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Abstract 

Renewable energy has been growing significantly, especially photovoltaic (PV) systems, PV 

system is a technology which can effectively help to overcome several issues. As the system 

is based on the conversion of the energy generated by the sun to electricity. The energy 

produced is clean, reliable and highly efficient. The main component of a PV system is the 

power electronics inverter, which is an electronic converter that converts DC current generated 

from the PV system to AC current fed to the local network at the point of connection. Because 

of the power electronic equipment present at the point of connection, there will be a generation 

of harmonic current which causes a power quality problem. Harmonics considerably affect the 

efficiency of the grid connected PV system. To achieve an acceptable distortion, increase the 

power quality and to reduce the harmonics, an LCL filter between the inverter and the grid has 

been designed. The mathematical concept is based on equations and the transfer function 

which describe the LCL filter. Transfer functions are the result of the ratios between various 

input to output Laplace-transformed complex currents and voltages. The most important 

transfer function for this LCL filter is from the inverter voltage to the grid current that is injected. 

It is important to note that the parameters mentioned above were designed under certain 

assumptions such as ideal power electronic switches, a constant DC link voltage and no 

perturbations in the output grid voltage. The passive damping is used to reach the stability in 

the voltage source inverter (VSI) based on LCL filter. By inserting passive elements into the 

filter structure, it changes the response and resonance frequency.  So with parallel passive 

damping, the filter attenuation is decreased since this method adds a zero to the LCL filter 

transfer function. In the design and modelling approach, the filter is considered ideal, once 

magnetic and electrical losses are neglected. There are three major factors in the design which 

are: the grid side and inverter side inductance, as well as the capacitor. The capacitance value 

is a compromise between power factor decrease and injected current harmonic distortion. The 

expected value of the capacitance is by about 5% of the nominal power in order to avoid 

overrating the converter. In high power application like this study, the filter is not directly 

integrated into the converter. As the inductor current saturation is an important aspect. Then 

the calculation of the resonance frequency. It should be in a range larger than the grid 

frequency and smaller than the switching frequency, in order to avoid resonance in lower and 

higher harmonic orders.  

In this thesis, a performance evaluation of the proposed system under different conditions, in 

terms of the THD in the output stage of the inverters, was undertaken. MATLAB/Simulink 

software package is used for the modelling and simulation.  
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Development of the simulation for the whole grid connected PV system using 

MATLAB/Simulink as a simulation tool to investigate the use of the designed filter to mitigate 

harmonics power of the system according to IEEE 519 standard. The results obtained reveal 

several information. It has been showed how the irradiance impacted the PV power output 

because from when the irradiance dropped the power does the same vice versa. The filter 

decreased the harmonic distortion rate from 25 to 2.39. The filter is very resilient, even besides 

the changes of step reference; it was able to maintain the harmonic percentage under a certain 

level. 
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Inverter                       A device that offers a guaranteed security for any electronics 

equipments. 

 

Megawatt (MW)         A unit of power (rate of energy consumption). 

 

MATLAB                   Used to develop models and analyse data 

Model                      A representation of real world system in a software environment 

such as Simulink for better understanding. 

 

Simulink                A MATLAB based graphical environment for modelling and 

simulation 

Filter                Are electronic circuits that remove unwanted frequency 

components from the applied signal, enhance unwanted ones, or 

both. 

 

Harmonic        

 

voltage and current frequency which are multiple of the main 

frequency of the supply system 

      

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

 

 

LIST OF ABBREVIATIONS 

AC                Alternating Current 

VSI               Voltage Source Inverter 

DES             Distributed Energy Source 

FFT              Fast Fourier Transform 

GCI              Grid Connected Inver 

kW               Kilowatts 

LCL              inductor capacitor inductor 

MATLAB      Matrix Laboratory 

MPPT          Maximum Power Point Tracking 

MW              Megawatts 

PCC             Point of Common Coupling 

PV               Photovoltaic 

VSI              Voltage Source Inverter 

IEEE            Institute of Electrical and Electronics Engineers 

P                  Active Power 

PLL              Phase Locked Loop 

PI                 Proportional Integral 

PWM            Pulse Width Modulation 

Q                 Reactive Power 

RES            Renewable Energy Sources 

THD            Total Harmonic Distortion 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

LIST OF SYMBOLS 

Cb                  Base Capacitance 

Cf                  Filter Capacitor 

fg                  Grid Frequency 

fres                Resonance Frequency 

fsw                Switching frequency 

iI                   Inverter output current 

ig                   Grid current 

Ims                Root mean square current 

KP                 Proportional gain 

Ki                  Integral gain 

Li                   Inverter side Inductor 

Lg                  Grid side Inductor 

LT                 Total inductance 

PF                 Power factor 

Pn                  Nominal Power 

R                   Relation factor between inductances 

Rf                  Damping resistor 

Ri                  Inverter side inductor resistance 

Rg                  Grid side inductor resistances 

Vi                   Inverter output voltage 

VC                  Filter capacitor voltage 

VDC                Nominal direct current voltage 

Vg                  Grid voltage 

Vms                Root mean square voltage 

ω                   Angular speed 

ωn                 Natural frequency in rad/sec 

Zb                  Base impedance                                

 



1 
 

 

CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

1.2 Overview of the previous work 

1.3 Statement of the problem 

1.4 Objective of the research 

1.5 Research design and methodology  

1.6 Structure of the study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Introduction 

Photovoltaic systems are on a growth trajectory that is expected to continue in the years to 

come. The grid efficiency, resilience and reliability are improved with the growing level of 

renewable energy penetration made possible by the development of smart grid technology 

(Y.Ibrahim, et al., 2017). PV system is one of the most important energy sources due to the 

fact that it is continuously available and cost-effective source of energy. The presence of smart 

grid will open up opportunities for solar power generation. Inverter is a major component in PV 

as it converts direct current to alternative current. There are three common types of PV inverter 

which are: rooftop solar PV, grid tied connected PV and battery back-up inverter (Badal & Das, 

2019). Grid tied inverters are connected through power electronic voltage source inverters. 

