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Abstract 
 

Lot of issues associated with grid-connected PV system have appeared. 

One of the issues is the variations of grid impedance. In the traditional real and 

reactive power calculations, the resistance of the transmission line is usually 

neglected. But, the resistance of the distribution line may not be negligible. In a 

distribution network, the R/X ratio varies between 0.5 and 7. The variations in the 

resistance may affect the system stability. This study presents two models of a grid-

connected PV system to address the effects of the grid resistance on the system. A 

mathematical model is built to determine the power equations, and then, power is 

calculated. MATLAB is used to implement the mathematical model. Also, a 

Simulation model is designed and simulated in SIMPLIS to calculate the power. A set 

of studies is performed for both models to determine the grid resistance effects. The 

results from both models are plotted and compared. 
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1. Introduction 

 
This research presents a study and analysis of the effects of the line impedance, or 

grid impedance, on the maximum power transfer from photovoltaic (PV) panels to the 

grid through an inverter. The study concentrates on the effects of the resistance of the 

grid impedance. In most studies, the resistance of the line is neglected, or the R/X 

ratio is equal to zero. But, this study takes the resistance of the line into account and 

investigates the effects of including it in the models presented in the study. A 

mathematical model is examined in MATLAB. Also, a grid-connected inverter is 

modeled in SIMPLIS to examine the effects of the resistance on the system. Finally, 

the results of both models are compared. This research is introduced by three main 

concepts: Renewable Energy, Solar Energy, and PV Systems. 

1.1 Renewable Energy 

One of the world's biggest issues in this century is the need for sufficient energy that 

fits with the increase of global population. The global population increases yearly and 

the demand for energy resources increases.  

The energy used every day is mostly from conventional sources, which depend on 

petroleum and oil products. But, oil is not a permanent resource and it is estimated to 

be depleted in the near future. Also, the conventional sources cause environmental 

issues, one of which is CO2 emissions [1]. Searching for new resources of energy is 

necessary to have an unlimited supply of energy for the future.  This involves finding 

renewable energy sources that are available wherever they are needed, being able to 

convert the energy from one form to another form and then use it without creating any 
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problems, such as pollution, are among some of the most significant requirements that 

our world needs addressed [2].  

Economic growth is highly based on the conventional sources operated by oil, natural 

gas, and coal [3]. But, the continuous reduction of the conventional sources means 

that some type of energy source is needed to meet the rising energy demand of the 

world [1-3]. Because of the environmental issues caused by the conventional sources, 

looking for efficient and environmentally-friendly energy is becoming essential [3]. 

The concern of protecting the environment and searching for green energy points to 

the use for renewable energy.  

The renewable or sustainable energy is the energy that can be continuously 

reproduced from nature; thus, the renewable energy sources produce unlimited 

energy. Renewable energy comes from the sun directly (e.g. thermal) or indirectly 

(e.g. wind and biomass) and can be derived from the movement of the particles in the 

environment such as moving water. Renewable energy is then converted to a different 

form of energy. Different sources of renewable energy are shown Fig. 1.1. Also, the 

market for renewables is increasing as people accept using these new energy types. 

[3]     

 

Fig. 1.1: Renewable energy resources [3]. 
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From Fig.1, there are six main resources for renewable energy. Each one has its 

characteristics and properties. In order to understand the mechanism of each energy 

type, the energy types have to be known. The energy is classified into two main types: 

kinetic energy and potential energy [4]. Kinetic energy can be found in the moving 

particles (such as wind), while potential energy presents in the position between those 

particles (such as stored water in dams and gasoline). These two main types of energy 

can be converted to other forms of energy such as mechanical, electrical energy, 

thermal energy. 

The renewable energy resources are described as following [3]: 

1. Wind Energy:  

The wind energy is converted to other forms of energy such as electrical 

energy. 

2. Solar Energy:  

The solar energy is converted to electricity by PV cells or into a thermal 

energy. 

3. Marine Energy: 

The marine energy is the energy from oceans and it comes in different forms 

such as waves, tidal currents, and ocean currents. This energy can be 

converted to a usable form. 

4. Geothermal Energy: 

It is the energy from the earth. 

5. Hydro Energy: 

Hydropower is the power produced from the energy of moving water and 

flowing water; it can be converted to electrical energy. 

6. Bioenergy: 
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Bioenergy or biomass, from organic material, is the converting of biomass into 

another form of energy. 

The amount of each energy in nature is given in Fig. 1.2. 

 

Fig. 1.2: Energy resources in nature [3]. 

1.1.1 Advantages and Disadvantages of Renewable Energy 

  Advantages of using renewable energy are as follows: 

1. The renewable energy resources are inexhaustible and provide an unlimited 

supply of energy. 

2. The energy is clean. 

3. It helps in reducing CO2 emissions. 

4.  It can be stored in batteries when it is not usable. 

Disadvantages include the following: 
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1. It is not reliable. 

2. Biomass causes air pollution. 

3. The installation and maintenance are costly. 

4. Some sources may not be cost effective. 

These are the general advantages and disadvantages of renewable energy resources. 

[1][2] 

1.2 Solar Energy  

The sun is a very huge plasmatic ball consisting of hydrogen (92%), helium (8%), and 

some other elements. It is plasmatic because the nuclei and the electrons are separated 

due to the high temperature: 6000 K. For that, the kinetic energy between the 

electrons and the nuclei is very large. The power the sun sends into space is about 

3.8*1026 W. Our planet receives only 1.73*1017 W, a very small amount of the sun's 

emitted energy, at the top of the atmosphere. [4] 

The amount of the power the earth receives from the sun is equal to the power 

produced from about a hundred million modern power stations based on fossil fuel 

and nuclear power. Most of that energy goes to the oceans while some energy is 

interrupted by clouds and dust in the air. The energy from the sun can be categorized 

into two types: direct energy (e.g. solar energy) and indirect energy (e.g. wind, 

biomass, marine, and hydropower). The power density of the sun above the 

atmosphere of the Earth is known as the solar constant, and it is estimated to be 1366 

W/m2. The amount is decreased by 30% due to the atmosphere providing an 

insolation at the Earth's surface of about 1000 W/m2 on a clear day at sea level. 

Moreover, the average power density that the Earth receives yearly, annual mean 

insolation, is an important quantity. It can be calculated by dividing the solar constant 
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by 4. This quantity is averaged over day and night, summer and winter, and differs 

from year to year. An important characteristic that has to be taken into account is the 

range and the intensity of the wavelengths of the emitted radiation. This is essential 

because the response of different solar cells to various wavelengths is diverse. 

Additionally, the solar cells installed near or at the ground collect the solar radiation 

directly and indirectly. The indirect radiation can be classified into two components: 

1. The diffuse component: the radiation scattered by clouds and reflected by the 

dust in the atmosphere. 

2. The albedo component: the radiation reflected from the ground or the objects 

such as buildings. 

The direct, diffuse, and albedo components are the main factors that drive the 

electrical output from the solar cell [5]. 

1.3 Photovoltaics (PV)  

PV is used in converting solar energy into electricity [3][4]. PV has a photoelectric 

characteristic. Radiation is absorbed, then an electron is fed and gains kinetic energy 

which transfers the electron to another level of energy. Also, PV is made from a thin 

layer of semiconductor material. Semiconductors are the principal material of PV 

cells, which are used in many applications such as calculators, cars, space, and so on.  

PV cells can be systemized into three main systems [5]: 

1. Stand-alone PV system:  

Example from its applications: 

• Solar boats 

• Calculator. 
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• Solar cars 

• Water pumping 

2. Grid-connected PV system: 

Example from its applications: 

• Some utility companies in the U.S. are turning to large PV systems in 

order to meet peak power demand and avoid building new power 

plants. 

• PV panels installed on the roofs and connected to the grid. 

3. Hybrid System: 

Example from its applications: 

• PV-wind-diesel system 

• PV-diesel system  

1.3.1 PV Physics 

The structure of the electron, especially the external electron structure of the 

molecules or atoms, illuminates nearly all the properties of materials: mechanical, 

electrical, chemical, thermal, and biological. The measurement unit of the charge (Q 

or q) is coulombs (C). An electron has a charge of 1.6*10-19 C, positive or negative. 

The charged particles generate electrical fields (E). E is a vector meaning that it has a 

magnitude and a direction. The charged particles located in an external E are moved 

due to the force from E. Then, the movement of the particles produces energy as well 

as an electrical potential. The current is created from the flowing of charges. The 

electrical characteristics of the materials are classified into three general types: 

conductors, semiconductors, and insulator. Because semiconductor is the primary 

material of a PV cell, it will be discussed in the next section. 
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1.3.2 Semiconductors of PV  

The most common used semiconductor is silicon and has been used extensively by 

PV cell manufacturers for many years [5]. The silicon solar cell can be categorized 

into three types [5, 6]: 

1. Monocrystalline:  

This type has the highest efficiency among the types of silicon solar cell. The 

shape of its cell is hexagonal, so a module can take more cells. The efficiency 

of the module ranges from 12-16%. Notice that a cell efficiency is higher than 

that of a module because of the empty spaces between cells in the module. 

