can be calculated as follows [85]:

SPBT ¼ Ccap

AEP � P� Ccap � i� Cmain
ð3:30Þ

3.3.6 GHG Emissions Analysis

Concerning to the environmental effects that can be avoided using PV systems. CO2

emission is the main cause of greenhouse effect, so that the total amount of CO2 at
the atmosphere must be minimized in order to reduce the global warming. Amount
of tCO2 can be calculated according to the following equation:

CO2ðemissionÞ ¼ FE � AEP � N ð3:31Þ

3.4 Applications and Results

A new computer program has been developed based on proposed methodology for
design and economic analysis of rooftop grid-connected PV system. The total load
demand of the faculty is about 160.432 kW as shown from Table 3.1. However,
these loads do not work all at one time, on the contrary working for a short time.
Assuming demand load of 60 % of the total load demand, so a capacity of 100 kW
rooftop grid-connected PV system is proposed. According to the Egyptian legal-
ization, the feed-in rates vary depending on usage. Households will receive 84.8
piaster/kWh, commercial producers will receive 90.1 piaster/kWh (under 200 kW)
and 97.3 piaster/kWh for producers of 200−500 kW [90]. Rooftop PV system
operational lifetime period has been set to 25 years, which is equal to guaranteed
operational lifetime period of PV module. According to Ref. [89], an hourly salary
of $26.60 for a facility services engineer to maintain the system is considered. The
projected maintenance costs will be 16 h/year ($425.60) for a medium system (less
than 100 kW). Also to mount the panels on the roof, a solar panel rail kit is applied.
The rail kit is sized based on the assumption that PV modules will be mounted on
the roof inclined with monthly best tilt angle to optimize the energy output. The
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proposed computer program includes two scenarios using different brands of
commercially available PV modules and inverters.

3.4.1 Scenario No. 1

Four different types of PV modules with three different types of inverters have been
used in this scenario. Many different configurations have been investigated and a
comparative study among these configurations has been carried out taking into
account PV modules and inverters specifications. Flowchart of proposed MATLAB
computer program is shown in Fig. 3.5.

Start

Input Radiation, Temperature, PV 
module spec. and Site Latitude

Modification of radiation on surfaces  tilted by 
monthly best tilt angle & Ambient Temp. 

Eqns. (3.1) : (3.9)

Input inverter specifications from Table (3.6)
Pinveter, Vmpp_min, Vmpp_max and Iinv_max

Calculate  Nsub & NPV_sub_i
for each subsystem Eqns. (3.16), (3.17)

Calculate Ns_min, Ns_max, Np_min & Np_max Eqns. (3.18) : (3.21)

For k = Ns_min : Ns_max

Estimation of corresponding parallel and total 
modules for each subsystem Eqns. (3.22), (3.23)

Calculate operating input voltage and current of the 
inverter Eqns. (3.24), (3.25)

NPV & Capital cost calculations PV 
modules  Eqn. (3.26):(3.28)

COE, SPBT and GHG emission reduction 
calculations Eqns. (3.29) : (3.31)

Calculation of energy generated power for each 
module Eqns. (3.10) : (3.15)

For i = 1 : 12
No. of months

For j = 1 : 24
No. of hours/day

For m = 1 : 4
PV module Types

Input module specifications from Table (3.5)
Pmax , Voc , Isc ,  Vmpp , Impp & Dimensions

End

Fig. 3.5 Flowchart of proposed computer program in scenario no. 1
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3.4.1.1 Selected PV Modules in Scenario No. 1

Depending on the manufacturing process, most of PV modules can be of three types:
Monocrystalline Silicon, Polycrystalline Silicon, and Amorphous Silicon. Two
different Silicon solar cell technologies (Monocrystalline and Polycrystalline) with
four different selected types of commercially available PV modules (i.e., 190, 270,
305, and 350 W) have been used in the first scenario as illustrated in Table 3.6.

3.4.1.2 Inverter Selection in Scenario No. 1

Inverters are a necessary component in a PV system generation used to convert
direct current output of a PV array into an alternating current that can be utilized by
electrical loads. There are two categories of inverters, the first category is syn-
chronous or line-tied inverters which are used with utility connected PV systems.
While the second category is stand alone or static inverters which are designed for
independent utility-free power systems and are appropriate for remote PV instal-
lation. Three different types of commercially available line-tied inverters (i.e., 20,
50, and 100 kW) have been used associated with capital costs as revealed in
Table 3.7.

Table 3.6 Technical characteristics of selected PV modules in scenario no. 1

Item Module
Mitsubishi
PV-UD190MF5

Suntech
STP270S-24/Vb

ET-P672305WB/WW 1Sol Tech
1STH-350-WH

Pmax (W) 190 270 305 350
VOC(V) 30.8 44.8 45.12 51.5
Isc(A) 8.23 8.14 8.78 8.93
Vmpp(V) 24.7 35.0 37.18 43.0
Impp(A) 7.71 7.71 8.21 8.13
Dimensions, m 1.658 * 0.834 1.956 * 0.992 1.956 * 0.992 1.652 * 1.306
Efficiency (%) 13.7 15 15.72 16.2
Number of
cells

50 cell 72 cell 72 cell 80 cell

Cell type
(Silicon)

Polycrystalline Monocrystalline Polycrystalline Monocrystalline

Price/unit $340 $753 $305 $525
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3.4.1.3 Configurations of PV Modules for Each Subsystem
in Scenario No. 1

The configuration details for each subsystem in scenario no. 1 are shown in
Table 3.8, while AEP resulting from proposed PV system is calculated in
Table 3.9. The optimal configuration with two subsystems (HS50K3 inverter)
consists of 182 Polycrystalline silicon PV modules (ET-P672305WB). The PV
modules are arranged in 14 parallel strings, with 13 series modules in each. From
this table, although, the combination of ET-P672305WB PV module and HS100K3
inverter has the minimum price for kWh generated (0.6725 $/kW), this is not the
best combination due to system reliability. Also, it can be seen that the maximum
generated energy from HS50K3 with two subsystem is equal to 208.83 MWh,
meanwhile the optimal system configuration consists of ET-P672305WB PV
module and HS50K3 inverter based on lowest cost of kWh generated (0.6792 $/
kWh) and system reliability. Figure 3.6 shows the rooftop grid-connected PV
system layout proposed in scenario no. 1

The electric characteristics of a PV module depend mainly on the irradiance
received by the module and the module temperature. Figures 3.7 and 3.8 demon-
strate the electrical characteristics of optimal PV module in scenario no. 1 at specific
hour over the day at different levels of irradiance and constant temperature for 2
days, one during a day in March and the other during a day in December. The
amount of energy generated by the solar PV panel depends on peak sun hours
available where peak sun hours vary throughout the year. It can be seen that the
peak power generation during a day in March is about 298.57 W which occurs
between 12:00 and 1:00 p.m., while that for a day in December is about 222.13 W
and occurs between 1:00 and 2:00 p.m. The difference depends on the intensity of

Table 3.7 Characteristics of different inverters used in scenario no. 1

Specification Inverter

Sunny Tripower
20000TL

HS50K3 HS100K3

Manufacturer SMA Solar
Technology

Han’s Inverter & Grid
Tech. co. Ltd.

Han’s Inverter & Grid
Tech. co. Ltd.

Pinverter (kW) 20.45 55 110
Max. DC
current (A)

36 122 245

MPP voltage
range (V)

580–800 450–800 450–820

Max. AC power
(kW)

20 50 100

Max. AC
current (A)

29 80 160

Frequency (Hz) 50 50 50

Price/unit $3870 $8060 $14,500
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Fig. 3.6 Rooftop grid-connected PV system layout proposed in scenario no. 1

Fig. 3.7 P-V characteristics of ET−305 W PV module during a day in March
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sun radiation incident on the PV modules. Also, noticed that, the characteristics of
PV module appear every hour in March due to the presence of irradiance, unlike in
December due to the weather clouds that occasionally scatter some of the sun’s
energy preventing it from reaching the ground. Clearly, the change in irradiance has
a strong effect on the output power of the module, but negligible effect on the
open-circuit voltage.

The annual energy production is estimated to be 208.83 MWh with $0.6792 for
each kWh generated. Also, the scenario estimates that, 145.97 tons of CO2-eq

annually will be avoided as the rooftop grid-connected PV system replaces the need
of some electricity from the existing UG. Table 3.10 shows the generated output
power during each month for optimal PV module (ET-P672305WB/WW) selected
in scenario no. 1.

3.4.2 Scenario No. 2

Five different brands of commercially available PV modules and inverters have
been conducted in this scenario as shown in Tables 3.11 and 3.12. Many different
configurations of rooftop grid-connected PV systems have been investigated and a
comparative study among these configurations has been carried out taking into
account PV modules and inverters specifications. Flowchart of proposed MATLAB
computer methodology, used in scenario no. 2, is shown in Fig. 3.9. From the
proposed computer program, it can be seen that the ST25000TL inverter is not
suitable for those selected PV modules in this scenario due to its low DC input

Fig. 3.8 P-V characteristics of ET−305 W PV module during a day in December
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current, where the common feature of selected PV modules is that, they have a high
current at different voltage level to supply a high power with a minimum instal-
lation area.

3.4.2.1 Configurations of PV Modules for Each Subsystem
in Scenario No. 2

The configuration details of PV modules for each subsystem in this scenario are
shown in Table 3.13. From this table, it can be seen that the outputs of the proposed
MATLAB computer program are the optimum total number of PV modules for
each subsystem, NPV sub, number of modules per strings Ns sub, number of strings,
Np sub, and finally the output voltage and current of each subsystem.

Figure 3.10 displays the electrical characteristics of selected PV module
(Heliene 96M 420) at different levels of irradiance and constant temperature over a
day in July. The amount of energy generated by the solar PV panel depends on peak
sun hours available where peak sun hours vary throughout the year. It is clear that
the change in irradiance has a strong effect on the output power of the module, but
negligible effect on the open-circuit voltage. Also, it can be seen that the maximum
power generated during a day in July occurs at 1:00–2:00 p.m. Table 3.14 shows
the generated output power for optimal PV modules (Heliene 96 M 420) selected in
scenario no. 2.

Table 3.12 Characteristics of the different inverter ratings used in scenario no. 2

Specification Inverter

GCI-10 k-LV Sunny
Tripower
20000TL

ST25000TL HS50K3 HS100K3

Manufacturer B&B Power
co. Ltd.

SMA Solar
Technology

B&B
Power co.
Ltd.

Han’s Inverter
& Grid Tech.
co. Ltd.

Han’s Inverter
& Grid Tech.
co. Ltd.

Pinverter (kW) 10.2 20.45 26.5 55 110
Max. DC
current (A)

30 36 32 122 245

MPP voltage
range (V)

150–500 580–800 450–800 450–800 450–820

Max. AC
power (kW)

10 20 25 50 100

Max. AC
current (A)

25 29 40 80 160

Frequency
(Hz)

50/60 50 50/60 50 50

Price/unit $1500 $3870 $2650 $8060 $14,500
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3.4.2.2 Optimal Configuration as a Detailed Calculation
in Scenario No. 2

Many calculations have been done for many subsystems. A database containing
probable series and parallel combinations, PV modules for each subsystem, and DC
input voltage and current is formed. Detailed calculations for optimal configuration
of selected module (Heliene 96 M 420) and inverter (GCI-10 k-LV) based on
minimum price of kWh generated can be done as follows. Input data are given in
Tables 3.5, 3.11, and 3.12.