The power electronic connection is generating harmonics (Chandra & Kulkarni, 2020) .To 

achieve an acceptable level of power quality, there is a need for a filter between the inverter 

and the network. A filter is used to minimize the harmonic currents , but some control difficulties 

may appear (Soonee, et al., 2019). And it leads to insecurity issues within the control 

framework and the resonance frequency between the inverter and the network. A few of the 

key impacts of voltage and currents harmonics on the diverse components of the grid are: 

decrease of framework proficiency, overabundance voltage and a current as a results of 

parallel and arrangement reverberation are crushed coming into shortening the life span of 

the components (Chishti, et al., 2020). Power electronics devices used converter of PV system 

cause harmonics problems. Solar irradiance, the inverter and temperature are the key 

elements of the PV performance and those elements affected the current profile and power 

generated (Xiao, et al., 2019). In this study, it is aimed to develop a modified model of filter 

which can improve the operation system of a PV system.  

1.2 Overview of the previous work 

In (Singh, et al., 2019), the authors designed a novel model of LCL filter for grid connected PV 

system. This LCL filter had an advantage to take off the peak near the resonance frequency. 

As a result, the proposed topology presented a design adaptability which assist optimization 

and reduction in terms of size in comparison to other configurations. In (Thomas & Mishra, 

2019), the authors investigated the design procedures of a LCL filter for PV systems. 

Experimental results presented an appreciable compatibility with the research over the 

frequency range. From the IEEE recommended limits, the output harmonic current was 

sampled. The studied design procedure which allows the design of additional efficient and 

reliable filters in respect of the engineering standards. 

In (Kanagatakshmi, et al., 2019), the authors introduced a straightforward, vigorous and 

efficient plan strategy of LCL filter parameter tuning. The proposed plan technique is to 

overcome the deficiencies of classical plan strategy, specifically, steady beneath diverse 

network setups and conditions. It took into thought the exactness of guidelines capacitors 
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values and proposes a basic plan strategy for the converter side of that maintains a strategic 

distance from the immersion issue. 

 In (Li & Li., 2020), the authors explored the plan rules for the inductor filter of a three phase 

grid PV inverters. With MATLAB/Simulink, a test was conducted with filters parameters. Both 

recreation and explanatory comes about illustrate the effectiveness and unwavering quality of 

the proposed technique were exploring. A subjective and quantitative dissect was made to 

choose the RMS value of fundamental and ripple component for the filter inductor current of 

grid-connected single-phase PV inverters. From the ripple of the current examination, design 

guidelines for filter inductor against the confinement were displayed. With an error beneath 

4%, the proposed filter design guidelines were amazingly precise. In (Zhu, et al., 2019), the 

authors studied a coupled inductance calculation plan was presented for optimizing the control 

efficiency of a grid tied PV system. The forecast of the total harmonic distortion of the inverter 

grid side was made with the RMS ripple which inferred from the swell control misfortune. The 

proposed approach of arrangement was pertinent to the parameter plan for the LC and LCL 

coupled filter for negligible power loss.  

In  (Shi, et al., 2020), the authors examined investigation plan of LCL filter for association with 

the network. Diverse topologies of filters are examined along with their inconvenient. The 

frequency response curves were plotted in arrange to examine different detached damping 

strategies for LCL filter. And it  came to the conclusion that the for medium and high power 

application LCL filter was favoured instead of LC or L filter as it offered more stability and 

productivity. In (Jiao, et al., 2019), the authors investigated new method to design the LCL 

filter for grid interfaced PV system. For getting the ideal filtering plan, fetched based 

minimization approaches on a taken cost per joules for each element are created. The viability 

of the proposed system was verified with the simulation results for a 10kVA grid connected 

inverter with LCL filter. The paper moreover tends to be conceivable effect of the outlines filter 

parameters. Firstly, it continued to a variation of inductance of the LCL filter and from that it 

identified the filter parameter which provided the lowest cost while meeting the harmonic 

standards requirements. Finally, the design method was validated with the experimental 

results. In (Loka & Parimi, 2020), the authors developed a novel kind of high filter named LCL-

LC filter. The resonant frequency characteristic of the filter was examined, and a parameter 

plan strategy on the base of the characteristics was also displayed in the study. The parameter 

robustness of the proposed filter is analysed based on four-dimension design. Compared with 

the conventional LCL filter, this configuration of filter dissecting the filter performance beneath 

variations of several parameters without any cycle. From the tests, a 5kW grid connected 

converter prototype, it could make verification and a comparative analysis and discussion 

between LCL and LCL-LC filter. In conclusion, the experimental showed that the hypothetical 

analysis was precise and demonstrate that the LCL –LC filter was far more proficient than the 
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two others. In (Gong, et al., 2019), the authors investigated a new approach to LCL filter design 

for grid interconnected inverter systems. There was an expansion of a phase shifting 

transformer to the regular LCL filter, creating a PST-LCL filter with enhanced performance. 

The operation of the utility grid was significantly improved with the reduction of harmonics 

currents. The filter presented allows reducing the current total harmonic distortion to a desired 

range and gives the system the ability to respond to load and switching frequency changes 

quickly. In (Geetha & Subramani, 2018), the authors designed LCL filter for the mitigation of 

injected harmonics. The LCL filter was preferred as compared to the others because of its 

sizing and appreciable ripple component attenuation. The simulation results were conformed 

to the implemented hardware model. In the objective of solving the problem of filtering in three 

phase PV grid connected inverters, In (Keddar, et al., 2019), the authors established the 

design of L and LCL filter. The main component of the LCL filter(The inductance and the 

capacitance) was calculated by analysing  the related constraints conditions. Two principals’ 

ways of increasing the value of damping capacitor were looked into and an analyse was made 

over the impact on the stability and filtering property. The simulation results showed that the 

LCL filter was far more efficient than the L and LC filter. In the aim of increasing system 

stability, parallel resistor is more advantageous than series resistor. 