Also, the module surface area of about 7 m2 provides 1 kW. 

2. Multicrystalline: 

It is made from pure silicon using a molding process. The shape of its cells is 

square or rectangular. The efficiency varies from 11-15%. The module surface 

area of about 8 m2 produces 1 kW. 

3. Amorphous: 

Most people have seen this type in many applications such as calculators and 

solar light. Amorphous is the cheapest type and has the lowest efficiency of 6-

8%. The required module surface area to produce 1 kW is about 16 m2.        

1.3.3 Advantages and Disadvantages of PV  

According to [4], 

The advantages of PV are: 

1. Reliable systems. 

2. The operating point is low. 

3. Modularity. 
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, and the disadvantages are:      

1. The installation is costly. 

2. Unpredictability. 

3. The storage is costly. 

4. The infrastructure in remote areas is lacking. 
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2.  Grid-Connected Inverter 

 
The inverter is the main component of a grid-connected system, because it converts 

DC voltage into AC voltage. The inverter has the ability to produce AC voltage that 

has the same frequency and amplitude as the grid using advanced electronic elements. 

[5]  

2.1 Inverter Topologies  

The inverter has to execute three functions to supply the energy to the grid. These 

functions are as following: 

1. Shaping the current into sinusoidal waveform. 

2. Inverting the DC current to AC current. 

These functions help in determining the required components to build the inverters 

and shaping them. The price of an inverter can be determined by these functions 

performances. [7] 

There are four main topologies of solar power inverters: 

1. Central Inverters:  

The first PV inverters were line commutated with rated power of several kilowatts. A 

central inverter is shown in Fig. 2.1. The advantages of this topology include 

robustness, high efficiency and cheap cost, but the big deficiency is a low power 

factor which ranges between 0.6 and 0.7. The power factor can be improved by 

adding filters, which can decrease the total harmonic distortion. [7]  
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Fig. 2.1: A central inverter. 

Another topology came after the developments of semiconductor technologies. 

Thyristors were used in the old inverters, but in the modern inverters, they are 

replaced by BJT's, MOSFET's and IGBT's. These semiconductor devices are 

switching devices and have high frequency switching rates above 16 kHz. Currently, 

most central inverters available in the market are of self-commutated type. The power 

rating of this topology is above 2 kW. They can be designed with and without 

transformer(s). They are combined with a PWM full bridge switching at high 

frequencies. The switching frequencies are responsible for shaping the current. The 

bridge is composed of IGBT's or a combination of MOSFET's and IGBT's. These 

inverters are robust, efficient and cheap, but the drawback is that the efficiency is 

lower than that of line-commutated topology because of high switching frequency. 

Additionally, an inverter topology having several transformers is known as a 

magnetically coupled inverter. This topology is composed of several transformers 

connected to the midpoints of several conventional single-phase full bridges from the 

primary windings, and the secondary windings of those transformers are connected in 

series. The inverter is able to produce 3𝑛𝑛, where n is the number of transformers, 

combinations generated from different nodes of voltage at the secondary windings. 
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The benefits of this inverter topology are low switching frequencies which makes 

shaping an accurate sine wave simple, robust, and cheap. The main disadvantage of 

this inverter topology is the presence of several transformers. [7] 

2. Module Integrated Inverters( Module Oriented Inverters): 

Module integrated inverters can be modeled with one or several PV modules [7]. This 

makes each module an equivalent AC power source as shown in Fig. 2.2 [5]. The 

power rating of this topology is below 500 W and the output voltage of PV array is 

between 30 and 150 V. Because of the low voltage levels, a voltage adjustment 

element is added to the system. Also, different topologies can be designed due to low 

voltage levels [7]. 

 

Fig. 2.2: Module integrated inverters. 

A topology of Module integrated inverters has a line frequency transformer which 

allows use of low voltage MOSFET's for a PWM high frequency switching bridge. 

Moreover, this topology is fitting for the high current produced by PV modules. The 

control system is set at the low voltage side. MOSFET's are used in large quantities 
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because of their low prices. An inverter of a line frequency transformer provides some 

advantages including reduced magnetic components and cost. [7] 

Once again, a variety of topologies can be modeled due to low voltage levels of PV 

modules. Some topologies do not have a transformer in order to decrease the number 

of magnetic components and increase the efficiency. A boost converter can be used to 

boost PV module voltage. The output current is shaped and inverted by the second 

converter stage at the high level side. [7] 

The advantages and disadvantages of using module integrated inverters are listed 

below [7].  

Advantages:            

a. The system is at the highest level of flexibility. 

b. Each PV module has its own MPPT. 

c. DC wiring is not required. 

d. The system is cost-effective. 

Disadvantages:       

a. These inverters are expensive. 

b. If an inverter fault occurs, it is difficult and has a high cost to replace that 

inverter. 

c. The system cost might also be increased in order to have specific safety 

requirements. 

3. String Inverters: 

String inverters are able to have the advantages of both central inverter and module 

integrated inverter. The PV array consists of several PV modules connected in series 
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as shown in Fig. 2.3. The power range of these inverters is up to 2 kW; at this power 

range, the voltage levels range between 150 V and 450 V. A number of topologies can 

be applied based on these power and voltage ranges. IGBTs and MOSFETs are used 

with switching frequencies of 16 to 32 kHz. The advantages of string inverters include 

the following:  

a. These inverters can be used at high power. 

b. The efficiency is increased by 1-3% compared to central inverter. 

c. The cost per watt is decreased. [7] 

 

Fig. 2.3: String inverters. 

4. Multi-String Inverters: 

The goal behind designing this topology of inverters is to lower the cost of inverters 

by 20%. Fig. 2.4 shows the configuration of a multi-string inverter. These inverters 

can combine the advantages of the low costs of the central inverters and of high 
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energy output of a string inverter. A topology consists of lower DC-DC converters 

connected to single PV strings where each PV string has its own MPPT to optimize 

the power output and a DC bus connecting all converters through a central inverter 

according to the size of PV string. IGBTs are used in the central inverter, thus it is a 

PWM inverter. The system can be expanded by adding more PV strings. Each PV 

string is connected to a DC-DC converter. The voltage varies between 125 and 750 V, 

the power ranges up to 5 kW. [7] 

 

Fig. 2.4: A multi-string inverter. 

Moreover, multi-string inverters have a unique feature that makes them fit to use in 

reactive power compensation, and these inverters can produce high voltage and high 

power. Another feature is that as the voltage levels increase, the harmonic content 

remains low without transformers or switching devices. That is because the structure 

of multi-string inverters looks like multilevel voltage sources. There are three 

common topologies of multi-string inverters: diode clamped multilevel inverter, 

flying capacitor multilevel inverter, and Cascade multilevel inverter [8].  
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The line-commutated and transformerless inverters topologies achieve the maximum 

efficiency rate of about 96%. The improvement of switching devices and higher DC 

input voltage results in improving the efficiency. [7] 

2.2 New Trends in Inverter Topologies 

The major drawback of the single inverter is that it needs large electrolytic capacitors 

at the input of the inverter. These capacitors impact the efficiency, cost and lifetime of 

the inverter. As a result, small three-phase inverters have been developed to decrease 

the size of the electrolytic capacitors. [7] 

Additionally, the string technology is combined with master-slave concept in large PV 

plants. Parallel PV strings are connected to an inverter at low solar irradiation. As 

irradiation increases, PV strings are separated from each other and each is connected 

to an inverter. This combination allows the efficiency to increase by 2% [7]. 

2.3 Issues with Grid-connected Inverter  

The choice of inverter depends on several factors such as output power rating, 

maximum power point tracking (MPPT) rating, shading and weather conditions. 

Inverters have to deal with the power coming from PV panels under a wide range of 

conditions that affect the characteristics of the power system. They can handle these 

conditions by using MPPT, which are used to control and optimize the energy supply. 

The efficiency is the most significant characteristic by which an inverter is selected in 

a certain application. The DC to AC converting efficiency can reach up to 98%. But, 

the efficiency drops if the inverter operates below about 25% of its maximum power 

rating. Shading issues can be solved by using string inverters. For example, if the 

power system with a central inverter suffers from a shading problem, the central 

inverter can be replaced by a number of string inverters. For those inverters having 
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the transformers, the efficiency is reduced slightly due to the heat produced by 

transformers. Therefore, inverters must have a cooling system in order to be highly 

efficient. Also, the cooling system becomes more important as the inverter power 

capacity increases. Because the inverters are connected to the grid, the islanding issue 

is very dangerous. For that, the inverters have to be disconnected when the grid is 

shuts down due to a fault or maintenance to avoid having voltage on the grid, 

especially the grids of large systems. The power factor and the waveform of the 

inverter must be compatible and agreeable with the grid output.  Sensitivity to 

voltage, frequency and impedance fluctuations are important features that the inverter 

must have in order to be connected to the grid. These features allow the inverter to 

shut down if these terms deviate from their set points. The technical performance of 

the inverters is examined based on several aspects as following:   

1. Lighting and surge protection. 

2. Safety. 

3. System reliability. 

4. Inverter sequencing. 

5. The connection mode of PV modules into strings or arrays. [5] 

2.4 The Effects of the Line Impedance on the Grid-tied PV System 

The line impedance is usually represented as an X/R ratio in power systems. The 

variations in the X/R ratio have noticeable impacts on the grid-connected PV systems 

[9]. The transmission line is usually inductive in the high-voltage grid while in the 

low-voltage grid the transmission line is mostly resistive [10]. The reason that the line 

resistance is considered is that the line or the feeder does not have an inductor or a 

transformer [10]. Therefore, the X/R ratio is very small. In other words, R/X ratio is 
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very high in a low-voltage network. The R/X ratio on high-voltage lines are usually 

under 0.5, but in the low-voltage line it varies between 0.5 and 7 [11].  