Start

Input Radiation, Temperature, PV 
module spec. and Site Latitude

Modification of radiation on surfaces  tilted by 
monthly best tilt angle & Ambient Temp. 

Eqns. (3.1) : (3.9)

Input inverter specifications from Table (3.11)
Pinveter, Vmpp_min, Vmpp_max and Iinv_max

Calculate  Nsub & NPV_sub_i
for each subsystem Eqns. (3.15), (3.16)

Calculate Ns_min, Ns_max, Np_min & Np_max Eqns. (3.17) : (3.20)

For k = Ns_min : Ns_max

Estimation of corresponding parallel and total 
modules for each subsystem Eqns. (3.21), (3.22)

Calculate operating input voltage and current of the 
inverter Eqns. (3.23), (3.24)

Select Ns_sub , Np_sub , & NPV_sub that 
satisfies MPP voltage range and max. DC 

input current of inverter Table (3.14)

Calculate optimal number of PV module 
NPV Eg. (3.25)

COE, SPBT and GHG emission reduction 
calculations Eqns. (3.30) : (3.32)

End

Calculation of energy generated power for each 
module Eqns. (3.10) : (3.14)

For i = 1 : 12
No. of months

For j = 1 : 24
No. of hours/day

For m = 1 : 5
PV module Types

Input module specifications from Table (3.10)
Pmax , Voc , Isc ,  Vmpp , Impp & Dimensions

Optimal orientation & Capital cost 
calculations of PV modules 

Eqns. (3.26):(3.29)

Detailed Calculations 

Fig. 3.9 Flowchart of proposed computer program in scenario no. 2
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Nsub ¼ ceil
Psystem

Pinverter

� �
¼ ceil

100; 000
10; 200

� �
¼ ceilð9:8039Þ ¼ 10 subsystems

NPV sub i ¼ ceil
Pinverter

Pmax

� �
¼ ceil

10; 200
420

� �
¼ ceil 24:2857ð Þ ffi 25 modules

Ns min ¼ ceil
Vmpp min

Vmpp

� �
¼ ceil

150
49:53

� �
¼ ceil 3:0284ð Þ ffi 4 modules

Ns max ¼ ceil
Vmpp max

Vmpp

� �
¼ ceil

500
49:53

� �
¼ ceil 10:0948ð Þ ffi 11 modules

So, in order to stay within the voltage range at which the inverter will track the
MPP of each subsystem, the number of modules in each string, Ns sub must not be
fewer than 4 and not be more than 11 as shown in column 2 from Table 3.15.

4\Ns sub\11

Np min ¼ ceil
NPV sub i

Ns max

� �
¼ ceil

25
11

� �
¼ ceil 2:2727ð Þ ¼ 3 modules

Np max ¼ ceil
NPV sub i

Ns min

� �
¼ ceil

25
4

� �
¼ ceil 6:25ð Þ ¼ 7 modules

Optimal number of parallel modules Np sub is located in the following range as
shown in column 3 from Table 3.15:

Fig. 3.10 P-V Characteristics of solar panel Heliene 96M 420 over day times in July
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3\Np sub\7

Np sub ¼ ceil
NPV sub i

Ns sub

� �
¼ ceil

25
9

� �
¼ ceil 2:7777ð Þ ¼ 3 modules

NPV sub ¼ Ns sub � Np sub ¼ 9 � 3 ¼ 27 modules

Assuming that the inverter is operating in the MPP voltage range, the operating
input voltage and current of the inverter can be calculated as follows as shown in
columns 5 and 7 in Table 3.15, respectively:

Vmpp sub ¼ Ns sub � Vmpp ¼ 9 � 49:53 ¼ 445:77 V

Impp sub ¼ Npsub � Impp ¼ 3 � 8:48 ¼ 25:44 A

Each nine modules will be connected in series to build three parallel strings.
Considering open-circuit voltage Voc ¼ 60:55 Vð Þ and short-circuit current
Isc ¼ 9:0 Að Þ of Heliene 96 M 420 solar module at standard conditions, the
open-circuit voltage and short-circuit current for resultant PV array.

Voc a ¼ 60:55 � 9 ¼ 544:95 V

Isc a ¼ 9 � 3 ¼ 27 A

Which also satisfy the voltage and current limits of selected inverter. MPP
voltage range of the (GCI-10 k-LV) inverter is 150−500 V, as can be seen from
Table 3.15, all configurations can be implemented according to operating voltage
except the last one (case 8) because the voltage exceeds the maximum value of
MPP voltage range. On the other hand, maximum DC input current of selected
inverter is 30 A, so cases 1−5 from Table 3.15 cannot be implemented where
resultant current is higher than maximum DC input current of selected inverter.
Although the minimum number of PV modules for a subsystem is 25 as revealed in
column 4 in Table 3.15, this number is not the optimal number of PV modules for a

Table 3.15 Optimal configuration of PV module and inverter in scenario no. 2

Case Ns sub Np sub Nsub Vsub(V) Voltage
condition

Isub(A) Current
condition

Optimal

1 4 7 28 198.12 Satisfied 59.36 Not Satisfied

2 5 5 25 247.65 Satisfied 42.40 Not Satisfied

3 6 5 30 297.18 Satisfied 42.40 Not Satisfied

4 7 4 28 346.71 Satisfied 33.92 Not Satisfied

5 8 4 32 396.24 Satisfied 33.92 Not Satisfied

6 9 3 27 445.77 Satisfied 25.44 Satisfied Selected
7 10 3 30 495.30 Satisfied 25.44 Satisfied

8 11 3 33 544.83 Not Satisfied 25.44 Satisfied

56 3 Optimum Design of Rooftop Grid-Connected PV System



subsystem because the resultant current is 42.4 A, which is higher than the maxi-
mum DC input current of the inverter (30 A). Optimal total number of PV modules
for each subsystem is selected according to minimum number of PV modules which
satisfies not only MPP voltage range but also maximum DC input current of the
inverter. So the optimal number of PV modules from the remaining cases 6 and 7 is
27 modules. The total number of PV modules can be calculated from the following
equation as shown in Table 3.16:

NPV ¼ Nsub � NPV sub ¼ 10 � 27 ¼ 270 modules

Finally, layout of the PV system is illustrated in Fig. 3.11. The PV system is
mainly composed of 270 Heliene 96 M 420 monocrystalline silicon PV modules.
The PV modules are arranged in three parallel strings, with nine series modules in
each. A power diode, called bypass diode, is connected in parallel with each
individual module or a number of modules. The function of this diode is to conduct
the current when one or more of these modules are damaged or shaded. Another
diode, called blocking diode, is usually connected in series with each string to
prevent reverse current flow and protect the modules. The diodes are physically
mounted into a junction box on the rear side of the panel and are normally inactive.
Each subsystem is connected to GCI-10 k-LV inverter which has the feature of
controlling the MPP of PV array through a built-in DC–DC converter. Failure of
one distributed inverter does not stop the operation of the entire PV system, because
they operate separately. The generated AC power from the inverter is injected into
the grid through a distribution transformer and/or utilized by the local loads.

From the proposed computer program shown in Fig. 3.9, the daily generated
power for each module and the total number of PV modules for each subsystem can
be calculated. To determine the total generated power for each month multiply the
generated power for each module/month by the total number of modules for each
type of PV modules. The generated power for each type of PV modules under
GCI-10 k-LV inverter is shown in Table 3.17 and the reaming results of other
inverters are given in Appendix A. Figure 3.12 shows the monthly generated PV
power for the GCI-10 k-LV inverter under different PV modules.

3.4.2.3 Maximum Clearance Distance Between PV Rows

From Table 3.11 the width of selected PV module is about 1.31 m, where there are
three parallel strings so the width of each PV array is

d ¼ 3 ðmodulesÞ � 1:31 ðmÞ ¼ 3:93 m
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The horizon elevation angle can be calculated as follows:

a1 ¼ 66:5� � ; ¼ 66:5� � 28:1� ¼ 38:4�

From proposed computer program, the monthly best tilt angles are shown in
Table 3.18. From Table 3.18 it can be concluded that the maximum clearance
distance between PV rows is 6.326 m (Fig. 3.13).

3.4.2.4 Detailed Calculations for ST25000TL Inverter

ST25000TL inverter is not selected where the output DC current of subsystems
exceed the maximum DC input current of the inverter according to the following
calculations:
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DC Bus
Strings
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2
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99 
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tri
ng

Bui lt-in DC/DC
Converter #1
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Subsystem #1
DC Side AC Side

PV Module Details
Type : Solar panel Heliene 96M 420
Pmax : 420 W
Vmp : 49.53 V Imp : 8.48 A
Voc   : 60.55 V    Isc   : 9.00 A
Dimensions : 1.967 *1.310 m2

Subsystem Details
P_sub : 10.2 kWp 
V_sub : 445.77 V Ns_sub:  9 modules
I_sub :  25.44 A Np_sub : 3 modules
No. of subsystems : 10
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Max. DC power       : 10.2 kWp
Max. DC current     :  30 A
MPP voltage range  : 150~500 V
Max. AC output       : 10 kW

PV System Details
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Fig. 3.11 Rooftop grid-connected PV system layout proposed in scenario no. 2
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NPV sub i ¼ ceil
Pinverter

Pmax

� �
¼ ceil

26; 500
420

� �
¼ ceil 63:0952ð Þ ffi 64 modules

Ns min ¼ ceil
Vmpp min

Vmpp

� �
¼ ceil

450
49:53

� �
¼ ceil 9:0854ð Þ ffi 10 modules

Ns min ¼ ceil
Vmpp min

Vmpp

� �
¼ ceil

800
49:53

� �
¼ ceil 16:1518ð Þ ffi 17 modules

Optimal number of series modules Ns sub is located in the following range as
shown in column 2 from Table 3.19:

10\Ns sub\17

Np min ¼ ceil
NPV sub i

Ns max

� �
¼ ceil

64
10

� �
¼ ceil 6:4000ð Þ ffi 7 modules

Np max ¼ ceil
NPV sub i

Ns min

� �
¼ ceil

64
17

� �
¼ ceil 3:7647ð Þ ffi 4 modules

Optimal number of parallel modules Np sub is located in the following range as
shown in column 3 from Table 3.19:

4\Np sub\7

Np sub ¼ ceil
NPV sub i

Ns sub

� �
¼ ceil

64
10

� �
¼ ceil 6:4ð Þ ffi 7 modules
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Fig. 3.12 Monthly generated PV power for the GCI-10 k-LV inverter at different modules
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Assuming that the inverter is operating in the MPP voltage range, the operating
input voltage and current of the inverter can be calculated as follows as shown in
columns 4 and 6 in Table 3.19, respectively:

Vmpp sub ¼ Ns sub � Vmpp ¼ 10 � 49:53 ¼ 495:3 V

Impp sub ¼ Np sub � Impp ¼ 7 � 8:48 ¼ 59:36 A

It is noticed that the DC output current of subsystem (59.36 A) is higher than the
maximum DC input of the inverter (32 A) which makes ST25000TL inverter not
suitable for this application as revealed in Tables 3.19 and 3.20.