1.3 Statement of the problem 

Grid tied connected PV with power electronic interface raises some power quality issues. In 

ideal conditions, PV system should be able to operate without any problem relative to its power 

electronic interface. However, due to those power electronics components, harmonics are 

generated and significantly affect the power quality. The harmonics effect of distorting the 

supply voltage will affect the consumer appliances. In response to this problem, this study 

investigates the design of a filter for a more reliable and effective operation of PV systems. 

The aim of the study is to improve the design of the filter according to IEEE standard. 

1.4 Objective of the research 

The main research objective mainly to design and develop a LCL filter. Thereafter, an 

investigation on how to implement the proposed LCL filter is carried out to assess the impact 

on the performance of the PV grid tied system according to IEEE 519 standard. 

To achieve the above objectives, the following steps are performed:  

1. Literature study of the electronics components of PV system and the LCL filter. 

2. Mathematical model of the LCL filter. 

3. A performance evaluation of the proposed system under different conditions, in terms 

of the THD in the output stage of the inverters, was undertaken. 

4. Development of the simulation for the whole grid connected PV system using 
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MATLAB/Simulink as a simulation tool to investigate the use of the designed filter to 

mitigate harmonics power of the system according to IEEE 519 standard. 

1.5 Research design and methodology 

1. Modelling of a PV system connected to the grid. It required a set of equations 

representing all the elements of the system that need  to be studied. 

2. The DQ theory of instantaneous power was used in the control strategy. The DQ theory 

had the advantage to be simple especially in analogical form as it only requires a 

simple filtering. The choice of the filter eventually included the choice of the 

capacitance and the inductance. All that in respect of the following criteria: Filter 

inductance values was chosen such that the combined size of the inductors is 

minimum, in the aim at providing an excellent quality current a sufficient attenuation 

was provided to the switching frequency component of grid current. 

3. As software MATLAB /Simulink was used. With Simulink which is a simulation platform 

in multiple domains and the modelling of integrated systems. It provided a graphic 

environment and a library containing a set of blocks of modelling which allows an 

accurate design, implementation, and control.  

1.6 Structure of the study 

This thesis is comprised five chapters which are summarized as follows: 

Chapter 2: presents the brief description of the PV system, power quality and the different 

filter topology. Four types of filters topology are presented . The various mode of operation in 

grid connected are developed, with a focus on the control of the entire configuration system. 

Power quality issues are also introduced based on IEEE standards. 

Chapter 3: presents the mathematical description of the system. From the Design of the LCL 

filter and the required calculations to the implementation of the control strategy of the MOSFET 

inverter. The mathematical model of the LCL filter and the major elements to consider during 

its design are presented. And the DQ theory used in the model is explained as well as the 

perturb and observe algorithm used for the maximum power point tracking from the output of 

the PV system. 

Chapter 4: presents the modelling and analysis of LCL filter. The LCL filter modelling steps 

are carried out starting from: design factors (Output current ripple, current harmonics) and the 

criteria, then the calculation process of the filter, Which is based on finding three main 

elements which are: the capacitance, the grid and inverter side inductance. After that the 

output of the inverter as well as its control strategy are defined and calculated. In order to 

control the current and voltage while running the entire system. 
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Chapter 5: is where the simulations of the proposed model are implemented in 

MATLAB/Simulink based the parameters calculated in chapter four. Voltage and current 

output from the inverter before and after insertion of the LCL filter are runned under two distinct 

scenarios. The first scenario with a constant power of 210kW and the second one with a step 

reference change of 300kW. As well as the dq command of the controller are runned and all 

those results are clearly analysed and discussed. 

Chapter 6: is the discussion and final conclusion of the study and an overview of the future 

work. 
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2.1 Introduction 

Through the years, conventional energy sources have proven their effective potential to 

stimulate the economic progress. But, the primary energy sources have increased in 2012 due 

to the fast depletion of conventional energy sources and the growing demand (Han, et al., 

2019). Because of the primary energy sources affect considerably the environment; many 

related organizations have strongly promoted research in order to develop cleaner plants 

(Chen, et al., 2019). As a matter of fact, renewable energy prices, social and are gradually 

decreasing and the monetary and coverage mechanisms had to help the sizeable 

dissemination of sustainable markets for renewable energy systems are swiftly evolving (Pan, 

et al., 2020). It is evident that the future of energy will be orientated to renewable energy. So, 

moving to renewable energy will be profitable by decreasing gas emission, and make sure of 

the reliable, timely, and cost-efficient delivery of energy. Energy security can be secured with 

renewable energy (Wang & Jin, 2018). 

Renewable energy is generally theoretically inexhaustible source of energy like wind, sun and 

water (hydropower). The development of well-established technologies like hydro, as well as 

growing technologies like wind and sun has been spread rapidly. It has raised interest and 

opened up opportunities (Li, et al., 2020), figure 2.1 shows on overview of some sources. 