In a typical system, the phase angle is related to active power and the voltage 

difference is related to reactive power [12]. The X/R ratio is decreased as the system 

operates and that means the resistance value is increased [12]. The variations in line 

impedance affect the steady-state conditions of the power system. Small variations do 

not affect the stability of the system [13]. But, large variations in X/R ratio, because 

of increasing R, impact the system, and make it unstable [12].  
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3. Grid-connected PV System Modeling 

 
The design of grid-connected PV system mainly depends on the design and 

specifications of the inverter. The grid-connected inverters come in many forms. The 

selection and the design of an inverter are dependent on the inverter application where 

it is installed. Also, other specifications such as grid codes and regulations have to be 

met in order to operate the inverter [14].  The inverter modeled in this research is a 

single-phase inverter. The topology being used is a simple full bridge single phase 

configuration. The configuration chosen is simple and well documented. Also, it is a 

basic topology to add additional components to the inverter.  

3.1 Mathematical Model of the Grid-connected PV System   

The goal of creating a mathematical model of the grid-connected PV is to find the 

power equations of the system. The power equations are calculated using power flow 

methods. The following features are desirable in any grid-connected inverters: output 

power regulation, high power quality, high efficiency, high reliability, low cost, low 

total harmonic distortion (THD), high robustness to perturbations, fast dynamic 

response, and simple circuitry [15-17]. The inverter also requires information about 

the phase angle, amplitude, and the frequency of the grid voltage [18]. Power flow 

analysis of the system helps in providing the grid information and in designing a 

control system to achieve the above features [15] [18]. A mathematical model of the 

grid-connected inverter is created to calculate the power flow of the interested grid-

connected PV. Per-unit is used in the calculations of the mathematical model. 

MATLAB is used to implement the power equations. 
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3.1.1 Derivation of Power Flow Equations  

Fig. 3.1 shows a simple representation of the inverter output and the grid. The two 

active sources shown in the figure represent the inverter output (𝑉𝑉1˪𝛿𝛿) and the grid 

voltage (𝑉𝑉2). Power transfers from source 1 to source 2. The power at source 2 is 

calculated using three different methods. 

 

Fig. 3.1: Grid-connected inverter model from the grid side. 

𝑆𝑆1̅ = 𝑃𝑃1 + 𝑗𝑗𝑄𝑄1 = 𝑉𝑉 �1𝐼𝐼∗̅                    (3.1)      

𝐼𝐼 ̅ =  
𝑉𝑉 �1 −  𝑉𝑉 � 2

𝑅𝑅 + 𝑗𝑗𝑗𝑗
                   (3.2) 

𝑆𝑆1̅ = �
𝑅𝑅𝑉𝑉�1 − 𝑅𝑅𝑉𝑉�2 − 𝑗𝑗𝑗𝑗𝑉𝑉�1 + 𝑗𝑗𝑗𝑗𝑉𝑉�2

𝑅𝑅2 + 𝑋𝑋2
�
∗

𝑣̅𝑣1 

𝑆𝑆1̅ =
� 𝑅𝑅𝑉𝑉12𝑐𝑐𝑐𝑐𝑐𝑐2𝛿𝛿 + 𝑅𝑅𝑉𝑉12𝑠𝑠𝑠𝑠𝑠𝑠2𝛿𝛿 + 𝑗𝑗𝑗𝑗𝑉𝑉12𝑠𝑠𝑠𝑠𝑠𝑠2𝛿𝛿 + 𝑗𝑗𝑗𝑗𝑉𝑉12𝑐𝑐𝑐𝑐𝑐𝑐2𝛿𝛿 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
−𝑋𝑋𝑉𝑉12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑗𝑗𝑗𝑗𝑉𝑉12𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑗𝑗𝑗𝑗𝑉𝑉12𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�

𝑅𝑅2 + 𝑋𝑋2  

𝑃𝑃1 =
𝑅𝑅𝑉𝑉12 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅2 + 𝑋𝑋2
                    (3.3)             

𝑄𝑄1 =
𝑋𝑋𝑉𝑉12 − 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅2 + 𝑋𝑋2
                   (3.4) 

Where:  

𝐼𝐼 ̅
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𝑆𝑆1̅is the complex power supplied by the inverter. 

𝑃𝑃1 is the real power supplied by the inverter. 

𝑄𝑄1 is the reactive power supplied by the inverter output. 

𝑉𝑉1˪𝛿𝛿 is the output voltage of the inverter and 𝛿𝛿 is the phase angle of the output voltage 

of the inverter with respect to the grid.  

𝑉𝑉2˪0° is the grid voltage.  

𝐼𝐼 ̅is the line current flowing from the inverter to the utility grid.  

𝑍̅𝑍 = 𝑅𝑅 + 𝑗𝑗𝑗𝑗 is the line impedance.  

As mentioned above, the grid power is found by three different methods. 

 Method 1- 𝑆𝑆̅ = 𝐼𝐼 �𝑉𝑉�: 

𝑆𝑆2̅ = 𝑃𝑃2 + 𝑗𝑗𝑄𝑄2 = 𝑉𝑉 � 2𝐼𝐼∗̅                   (3.5) 

𝐼𝐼 ̅ =  
𝑉𝑉 �1 −  𝑉𝑉 � 2

𝑅𝑅 + 𝑗𝑗𝑗𝑗
 

𝑆𝑆2̅ =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑅𝑅22 + 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑗𝑗𝑗𝑗𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
 

𝑃𝑃2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.6) 

𝑄𝑄2 =
𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑋𝑋𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.7) 

Where: 

𝑆𝑆2̅ is the complex power absorbed by the grid. 

𝑃𝑃2 is the real power absorbed by the grid. 

𝑄𝑄2 is the reactive power absorbed by the grid. 
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Method 2- Gauss-Seidel: 

In order to find the power using power flow methods, the Ymatrix has to be found as 

following: 

𝑍̅𝑍 = 𝑅𝑅 + 𝑗𝑗𝑗𝑗 ;𝑌𝑌 =
1
𝑍̅𝑍

= 𝐺𝐺 + 𝑗𝑗𝑗𝑗 

Building the Ymatrix: 

𝑌𝑌 = �
−(𝐺𝐺 + 𝑗𝑗𝑗𝑗) 𝐺𝐺 + 𝑗𝑗𝑗𝑗
𝐺𝐺 + 𝑗𝑗𝑗𝑗 −(𝐺𝐺 + 𝑗𝑗𝑗𝑗)� 

𝑌𝑌�12 = 𝑌𝑌�21;  𝑌𝑌�11 = 𝑌𝑌�22  

𝑌𝑌�12 =  −𝑌𝑌�22 

Now, the Ymatrix is used to calculate the power: 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =  𝑉𝑉 � 2
∗  �𝑌𝑌𝑖𝑖2𝑉𝑉 � 𝑖𝑖

𝑛𝑛=2

𝑖𝑖=1

 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =  𝑌𝑌12𝑉𝑉2𝑉𝑉1˪𝛿𝛿 + 𝑌𝑌22𝑉𝑉22 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 = �𝑉𝑉2𝑉𝑉1˪𝛿𝛿 − 𝑉𝑉22�(𝐺𝐺 + 𝑗𝑗𝑗𝑗) 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =
𝑉𝑉2𝑉𝑉1˪𝛿𝛿 − 𝑉𝑉22

𝑅𝑅 + 𝑗𝑗𝑗𝑗
 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =
𝑉𝑉2𝑉𝑉1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑉𝑉2𝑉𝑉1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑉𝑉22

𝑅𝑅 + 𝑗𝑗𝑗𝑗
 ×  

𝑅𝑅 − 𝑗𝑗𝑗𝑗
𝑅𝑅 − 𝑗𝑗𝑗𝑗

 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑅𝑅22 − 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑗𝑗𝑗𝑗𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
 

𝑃𝑃2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.6) 

𝑄𝑄2 =
𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑋𝑋𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.7) 

Method 3- Newton-Raphson: 

𝑃𝑃2 + 𝑗𝑗𝑄𝑄2 =  𝑉𝑉 � 2  �𝑌𝑌�𝑖𝑖2
∗𝑉𝑉 � 𝑖𝑖

∗
𝑛𝑛=2

𝑖𝑖=1
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The same Ymatrix calculated in the Gauss-Siedel method is used. 