Detailed calculations of subsystems with ST25000TL inverter which is not
suitable for the proposed rooftop grid-connected PV systems are shown in

Fig. 3.13 PV modules with
several stacked arrays

Table 3.19 Subsystems with ST25000TL inverter and Heliene 96 M 420 PV module

Case Ns sub Np sub Nsub Vsub(V) Voltage
condition

Isub
(A)

Current
Condition

Optimal

1 10 7 70 495.30 Satisfied 59.36 Not
Satisfied

There is no optimal
configuration

2 11 6 66 544.83 Satisfied 50.88 Not
Satisfied

3 12 6 72 594.36 Satisfied 50.88 Not
Satisfied

4 13 5 65 643.89 Satisfied 42.40 Not
Satisfied

5 14 5 70 693.42 Satisfied 42.40 Not
Satisfied

6 15 5 75 742.95 Satisfied 42.40 Not
Satisfied

7 16 4 64 792.48 Satisfied 33.92 Not
Satisfied

8 17 4 68 842.01 Not
Satisfied

33.92 Not
Satisfied
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Table 3.20, where the case in column 2 from Table 3.20 refers to the number of
probable system configurations with each module type.

3.4.3 Economic Study Calculations

Using data from Tables 3.5, 3.11, and 3.12 and results from Tables 3.13 and 3.16,
economic calculation of PV system can be done. Solar PV array is the most
expensive component in the proposed system where system cost is determined
primarily by the cost of PV modules as shown in Fig. 3.14. Thus, most of the
research activities performed in this area are concerned with manufacturing
low-cost solar cells with acceptable efficiencies. In the proposed approach, batteries
are not considered, so the capital cost is reasonable. Detailed calculations for each
system are given in Table 3.21.

According to methodology for COE shown in item 3.3.5.1., the COE can be
calculated as follows:

1. Total cost of PV modules can be calculated as follows:

CPV ¼ PV module cost
$

module

� �
� NPV modulesð Þ ¼ 420 � 270 ¼ $113; 400

Table 3.20 ST25000TL inverter under different PV modules

Module type Case Ns sub Np sub Nsub Vsub

(V)
Isub
(A)

Condition

Mitsubishi
PV-UD190MF5

Start (1) 19 8 152 469.30 61.68 Not
Satisfied

End
(15)

33 5 165 815.10 38.55 Not
Satisfied

Suntech STP270S-24/Vb Start (1) 13 8 104 455.00 61.68 Not
Satisfied

End
(11)

23 5 115 805.00 38.55 Not
Satisfied

ET-P672305WB/WW Start (1) 13 7 91 483.34 57.47 Not
Satisfied

End
(10)

22 4 88 817.96 32.84 Not
Satisfied

1Sol Tech
1STH-350-WH

Start (1) 11 7 77 473.00 56.91 Not
Satisfied

End (9) 19 4 76 817.00 32.52 Not
Satisfied

Heliene 96M 420 Start (1) 10 7 70 495.30 59.36 Not
Satisfied

End (8) 17 4 68 842.01 33.92 Not
Satisfied
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2. Total cost of inverters can be calculated as follows which depends on the
number of subsystems:

Cinverter ¼ inverter cost
$

unit

� �
� No: of subsystems ¼ 1500 � 10 ¼ $15000

3. The miscellaneous cost which include labor cost, installation materials cost,
mounting hardware cost, and grid interconnection cost:
3-a Labor cost can be estimated as

Clabor ¼ installation labor cost
$

hr

� �
� hr

module

� �
� NPV modulesð Þ

¼ 16:66 � 0:43 � 270 ¼ $1934:226

3-b Wiring cost can be estimated as

Cw ¼ installation materials
$

module

� �
� NPV modulesð Þ ¼ 3:6 � 270 ¼ $972

3-c PV racks cost can be estimated as

Cracks ¼ mounting structure
$

Wp

� �
� Pinverter � No:of subsystems

¼ 0:08 � 10200 � 10 ¼ $8160

3-d grid interconnection cost which assumed to be $2000 as in Ref. [87].
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Fig. 3.14 Cost analysis for GCI-10 k-LV inverter under different types of PV modules
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According to Eq. (3.28), the miscellaneous cost can be estimated as follows:

Cm ¼ Clabor þCwiring þCracks þCgrid

¼ $1934:226þ $972þ $8160þ $2000 ¼ $13066:226

According to Eq. (3.27), the capital investment cost can be determined as
follows:

Ccap ¼ CPV þCinverter þCm ¼ $113400þ $15000þ $13066:226 ¼ $141466:226

3.4.3.1 Estimating AEP, Cash Flows, and COE

For each combination of input system device types, the yearly PV system energy
production and the corresponding cash inflows resulting from the generated electric
energy purchased to the UG are calculated by simulating the system operation for
the lifetime period. According to the Egyptian legalization, the selling price of
energy produced by the PV system has been set to P = 84.0 piaster/kWh (12.53
cent/kWh) for systems with installed peak power up to 100 kW. Figure 3.15 shows
generated power for each PV module. From this figure, the monthly generated
power can be calculated. AEP and corresponding cash inflows resulting from
electric energy purchased to the UG for each configuration of PV system are shown
in Table 3.22. It can be concluded that the optimal system configuration consists of
PV module (Heliene 96 M 420) and inverter (GCI-10 k-LV) based on minimum
cost of kWh generated which is equal to 0.5466 $/kWh. The monthly generated
power for selected system is shown in Fig. 3.16. The COE can be determined from
Eq. (3.30) as follows:
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Fig. 3.15 Generated power for each PV module over the year
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COE ¼ Ccap þCmain

AEP kWh
year


 � ¼ $141466:226þ $425:6
258800:6

¼ 0:5466 $=kWh

3.4.3.2 SPBT Estimation

SPBT for the rooftop grid-connected PV system can be calculated according to
Eq. (3.30):

SPBT ¼ Ccap

AEP � �Ccap � i� Cmain

¼ 141466:226
258:8006 � 103 � 0:1253� 141466:226 � 0:0825� 425:6

¼ 6:958 years

The cost of proposed rooftop grid-connected PV system can be recouped in
6.958 years, where systems with larger PV output always achieve a shorter payback
period due to the lower cost.

3.4.4 GHG Emissions Reduction

The emission factor, FE is set to be 0.699 kg CO2-eq/kWh [91]. Annual GHG
reduction income for a rooftop PV system is calculated using prices for tCO2

reduction credits. Prices for CO2 reduction credits differ based on many factors such
as how the credit is generated and how it will be delivered. The model estimates
that the PV system will reduce GHG emissions by 180.9016 tons of CO2-eq
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Fig. 3.16 Monthly generated PV power for the proposed system
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annually. Approximately 4522.54 tons of CO2 emissions will be avoided as the
rooftop grid-connected PV system replaces the need of some electricity from the
existing power grid. At an assumed emission cost factor of about US$30/ton CO2 as
in Ref. [91], the emissions of 0.699 kg CO2/kWh give a CO2-revenue of 2.097
cent/kWh (14.68 piaster/kWh). Annual CO2 emission reduction can be estimated as
follows:

CO2ðemissionÞ ¼ FE � AEP

¼ 0:699
kgCO2�eq

kWh

� �
� 258:8006 � 103 kWhð Þ ¼ 180:9016 t CO2�eq=year

CO2 emission reduction during the lifetime of the project

CO2 emissionð Þ ¼ FE � AEP � N

¼ 0:699
kgCO2�eq

kWh

� �
� 258:8006 � 103 kWhð Þ � 25 yearsð Þ

¼ 4522:54tCO2�eq
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Chapter 4
Power Quality Improvement of PV System

4.1 Introduction

Increasing use of static power converters like rectifiers and switched-mode power
supplies used while interfacing RES with UG causes injection of harmonic currents
into the distribution system. Current harmonics produce voltage distortions, current
distortions, and unsatisfactory operation of power systems. Therefore, harmonic
mitigation plays an essential role in grid-connected PV system. In order to avert
such power quality problems, IEEE std. 519-1992 [25] has been introduced to
provide a direction on dealing with harmonics introduced by static power electronic
converters. Moreover, the intermittent nature of the output power produced by PV
systems reduces their reliability in providing continuous power to customers.
Therefore, the fluctuations in the output power due to variations in irradiance might
lead to undesirable performance of the UG.

This chapter presents a simulation study, in steady-state conditions, for a rooftop
grid-connected PV system proposed in Chap. 3. The proposed system operates in
different circumstances, which in real facilities can be caused by solar radiation
variations. A detailed dynamic model of a dual-stage, three-phase rooftop
grid-connected PV system is investigated. The system structure and the modeling
techniques for each part of the grid-connected PV system have been discussed,
based on MATLAB/Simulink, including PV array, DC–DC converter, VSI, and a
low-pass filter. The chapter also presents a comparison between the conventional
2L-VSIs and 3L-NPCVSIs for the application in rooftop grid-connected PV system.
A comprehensive set of simulation cases has been conducted to demonstrate the
effectiveness of the grid-connected PV system model. Furthermore, the chapter
presents a comparative study of THD content in voltage and current waveforms at
the LC filter and at the PCC for 2L-VSI and 3L-NPCVSI topologies through FFT
toolbox in MATLAB/Simulink.

© Springer International Publishing AG 2017
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4.2 Proposed System Description

The proposed system model for a grid-connected PV system for faculty of engi-
neering is shown in Fig. 4.1. The system consists of PV modules (Solar panel
Heliene 96 M-420), DC–DC boost converter that boosts the PV array voltage to a
level that is adequate for the inverter to produce a maximum output voltage, and a
3L-NPCVSI connected between DC link capacitor and LC filter used to attenuate
high frequency harmonics and prevent them from propagating into the UG.

4.3 Modeling of Proposed System

4.3.1 Modeling of Photovoltaic System

Although PV systems have many advantages, they suffered from changing of
system performance due to weather variations (solar radiation, temperature), high
installation cost, and low efficiency that is hardly up to 20 % for module [9].
Therefore, the modeling of PV system is an important aspect to describe perfor-
mance of the PV systems. Kim et al. [7] present a mathematical model describing
PV module behavior individually and in a series/parallel as connected in a PV
system. Figure 4.2 shows a PV array, which consists of multiple modules, linked in
series and parallel manners. The number of modules modifies the value of series
and parallel resistances. The value of equivalent series and parallel resistances of
the PV system are given as

Rs;array ¼ Ns

Np
Rs ð4:1Þ

Rsh;array ¼ Ns

Np
Rsh ð4:2Þ

DC Bus

PV Array

DC Side AC Side

dcv Lf
Lf

Lf

Cf CfCf

Utility Grid

Three-Level NPC VSI

LC Filter

DC-DC Boost
Converter

Sc4 Dc4

Dc5

Dc6

Sc3

Sc2

Sc1

Dc3

Dc2

Dc1

Sb4 Db4

Db5

Db6

Sb3
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Db3

Db2

Db1

Sa4 Da4

Da5

Da6
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Sa2

Sa1

Da3
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Da1

C1

C2

Lb B2 B1

Fig. 4.1 System configuration of grid-connected PV system
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After extending the PV modules to a PV array, the output current–voltage
relation of the PV array is given by

Ia ¼ NpIph � NpIo exp
q

AKT
Va

Ns
þ IaRs

Np

� �� �
� 1

� �
� 1
Rsh

Va

Ns
þ IaRs

Np

� �
ð4:3Þ

4.3.2 Modeling of DC–DC Boost Converter

Photovoltaic modules have a low efficiency compared to some other RESs. In such
systems the input is often fluctuating due to variation of solar radiation and the
output is required to be constant. As a consequence, it is mandatory to adopt an
intermediate conversion stage, interfacing the PV system with the inverter and
maximizing the power output from PV array through an MPPT algorithm. This can
be done through a DC–DC boost converter. The converter can operate in two
different modes of operation depending on its energy storage capacity and the
relative length of the switching period. These two operating modes are known as
CCM and discontinuous conduction mode. Figure 4.3 depicts the DC–DC boost

Rsh

Rs

+

-

NpIph Ns

Ia

Ns
Np

Ns
Np

Va

Np
Fig. 4.2 Equivalent circuit of
PV array [7]

VSIPV array

Lb

Cb

MPPT
Controller

IGBT

ton toff
ts

Diode

Va

I a

Fig. 4.3 DC–DC boost
converter and its controller
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converter configuration and its controller. The output voltage of the boost converter
during CCM is given by Eq. (4.4) [92]:

VDC ¼ VPV

1� D
ð4:4Þ

4.3.2.1 MPPT Control System

Various MPPT methods are presented in literature [18, 20, 93–96]. Among all the
MPPT methods, Perturb & Observe (P&O) and Incremental Conductance
(IC) techniques are the most commonly used [7] because of their simple imple-
mentation and faster time to track the MPP. All these algorithms have the advantage
of being independent of the knowledge of the PV generator characteristics, so that
the MPP is tracked regardless of the irradiance level, temperature, and degradation,
thus ensuring high robustness and reliability [97]. The MPPT controller in the
proposed system uses the IC technique. Figure 4.4 illustrates the flowchart of the
IC MPPT algorithm.