Figure 2.1: Overview of renewable energy sources (Zeb.K, et al., 2018) 

 

2.2 Grid connected PV systems 

A conventional solar panel allow photons and particles of light, to knock electrons free from 

atoms and from that generate a certain flow of energy. That’s saying that the photovoltaic cells 

have the ability to convert the energy in sunlight to electricity, especially direct current. Studies 

revealed that the total amount of energy arriving on the earth surface in the form of sunlight is 

approximately 10000 times the world’s energy requirements (Dhaneria, 2020) 
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2.2.1 Mode of operation in grid connected 

Grid connected inverters have different applications, they can be utilized as interfacing for 

technologies to associate to the utility grid as displayed in Figure 2.2.High efficiency and low 

cost are the greatest advantage of grid connected inverters (Xiang, et al., 2018). More often, 

the grid connected inverters are classified into two principal categories which are: single and 

the two stages or multistage. But, the more stages you have the lower the effectiveness of the 

GCI is. A two stage is composed of a DC/DC to DC/AC stage (Kan, et al., 2020). The two 

stages have for fundamental objective to elevate the PV voltage, track the most extreme 

power. The direct to alternative current stage is critical. As compared to the two stages, the 

one stage as it were comprised the DC to AC  (YI, et al., 2019). The single stage incorporates 

a straightforward topology and has a simple topology and high efficiency besides the fact that 

it has the control strategy tougher to execute.  In difference, the two stage needs a bearing 

algorithm program that is much less demanding, since several commands are executed by 

two steps that are distinct (Tomar, et al., 2018). 

 

Figure 2.2: Grid connected system (Zhao.N, et al., 2018) 

 

2.2.2 Components of grid connected PV system 

It is made of a 210kW PV system, boost converter, three phase MOSFET inverter, LCL filter 

and the grid. 

2.2.3 Conditioning units 

Solar power conditioning units (PCU) are integrated systems composed of a solar charge 

controller, an inverter and a grid charger. They are purposed to control the power generated 

from the source and proceed to a change from DC to a high AC quality power and then injects 

it in the grid (Tarek, et al., 2019). With power systems there are two power processing stages 
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which are the single and two stage. The control tasks are performed by the inverter. .In 

addition, the control given with the two stages system is more adaptable, but needs extra cost 

and cut in the accurateness of the system (Singh & Tiwari, 2020). 

2.2.4 Control of the injected current 

PCUs have for objective to ensure that the current which goes to the grid has a similar 

frequency and provide phase shift at a point of common connection with the permissible limits. 

Besides, the harmonic contents must be within the limits indicated in the standards. 

2.2.5 Islanding detection and protection 

It is characterized as the fact of an isolated part of the system from the grid remains powered. 

In common, the benchmarks need that PCUs of the PV systems should terminate the infusion 

of power into the grid under unusual operating conditions. 

2.3 Different types of inverter  

AC loads are distinguished into single and three phases, regarding of how the system is fed. 

This might be by a single phase or three phases (Jian, et al., 2019) Distinctive sorts of inverter 

setups are used to drop the power fluctuations. Those disturbances linked to the voltage that 

happen both in single and three-phase system share almost the same highlights (Ayalew, et 

al., 2020). In addition, movement toward PQ is possible with voltage unbalance compensation. 

The mitigation of the reactive power is the principal concern of the single-phase system (Fajri, 

et al., 2018), (Zhang, et al., 2018). Grid connected inverter topology in a single-phase system, 

as a rule does not have expansive capacities mostly used in little scale in renewable energy 

(Narendra, et al., 2019) The single phase GCI has more capacities has more advantage as 

express prior and are mostly used in residential PV system (Singh & Panigrahi, 2020). More 

ever the strategies of identifying harmonic in three bases GCI is known to be more often than 

just an unbalanced source (Narendra, et al., 2019). Subsequently, three phase GCI have 

many point of interest which makes it satisfactory for a large set of development. Three phase 

system in high power applications, presents several advantages: 

1. It decreases the stress of the inverter switches. 

2. Diminishes in estimate and evaluations of reactive components. 

3. The frequency of the output current increases. 

4. It makes an unchanging dispersion of losses. 
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2.4 Topology of grid connected inverter configurations 

Primarily inverters are  controlling electronic interface systems which are utilized in changing 

over DC to AC power (RajaMohamed, et al., 2019). The inverter interfaces to the network 

guaranteeing its execution to the most efficient power.  

2.4.1 Centralized topology 

It is the most developed of all. It is used in expensive PV framework with up to a few 

megawatts. In this topology, a single inverter is associated to the PV system as seen in Figure 

2.3. The most beneficial with this technology is its amazing low cost. But, it has low reliability 

as the failure of the inverter will halt the PV system from operating. In addition, there is a basic 

control incident inside the case of mismatch between the modules and halfway shading. It 

overhauls the quality of a central topology.  

 

Figure 2.3: Centralized topology (Zeb.K, et al., 2018) 

 

2.4.2 String topology 

Each string is related to an inverter which upgrades positively the quality. In addition, the 

misfortunes because of the halfway shading are decreased because each string can work at 

its claim greatest power point. Figure 2.4 shows the String topology configuration. It boosts 

the adaptability within the plan of the PV system. As a rule, the power rating needs to be up 

to 222-3kW.The most drawback is the expanded fetched due to the growth in the number of 

inverters. 
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Figure 2.4: String topology (Zhao.N, et al., 2018) 

 

2.4.3 Multi string topology 

Each string is related to a DC-DC converter for taking the maximum control point and voltage 

intensification. The converters are at that point associated to a single inverter by means of a 

DC transport as seen in Figure 2.5. This topology combines the preferences of string and 

centralized topologies and uses a central inverter for decreasing the cost. In any case, the 

quality of the system is less efficient as compared to the other configurations. 

 

Figure 2.5: Multi string topology (Zhao.N, et al., 2018) 

 

2.4.4 Modular topology 

Usually the foremost topology. They additionally referred to as ‘AC’ modules since an inverter 

is inserted (See Figure 2.6). It has numerous point of interest such as lessening of losses 

because of the fractional shading, superior checking for module disappointment, and 

adaptability of array design. In any case, it is appropriate for low power applications (up to 

500W) and its cost is moderately high. Additionally, the lifetime of the inverter is decreased 
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since it is introduced within the open discuss with the PV module, hence expanding its thermal 

stressInvalid source specified.. 