 𝑃𝑃2 + 𝑗𝑗𝑄𝑄2 =  𝑌𝑌�12
∗𝑉𝑉�2𝑉𝑉 �1

∗ + 𝑌𝑌�22
∗𝑉𝑉22 

Since 𝑌𝑌�12 =  −𝑌𝑌�22 ⇒   𝑌𝑌�12
∗ =  −𝑌𝑌�22

∗ 

Therefore, 

𝑃𝑃2 + 𝑗𝑗𝑄𝑄2 = ( 𝑉𝑉�2𝑉𝑉 �1
∗ − 𝑉𝑉22 )𝑌𝑌�12

∗ 

𝑃𝑃2 + 𝑗𝑗𝑄𝑄2 =
𝑉𝑉2𝑉𝑉1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉2𝑉𝑉1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑉𝑉22

𝑅𝑅 − 𝑗𝑗𝑗𝑗
 ×  

𝑅𝑅 + 𝑗𝑗𝑗𝑗
𝑅𝑅 + 𝑗𝑗𝑗𝑗

 

𝑃𝑃2 − 𝑗𝑗𝑄𝑄2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑅𝑅22 + 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑗𝑗𝑗𝑗𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑗𝑗𝑗𝑗𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
 

𝑃𝑃2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.6) 

𝑄𝑄2 =
𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑋𝑋𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
                   (3.7) 

The three methods give the same real and reactive power equations. 

3.2 Effects of the Inputs of the System on the Power 

The performance of the system under certain effects of some inputs is tested by 

implementing the power equations (3.3, 3.4, 3.6, and 3.7) in MATLAB. The need of 

studying the system performance is to recognize how a certain input impacts the 

generated power. The way implementations are processed is by varying a specific 

input and fixing the other inputs. The values of the equations' parameters are shown in 

Table 3.1.  
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Table 3.1: The parameters of the mathematical model 

Output voltage of the inverter( V1) 1 

The grid voltage( V2) 1 

Reactance of the line impedance( X) 1 

Resistance of the line impedance( R) 0 - 7 

The phase of output voltage of the inverter( δ) 0°- 180° 

 

The effects of the line resistance (R), the phase angle of power (δ), and the inverter 

output voltage (V1) on the inverter power are shown below. 

1. 𝑃𝑃1 & 𝑄𝑄1 vs.  𝑅𝑅: 

The power equations for the inverter are plotted for δ= 90° and other parameters are 

shown in Table 3.1.   

 

Fig. 3.2: The inverter real and reactive power versus the line resistance. 
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The figure shows that real power increases slightly until R is less than 0.5. Then it 

decreases as R increases and goes to zero. The reactive power is decreased sharply by 

increasing R. Then, the reactive power increases slightly and it goes to zero.  

2. 𝑃𝑃1 & 𝑄𝑄1 vs.  𝛿𝛿: 

δ varies from 0° t0 180°, and R/X is equal to 1. 

 

Fig. 3.3: The inverter real and reactive power versus δ. 

From Fig. 3.3, both real power and reactive power are shifted up and the peak value is 

increased. 
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3. 𝑃𝑃1 & 𝑄𝑄1 vs.  𝑉𝑉1: 

V1 varies from 0.9 to 1 and V2 is 1. δ is set at 45° and R/X is set to be 1. 

 

Fig. 3.4: The inverter real and reactive power versus the inverter output voltage. 

The graph shows that real power and reactive power are increased constantly as 

𝑉𝑉1increases.  

Additionally, the effects of the three parameters (R, δ, and V1) on the grid real power 

and reactive power are shown below. 

1. 𝑃𝑃2 & 𝑄𝑄2 vs.  𝑅𝑅: 
 

X is set to be 1 and δ is 90°. Fig. 3.5 shows that the real power is decreased as R 

increases until it becomes steady. The reactive power is decreased sharply by 

increasing R from 0 to 0.7. From a certain value of R, the reactive power increases 

gradually until it becomes steady at zero. 
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Fig. 3.5: The grid real and reactive power versus line resistance. 

2. 𝑃𝑃2 & 𝑄𝑄2 vs.  𝛿𝛿: 

δ varies from 0° to 180°, and R/X is equal to 1. 

 

Fig. 3.6: The grid real and reactive power versus δ. 
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Fig. 3.6 shows that the real power and the reactive power are shifted down, so the 

peak values are decreased. 

3. 𝑃𝑃2 & 𝑄𝑄2 vs.  𝑉𝑉1: 

V1 varies from 0.9 to 1 and V2 is 1. δ is set to be 45° and R/X is set at 1. 

 

Fig. 3.7: The inverter real and reactive power versus the inverter output voltage. 

The graph shows that the real power increases constantly by increasing V1. The 

reactive power is steady at -0.5 as V1 varies  

The effects of R, δ, and V1 on the active power of the system can be summarized in 

three points: 

1. The power decreases when R/X increases. 

2. The variation of δ impacts the real and reactive power from the inverter and 

the real and the reactive power at the grid. 

3. The real and reactive power from the inverter increases by increasing V1. The 

grid real power increases with increasing V1, but the reactive power is steady. 
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3.3 Sensitivity Analysis of the Power 

The study of system sensitivity is necessary in order to build a proper control system 

[19]. It is aimed to test the effects of system input variations on the output and 

examine the system reactions in response to these variations [19] [20]. Since this 

research focuses on the line impedance, the influence of the line impedance on the 

power and its effects on the system are studied. The effects of system inputs are 

different because the output is more affected by specific inputs than others. In other 

words, some inputs are more dominant than others. Moreover, studying the sensitivity 

of power helps in determining the maximum power [20]. 

The sensitivity of real and reactive power is examined by deriving the first derivative 

of the real and reactive power equations with respect to the parameters of line 

impedance:R and X. All equations are simulated and plotted using MATLAB.  

3.3.1 Sensitivity of the inverter power 

In this part, the first derivative of equations (3.3) and (3.4) is calculated with respect 

to 𝑅𝑅 and 𝑋𝑋.   

1. 𝜕𝜕𝑃𝑃1 
𝜕𝜕𝜕𝜕

 & 𝜕𝜕𝑄𝑄1 
𝜕𝜕𝜕𝜕

: 

𝜕𝜕𝑃𝑃1 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿−𝑅𝑅2𝑉𝑉12 − 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 + 𝑋𝑋2𝑉𝑉12 − 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿

(𝑅𝑅2 + 𝑋𝑋2)2
          (3.8) 

𝜕𝜕𝑄𝑄1 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 − 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 + 2𝑋𝑋𝑋𝑋𝑋𝑋12

(𝑅𝑅2 + 𝑋𝑋2)2
          (3.9) 

Both equations (3.8 and 3.9) are implemented where V1=V2=1, X= 1, and δ= 90°. 
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Fig. 3.8: dP1/dR and dQ1/dR versus the line resistance. 

The figure shows that the partial derivative of the real power with respect to R goes 

down sharply and then it increases gradually until it becomes steady. Then, it 

increases until a certain value of R, and, then it becomes steady. Both partial 

derivatives of the real and reactive power become stable with increasing resistance. 

2. 𝝏𝝏𝑷𝑷𝟏𝟏 
𝝏𝝏𝝏𝝏

 & 𝝏𝝏𝑸𝑸𝟏𝟏 
𝝏𝝏𝝏𝝏

: 

𝜕𝜕𝑃𝑃1 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 − 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 + 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 2𝑋𝑋𝑋𝑋𝑋𝑋12

(𝑅𝑅2 + 𝑋𝑋2)2
                         (3.10) 

𝜕𝜕𝑄𝑄1 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉12 + 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 𝑋𝑋2𝑉𝑉12 + 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿

(𝑅𝑅2 + 𝑋𝑋2)2
          (3.11) 

Both equations (3.10 and 3.11) are implemented where V1=V2=1, R= 1, and δ= 45°. 
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Fig. 3.9: dP1/dX and dQ1/dX versus the line reactance. 

The figure shows that the partial derivative of the real power with respect to X 

decreases sharply and then it increases slightly until it becomes stable. The partial 

derivative of the reactive power with respect to X goes up until X=0.4 and then it goes 

down until it becomes steady at zero when X equals about 4.5. 

3.3.2 Sensitivity of the grid power 

In this part, the first derivative of equations (3.6) and (3.7) is calculated with respect 

to 𝑅𝑅 and 𝑋𝑋.   

1. 𝝏𝝏𝑷𝑷𝟐𝟐 
𝝏𝝏𝝏𝝏

 & 𝝏𝝏𝑸𝑸𝟐𝟐 
𝝏𝝏𝝏𝝏

: 

𝜕𝜕𝑃𝑃2 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉22 − 𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 + 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 𝑋𝑋2𝑉𝑉22 − 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿

(𝑅𝑅2 + 𝑋𝑋2)2
          (2.12) 

𝜕𝜕𝑄𝑄2 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 − 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 + 2𝑋𝑋𝑋𝑋𝑋𝑋22

(𝑅𝑅2 + 𝑋𝑋2)2
          (2.13) 

Both equations (3.12 and 3.13) are implemented where V1=V2=1, X= 1, and δ= 90°. 
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Fig. 3.10: dP2/dR and dQ2/dR versus the line resistance. 