As shown in the flowchart, the MPP can be tracked by comparing the instan-
taneous conductance ðI=VÞ to the incremental conductance ðDI=DVÞ at each
sampling period to get the correct direction for perturbing the PV array reference
voltage, Vref to locate the MPP quickly. Vref equals to Vmpp at MPP. Once the MPP
is reached, the operation of the PV array is maintained at this point unless there is
change in DI, which indicates a change in solar radiation or weather condition. The
algorithm decreases or increases Vref to track the new MPP [95]. This method
provides a better tracking of the MPP under fast changing atmospheric conditions
when compared with the P&O method.

4.3.3 Modeling of Voltage Source Inverter

To convert the DC link voltage into AC voltage for supplying the AC load or to
inject real/reactive power into the UG, a DC–AC power conversion is carried out
using the grid-interfacing VSI.

4.3.3.1 Traditional Two-Level Voltage Source Inverter

The 2L-VSI topology has been widely used for a range of power levels since 1990s
due to its fast switching characteristic performance. The schematic diagram of this
topology is shown in Fig. 4.5. There are two switches per phase. It is capable of
producing two output voltage levels namely þVdc and �Vdc.
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Fig. 4.4 Flowchart of the IC MPPT algorithm [95]
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Some advantages of a 2L-VSI include

• Simple circuitry.
• Small size of DC capacitors.

Although the two-level topology offers some advantages, there are certain lim-
itations that also need to be considered, such as [98]

• The output voltage of this PWM inverter has a large jumping span. Usually, this
causes large dv/dt, strong electromagnetic interference (EMI), and poor THD.

• The switches experience a very high voltage and hence they need to be rated
with high blocking voltage capabilities.

• The crude AC waveform obtained contains a lot of undesired harmonics. The
switching frequency can be increased to push the harmonics to higher fre-
quencies using PWM, but this leads to higher switching losses in the converter.

The thumb rule in control theory of the operating switching frequency range for
2L-VSI must be 10 times higher than the resonant frequency of the LC filter, which
is proven by Steinke [99]. A reduction of filter requirement with high resonant
frequency is done by selecting very high switching frequency. However, 2L-VSI
with high switching frequency may cause high dv/dt across power semiconductor
devices. Under such condition, the switching device may experience high voltage
spike which is higher than the DC link voltage. Hence, a device with higher voltage
rating must be selected. Devices with such high voltage rating incur an additional
switching loss due to additional stray losses occurring during the switching tran-
sition [100]. So more number of switches need to be added in series. Simultaneous
switching of a series chain of IGBT’s becomes complex, as there may occur a
delayed switching owing to heating of the devices. Hence, the concept of MLIs was
introduced. It gave flexibility in switching the devices independently and at lower
frequencies. Different topologies have been developed and a lot of research is being
done in improving the overall performance of the converter to provide an output of
high quality [101, 102].

4.3.3.2 Advantages of MLIs

Obviously, in recent years MLI has gained an attention from many areas due to its
advantages over the conventional 2L-VSIs. The attractive features of MLIs can be
briefly summarized as follows [100–102]:

• Output voltage quality [103]: Using several DC voltage sources, an MLI
synthesizes a staircase-sinusoidal-like voltage waveform, which effectively
reduces the THD.

• Conduction loss: Semiconductor devices of lower rating can be used for low-
and high-power inverter applications. This is because the conduction loss of
these devices is low as compared to higher rating devices.
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• IGBT blocking voltage: Relatively low blocking voltage IGBT devices are
used in MLIs. For m-level NPCVSI, each active device will see a blocking
voltage of (Vdc/(m-1)). The blocking voltage per switch required in case of a
3L-VSI is halved when compared to a 2L-VSI.

• Electromagnetic compatibility (EMC) [103] [57]: MLIs can reduce the volt-
age stresses (dv/dt) on power semiconductors which reduces EMC problems and
a requirement of snubber circuit can be minimized.

• Common mode voltage [57] [103]: MLIs produce lower common mode volt-
age; therefore, the stress in the bearings of a motor connected to a multilevel
motor drive can be reduced.

• Switching frequency: MLIs are operated at lower switching frequency PWM.
The lower switching frequency usually means lower switching loss and higher
efficiency of a circuit.

• Failure rate/reliability [57]: The reduction of semiconductor losses can reduce
the average temperature of components and thus decrease the failure rate and
increase devices reliability.

• No expensive high power transformers: An MLI able to utilize a large number
of DC sources, which makes MLIs able to generate high voltages with high
power ratings. Due to this, the use of bulky and expensive transformers to
produce high voltages can be abandoned.

4.3.3.3 Multilevel Inverter Topologies

Numerous MLI topologies have been proposed since 1975. However, the most
popular MLI topologies [103] are capacitor-clamped (flying capacitors) [102, 104,
105], diode-clamped or Neutral-Point-Clamped (NPC) [106], and Cascaded
H-Bridge with separate DC sources [102, 107–109].

Multilevel Inverter Using Capacitor-Clamped Topology [101, 102]

This type of inverter topology is usually called a flying capacitor circuit because of
the floating capacitors. For a 3L-VSI, the inner voltage levels of the inverter are
equal to Vdc

2 . The simplified schematic diagram of a single leg of a three-level
capacitor-clamped VSI is shown in Fig. 4.6.

Multilevel Inverter Using Diode or Neutral-Point-Clamped Topology

The 3L-NPCVSI topology is one of the most commercialized MLI topologies on
the market. In an MLI using diode-clamped topology, proposed by Nabae et al.
[106], the single DC bus voltage is divided into a number of sublevels. The
switching devices are connected in series and diodes are required to provide a
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connection to the subvoltage levels. The simplified schematic of single leg for a
3L-NPCVSI is shown in Fig. 4.7. The middle point of the DC link (between these
two capacitors) is called the neutral point (N) and it is common for all three phases.
The voltage division is reached with the help of the diodes connected to the neutral
point and that is also why this topology is very often called diode-clamped
topology. For a 3L-NPCVSI, each phase consists of four switches and two diodes.
The DC bus voltage is divided into three levels by means of two bulk capacitors (C1
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Fig. 4.6 Simplified
schematic of a single leg of a
three-level capacitor-clamped
VSI
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Fig. 4.7 Simplified
schematic of a 3L-NPCVSI
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and C2) connected in series. The output voltage has three states þ Vdc
2 ; 0;� Vdc

2 . In
each leg, there are two pairs of complementary switches (S1 and S2) and (S3 and S4)
and two clamping diodes (D5 and D6). The outer switches (S1 and S4) are mainly
operating for PWM and the inner switches (Sx2 and Sx3) are clamping the output
terminal to the neutral point “N”. See Appendix C for 3L-VSC operation.

Table 4.1 lists the output voltage levels possible for one phase of the inverter.
State condition 1 means the switch is ON, and 0 means the switch is OFF. The
complementary switch pairs for phase leg “A” are (Sa1, Sa3), and (Sa2, Sa4). From
Table 4.1, it is observed that in a 3L-NPCVSI, the switches that are ON for a
particular phase leg are always adjacent and in series.

4.3.3.4 Control Theory of Voltage Source Inverters

Several modulation and control techniques have been developed for MLIs. As
shown in Fig. 4.8, control techniques for MLIs can be classified into PWM,
Selective Harmonic Elimination PWM (SHEPWM), and Optimized Harmonics

Table 4.1 Voltage levels
and corresponding switch
states for a 3L-NPCVSI

Pole voltage, Va0 Switch state

Sa1 Sa2 Sa3 Sa4
Vdc
2

1 1 0 0

0 0 1 1 0
Vdc
2

0 0 1 1

Multilevel Inverter Control 
Schemes

OHSPWM

Closed Loop

Hysteresis Current Control

Linear Current Control

Optimized Current Control

SVPWM Sigma
Delta

PWMSHEPWM

Open Loop

SPWM

Fig. 4.8 Control schemes of MLIs [103]
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Stepped PWM (OHSPWM) [103]. The regular PWM method can be classified as
open loop and closed loop owing to its control strategy. The open-loop PWM
techniques are SPMW, SVPWM, sigma–delta modulation, while closed-loop cur-
rent control methods are defined as hysteresis, linear, and optimized current control
techniques. The modulation methods developed to control the MLIs are based on
multi-carrier orders with PWM. As predefined calculations are required, SHEPWM
is not an appropriate solution for closed-loop implementation and dynamic oper-
ation in MLIs. Among various control schemes, the sinusoidal PWM (SPWM) is
the most commonly used control scheme for the control of MLIs. In SPWM, a
sinusoidal reference waveform is compared with a triangular carrier waveform to
generate switching sequences for power semiconductor in inverter module [103].
Figure 4.9 shows the complete system configuration of grid-connected PV system
and its controller. For MATLAB/Simulink subsystem models see Appendix B.

4.3.4 LC Filter Design

Output voltage waveform is synchronized with the grid voltage. So the PWM
inverter will inject ripple current into the UG. The output LC filter is connected to
remove high-switching frequency components from output current of inverter [53].
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PV Array

DC Side AC Side

DC-link Voltage Regulator
SPWM

θ 
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Three-phase PLL
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vabc iabc

Lf
Lf

Lf

Cf CfCf

Utility Grid

abc
dq0

Vq

Vd vabc
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Fig. 4.9 System configuration of grid-connected PV system and its controller
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Model of power filter considered in this system is shown in Fig. 4.10, which is a
three-phase passive filter. The filter is installed at the output of three-phase VSI.

The selection of the ripple current is a trade-off among inductor size, IGBT
switching and conduction losses, and inductor and core losses. The smaller the
ripple current, the lower the IGBT switching and conduction losses, but the larger
the inductor, resulting in larger coil and core losses. Typically, the ripple current
can be chosen as 10–25 % of rated current. Consider 10 % ripple current at the
rated current. The maximum current ripple is given as in (4.5) [110]

DiL max ¼ 1
8
:

Vdc

Lf � fs ¼ 10% : irated

The selection of the capacitor is a trade-off between reactive power supplied by
the capacitor at fundamental frequency and coil inductance. The more capacitance,
the more reactive power flowing into the capacitor, and the more current demand
from the inductor and switches. As a result, the efficiency will be lower. The
capacitance cannot be too small. Otherwise, the inductance will be large in order to
meet the attenuation requirements. The larger inductance resulted from smaller
capacitance leads to higher voltage drop across the inductor. In this design, the
reactive power is chosen as 10 % of the rated power [110].