 
Figure 2.6: Modular topology 

 

2.5. Power quality 

It is defined as a steady supply voltage that remains under the prescribed or adequate range 

of power (Wang & Ren, 2018). In addition, the principal goals of the quality control were to 

improve the services towards the consumer and then limited the complaints. In (Surendran, et 

al., 2017), the author outlined two principals’ factors which important in the quality of electricity 

which are: the continuity of supply and the quality of the voltage. In (Mehiri, et al., 2017), the 

author notes down the causes and the impact of  the voltage distortion and discussed the 

nature, parameters and consequences of rapid voltage sags, asymmetry and variations and 

harmonics and transient overvoltage (Jain & Signh, 2019). Nowadays, there is not a general 

agreement about the meaning of “power quality. Table 2.1 shows some IEEE standards. 

Table 2.1: Different IEEE Standards 

IEEE Standards Description 

IEEE P1366 Guide for electric distribution reliability indices 

IEEE 1100 
Recommended  for powering and grounding 

sensitive electronic equipment 

IEEE 1159 Practice for monitoring electric power quality 

IEEE 519 Harmonic mitigation 
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In table 2.2, the IEC standards have been introduced as the study is executed according to 

those standards as well. 

 

Table 2.2: IEC Standard (Y.Ibrahim, et al., 2017) 

Issue/Parameter IEC 61727 IEC 1547 IEEE 929 

Nominal Power 
10kW or smaller PV 
systems connected 

to the utility grid 

This standards 
covers distributed 
resources as large 

as 10MVA 

10kW or less 

Harmonic currents( 
Order h) limits 

(3-9)4.0% 
(11-15)2% 

(17-21)1.5% 
(23-33)0.6% 

<4% for (2-10)th 

<2% for (11-16)th 

<1.5% for (17-22)th 

<0.6% for (23-34)th 

(3-9)4.0% 
(11-15)2% 

(17-21)1.5% 
(23-33)0.6% 

Voltage range for 
normal operation 

85-110% (196-
253V) 

_ 
88 – 110% of 

nominal voltage. 
Inverter should 

abnormal response. 

Frequency range 50±1𝐻𝑧 _ 59.3-60.5Hz 

 

The electromagnetic compatibility characterizes the capacity of equipment to operate without 

presenting unfortunate electromagnetic disturbances to anything in that environment. In spite 

of all the benefits presented by the PV system to the utilities, it does not exclude the fact that 

there are a few potential issues related with grid-connected systems. Line or high frequency 

converters can do conversion from DC to AC. A great sinusoidal waveform can be created 

with such converters (Mazaheri, et al., 2019). The system is put into work at a specific power 

factor with a control on the converter. A voltage drop occurs while transmitting reactive power; 

it comes within the utility network that is more likely to generate a low voltage at the output of 

the feeders (Errouissi & AL Durra, 2019).The inverter can distinguish a fault or power outage 

within the utility grid and disconnect from the system. If a fault occurs the converter proceeds 

to function (Singh, et al., 2019)When generating a high DC voltage by interfacing a gigantic 

amount of PV cells in series. With the usage of a DC/DC converter, there is a possibility to 

prevent that issue (Venkatasamy, et al., 2018). 

Back in the years, the harmonic problem has been incomparable with the excessive use of 

converters, in this manner having a coordinate impact on  the power quality (Ayalew, et al., 

2020). As a matter of fact, harmonics issues are recognized as a sort of unsettling influence 

which are not directly linked to the network linear, decides a steady modification of the voltage 

and current sinusoidal waveform, like components  that are subject to changes such as the 

frequency (Moftah, et al., 2016). Decrease within the quality of power and the performances 
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of other equipment affected by harmonics will be modified because of PV generator 

associated. (Sorte, et al., 2021). With the harmonic voltage distortion, the operation of the 

static converters may be affected. Harmonic filters are then necessary (Mazaheri, et al., 2019). 

The utility grid can be subject of losses and potential breakdown of equipment. (Errouissi & Al 

Durra, 2019). Those effects are continuous; they ought to not be disregarded. Later inverter 

hardware working on PWM switching is exceptionally great, producing slight harmonics.  

2.5.1 Harmonic filtering 

Those past 20 years, semiconductor has known an incredible progress which has promoted 

some control applications which incorporate high voltage DC system (Kishor, et al., 2021)In 

any case, the operation mode of these devices is making issues , they keep on expanding in 

spite of the fact that these systems improved and made up modern applications (Neira, et al., 

2020). This equipment which draws non-linear current f on the front conclusion. There is 

interference between the line voltages of the distribution system because of the impedance 

(Jain & Singh, 2020).The neutral line, which is not designed to transport a huge amount of 

power, can encounter voltage unbalance and excessive currents due to the presence of power 

electronic devices (Jadhav & Patil, 2020).  Business clients that draw over the top reactive 

power are usually punished by energy provider.  

The level of harmonic is limited by upgrading the output waveform of the inverter along these 

lines, decreasing the size of the filter Invalid source specified.. Mainly, passive and active 

filters mitigate harmonics distortions in most of the systems. Various research is progressing 

to improve the power distribution system and grid requirements as the efficiency and quality 

of voltage is concerned. The utilization of LCL filter in GCIs has increased more consideration 

because of its upgraded ability to decrease harmonics coming from the utilization of a 

switching frequency that is as negligible as possible lower. Moreover, the electromagnetic 

interference is limited by the IEEE-1547 and 519 standards. Generally, used for the GCI but 

the output from this inverter is an adjustable voltage, in this way, it is fundamental to mitigate 

the harmonics prior connection to the grid as respect of the network prerequisite. The LCL 

filter is generally used because of its upgraded ability to mitigate harmonics, power 

consumption is insignificant and electromagnetic impedance is limited. Different researches 

are yet progressing on the examination of the LCL design. 
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2.5.2 Filter Topology 

 It aims to supply the grid with current of proper quality. The choice of the inverter to be used 

depends also on the weight and the efficiency of the filter.  LCL filter has the ability to dampen 

high frequency noise. Reason why, the author considered a filter design in (Sorte, et al., 2021). 