The figure shows that the partial derivative of the real power with respect to R 

decreases until R is about 0.3, then it increases exponentially until it becomes steady 

at zero. The partial derivative of the reactive power with respect to R increases as R 

increases. At a certain value of R, both curves becomes steady at zero.   

2. 𝝏𝝏𝑷𝑷𝟐𝟐 
𝝏𝝏𝝏𝝏

 & 𝝏𝝏𝑸𝑸𝟐𝟐 
𝝏𝝏𝝏𝝏

: 

𝜕𝜕𝑃𝑃2 
𝜕𝜕𝜕𝜕

=  
𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 + 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 2𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 + 2𝑋𝑋𝑋𝑋𝑋𝑋22

(𝑅𝑅2 + 𝑋𝑋2)2       (3.14) 

𝜕𝜕𝑄𝑄2 
𝜕𝜕𝜕𝜕

=  
𝑋𝑋2𝑉𝑉22 + 𝑅𝑅2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 𝑋𝑋2𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝛿𝛿 − 𝑅𝑅2𝑉𝑉22 + 2𝑋𝑋𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿

(𝑅𝑅2 + 𝑋𝑋2)2
          (3.15) 

Both equations (3.8 and 3.9) are implemented where V1=V2=1, R= 1, and δ= 45°. Fig. 

3.11 shows that the partial derivative of the real power with respect to X decreases 

sharply, then it increases slightly until it becomes steady at zero. The partial 

derivative of the reactive power with respect to X increases sharply from X= 0 to X= 
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0.8. Then it decreases gradually until it becomes steady. Both curves are going to be 

stable for larger X. 

 

 
Fig. 3.11: dP2/dX and dQ2/dX versus the line reactance. 

After studying the sensitivity of power to the line impedance, the power is certainly 

affected by the line impedance. Each parameter of the line impedance has its own 

amount of effect on the power.  

3.4 Circuit Modeling of the Grid-connected PV System 

The proposed system is modeled using SIMPLIS to collect simulation results and plot 

them using MATLAB.  The model is built step by step. First, the inverter is built 

using four voltage controlled switches, four diodes, and a DC voltage source 

representing PV panels. The inverter is connected to two loads, one of which is 

resistive and the other is resistive and inductive, to verify the operation of the inverter. 

Second, the voltage sources controlling the switches are replaced with sinusoidal 

pulse width modulation (SPWM) control signals to control the switches. Then, an LC 
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filter is designed in order to get rid of unwanted components in the output voltage or 

current. Finally, the inverter is connected to an AC voltage source representing the 

grid voltage. The circuit is modeled and simulated using SIMPLIS.  

3.4.1 SIMPLIS Software 

SIMPLIS is the selected program to model and analyze the grid-connected PV system 

in this thesis. SIMPLIS is a simulation program for integrated circuits [21]. The 

performance of electronic circuits is simulated in SIMPLIS to let designers examine 

their circuits before circuit construction. In SIMPLIS, the designer can use piecewise 

linear (PWL) analysis and modeling techniques which means the system is a linear 

network. Also, SIMPLIS has a very fast transient simulation, 10 to 50 times faster 

than PSpice.  

3.4.2 The inverter Model 

The initial model of the inverter in this research consists of four ideal switches 

controlled by four ac voltage sources of frequency of 60 Hz and four ideal diodes. The 

topology of the inverter is a basic single phase full bridge inverter. Fig. 3.12 shows 

the basic inverter model. The switches and diodes are ideal with switching frequency 

of 60 Hz. The DC source is 120 V. An arbitrary load is picked to examine the inverter 

output. The load has a resistance of 20 Ω. 
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Fig. 3.12: The inverter with resistive load. 

 

 

Fig. 3.13: The inverter outputs. 

The graph shows that the amplitude current is equal to 6 A. We can check that from 

Ohm's law: 

𝐼𝐼 =
𝑉𝑉
𝑅𝑅

               (3.16) 
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The plots also show that the frequency is 60 Hz, because the voltage sources control 

the switches are set at frequency of 60 Hz. The total harmonic distortion (THD) of 

both outputs is 46.6% 

An inductive load of 100 mH is added to the load. The effect of inductance on the 

current is shown in Fig. 3.15. THD is measured, and it is 46.6% for the output voltage 

and 12.3% for the current. 

 

Fig. 3.14: Inverter with RL load. 

 

Fig. 3.15: The output current and voltage of the inverter. 
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2.4.3 The Design of SPWM 

Pulse width modulation (PWM) is a method where the output frequency and voltage 

can be controlled by switched voltage pulses [22]. PWM has several advantages such 

as decreasing the harmonic distortion of load current, reducing switching losses, 

tracking the phase and the frequency of the grid, improving the efficiency, fast 

voltage regulation, and providing fast tuning rate [14][22-25]. PWM has different 

schemes: SPWM, hysteresis PWM (HPWM), space vector modulation (SVM), and 

optimal PWM [18]. SPWM and HPWM are universally common in PV applications. 

For that reason, SPWM is utilized here.  

The four voltage sources controlling the switches are replaced by a circuit to generate 

SPWM signals. The circuit consists of two wave generators, one of which is the 

control signal and the other is the carrier signal [26]. The control signal is a sinusoidal 

wave, and its frequency is set to the desired frequency 60 Hz. The carrier signal is a 

triangular wave. It always has a higher frequency than that of the control signal. The 

modulation index is defined as the ratio of the amplitude of the control signal over the 

amplitude of the triangular wave: 

𝑚𝑚𝑎𝑎 =
𝑉𝑉𝑐𝑐
𝑉𝑉𝑡𝑡

        ;        0 ≤ 𝑚𝑚𝑎𝑎 ≤ 1             (3.17) 

where 𝑚𝑚𝑎𝑎 is the modulation index, 𝑉𝑉𝑐𝑐 is the amplitude of the control signal and 𝑉𝑉𝑡𝑡 is 

the amplitude of the triangular signal. In the interest of this research, the SPWM 

voltages are chosen where 𝑉𝑉𝑐𝑐 is 1 V and 𝑉𝑉𝑡𝑡 is 1 V. Also, frequency modulation is 

defined as the division of the frequency of the triangular signal over the frequency of 

the control signal. 

𝑚𝑚𝑓𝑓 =
𝑓𝑓𝑡𝑡
𝑓𝑓𝑠𝑠

          𝑚𝑚𝑓𝑓 ≥ 1             (3.18) 
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The variable definitions are defined where 𝑚𝑚𝑓𝑓 is the modulation ratio, 𝑓𝑓𝑠𝑠 is the 

frequency of the control signal and 𝑓𝑓𝑡𝑡 is the frequency of the triangular signal. The 

desired frequency is 60 Hz. The switching frequency being picked is 𝑓𝑓𝑡𝑡 = 9.9 𝑘𝑘𝐻𝐻𝐻𝐻, 

because the high switching frequency of PWM shifts the unwanted harmonics of the 

unfiltered signal to the switching frequency. The value of  𝑓𝑓𝑡𝑡 is selected to obtain odd 

integer multiple of 𝑚𝑚𝑓𝑓 in order to eliminate the odd-order harmonics and the 

harmonics are shifted to higher frequencies [27].  Therefore,  𝑚𝑚𝑎𝑎 is equal to 1 and  𝑚𝑚𝑓𝑓 

is equal to 165. 

The components needed to generate a sinusoidal PWM (SPWM) are: 

1. Control signal -sinusoidal wave generator of frequency of 60 HZ. 

2. Carrier signal, triangular wave generator of frequency of 9.9 kHz. 

3. Comparator. 

 

Fig. 3.16: SPWM circuit. 

 

38 
 



 

 

 

(a) 

 

(b) 

Fig. 3.17: (a) The output voltage of the control signal (sinusoidal) and the output 

voltage of the carrier signal (triangle) when mf= 20. (b) The output voltage of the 

control signal (sinusoidal) and the output voltage of the carrier signal (triangle) when 

mf= 165. 
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Fig. 3.18: The output signal after the control signal and the carrier signal compared 

through the comparator. 

The switching sequence is simply that S1 and S4 are turned on and off together and 

the same with S2 and S3. When S1 and S4 are on, then S2 and S3 are off and vice 

versa. This switching sequence is known as bipolar switching. Now, SPWM signals 

are connected to the inverter switches. The circuit and the outputs are shown in the 

following figures. 

 

Fig. 3.19: SPWM Inverter. 

time/mSecs 200uSecs/div

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

P
ro

be
1 

/ V

-1
-0.8
-0.6
-0.4
-0.2

-0
0.2
0.4
0.6
0.8

1

40 
 



 

 

 

(a) 

 

(b) 

Fig. 3.20: (a) The output current and voltage when the load is resistive. (b) The 

output current and voltage when the load is RL. 