Cf ¼ 10%:
Prated

3 � 2pf � V2
rated

ð4:6Þ

4.3.4.1 Coupling Transformer

Most RESs are connected to the UG via an isolating transformer. Power supply
companies demand this for the elimination of possible zero sequence or DC
components in the generated voltages and for the afforded increased protection.

Fig. 4.10 LC power filter
model
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This fact can be used as an advantage since the transformer can form part of a filter
impedance and may, therefore, reduce the undesired harmonic content of the output
current [53].

4.4 Simulation Results and Discussion

Finally, the proposed model is tested to simulate the performance under variable
solar irradiance for both 2L-VSI and 3L-NPCVSI topologies. Figure 4.11 shows
the hypothetical solar radiation distribution over a specified period of time ranging
between 200 and 1000 W/m2.

From Fig. 4.11 it can be seen that the peak irradiance reception occurs at sunny
periods when the sun attains its greatest height above the horizon. The roughness in
the curve during the specified periods is caused by fair weather clouds that occa-
sionally scatter some of the sun’s energy preventing it from reaching the ground.
The amount of roughness can give an indication of the amount of clouds present at
the time. For instance, periods of (0.15–0.4 s), (0.7–1.0 s), and (1.5–1.75 s) are
probably characterized by sunny periods, where period of (0.4–0.7 s) is charac-
terized by thin low stratus clouds. Period of (1.0–1.5 s) shows the development of
larger clouds resulting in mostly overcast skies. It is worth noting that the tem-
perature usually changes quite slowly, so that the temperature value is often con-
sidered constant with respect to the irradiance level variation.

The simulated output DC current from the PV array before DC–DC boost
converter is shown in Fig. 4.12 during the hypothetical solar radiation distribution
described in Fig. 4.11, while Fig. 4.13 depicts the duty cycle variation at the same
period of time. From this figure, it can be seen that the duty cycle become constant
during constant radiation at a value proportion to the output array voltage at each
constant radiation period and tends to change at periods of radiation variation.

Figure 4.14 shows the maximum output power, according to IC MPPT algo-
rithm, from PV array during radiation variation. From this figure, it can be seen that
the output power increases with solar radiation increase, while the maximum output

Fig. 4.11 The hypothetical solar radiation distribution
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power reaches to a steady-state value of 100.7 kW when the radiation becomes
1000 W/m2.

Figure 4.15 shows the simulated output DC voltage from the DC–DC boost
converter compared with the reference DC link voltage at the VSI input port. From
this figure, it is shown that the simulated DC voltage tracks the reference DC
voltage.

Fig. 4.12 Simulated PV array current during a specified period of time

Fig. 4.13 Duty cycle variation

Fig. 4.14 Simulated output power from PV array
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Fig. 4.15 Simulated actual and reference DC voltages input to the VSI

Fig. 4.16 Simulated pole voltage waveforms for 2L-VSI a Van b Vbn c Vcn
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Figure 4.16a–c displays the simulated zoom version of pole voltages at 2000 Hz
for the 2L-VSI for phases “A”, “B”, and “C”, respectively, while Fig. 4.17a–c
displays the simulated zoom version of pole voltages at 2000 Hz for the
3L-NPCVSI for phases “A”, “B”, and “C”, respectively. From these figures, it can
be seen that in case of 3L-NPCVSI the output voltage across each IGBT is half of
the DC link voltage compared with 2L-VSI. On the other hand, Fig. 4.18a–c shows
the line-to-line voltages for the 2L-VSI, while Fig. 4.19a–c shows the line-to-line
voltages for the 3L-VSI.

Fig. 4.17 Simulated pole voltage waveforms for 3L-VSI a Van b Vbn c Vcn
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Figures 4.20 and 4.22 show the simulated three-phase line voltage waveforms
form 2L-VSI and 3L-NPCVSI before and after LC filter, respectively, while
Figs. 4.21 and 4.23 depict a zoom version of these waveforms to have an insight
view of these waveforms. By comparing Figs. 4.21 and 4.23, it can be seen that in a
3L-NPCVSI, the voltage has more steps, so it is more similar to a sinusoidal
waveform than the output voltage of a traditional 2L-VSI.

Fig. 4.18 Simulated line-to-line voltages for 2L-VSI a Vab b Vbc c Vca
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Fig. 4.19 Simulated line-to-line voltages for 3L-VSI a Vab b Vbc c Vca

Fig. 4.20 Simulated output voltage of 2L-VSI before and after LC filter
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Figure 4.24 shows the simulated three-phase line voltage waveforms from
3L-NPCVSI at B2, while Fig. 4.25 depicts a zoom version of these waveforms.
From these figures, it can be seen that the 3L-NPCVSI produces a balanced
sinusoidal three-phase voltage waveforms. Figure 4.26 depicts the simulated

Fig. 4.21 Zoom version of output voltage of 2L-VSI before and after LC filter

Fig. 4.22 Simulated output voltage of 3L-VSI before and after LC filter

Fig. 4.23 Zoom version of output voltage of 3L-VSI before and after LC filter
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three-phase current waveforms at B2, while Fig. 4.27 shows a zoo version of these
waveforms. From these figures, it was observed that the inverter output current has
the same form as the hypothetical solar radiation distribution over a specified period
of time.

Fig. 4.24 Simulated three-phase-to-ground voltage waveforms at bus B2

Fig. 4.25 Zoom version of three-phase line voltage waveforms at bus B2

Fig. 4.26 Simulated three-phase line current waveforms at bus B2
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Figure 4.28 shows the simulated voltage and current profiles of phase “A” at bus
B2 before the coupling transformer. From this figure, it can be seen that the voltage
and current injected into the UG with THD 1.90 % and 1.57 %, respectively, at the
PCC are in phase which means unity power factor, this can also be seen from
quadrature axis current component shown in Fig. 4.29, while Fig. 4.30 shows the
real power injected into the UG, while reactive power is zero.

A major power quality problem in grid-connected PV system is the harmonics in
the voltage/current waveforms provided by the VSIs. Harmonics are not desirable
because they cause overheating, increased losses, decreased power capacity, neutral
line overloading, distorted voltage and current waveforms, etc. It has become a very
serious issue. It is the main power quality issue to be addressed in this chapter. One
of the requirements of grid-connected PV systems is that the power fed to the UG
must meet power quality requirements of the UG. These requirements are given in

Fig. 4.27 Zoom version of three-phase line current waveforms at bus B2

Fig. 4.28 Simulated voltage and current waveforms of phase “A” at bus B2
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the IEEE std. 519-2002 [25]. This standard helps to prevent harmonics from neg-
atively affecting the UG, where Table 4.2 lists the least possible voltage/current
harmonic content injected by power electronic equipment into the UG.

Fig. 4.29 Quadrature axis current component

Fig. 4.30 Active and reactive powers injected into UG

Table 4.2 Distortion limits as recommended in IEEE Std. 519-1992

Harmonic order Allowed % relative to fundamental

<11th 4 %

<11th to <17th 2 %

<17th to <23rd 1.5 %

<23rd to <35th 0.6 %

<35th to greater 0.3 %

Total harmonic distortion (THD) 5 %
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The harmonic spectrum before LC filter of the traditional 2L-VSI and proposed
3L-NPCVSI is shown in Fig. 4.31a and b. From these Figures, it can be observed
that the THD content in voltage waveform for proposed 3L-NPCVSI is about
41.06 %. This value is much lower than that produced from traditional 2L-VSI
which is 91.20 %.

The harmonic spectrum after LC filter of the traditional 2L-VSI and proposed
3L-NPCVSI is shown in Fig. 4.32a and b. It is noted that the installation of LC

Fig. 4.31 Harmonic spectrum of phase “A” voltage before LC filter for a 2L-VSI b 3L-VSI

Fig. 4.32 Harmonic spectrum of phase “A” voltage after LC filter for a 2L-VSI b 3L-VSI
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filter reduces the amount of THD for both 2L-VSI and 3L-VSI topologies.
The THD for 2L-VSI was improved from 91.20 % to be 1.85 %, while that for
3L-VSI was improved from 41.06 % to be 1.01 %. Figure 4.33a and b shows the
harmonic spectrum of voltage and current injected into the UG.

Fig. 4.33 Harmonic spectrum of phase “A” voltage and current for 3L-VSI injected into UG

4.4 Simulation Results and Discussion 95



Chapter 5
Small-Signal MATLAB/Simulink Model
of DC–DC Buck Converter

5.1 Introduction

This chapter presents a comprehensive small-signal MATLAB/Simulink model for
the DC–DC buck converter operated under CCM using state-space averaging
method. Initially, the buck converter is modeled using state-space average model and
dynamic equations, depicting the converter, are derived. Then, a detailed
MATLAB/Simulink model utilizing SimElectronics® Toolbox is developed.
Finally, the robustness of the converter model is verified against input voltage
variations and step load changes. Simulation results of the proposed model, show
that the output voltage and inductor current can return to steady state even when it is
influenced by load and/or input voltage variation, with a small overshoot and settling
time. The proposed model can be used to design powerful, precise, and robust
closed-loop controller that can satisfy stability and performance conditions of the
DC–DC buck regulator. This model can be used in any DC–DC converter (Buck,
Boost, and Buck–Boost) by modifying the converter mathematical equations.

The ever expanding demand for smaller size, portable, and lighter weight with
high-performance DC–DC power converters for industrial, communications, resi-
dential, and aerospace applications is currently a topic of widespread interest [111].
There is an extraordinary progression in technology with an effort of incorporating
various features in portable and handheld devices such as smartphones, tablet PCs,
LED lighting, and media players, which are supplied primarily with power from
batteries. These devices are typically designed to be high-performance and thus
require cheap, fast, and stable power supplies to assure proper operation. Because of
these requirements, switched-mode DC–DC converters have become commonplace
in such integrated circuits due to their ability to up/down the voltage of a battery
coupled with high efficiency. The three essential configurations for this kind of
power converters are buck, boost, and buck–boost circuits, which provide low/high
voltage and current ratings for loads at constant switching frequency [111].
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Modeling of a system may be described as a process of formulating a mathe-
matical description of the system. It entails the establishment of a mathematical
input–output model which best approximates the physical reality of a system. In
control systems (which are dynamic physical systems) this entails obtaining the
differential equations of the systems by the appropriate applications of relevant laws
of nature. Switching converters are nonlinear systems. Even when the system is
modeled by a set of simultaneous equations, one of the equations must at least be
nonlinear [112]. The nonlinearity of switching converters makes it desirable that
small-signal linearized models be constructed. An advantage of such linearized
model is that for constant duty cycle, it is time invariant. There is no switching or
switching ripple to manage, and only the DC components of the waveforms are
modeled. This is achieved by perturbing and linearizing the average model about a
quiescent operating point [67, 112]. Various AC converter modeling techniques, to
obtain a linear continuous time-invariant model of a DC–DC converter, have
appeared in the literature. Nevertheless, almost all modeling methods, including the
most prominent one, state-space averaging [113, 114], will result in a multi-variable
system with state-space equations, ideal or nonideal, linear or nonlinear, for steady
state or dynamic purpose. Until now the SimElectronics® toolbox feature of
MATLAB/Simulink program was not used to model the DC–DC converters which
provide a real insight into the dynamic performance of DC–DC converters during
input voltage variations and load changes.