Firstly, the filter ought to have an uppermost inductive behaviour to allow the appropriate 

running of the VSI whenever it is connected to the utility grid (Dhaneria, 2020) In addition, the 

on grid PV system creates PWM carrier and side-band voltage harmonics. This voltage may 

conduct to the progression from the current into the grid. It will influence other sensitive loads 

(Neira, et al., 2020) So as to fit in with those prerequisite, a filter containing a basic inductor is 

the straightforward way out. When it comes to huge applications, the switching frequency is 

low (Jain & Singh, 2020). 

In the aim of meeting the demand of the grid, then reducing the harmonic,  additional high 

value input are needed (Kakkattukunnumal, et al., 2019). Moreover, the energetic reaction of 

the system can be worse. But even more reduced inductance can match the criteria, but there 

is still should be adhere to as recommended by the standards (Hinsui & Sangtuntong, 2019). 

English band potential drop harmonics is a favoured approach. The accurate final outcome 

can be obtained making use of as tiny as possible of inductors. For power converter switching 

at hundred Hz, this solution is absolutely applicable as it generates PWM harmonics that have 

a very low frequency (Chandra & Kulkarni, 2020). 

The major problem comes with the insecurities created by some of the few particular 

harmonics. Subsequently an imply of decreasing or dispensing these harmonics (Tiwari & 

Singh, 2020). 

2.5.3 LC Filter 

The output and the grid voltage are synchronized together and the PWM inverter provides 

ripple current to the grid (Panday, 2020). The output current of the inverter generates a high 

switching frequency which is undesirable; in order to remove it there is a connection of the 

output filter introduced. The choice of the suitable inductor for the filter depends on the current 

ripple. The ripple current mostly represents 10% to 15% of rated current. The Figure 2.7 below 

shows a LC filter (second order) with an attenuation of -40dB/decade. 
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Figure 2.7: LC Filtre (Jiao, et al., 2019) 

 

The design of the capacitor depends on the reactive power supplied by the capacitor at 

fundamental frequency.   

The elimination of the switching frequency is carried by a shunt element, especially since the 

decrease of the attenuation is of the inverter switching components is realized by the L filter 

the choice of the shunt component is crucial as it allows the generation of low reactance at 

the switching frequency (Abujubbeh & Marazanye, 2019). But, the only requirement is that the 

component presents large magnitude impedance. The proposed shunt element is a capacitor.  

2.5.4LCL filter (third order) 

Among the well-known advantages for high power applications is the presentation of the LCL 

filter presented in Figure 2.8. It yields better decrease of inverter switching harmonics 

compared to other filter configurations. An increasing perplexing current control procedure 

allowed the stability to be maintained regarding of the system. Due to grid voltage harmonics 

there is a generation of interference which leads of resonance risks. It is quite difficult to meet 

the IEEE 519 standards requirements with a low inductance on the inverter side (Mohapatra, 

et al., 2020). The LCL filter offers the possibility of realizing a minimized harmonic distortion 

levels with lower switching frequencies and less total energy stored (Battacharya & Kumar, 

2019) . 



18 
 

 

Figure 2.8: LCL filter (Wang.B, et al., 2017) 

2.6 Summary 

This chapter discussed the PV system in general, power quality and the filter topology. The t 

grid connected PV system represents a core part of this system. A general description, 

operation mode and different types of topology are presented in order to provide an overview 

of different scenarios. And the final part of this chapter was particularly focused on the power 

quality. The harmonic impact on the grid was highlighted as well as the common types of filter 

used to mitigate its effects. In the following chapter , the mathematical description of the entire 

configuration is studied. 
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CHAPTER 3 

Mathematical description of the three phase grid tied PV 

system 
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3.1 Description of the system. 

In the Figure 3.1, the three-phase grid connected PV system is presented. The PV system of 

210kW is the main source of power, and then it is made of a boost converter with raises the 

voltage to 600V.After that the three phase MOSFET inverter converts that DC power to AC. 

The LCL filter is present between the grid and the inverter in order to decrease the total 

harmonic distortion that is more like to occur.  

 

Figure 3.1: Block diagram of the three-phase grid connected PV system. 

 

3.2 Mathematical description of the Photovoltaic system 

A solar module is a panel made of photovoltaic cells. The modelling of the solar cell gives 

more accurate details on the power output (Mao.L, 2018). A photovoltaic array comprises 

many solar cells wired in series or in parallel. An equivalent model of photovoltaic module is 

shown in Figure 3.2.  
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Figure 3.2 equivalent circuit of a photovoltaic module (Zeb, et al., 2019) 

 

The Kirchhoff law is applied to calculate the current generated from the PV  

I = 𝐼𝐿 − 𝐼𝐷                                                                                                                            (3.1) 

The diode current is given by the Shockley equation: 

𝐼𝐷= 𝐼𝑂 [𝑒𝑥𝑝
𝑞(

𝑉 −𝐼𝑅𝑠
𝛾𝐾𝑇𝑐

)
− 1]                                                                                                        (3.2)                    

Where 𝐼𝐷  and 𝐼𝐿 are the diode and photoelectric current related to a given condition of 

radiation and of temperature;  

V refers to the output voltage [𝑉], 

 𝐼𝑂 Represents an index of the cell failing;  

 𝛾 Series resistance of the cell;  

 q Electric charge;  

K  Boltzmann’s constant; 

  𝑇𝐶 is the module temperature; 

If (2) is substituted into (1) the following equations are obtained, that represents the I-V module 

characteristics. 