The output current in Fig. 3.20 (b) is a sinusoidal wave because of the inductance. The 

outputs are distorted where the output voltage has THD of 107%. THD of the current 

is THD of 1.7%. Therefore, a filter is needed to eliminate the harmonic distortion and 

to make a pure sinusoidal wave.  
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3.4.4 Filter Design 

A low-pass LC filter is designed to reduce the unwanted harmonics and to produce a 

high quality sinusoidal wave [22] [28].  Also, eliminating the ripple caused by 

switching requires a low cut-off frequency (𝑓𝑓𝑐𝑐) and a high switching frequency [28]. 

For PWM, the high switching frequency shifts the unwanted harmonics of the 

unfiltered signal to the switching frequency as seen in Fig. 3.21.  The SPWM here has 

a carrier frequency, switching frequency, of 9.9 kHz, and a control frequency of 60 

Hz. To design the filter, the cut-off frequency has to be determined. However, it can 

be selected to be less than 9.9 kHz. For the design here, 𝑓𝑓𝑐𝑐 is selected to be 1 kHz. 

 

 

Fig. 3.21: Harmonic content of the inverter output voltage. 

Assume  𝐿𝐿𝑓𝑓 = 100 𝜇𝜇𝜇𝜇, the capacitor can be calculated from the following equation: 

𝐶𝐶𝑓𝑓 =
1

(2𝜋𝜋𝑓𝑓𝑐𝑐)2𝐿𝐿𝑓𝑓
                          (3.19) 

So, 𝐶𝐶𝑓𝑓 is equal to 253.3 𝜇𝜇𝜇𝜇. 
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Fig. 3.22: LC filter. 

 

 

Fig. 3.23: The filtered line current and the output voltage. 

The filter is added to the inverter circuit. Fig. 3.23 shows that the line current and the 

output voltage are sinusoidal with a frequency of 60 Hz. The current amplitude is still 

6 A and the voltage amplitude is still 120 V. The output voltage has THD of 3.8% and 

the current has THD of 0.3%. 

3.4.5 Connecting the Inverter to the Grid 

The grid is modeled as a sinusoidal voltage source of amplitude of 120 V and 

frequency of 60 Hz. The line connecting the inverter with the grid has an impedance 

and is called the grid impedance. The complete model of the proposed grid-connected 
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PV system is shown in Fig. 3.24, and Fig. 3.25 shows the line current, the inverter 

output voltage, and the grid voltage. 

 

Fig. 3.24: The model of the grid-connected PV system. 

 

 

Fig. 3.25: The line current, the inverter output voltage, and the grid voltage. 
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4. Maximum Power Analysis under the Variations of R/X 

 
The main aim of studying the effects of the grid resistance on real power is to 

determine the phase angle at which the power is at its maximum. The effects of R/X 

variations on real power are tested and analyzed. First, the current performance is 

examined at different R/X ratios from 0.5 to 7. The analysis is divided into two parts: 

theoretical analysis and experimental analysis. Then, four R/X ratios are selected to be 

tested for maximum power analysis. The value of the inductance is assumed fixed and 

the value of resistance is variable. After that, the power equations are implemented at 

the selected R/X ratios using MATLAB. Finally, the modeled circuit is simulated at 

the selected R/X ratios. The results of both models are compared. 

4.1 The Effects of the Grid Resistance on the Line Current  

The current from SIMPLIS is compared with calculation results of the current 

equation. The phase angle of the output voltage of the inverter is fixed at 0° in the 

first case and at 90° in the second case. The current is measured and plotted to see the 

impacts of varying R/X ratio. R and X values are shown in the following table. 

Table 4.1: R/X ratio from 0.5 to 7 

R/X R( Ω) X( Ω) 

0.5 1.885 3.77 

1 3.77 3.77 

3 11.31 3.77 

5 18.85 3.77 

7 26.39 3.77 

 

1. At δ= 0°: 
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Table 4.2: The current at δ=0° 

R/X Ipeak( mA) Current plot 

0.5 489 

 

1 416 

 

3 268 

 

5 203 
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7 168 

 

 

The simulated current is supposed to be zero amperes, but, there is a numerical error 

in the SIMPLIS measurements. The current can be theoretically calculated from 

equation (3.2) as follows: 

𝐼𝐼 ̅ =  
𝑉𝑉 �1 −  𝑉𝑉 � 2

𝑅𝑅 + 𝑗𝑗𝑗𝑗
 

𝑉𝑉 �1 −  𝑉𝑉 � 2 = 120∟0° − 120∟0° = 0 

𝐼𝐼 ̅ =  
0

𝑅𝑅 + 𝑗𝑗𝑗𝑗
= 0 𝐴𝐴 

For different R values, the current is equal to zero amperes. The simulated and 

theoretical currents are close. 

 

2. At δ= 90°: 

Table 4.3: The line current for δ=90° 

R/X Ipeak( A) Current and Power plots 

0.5 40.52 
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1 31.2 

 

3 14.21 

 

5 8.9 

 

7 6.4 

 

 

As seen from table 4.3, the current decreases as the resistance increases. Thus, the line 

resistance indeed affects the system and it has to be taken in account because it plays 

a significant role in the system. 

In Table 4.4, the peak current is calculated theoretically and compared with the results 

from simulation in order to check that the simulation is working correctly. 

 
 
 
 
 

Table 4.4: The theoretical and simulated current when δ=90° 

R/X Theoretical Ipeak( A) Simulated Ipeak( A) E% of the Current 

0.5 40.3 40.52 0.54% 

1 31.83 31.2 1.9% 

3 14.23 14.21 0.14% 
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5 8.83 8.9 0.79% 

7 6.37 6.4 0.47% 

 

From Table 4.4, the theoretical results and the experimental results are approximately 

equal.  

4.2 Theoretical Analysis and Results  

The theoretical analysis of the effects of the grid resistance on the maximum power 

transfer is studied using MATLAB. The power equations (3.3, 3.6) are implemented 

and plotted to find the maximum power phase angle for different R/X ratios. Per-unit 

is used in implementing the equations as shown in Table 4.5. The value of X and R 

used in the calculations are shown in the table.  

Table 4.5: Parameters used to implement the power equations in MATLAB 

V1 1 

V2 1 

X 1 

R 0, 0.5, 1, and 3 

Δ 0°- 180° 

 

4.2.1Maximum Power Calculations 

Taking the first derivative of the real power of the grid with respect to 𝛿𝛿 yields the 

following:  

𝑃𝑃2 =
𝑅𝑅𝑉𝑉1𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑋𝑋𝑉𝑉1𝑉𝑉2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑉𝑉22

𝑅𝑅2 + 𝑋𝑋2
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Set the derivative equal to zero to find the values of 𝛿𝛿 at which the real power is a 

maximum. 

𝑑𝑑𝑃𝑃2
𝑑𝑑𝑑𝑑

=
−𝑅𝑅𝑣𝑣1𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑋𝑋𝑣𝑣1𝑣𝑣2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑅𝑅2 + 𝑋𝑋2
= 0 

−𝑅𝑅𝑣𝑣1𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑋𝑋𝑣𝑣1𝑣𝑣2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0 

𝑅𝑅𝑣𝑣1𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑋𝑋𝑣𝑣1𝑣𝑣2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
𝑋𝑋
𝑅𝑅

  

   𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿 =
𝑋𝑋
𝑅𝑅

                      (4.1) 

when 𝑋𝑋 ≫ 𝑅𝑅: 𝛿𝛿 = 𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) = 90° 

Therefore, the real power when R is zero is at its maximum at 𝛿𝛿 = 90°. X/R is large 

for transmission lines, so the maximum power is approximately at 𝛿𝛿 = 90°.  

4.2.2 Maximum Power Simulation Results 

For a distribution feeder, the X/R ratio is smaller. Therefore, the maximum power 

angle is changed by varying R/X. The effects of varying the R/X ratio on the 

maximum power are shown in Fig. 4.1. 
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Fig. 4.1: The real power of the inverter and the real power of the grid for different 

R/X ratios. 

The maximum power angle of the grid is decreased by increasing the R/X ratio. And 

the maximum power angle of the output power from the inverter is increased as the 

R/X ratio increases. The amplitude of the grid power is decreased as the R/X ratio 

increases. The maximum power that can be transferred without losses is when R/X 

ratio is equal to 0. The figure can be interpreted in the next table. 

Table 4.6: The phase angles for maximum power 

R/X δP1,max δP2,max 

0 90° 90° 

0.5 116.36° 63.63° 

1 134.54° 45.45° 

3 161.82° 18.17° 
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The angle of maximum power of the grid decreases as the resistance increases, 

whereas for the power from the inverter, the phase angle increases as the resistance 

increases.  

Additionally, the power at the grid and the power of the inverter when R/X is 0 is also 

calculated from the following equation: 

𝑃𝑃1 = 𝑃𝑃2 =
𝑉𝑉1𝑉𝑉2
𝑋𝑋

sin(𝛿𝛿)                 (4.2) 

The circuit parameters are used to implement power equations as follows: 

𝑉𝑉1 = 120 𝑉𝑉 

 𝑉𝑉2 = 120 𝑉𝑉 

 𝑋𝑋 = 3.77 𝛺𝛺. 