5.2 Methodology

To design the control system of a converter, it is necessary to model the behavior of
dynamic converter. In particular, it is of interest to determine how variations in
input voltage vgðtÞ; and load current affect the output voltage. Unfortunately,
understanding of converter dynamic behavior is hampered by the nonlinear
time-varying nature of the switching and pulse-width modulation process. These
challenges can be overcome through the utilization of waveform averaging and
small-signal modeling techniques [112, 115, 116].

The topology of DC–DC converters consists of linear (resistor, inductor, and
capacitor) and nonlinear (diode and dynamic switch) parts. A buck converter, as shown
in Fig. 5.1, is one of the most widely recognized DC–DC converter. Because of the

+

- -

+
RCvg(t) v(t)

ig(t) i(t)

Diode

LFig. 5.1 Basic DC–DC buck
converter
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switching properties of the power devices, the operation of these DC–DC converters
varies by time. Since these converters are nonlinear and time variant, to design a robust
controller, a small-signal linearized model of the DC–DC converter needs to be found
and simulated in a simulation environment before implementation [73].

5.2.1 Modeling of DC–DC Buck Converter

Power stage modeling for DC–DC buck converter based on state-space average
method can be achieved to obtain an accurate mathematical model of the converter.
A state-space averaging methodology is a mainstay of modern control theory and
most widely used to model DC–DC converters. The state-space averaging method
uses the state-space description of dynamical systems to derive the small-signal
averaged equations of PWM switching converters [112]. Figure 5.2 illustrates the
procedures of power stage modeling. The state-space dynamics description of each
time-invariant system is obtained. These descriptions are then averaged with respect
to their duration in the switching period providing an average model in which the
time variance is removed, which is valid for the entire switching cycle. The resultant
averaged model is nonlinear and time-invariant. This model is linearized at the
operating point to obtain a small-signal model. The linearization process produces a
linear time-invariant small-signal model. Finally, the time-domain small-signal
model is converted into a frequency-domain, or s-domain, small-signal model,
which provides transfer functions of power stage dynamics. The resulting transfer
functions embrace all the standard s-domain analysis techniques and reveal the
frequency-domain small-signal dynamics of power stage [117].

Fig. 5.2 Steps of power stage modeling [117]
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In the method of state-space averaging, an exact state-space description of the
power stage is initially formulated. The resulting state-space description is called
the switched state-space model.

(a) Switched State-Space Model

1. On-State Period

As shown in Fig. 5.1 when MOSFET switch (Q) is ON, Diode is reverse biased,
the converter circuit of Fig. 5.3 is obtained. The power stage dynamics during an
ON-time period can be expressed in the form of a state-space equation as general:

K
dxðtÞ
dt

¼ A1xðtÞþB1uðtÞ ð5:1Þ

yðtÞ ¼ C1xðtÞþE1uðtÞ ð5:2Þ

Rewriting the state-space equations in the form of inductor voltage, capacitor
current, and converter input current and voltage are given by

L 0
0 C

� �
d
dt

iðtÞ
vðtÞ

� �
¼ 0 �1

1 � 1
R

� �
iðtÞ
vðtÞ

� �
þ 1

0

� �
vgðtÞ
� � ð5:3Þ

igðtÞ
� � ¼ 1 0½ � iðtÞ

vðtÞ
� �

þ 0½ � vgðtÞ
� � ð5:4Þ

2. Off-State Period

As shown in Fig. 5.1 when MOSFET switch (Q) is OFF, Diode is forward
biased, the converter circuit of Fig. 5.4 is obtained. The power stage dynamics
during an OFF-time period can be expressed in the form of a state-space equation as
general:

K
dxðtÞ
dt

¼ A2xðtÞþB2uðtÞ ð5:5Þ

yðtÞ ¼ C2xðtÞþE2uðtÞ ð5:6Þ
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- -

+
RC

L

vg(t) v(t)

ig(t) i(t)
Fig. 5.3 Buck converter
equivalent circuit in ON-state
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L 0
0 C

� �
d
dt

iðtÞ
vðtÞ

� �
¼ 0 �1

1 � 1
R

� �
iðtÞ
vðtÞ

� �
þ 0

0

� �
vgðtÞ
� � ð5:7Þ

igðtÞ
� � ¼ 0 0½ � iðtÞ

vðtÞ
� �

þ 0½ � vgðtÞ
� � ð5:8Þ

5.2.2 Steady-State Solution of DC–DC Buck Converter
Model

The steady-state solution is obtained by equating the rate of change of dynamic
variables to zero to evaluate the state-space averaged equilibrium equations.

0 ¼ AXþBU ð5:9Þ

Y ¼ CXþEU ð5:10Þ

where the averaged matrix, A, is obtained by

A ¼ DA1 þD0
A2 ¼ D

0 �1
1 � 1

R

� �
þD0 0 �1

1 � 1
R

� �
¼ 0 �1

1 � 1
R

� �
ð5:11Þ

In a similar manner, the averaged matrices B;C; and E are evaluated, with the
following equations:

B ¼ DB1 þD0
B2 ¼ D

0

� �
ð5:12Þ

C ¼ DC1 þD0
C2 ¼ D 0½ � ð5:13Þ

E ¼ DE1 þD0
E2 ¼ 0½ � ð5:14Þ

The equilibrium values of the averaged vectors can be obtained from Eq. (5.9)
and Eq. (5.10) as follows:
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LFig. 5.4 Buck converter

equivalent circuit in
OFF-state
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X ¼ �A
�1
BU ð5:15Þ

Y ¼ �CA
�1
BþE

� �
U ð5:16Þ

After any transients have been subsided, the inductor current iðtÞ, the capacitor
voltage vðtÞ and the input current igðtÞ will reach the quiescent values I,V and Ig
respectively, where

V ¼ DVg

I ¼ V
R

Ig ¼ DI

8<
: ð5:17Þ

5.2.3 Perturbation and Linearization of DC–DC Buck
Converter Model

The switching ripples in the inductor current and capacitor voltage waveforms are
removed by averaging over one switching period. While the averaging eliminates
the time variance from the power stage dynamics, it brings in certain nonlinearities
to the average model of the power stage. In this section, the linearization process is
implemented to remove nonlinearities brought in during the averaging process
[117]. The linearized average model constitutes the small-signal model of the power
stage. The low-frequency components of the input and output vectors are modeled
in a similar manner. By averaging the inductor voltages and capacitor currents, the
basic averaged model which describes the converter dynamics are given as follows:

K
dxðtÞ
dt

¼ dðtÞ A1xðtÞþB1uðtÞ
h i

þ d0ðtÞ A2xðtÞþB2uðtÞ
h i

ð5:18Þ

K
dxðtÞ
dt

¼ dðtÞA1 þ d0ðtÞA2½ �xðtÞþ dðtÞB1 þ d0ðtÞB2½ �uðtÞ ð5:19Þ

y(tÞ ¼ dðtÞ C1xðtÞþE1uðtÞ½ � þ d0ðtÞ C2xðtÞþE2uðtÞ½ � ð5:20Þ

yðtÞ ¼ dðtÞC1 þ d0 tð ÞC2½ �xðtÞþ dðtÞE1 þ d0ðtÞE2½ �uðtÞ ð5:21Þ

To construct a small-signal AC model at a quiescent operating point (I;V), it is
assumed that the input voltage vgðtÞ and the duty cycle dðtÞ are equal to some given
quiescent values Vg and D, plus some superimposed small AC variations v̂gðtÞ and
d̂ tð Þ respectively, where the capitalized variables are DC components and the
variables with superscript x̂ are AC components. Perturbation and linearization
about a quiescent operating point is applied to construct the small-signal AC model
as follows:
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x(tÞ ¼ Xþ x̂ðtÞ
u(tÞ ¼ Uþ ûðtÞ
y(tÞ ¼ Y þ ŷ tð Þ
dðtÞ ¼ Dþ d̂ðtÞ

8>><
>>:

ð5:22Þ

where ûðtÞ and d̂ðtÞ are small AC variations in the input vector and duty ratio. The
vectors x̂ðtÞ and ŷðtÞ are the resulting small AC variations in the state and output
vectors. It is assumed that these AC variations are much smaller than the quiescent
values. Perturbation and linearization about a quiescent operating point is applied to
construct a small-signal AC model. For the state equation, it will be as follows:

K
d X þ x̂ðtÞð Þ

dt
¼ Dþ d̂ðtÞ� �

A1 þ 1� Dþ d̂ðtÞ� �� �
A2

� �
X þ x̂ðtÞð Þ

þ Dþ d̂ðtÞ� �
B1 þ 1� Dþ d̂ðtÞ� �� �

B2
� �

Uþ ûðtÞð Þ
ð5:23Þ

K
d X þ x̂ðtÞð Þ

dt
¼ Dþ d̂ðtÞ� �

A1 þ D0 � d̂ðtÞ� �
A2

� �
X þ x̂ðtÞð Þ

þ Dþ d̂ðtÞ� �
B1 þ D0 � d̂ðtÞ� �

B2
� �

Uþ ûðtÞð Þ
ð5:24Þ

K
dX
dt

þ dx̂ðtÞ
dt

� 	
¼ A1 Dþ d̂ðtÞ� �

Xþ x̂ðtÞð ÞþA2 D0 � d̂ðtÞ� �
Xþ x̂ðtÞð Þ

þB1 Dþ d̂ðtÞ� �
Uþ ûðtÞð ÞþB2 D0 � d̂ðtÞ� �

Uþ ûðtÞð Þ
ð5:25Þ

K
dX
dt

þ dx̂ðtÞ
dt

� 	
¼ A1 DX þDx̂ðtÞþXd̂ðtÞþ d̂ðtÞx̂ðtÞ� �

þA2 D0XþD0x̂ðtÞ � Xd̂ðtÞ � d̂ðtÞx̂ðtÞ� �
þB1 DUþDûðtÞþUd̂ðtÞþ d̂ðtÞûðtÞ� �
þB2 D0UþD0ûðtÞ � Ud̂ðtÞ � d̂ðtÞûðtÞ� �

ð5:26Þ

K
dX
dt

þ dx̂ðtÞ
dt

� 	
¼ DA1 þD0

A2ð ÞXþ DB1 þD0
B2ð ÞUð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DC terms

þ DA1þD0
A2ð Þx̂ðtÞþ DB1þD0

B2ð ÞûðtÞþ A1 � A2ð ÞXþ B1 � B2ð ÞUð Þd̂ðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1storder ac terms ðlinearÞ

þ A1 � A2ð Þd̂ðtÞx̂ðtÞþ B1 � B2ð Þd̂ðtÞûðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2ndorder ac termsðnonlinearÞ

ð5:27Þ
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K
dX
dt

þ dx̂ðtÞ
dt

� 	
¼ AXþBUð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

DC terms

þ Ax̂ðtÞþBûðtÞþ A1 � A2ð ÞX þ B1 � B2ð ÞUð Þd̂ðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1st order ac termsðlinearÞ

þ A1 � A2ð Þd̂ðtÞx̂ðtÞþ B1 � B2ð Þd̂ðtÞûðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2nd order ac termsðnonlinearÞ