I= 𝐼𝐿  −  𝐼𝑂 [𝑒𝑥𝑝
𝑞(

𝑉 −𝐼𝑅𝑠
𝛾𝐾𝑇𝑐

)
− 1]                                                                                                 (3.3) 

In (3.4) a model with predefined values𝛾, 𝑅𝑆,𝐼𝑂  𝑎𝑛𝑑𝐼𝐿 is proposed. The model completed below 

with the following equations considers all PV conditions: 

𝐼𝑂= 𝐼𝑂𝑟𝑒𝑓 (
𝑇𝑐

𝑇𝐶𝑟𝑒𝑓 
)
3

𝑒𝑥𝑝 [(
𝑞𝐸𝑔

𝑘𝛾
) (

1

𝑇𝐶𝑟𝑒𝑓 
−

1

𝑇𝐶 
)]                                                                          (3.4) 
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𝐼𝐿= (
𝐺

𝐺𝑟𝑒𝑓
) [𝐼𝐿𝑟𝑒𝑓 + 𝜇𝐼𝑆𝐶(𝑇𝐶 −𝑇𝐶𝑟𝑒𝑓 )]                                                                                       (3.5) 

Where 𝐸𝑔 represents the energy gap;  

G is the radiation[𝑊/𝑚2]; 

 𝐺𝑟𝑒𝑓The radiation under standard conditions[𝑊/𝑚2]; 

 𝐼𝐿𝑟𝑒𝑓 Is the photoelectric current[𝐴]; 

 𝑇𝐶𝑟𝑒𝑓  The module temperature [𝐾] ; 

 𝜇𝐼𝑆𝐶The temperature coefficient of the short circuit current[𝐴/𝐾].  

The current source generates the photo current  𝐼𝐿 which is directly proportional to the solar 

irradiance𝐹𝑠[𝑊/𝑚
2]; 𝑇𝑎 ambient temperature and the two output parameters: current 𝐼𝑆[𝐴] and 

voltage𝑉𝑠[𝑉]. The p-n transition area of the solar cell can be assimilated to a diode (Yadzani.A, 

2014).  From the Kirchhoff’s current law, the characteristics equation of the one diode model. 

Equation represents the (𝐼𝐿) photocurrent equation: 

𝐼𝐿= 𝑃1 × 𝐺[1 + 𝑃2 × (𝐺 − 𝐺𝑟𝑒𝑓) + 𝑃3 × (𝑇𝑗 − 𝑇𝑐)]                                                               (3.6) 

Where 𝐺𝑟𝑒𝑓 = 1000 𝑊/𝑚
2 ;𝑇𝑐𝑟𝑒𝑓= 298.15K; 𝑃1[𝐴𝑚

2/𝑊], 𝑃2[𝑚
2/𝑊] , 𝑃3[1/𝐾]  

The current 𝐼𝐷  is calculated with: 

{
 

 𝐼𝐷 = 𝐼𝑂 [𝑒𝑥𝑝
(

𝑞

𝑎𝑓×𝑁𝑠×𝑘
)(
𝑉 −𝐼𝑅𝑠
𝛾𝐾𝑇𝑐

)
− 1]

𝐼𝑆𝑎𝑡 = 𝑃4 × 𝑇𝑗
3 × 𝑒𝑥𝑝

(
−𝐸𝑔

𝑘.𝑇𝑗
)

                                                                                    (3.7) 

Where the ideally factor 𝑎𝑓 is 1. 𝑁𝑆 𝑖𝑠 the number of cells in series; 𝑅𝑠 represents the series 

resistance, the band gap is 𝐸𝑔[𝑒𝑉], 𝑃4[𝐴/𝐾
3] represents the correction factor. 𝑃4[𝐴/𝐾

3]. 

The following equation expresses the diode reverse saturation current Io: 

𝐼𝑂 =
𝑉 +𝐼𝑅𝑠

𝑅𝑆ℎ
                                                                                                                           (3.8) 
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3.2.1 The first empirical model for PV cells 

The experimental model was actually developed in order to facilitate the determination of One 

and two-Diode-Model parameters. Then, the experimental model was introduced. It   is based 

on a small number of parameters 𝑉𝑂𝐶, 𝐼𝑆𝐶 and maximum power 𝑃𝑀𝑃𝑃 of the solar panel.  

(
𝜕𝑉𝑜𝑐

𝜕𝑇𝑗
;  
𝜕𝑉𝑜𝑐

𝜕𝐸𝑠
;
𝜕𝐼𝑠𝑐

𝜕𝑇𝑗
)                                                                                                                 (3.9) 

The equation that describes the I-V characteristic is given by: 

I = 𝐼𝐿 − 𝐼𝐷                                                                                                                          (3.10) 

With the use of the approximation 𝐼𝑝ℎ ≈ 𝐼𝑆𝐶 and substituting the constant q/𝑎𝑓.k.𝑇𝐽 with A, 

equation (3.10)  becomes: 

I = 𝐼𝑂[1 − 𝑒𝑥𝑝[(𝑉 + 𝐼𝑆𝑅𝑆)]]                                                                                               (3.11) 

If 𝐼𝑠= 0 and V= 𝑉𝑂𝐶 and the factor A can be calculated by: 

I=0= 𝑉𝑜𝑐= 
1

𝐴
ln(

𝐼𝑠𝑐

𝐼𝑜1
) → A = 

1

𝑉𝑜𝑐
 ln(

𝐼𝑠𝑐

𝐼𝑜1
)  B = ln(

𝐼𝑠𝑐

𝐼𝑜1
)                                                                (3.12) 