The maximum power is at 𝛿𝛿 =  90° because sin(90°) = 1.  

so,  

𝑃𝑃1,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃2,𝑚𝑚𝑚𝑚𝑚𝑚 = 3819.83 𝑊𝑊 

The power for different δ's is also calculated for comparison. The table shows the 

calculated power for several δ's.  

Table 4.7: Power when R/X=0 

δ Power at the grid (W) 

0° 0 

30° 1909.8 

45° 2700.9 

60° 3307.9 

90° 3819.83 
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Moreover, the power losses are plotted by subtracting the power equations (P1-P2). 

 

Fig. 4.2: Power losses for different R/X ratios. 

There is no power loss at R/X= 0. The power losses increase as R/X increases. The 

losses increase as the angle of the output voltage of the inverter increases. 

 

4.3 Simulation Analysis and Results 

The circuit model was also simulated using SIMPLIS. SIMPLIS can determine the 

RMS value, mean value, maximum, frequency, and other measurements. Also, 

SIMPLIS has the ability to multiply the plotted curves. The same R/X ratios examined 

in the theoretical analysis are also tested in SIMPLIS in order to compare the results 

of both analyses. The power from the inverter and the grid power are measured by 

multiplying the current curve by the voltage curve. Then, the mean of the resultant 

plot of multiplied curves is measured. After that, the results are gathered and plotted 
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in MATLAB. The simulation results for power are shown in the following table. The 

data from the table is plotted as shown in Fig 4.3. 

Table 4.8: (a) Power when R/X= 0.5. (b) Power when R/X= 1. (c) Power when 
R/X= 3. 

 R/X= 0.5 

𝛿𝛿 𝑃𝑃1,𝑎𝑎𝑎𝑎𝑎𝑎  (W) 𝑃𝑃2,𝑎𝑎𝑎𝑎𝑎𝑎 (W) 𝑃𝑃𝑅𝑅_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   (W) 

0° -4.1 -4.2 8.20E-02 

18° 501.8 427.4 74.62 

30° 860.4 656.2 204.6 

45° 1.30E+03 845.7 447.44 

64° 1.71E+03 942.3 766.6 

90° 2.30E+03 768.5 1.50E+03 

117° 2.50E+03 187.5 2.30E+03 

135° 2.40E+03 -203.4 2.60E+03 

162° 1.20E+03 -1.04E+03 2.90E+03 

180° 1.50E+03 -1.50E+03 2.96E+03 

(a) 

 

 R/X= 1 

𝛿𝛿 𝑃𝑃1,𝑎𝑎𝑎𝑎𝑎𝑎  (W) 𝑃𝑃2,𝑎𝑎𝑎𝑎𝑎𝑎 (W) 𝑃𝑃𝑅𝑅_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   (W) 

0° -4.25 -4.3 5.10E-02 

18° 313 229.4 83.8 

30° 598.6 342.2 256.5 
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45° 950.54 392.3 558 

64° 1.30E+03 349.1 952.3 

90° 1.90E+03 6.8 1.89E+03 

117° 2.20E+03 -576.1 2.80E+03 

135° 2.30E+03 -916 3.20E+03 

162° 2.10E+03 -1.60E+03 3.60E+03 

180° 1.90E+03 -1.85E+03 3.70E+03 

(b) 

 R/X= 3 

𝛿𝛿 𝑃𝑃1,𝑎𝑎𝑎𝑎𝑎𝑎  (W) 𝑃𝑃2,𝑎𝑎𝑎𝑎𝑎𝑎 (W) 𝑃𝑃𝑅𝑅_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   (W) 

0° -3.5 -3.6 1.02E-01 

18° 84.6 28.1 56.5 

30° 170.8 16.7 154.1 

45° 3.03E+02 -33.6 336.2 

64° 4.94E+02 -149 643.1 

90° 7.64E+02 -375.8 1.10E+03 

117° 9.98E+02 -647.2 1.60E+03 

135° 1.10E+03 -822 1.90E+03 

162° 1.20E+03 -1.00E+03 2.20E+03 

180° 1.10E+03 -1.10E+03 2.30E+03 

(c) 

55 
 



 

 

Fig. 4.3: The real power of the inverter and the real power of the grid at different R/X 

ratios. 

The figure shows δ increases for the power of the inverter and decreases for the grid 

power as R/X increases. Table 4.9 shows δ at which the power is maximized for the 

tested R/X ratios. 

Table 4.9: The phase angles of maximum power 

R/X δP1,max δP2,max 

0.5 117° 64° 

1 135° 45° 

3 162° 18° 

 

The power when R/X is not included above. SIMPLIS provides harmonic analysis of 

the plotted variables. And from the harmonic analysis, the harmonic contents of the 
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current and the harmonic contents of the grid voltage are found as shown in Table 

4.10.  

Table 4.10: A SIMPLIS sample of the harmonic components of the current and the 
grid voltage 

V(Spectrum(Vgrid)) I(Spectrum(I_line)) Frequency 

(-5.827e-006 ,0           ) (17.02610505 ,0           ) 0 

(-6.812e-006 ,119.9995169 ) (-4.16411688 ,15.79852387 ) 60 

(5.637e-006  ,1.02e-005   ) (0.01284157  ,-0.0046038  ) 120 

(0.000141015 ,4.3738e-005 ) (0.00225181  ,0.018999569 ) 180 

(6.2005e-006 ,-9.867e-006 ) (-0.00489772 ,-0.00521505 ) 240 

(-0.00013986 ,-0.00015311 ) (0.010685572 ,-0.00833025 ) 300 

(-1.163e-005 ,-6.539e-007 ) (-0.0016104  ,0.004565188 ) 360 

 

The power is calculated based on the harmonic contents of the current and the grid 

voltage at specific δ's. 

Table 4.11: The current and the grid voltage calculated from the harmonic contents 

δ 𝐼𝐼 ̅(A) 𝑉𝑉�𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(V) Power at the grid (W) 

0° 0.058∟77.7° 120∟0° 1.5 

30° 16.34∟-14.76° 120∟0° 1897.11 

45° 24.163∟-22.3° 120∟0° 2688.69 

60° 31.59∟-29.7° 120∟0° 3292.42 

90° 44.69∟-44.8° 120∟0° 3804.05 

 

The power when δ is 90° is 3804.05 W which is close to the power calculated from 

the equation. Therefore, the maximum power when R/X is 0 is at 90°.  
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Additionally, simulated power losses are shown in Fig. 4.4. Power loss at R/X of 0 is 

zero. But, power losses exist for other R/X ratios. The losses increase from R/X= 0 

until R/X= 1. Then, the losses decrease as R/X goes higher because the line current 

decreases by increasing R/X ratio for values upper than 1. Also, the losses increase as 

the angle of the output voltage of the inverter increases. 

 

Fig. 4.4: Power losses for different R/X ratios. 

4.4 Comparison between the Theoretical and Simulated Results 

The results being compared are the angle of the maximum power for different R/X 

ratios, the power when R/X is 0 at specific quantities of δ, and the power loss in the 

line impedance. The maximum power angle at the selected R/X ratios are compared in 

Table 4.12. 
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(a) 

 

(b) 

Fig. 4.5: (a) The theoretical real power versus δ. (b) The simulated real power versus 
δ. 
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Table 4.12: δ for maximum power of different R/X ratios 

 Theoretical δ Simulated δ 

R/X δP1,max δP2,max δP1,max δP2,max 

0 90° 90° 90° 90° 

0.5 116.36° 63.63° ≈117° ≈64° 

1 134.54° 45.45° ≈135° ≈45° 

3 161.82° 18.17° ≈162° ≈18° 

 

From Fig. 4.5 and Table 4.12, δ for maximum power for a certain R/X ratio is 

approximately equal from both analyses. Moreover, the power at the grid when R/X 

equals to zero at different δ's is compared in the following table.  

Table 4.13: Comparison of power when R/X equal to zero for different δ's 

δ P2,Theoritical P2,Simulated Error% 

0° 0 1.5 NE 

30° 1909.8 1897.11 0.66% 

45° 2700.9 2688.69 0.45% 

60° 3307.9 3292.42 0.46% 

90° 3819.83 3804.05 0.41% 

 

Notice that the error is very small and that the power calculated from both analyses 

are close to each other.  

Finally, the power losses calculated from both analyses are compared to ensure that 

the both mathematical model and circuit model predict the same power loss. 
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(a) 

 

(b) 

Fig. 4.6: (a) Power losses versus δ (Theoretical). (b) Power losses versus δ 
(Simulated). 

Fig. 4.6 shows that there are no power losses for R/X of zero in both graphs. Also, the 

maximum losses occur when R/X equals to 1. The losses increase with increasing δ. 