ð5:28Þ

For the output equation, it will be as follows:

Y þ ŷðtÞ ¼ Dþ d̂ðtÞ� �
C1 þ 1� Dþ d̂ðtÞ� �� �

C2
� �

X þ x̂ðtÞð Þ
þ Dþ d̂ðtÞ� �

E1 þ 1� Dþ d̂ðtÞ� �� �
E2

� �
Uþ ûðtÞð Þ

ð5:29Þ

Y þ ŷðtÞ ¼ C1 Dþ d̂ðtÞ� �
Xþ x̂ðtÞð ÞþC2 D0 � d̂ðtÞ� �

Xþ x̂ðtÞð Þ
þE1 Dþ d̂ðtÞ� �

Uþ ûðtÞð ÞþE2 D0 � d̂ðtÞ� �
Uþ ûðtÞð Þ

ð5:30Þ

Y þ ŷðtÞ ¼ C1 DX þDx̂ðtÞþXd̂ðtÞþ d̂ðtÞx̂ðtÞ� �
þC2 D0X þD0x̂ðtÞ � Xd̂ðtÞ � d̂ðtÞx̂ðtÞ� �
þE1 DUþDûðtÞþUd̂ðtÞþ d̂ðtÞûðtÞ� �
þE2 D0UþD0ûðtÞ � Ud̂ðtÞ � d̂ðtÞûðtÞ� �

ð5:31Þ

Y þ ŷðtÞ ¼ DC1 þD0
C2ð ÞX þ DE1 þD0

E2ð ÞUð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
DC terms

þ DC1 þD0
C2ð Þx̂ðtÞþ DE1 þD0

E2ð ÞûðtÞþ C1 � C2ð ÞX þ E1 � E2ð ÞUð Þd̂ðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1st order ac termsðlinearÞ

þ C1 � C2ð Þd̂ðtÞx̂ðtÞþ E1 � E2ð Þd̂ðtÞûðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2nd order ac terms ðnonlinearÞ

ð5:32Þ

Y þ ŷðtÞ ¼ CXþEUð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
DC terms

þ Cx̂ðtÞþEûðtÞþ C1 � C2ð ÞXþ E1 � E2ð ÞUð Þd̂ðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1st orderac terms ðlinearÞ

þ C1 � C2ð Þd̂ðtÞx̂ðtÞþ E1 � E2ð Þd̂ðtÞûðtÞ� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2nd order ac terms ðnonlinearÞ

ð5:33Þ

Equations (5.28) and (5.33) may be separated into DC (steady state) terms,
linear small-signal terms and nonlinear terms.
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DC terms These terms contain DC quantities only.
First-order AC terms Each of these terms contains a single AC quantity, usually
multiplied by a constant coefficient such as a DC term. These terms are linear
functions of the AC variations.
Second-order AC terms These terms contain the products of AC quantities. Hence
they are nonlinear, because they involve the multiplication of time-varying signals.

For the purpose of deriving a small-signal AC model, the DC terms can be
considered known constant quantities. It is desired to neglect the nonlinear AC
terms, then each of the second-order nonlinear terms is much smaller in magnitude
that one or more of the linear first-order AC terms. Also the DC terms on the
right-hand side of the equation are equal to the DC terms on the left-hand side, or
zero. The resultant small-signal AC model of buck converter, before manipulation
into canonical form is shown in Fig. 5.5 and the desired small-signal linearized
state-space equations are obtained as follows:

K
dx̂ðtÞ
dt

¼ Ax̂ðtÞþBûðtÞþ A1 � A2ð ÞX þ B1 � B2ð ÞUð Þd̂ðtÞ ð5:34Þ

ŷðtÞ ¼ Cx̂ðtÞþEûðtÞþ C1 � C2ð ÞX þ E1 � E2ð ÞUð Þd̂ðtÞ ð5:35Þ

The resultant small-signal AC equations of the ideal buck converter are given as
follows:

L
dî tð Þ
dt

¼ Dv̂gðtÞþVgd̂ðtÞ ð5:36Þ

C
dv̂ðtÞ
dt

¼ îðtÞ � v̂ðtÞ
R

ð5:37Þ

îgðtÞ ¼ D̂iðtÞþ Id̂ðtÞ ð5:38Þ

+
-vg(t) d(t)I

+-
L i(t)

Vgd(t)

v(t)
R

dv(t)
dt

C

1: D

Fig. 5.5 Small-signal AC model of buck converter, before manipulation into canonical form
[112]
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Equations (5.25), (5.26), and (5.27) can be arranged in the form of state space as
follows:

L 0
0 C

� �
d
dt

îðtÞ
v̂ðtÞ

� �
¼ 0 0

1 � 1
R

� �
îðtÞ
v̂ðtÞ

� �
þ D

0

� �
v̂gðtÞ
� �þ Vg

0

� �
d̂ðtÞ� � ð5:39Þ

îgðtÞ
� � ¼ D 0½ � îðtÞ

v̂ðtÞ
� �

þ 0½ � v̂gðtÞ
� �þ I½ � d̂ðtÞ� � ð5:40Þ

5.2.4 Canonical Circuit Model

It was found that converters having similar physical properties should have qual-
itatively similar equivalent circuit models. The AC equivalent circuit of any
CCM PWM DC–DC converter can be manipulated into a canonical form [112,
113], where it is desired to analyze converter phenomena in a general manner,
without reference to a specific converter. As illustrated in Fig. 5.6, power stage was
modeled with an ideal DC transformer, having effective turns ratio 1 : MðDÞ where
M is the conversion ratio. This conversion ratio is a function of the quiescent duty
cycle D. Also, slow variations in the power input induce AC variations v̂ðtÞ in the
converter output voltage. The converter must also contain reactive elements that
filter the switching harmonics and transfer energy between the power input and
power output ports, where He sð Þ is the transfer function of the effective low-pass
filter loaded by resistance R. The effective filter also influences other properties of
the converter, such as the small-signal input and output impedances. Control input
variations, specifically, duty cycle variations d̂ðtÞ; also induce AC variations in the
converter voltages and currents. Hence, the model should contain voltage and
current sources driven by d̂ðtÞ. To manipulate the model all of the sources d̂ðtÞ are
pushed to the input side of the equivalent circuit. In general, the sources can be
combined into a single voltage source eðsÞd̂ðsÞ and a single current source jðsÞd̂ðsÞ
as indicated in Fig. 5.6.

Since all PWM DC–DC converters perform similar basic functions, the equiv-
alent circuit models will have the same form. Consequently, the canonical circuit
model of Fig. 5.6 can represent the physical properties of any PWM DC–DC
converters. Canonical model parameters for the ideal buck converter are derived as
shown in Fig. 5.7 and the resultant parameters are given as follows:

M Dð Þ ¼ D
Le ¼ L
eðsÞ ¼ V

D2

jðsÞ ¼ V
R

8>><
>>:

ð5:41Þ
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5.3 MATLAB/Simulink Implementation

The simulation environment MATLAB/Simulink is quite suitable to design the
modeling circuit, and to learn the dynamic behavior of different converter structures
in open loop. The proposed model as shown in Fig. 5.8 consists of three parts, the
first part is the supply part which is assumed to have various DC supply cases such
as constant DC input, step change in DC input, and DC input voltage with some
ripples. The voltage levels used in the proposed model are 24 V as an input voltage
and 12 V as an output voltage. The various cases can be changed through a manual
switch block. The Controlled Voltage Source block represents an ideal voltage
source that is powerful enough to maintain the specified input voltage at its output
regardless of the current flowing through the source. This block requires a
Simulink-Physical Signal (S-PS) converter, which is used to connect Simulink
sources or other Simulink blocks to the inputs of a physical network diagram.

+-
+- V+v(s)j(s)d(s)

1: M(D)

R
Effective
low-pass

filter

He(s)e(s) d(s)

V+vg(s)

D+d(s)

Power
input

Control
input Load

Fig. 5.6 Canonical model of essential DC–DC converters

+-
+- V+v(s)

1: D

R

Effective
low-pass

filter

V+vg(s)

d(s)V
D

2

d(s)R
V

L

C

DC voltage 
conversion 

ratio

Equivalent control 
function

Fig. 5.7 The buck converter model in the canonical form
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The last part is the load part which assumed to have step change in load to test
the model and show the effect of load changing on the model behavior under
various input cases. The load changing is done through a Signal Builder block.
Each physical network represented by a connected Simscape block diagram
requires solver settings information for simulation. The Solver Configuration block
specifies the solver parameters that the model needs before simulation.

The middle part is a subsystem which contains the small-signal model of the DC–
DC buck converter as shown in Fig. 5.9. Converting the buck converter to a
small-signal model is accomplished by replacing the MOSFET and diode with a
switching network containing a single voltage source eðsÞd̂ðsÞ and a single current
source jðsÞd̂ðsÞ as shown in Figs. 5.6 and 5.9. The dependent sources are related to
duty cycle. The Linear Time Invariant (LTI) system block imports linear system
model objects into the Simulink environment. Internally, LTI models will be con-
verted to their state space equivalent for evaluation. The ideal transformer, an
imaginary device, is widely used in DC–DC power conversion circuits to change the
levels of voltage and current waveforms while transferring electrical energy. This
block can be used to represent either an AC transformer or a solid-state DC–DC

Fig. 5.8 Complete MATLAB/Simulink model of DC–DC buck converter

Fig. 5.9 Small-signal model subsystem of DC–DC buck converter
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converter. The effective low-pass filter is built using a series inductor and parallel
capacitor. The Voltage/Current Sensor block represents an ideal voltage/current
sensor that converts voltage measured between two points of an electrical circuit or
current measured in any electrical branch into a physical signal proportional to the
voltage/current.

5.4 Simulation Results

To verify the response of the proposed small-signal model for DC–DC converter, a
complete MATLAB/Simulink dynamic model of DC–DC buck converter scheme
have been simulated utilizing SimElectronics® toolbox [118]. For more information
about SimElectronics® toolbox, see Appendix D. Simulations of proposed
small-signal model have been run at various cases of input voltage to check the
model response.

5.4.1 Case 1: Step Change in Input Voltage and Load

Figure 5.10 shows the input voltage variation from 24 to 30 V at 0.047 s in the
same time variation of the load from 1 to 2 X at 0.02 s is shown in Fig. 5.11 (Red
line). Meanwhile input voltage variation from 24 to 30 V at 0.05 s while constant
load at 1 X (Blue line).

Simulated response of the output voltage, inductor current and capacitor current
due to step change in input voltage and load is shown in Figs. 5.12 and 5.13
respectively. From these figures, it can be seen that the output voltage tracks the
input voltage with the prescribed quiescent duty cycle and the output voltage and
inductor current can return to steady state value with small overshoot and settling
time. Also, it can be seen that, the capacitor current overshoot at the instant of load

Fig. 5.10 Input voltage variation
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Fig. 5.11 Load profile form 1 to 2 Ω

Fig. 5.12 Simulated response of output voltage and inductor current due to step change in input
voltage and load
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changing is much larger than that at the instant of voltage variation. The capacitor
current has almost zero value except in the instant of input voltage and load change.