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

d (rad)

P
 lo

ss
 in

 p
er

-u
ni

t

P loss vs. d

 

 

R/X=0
R/X=0.5
R/X=1
R/X=3

0 20 40 60 80 100 120 140 160 180
0

500

1000

1500

2000

2500

3000

3500

4000

d (degree)

P
 lo

ss
 (W

)

P loss vs. d

 

 

R/X=0
R/X=0.5
R/X=1
R/X=3

61 
 



 

Both models have the same power losses. Thus, the curves of power losses are very 

similar. 
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5. Conclusion and Suggestions for Future Work 

 
5.1 Suggestions for Future Work 

For the future work, the SIMPLIS model that is built has ideal switches and diodes. 

These components must be replaced with practical switches and diodes. Tracking the 

maximum power point (MPPT) is one of the most important parts of a PV system in 

order to fully exploit the PV system [29]. By MPPT, the phase angle of the grid-tied 

inverter can be controlled [30] [31].   Also, another inverter topology could be used 

instead of the simple single phase central inverter proposed in this study.  The multi-

string inverter topology is becoming popular in recent applications because of high 

reliability, less power loss, and scalability of PV systems [24] [14]. Finally, since the 

variations of the grid impedance affect the system stability and performance. The 

inverters share the power perfectly when the line impedances are known. But, the grid 

impedance varies. Using the power sharing methods of the grid impedance estimation 

can help account for impedance variations [32-36]. These impedance estimation 

techniques ensure accurate active and reactive power sharing [32].  

5.2 Conclusion 

Interest in renewable energy systems continues to grow. The PV systems are one of 

the most popular types of the renewable energy systems. They are more likely to be 

found in grid connected systems. Many global utility companies are turning to PV 

systems to help meet peak power demand and reduce the need for building new power 

plants. A lot of issues have arisen from connecting PV systems to the utility grids.  

In an attempt to help address some of the issues that the grid-connected PV systems 

suffer from, this research focused on the effects of the resistance of the distribution 

line on the maximum power transfer by building two models: a mathematical and a 
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simulation model. The resistance of the transmission line is usually ignored in the 

studies of high-voltage network. But, it is very important element to be included in the 

studies of distribution networks. Both models are studied and analyzed. The 

mathematical model was built to calculate the power of the grid, the power of the 

inverter, and the power losses, and then it was implemented in MATLAB to plot the 

results. Also, the performance of the system under variation of certain inputs and the 

power sensitivity to the variations of R and X were studied. The circuit model was 

simulated and measured in SIMPLIS and plotted in MATLAB. The mathematical 

model represented the theoretical study and the simulation model represented the 

experimental study. The results of both models can be summarized as: 

 The power is sensitive to the grid impedance. 

 The maximum power is affected by the resistance of the grid impedance. 

 The amplitude of the power transferring to the grid decreases as R/X ratio 

increases.  

 The phase angle (δ) for maximum power increases for the inverter power and 

decreases for the grid power as R/X ratio increases. 

 The power of the grid and the power of the inverter when the R/X ratio is zero 

are equal; therefore, there are no power loss. 

 The power losses increase as the R/X ratio increases from 0 to 1 and then it 

decreases as the R/X ratio increases. 

 Power losses increase as δ increases. 
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APPENDIX A 

 
A.1 MATLAB Code for Calculating the Maximum  

V1=1;     % Inverter voltage 
V2=1;     % Grid voltage 
d=linspace(0,pi);   % The phase angle of the inverter 
voltage  
X= 1;   %Assumed 
R=[0 0.5 1 3]; 
for i=1:100 
    for j=1:4 
        P1(i,j)= (R(j)*V1^2-
R(j)*V1*V2*cos(d(i))+X*V1*V2*sin(d(i)))/(R(j)^2+X^2); 
        P2(i,j)= (R(j)*V1*V2*cos(d(i))-
R(j)*V2^2+X*V1*V2*sin(d(i)))/(X^2+R(j)^2); 
        P_lost(i,j)=P1(i,j)-P2(i,j); 
end 
end 
figure(1) 
subplot(2,1,1); 
plot(d,P1) 
xlabel('delta');  
ylabel('P1 in per-unit');  
title('P vs. d'); 
grid on; 
subplot(2,1,2); 
plot(d,P2) 
xlabel('delta');  
ylabel('P2 in per-unit');  
title('P2 vs. d'); 
grid on; 
figure(2) 
plot(d,P_lost) 
xlabel('delta');  
ylabel('P lost in per-unit');  
title('P lost vs. d'); 
grid on; 
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A.2 A SIMPLIS Sample of Voltage and Current Harmonic Data 

δ= 30° 

I(Spectrum(I_line)) V(Spectrum(Vgrid)) Frequency 
(17.02610505 ,0           ) (-5.827e-006 ,0           ) 0 

(-17.0299928 ,-0.03873553 ) (-3.957e-005 ,-6.684e-005 ) 10 
(0.003094757 ,0.008275408 ) (9.0789e-005 ,0.000133682 ) 20 
(0.000446517 ,0.00222521  ) (-4.254e-005 ,-6.65e-005  ) 30 
(-8.173e-005 ,0.00107013  ) (-5.707e-006 ,-6.779e-007 ) 40 
(2.082864187 ,-7.8997116  ) (6.2596e-006 ,-59.9997581 ) 50 
(-4.16411688 ,15.79852387 ) (-6.812e-006 ,119.9995169 ) 60 
(2.081573041 ,-7.89781329 ) (1.7373e-006 ,-59.9997608 ) 70 
(6.0406e-005 ,-0.0001631  ) (3.3372e-006 ,4.6587e-006 ) 80 
(1.9493e-005 ,7.198e-005  ) (5.47e-005   ,-0.00012001 ) 90 
(8.2593e-005 ,9.2364e-005 ) (-0.00011274 ,0.000235362 ) 100 
(-0.00670721 ,0.001837322 ) (5.3551e-005 ,-0.00012278 ) 110 
(0.01284157  ,-0.0046038  ) (5.637e-006  ,1.02e-005   ) 120 
(-0.00603667 ,0.002807966 ) (7.2422e-005 ,-6.98e-006  ) 130 
(-8.279e-005 ,-7.117e-005 ) (-0.00015048 ,3.76e-006   ) 140 
(-1.03e-005  ,-5.184e-006 ) (7.4158e-005 ,-4.551e-006 ) 150 

(7.4264e-005 ,2.3018e-005 ) (2.1657e-006 ,5.3419e-006 ) 160 
(-0.00150586 ,-0.00949363 ) (-7.159e-005 ,-2.454e-005 ) 170 
(0.00225181  ,0.018999569 ) (0.000141015 ,4.3738e-005 ) 180 
(-0.00075783 ,-0.00957066 ) (-7.174e-005 ,-1.929e-005 ) 190 
(-7.374e-005 ,3.6099e-005 ) (2.4632e-006 ,-5.155e-006 ) 200 
(-2.783e-005 ,3.2907e-006 ) (-3.02e-005  ,5.2301e-005 ) 210 
(5.9195e-005 ,-4.391e-005 ) (5.7947e-005 ,-9.945e-005 ) 220 

(0.002312479 ,0.002842814 ) (-3.207e-005 ,5.4657e-005 ) 230 
(-0.00489772 ,-0.00521505 ) (6.2005e-006 ,-9.867e-006 ) 240 
(0.002512413 ,0.002358277 ) (-3.808e-005 ,-2.634e-005 ) 250 
(-4.289e-006 ,7.2018e-005 ) (6.9957e-005 ,6.255e-005  ) 260 
(-7.863e-006 ,1.6149e-006 ) (-3.68e-005  ,-2.903e-005 ) 270 
(-1.669e-005 ,-3.09e-005  ) (3.6448e-006 ,-4.487e-006 ) 280 

(-0.00524071 ,0.004313986 ) (6.8106e-005 ,7.8796e-005 ) 290 
(0.010685572 ,-0.00833025 ) (-0.00013986 ,-0.00015311 ) 300 
(-0.00547518 ,0.004051229 ) (7.2771e-005 ,7.6389e-005 ) 310 
(3.1247e-005 ,2.2814e-005 ) (-5.686e-006 ,3.2831e-007 ) 320 
(8.3584e-006 ,1.621e-005  ) (-2.227e-005 ,-4.089e-005 ) 330 
(-3.774e-005 ,-1.55e-005  ) (5.0235e-005 ,8.1461e-005 ) 340 

(0.000931319 ,-0.00229229 ) (-1.93e-005  ,-4.04e-005  ) 350 
(-0.0016104  ,0.004565188 ) (-1.163e-005 ,-6.539e-007 ) 360 
(0.000697993 ,-0.00223079 ) (-6.148e-006 ,2.9483e-005 ) 370 
(1.5366e-005 ,-1.788e-005 ) (2.3929e-005 ,-5.831e-005 ) 380 
(8.4438e-006 ,4.638e-006  ) (-9.112e-006 ,2.9672e-005 ) 390 
(-6.788e-006 ,1.4994e-005 ) (-5.704e-006 ,-1.031e-006 ) 400 
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