5.4.2 Case 2: Level Changing in Input Voltage
with and Without Load Changing

Figure 5.14 shows the input voltage changing from 24 to 30 V at 0.039 s and then
to 16 V at 0.075 s in the same time variation of the load from 1 to 2 X at 0.02 s is
shown in Fig. 5.11 (Red line). Meanwhile input voltage changing from 24 to 30 V
at 0.04 s then to 16 V at 0.08 s, while constant load at 1 X (Blue line). Simulated
response of the output voltage due to level change in input voltage and load is
shown in Fig. 5.15. While simulated response of the inductor current and capacitor
current due to level change in input voltage and load is show in Fig. 5.16. From

Fig. 5.13 Simulated response of capacitor current due to step change in input voltage and load

Fig. 5.14 Input voltage changing
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Fig. 5.15 Simulated response of output voltage due to variation of input voltage levels and step
change in load

Fig. 5.16 Simulated response of inductor current and capacitor current due to variation of input
voltage levels and step change in load
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these figures, it can be seen that the overshoot values due to change in input voltage
is smaller than that of load change. The capacitor current has almost zero value
except in the instant of input voltage and load change.

5.4.3 Case 3: Variable Input Voltage with Ripples with Load
Changing

Figure 5.17 shows the variable input voltage with ripple at frequency 40 Hz and
1 V peak-to-peak for the same load change shown in Fig. 5.11. Simulated response
of the output voltage and inductor current due to variable input voltage with ripple
are shown in Figs. 5.18 and 5.19 respectively. From these figures, it can be seen

Fig. 5.17 Input voltage with ripples

Fig. 5.18 Simulated response of output voltage due to variable input voltage with ripple and load
change
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that the output voltage tracks the input voltage with the same frequency. Also, the
output voltage and inductor current can return to steady-state value with small
overshoot and settling time.

Fig. 5.19 Simulated response of inductor current due to variable input voltage with ripple and
load change
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Chapter 6
Conclusions and Recommendations
for Future Work

6.1 Discussions and Conclusions

This book presents a new approach for optimum design of rooftop grid-connected
PV system. Many different configurations of rooftop grid-connected PV systems
have been investigated and a comparative study between these configurations has
been carried out taking into account PV modules and inverters specifications.
Energy production capabilities, COE, SPBT, and GHG emissions have been esti-
mated for each configuration using proposed MATLAB computer program.
A detailed dynamic MATLAB/Simulink model of proposed rooftop grid-connected
PV system is also investigated and tested against different circumstances. Also, a
comparative study between 2L-VSI and 3L-VSI topologies are carried out. The
comparison is based on estimation of THD content in voltage and current wave-
forms at the PCC.

The following are the salient discussions and conclusions that can be drawn from
this book

1. A simple sizing technique using new approach for optimum design of rooftop
grid-connected PV system to be implement in any site around the world is
presented.

2. Optimal design of a rooftop grid-connected PV system based on not only MPP
voltage range, but also maximum DC input currents of the inverter is suggested.

3. The feasibility of reducing GHG emissions by the use of rooftop grid-connected
PV energy systems is determined, whilst at the same time the technical and
economic viability of this new power technology to supplement loads is
demonstrated.

4. The monthly and annual simulated performance of the solar energy PV system
are summarized and tabulated.

5. The best configuration is (Heliene 96M 420) solar panel and (GCI-10 k-LV)
inverter type with ten subsystems and 27 modules in each where each sub-
system composed of three strings and nine modules/string.
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6. Annual energy production is estimated to be 258.8 MWh with annual GHG
emissions reduction of 180.9016 tons of CO2 that can be avoided from entering
into local atmosphere each year.

7. Cost for producing 1 kWh of electricity was estimated to be 0.5466 cents/kWh.
Also, the system cost can be recouped in 6.958 years using SPBT calculations.

8. A detailed dynamic MATLAB/Simulink model of proposed rooftop
grid-connected PV system is investigated and tested against different circum-
stances, which in real facilities can be caused by solar radiation variations.

9. Harmonic distortion requirements have been analyzed when the inverter is
connected to the UG.

10. Three-level Neutral-Point Clamped VSI has stood out as a better candidate
when compared to the conventional, two-level VSI.

11. Percentage of THD is calculated for the voltage and current injected into the
UG with a very favorable result in which the THD of the output current is being
lower than 5 % limit imposed by IEEE std. 519-1992.

12. A comprehensive small-signal MATLAB/Simulink model for the DC–DC
converter operated under CCM is presented, investigated and tested against
input voltage variations and step load changes.

6.2 Suggestions for Future Work

It is noted that one significant limitation or challenge to this study was the acqui-
sition of faculty hourly load data. The model would be much more accurate if
hourly electricity data was available for an entire year. Although the work presented
in this book has achieved some interesting results from technical, economic, har-
monics content point of views for grid-connected PV systems, many problems
remain open and will be the subject of future investigations. The main future
research items are

1. Investigate systems integrated with other intermittent RESs available like fuel
cells, wind turbines, etc. Also, the work can be extended to include energy
storage systems as well.

2. Design linear and nonlinear control algorithms for the proposed small-signal
MATLAB/Simulink for PV system model using Fuzzy logic controller or any
artificial intelligence techniques.

3. Expansion of the small-signal MATLAB/Simulink model to a generalized
model including buck, boost, and buck–boost converters to model a more
realistic DC–DC converters.

4. Implementation of a prototype for the proposed DC–DC converter.
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Appendix A
Generated Output Power

See Tables A.1, A.2, A.3, A.4, A.5 and A.6.
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Table A.4 Monthly generated PV power for the Sunny 20000TL inverter at different modules

Power
(MWh)

Module

Mitsubishi
PV-UD190MF5

Suntech
STP270S-24/Vb

ET-P672305WB/
WW

1Sol Tech
1STH-350-WH

Solar
panel
Heliene
96 M 420

January 18.3541 18.366 15.2068 18.5173 18.8823

February 22.5449 22.5397 18.7982 22.943 23.3973

March 20.3224 20.3162 16.9915 20.7359 21.1656

April 14.7427 14.6995 12.8902 15.7505 16.2694

May 20.6593 20.6427 17.5425 21.3905 21.9483

June 23.0249 22.978 19.8753 24.3313 25.0122

July 21.6247 21.563 18.8223 23.0833 23.7528

August 21.4202 21.3748 18.5139 22.6637 23.307

September 20.7607 20.7119 17.9634 22.0116 22.6264

October 14.8668 14.8471 12.7361 15.5108 15.969

November 18.5825 18.5663 15.679 19.1593 19.5903

December 11.9861 11.9876 10.0449 12.1903 12.5021

Total
generated
power

228.8893 228.5928 195.0641 238.2875 244.4227

Table A.5 Monthly generated PV power for the HS50K3 inverter at different modules

Power
(MWh)

Module

Mitsubishi
PV-UD190MF5

Suntech
STP270S-24/Vb

ET-P672305WB/
WW

1Sol Tech
1STH-350-WH

Solar
panel
Heliene
96 M 420

January 19.7137 19.7193 16.2802 19.7518 19.5487

February 24.2149 24.2005 20.1252 24.4725 24.2231

March 21.8278 21.8132 18.1909 22.1183 21.9127

April 15.8347 15.7826 13.8001 16.8006 16.8437

May 22.1897 22.1637 18.7808 22.8165 22.723

June 24.7304 24.6711 21.2782 25.9534 25.8949

July 23.2265 23.1519 20.151 24.6221 24.5911

August 23.0069 22.9498 19.8207 24.1746 24.1296

September 22.2986 22.238 19.2314 23.479 23.425

October 15.9681 15.9411 13.6351 16.5448 16.5326

November 19.959 19.9344 16.7857 20.4366 20.2817

December 12.874 12.8709 10.754 13.003 12.9433

Total
generated
power

245.8443 245.4365 208.8333 254.1732 253.0494
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Table A.6 Monthly generated PV power for the HS100K3 inverter at different modules

Power
(MWh)

Module

Mitsubishi
PV-UD190MF5

Suntech
STP270S-24/Vb

ET-P672305WB/
WW

1Sol Tech
1STH-350-WH

Solar
panel
Heliene
96 M 420

January 19.7137 19.7193 16.146 19.4431 19.5487

February 24.2149 24.2005 19.9593 24.0901 24.2231

March 21.8278 21.8132 18.0409 21.7727 21.9127

April 15.8347 15.7826 13.6863 16.5381 16.8437

May 22.1897 22.1637 18.6261 22.46 22.723

June 24.7304 24.6711 21.1029 25.5478 25.8949

July 23.2265 23.1519 19.9849 24.2374 24.5911

August 23.0069 22.9498 19.6574 23.7969 24.1296

September 22.2986 22.238 19.0729 23.1122 23.425

October 15.9681 15.9411 13.5227 16.2863 16.5326

November 19.959 19.9344 16.6474 20.1173 20.2817

December 12.874 12.8709 10.6653 12.7999 12.9433

Total
generated
power

245.8443 245.4365 207.1121 250.2018 253.0494
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Appendix B
MATLAB/Simulink Models

See Figs. B.1, B.2, B.3 and B.4.

Fig. B.1 Schematic diagram of MATLAB/Simulink model for grid-connected PV system

Fig. B.2 MATLAB/Simulink model of PV array

© Springer International Publishing AG 2017
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Fig. B.3 Incremental conductance MPPT controller

Fig. B.4 DC voltage regulator
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Appendix C
Operation of Voltage-Source Inverters

• Operation of a conventional 2L-VSI

In order to determine which IGBT or diode is active during the operation, an RL-
load is considered for which the load current lags the load voltage by the power
factor with a power factor angle of ‘φ’ radians; under steady-state conditions [119].
In Fig. C.1, it can be seen that for an inductive load, the current lags behind the
voltage. The fundamental cycle of operation can be divided into four regions;
namely 1, 2, 3, and 4.

For all the four regions of operation, the active devices are demonstrated
graphically in the following Figs. C.2 and C.3 for a 2L-VSI.

• Operation of three-phase 3L-NPCVSI

Similarly [119], for the four regions of operation, the devices that are active in a three-level
inverter are demonstrated graphically in the figures from Figs. C.4, C.5, C.6 and C.7.

Fig. C.1 Steady state load voltage and current waveforms for an arbitrary inductive load [119]

© Springer International Publishing AG 2017
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Appendix D
SimElectronics® MATLAB Toolbox
Overview

SimElectronics® MATLAB toolbox [118] provides component libraries for mod-
eling and simulating electronic and mechatronic systems that can be used to
develop control algorithms in electronic and mechatronic systems and to build
behavioral models for evaluating analog circuit architectures in Simulink®.
SimElectronics® is used to optimize system-level performance and to create plant
models for control design. These models support the entire development process,
including hardware-in-the-loop simulations and C-code generation.

SimElectronics® provides libraries of semiconductors, integrated circuits, and
passive devices as illustrated in Fig. D.1. In addition to the traditional input-output

Fig. D.1 SimElectronics libraries of actuators, drivers, and sensors for modeling mechatronic
systems [118]
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or signal flow connections used in Simulink, the electronic component models in
SimElectronics® use physical connections that permit the flow of power in any
direction. Models of electronic systems built using physical connections closely
resemble the electronic circuit they represent and are easier to understand. Transient
simulation of SimElectronics® models can be performed. Every aspect of your
simulation can be automated using scripts in MATLAB, including configuring the
model, entering simulation settings, and running batches of simulations. The
steady-state solution capability can be used to reduce simulation time by auto-
matically removing unwanted transients at the start of simulation. Figure D.2 shows
a system level simulation using SimElectronics® toolbox.

D.2 System level simulation using SimElectronics MATLAB/Simulink toolbox [118]
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