In standard test conditions (𝑇𝐶 = 25°C and 𝐺𝑟𝑒𝑓= 1000W/𝑚2) the ratio 𝐼𝑆𝐶/ 𝐼𝑆𝑎𝑡can be 

approximated with 109 

Replacing A and making the notation B = ln(
𝐼𝑠𝑐

𝐼𝑜1
) the value of the expression of 𝑉𝑆 becomes: 

V = 𝑉𝑜𝑐 × [1 +
1

𝐵
𝑙𝑛(𝐼0 − 𝐼)] − 𝑅𝑆𝐼                                                                                      (3.13) 

At maximum power point (MPP) the value of the current 𝐼𝑠 is 𝐼𝑀𝑃𝑃and S = 𝑃𝑀𝑃𝑃/𝐼𝑀𝑃𝑃. The 

values of 𝑅𝑆 and  𝐼𝑀𝑃𝑃can be obtained by resolving the system: 

V = 𝑃𝑀𝑃𝑃/𝐼𝑀𝑃𝑃                                                                                                                   (3.14) 

{

𝑃𝑀𝑃𝑃

𝐼𝑀𝑃𝑃
= 𝑉𝑜𝑐 × [

1

𝐵
 + 𝑙𝑛(𝐼𝑆𝐶 − 𝐼𝑀𝑃𝑃)]  − 𝑅𝑆𝐼𝑀𝑃𝑃

𝑃𝑀𝑃𝑃

𝐼𝑀𝑃𝑃
2 = 

𝑉𝑂𝐶

𝐵
× (

1

𝐼𝑆𝐶−𝐼𝑀𝑃𝑃
)  + 𝑅𝑆

                                                                   (3.15) 

3.2.2 The second empirical model for PV cells 

From the current equation, the second model is as follow: 

I(V) = 𝐼𝑆𝐶 (1 − (
𝑉

𝑉𝑜𝑐
)
𝑘
)                                                                                                       (3.16) 
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Where 

k = ln(1 −
𝐼1

𝐼𝑆𝑐
) /𝑙𝑛 (

𝑉1

𝑉𝑜𝑐
)                                                                                                      (3.17) 

And the values (𝐼1,𝑉1) are found at the MPP. This method is efficient because of the accuracy 

of foreseeing the MPP using the equations: 

{
𝑉𝑀𝑃𝑃 = 𝑉𝑂𝐶 ×

1

(1+𝑘)
1
𝑘⁄

𝐼𝑀𝑃𝑃 = 𝐼𝑆𝐶 ×
𝑘

1+𝑘

                                                                                                      (3.18) 

With an increase of 25°C in temperature. These relations can be modelled such as: 

{
 

 𝑉(𝐺, 𝑇𝑐) =  𝑉𝑜 +
𝑛𝑘𝑡

𝑞
𝑙𝑛 (

𝐺

𝐺𝑟𝑒𝑓
) − 𝑛𝛼(𝑇𝑐 − 𝑇𝑐𝑟𝑒𝑓)

𝑉(𝐺, 𝑇𝐶) = 𝐼𝑜 (
𝐺

𝐺𝑟𝑒𝑓
−  𝛽(𝑇𝑐 − 𝑇𝑐𝑟𝑒𝑓))

                                                                 (3.19) 

3.2.3 Power conditioning units 

It can be described as an integrated system that is made of a charge controller, an inverter 

and a grid charger.  The power conditioning system regularly monitors the state of Battery 

Voltage, Solar Power output and the loads (R, et al., 2019). It has to check the requirements 

of the subsystem are conforming.  

3.3 Boost converter 

It is found to be a core component on renewable energy system (wind and solar).  The 

efficiency of such system is crucial to counterbalance the effect of the efficiency. This power 

electronic equipment boosts the low voltage level to high level from. And it also contributes to 

improve both the power extracted from the PV and voltage at the output. Figure 3.3 shows an 

average boost converter having an input and output voltage. 

 

Figure 3.3: Average boost converter (Wijesinghe, 2019) 

 

The output voltage during the on-span would be over the capacitor. The estimation of the 

capacitor ought to be adequately enormous enough to keep up the steady voltage over the 
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heap. During off switching the inductor will release the opposite way, which will make a diode 

become forward one-sided. The relation between the output and the input voltage is: 

𝑉𝑜 =
𝑉𝑖𝑛

(1−𝐷)
                                                                                                                          (3.20) 

Here D = 𝑇𝑜𝑛/𝑇𝑠𝑤𝑖𝑡𝑐ℎ represents the duty ratio of the on-time interval over the switching time 

T, 𝑉𝑖𝑛   and 𝑉0   are the input and output voltage. It can be set in either continuous conduction 

mode (CCM) or discontinuous conduction mode (DCM). In CCM, the inductor current will be 

a non-zero value, though in DCM, the inductor current accomplishes zero worth.  

While designing the converter; the capacitor and inductor are the most significant components. 

With the following equation an appropriate design can be carried out: 

L = 
𝐷(1−𝐷)𝑉𝐷𝐶

𝑓𝑠𝑤∆𝐼𝐿
                                                                                                                    (3.21) 

Here D is the duty cycle, 𝑉𝐷𝐶  is the DC-link voltage, 𝑓𝑠𝑤 is the switching frequency. L is chosen 

thinking about the most extreme estimation of ∆IL conceivable. The inductor choice is 

performed dependent on (2.7). The D value ends up being 0.125 for the information voltage 

of 700 V from 2.7. Thus, an inductor value of 5 mH is selected for the boost converter. The 

choice of the capacitor is extremely crucial in respect of the overall performance of the boost 

converter. It ought to be adequately enormous to diminish the oscillation towards the grid. The 

equation 2.8 details how to the select the capacitor value for the boost converter. 

𝐶𝑑𝑐 =
𝑃𝑖𝑛

𝑤𝑉𝐷𝐶∆𝐷𝐶
                                                                                                                    (3.22) 

Controllers are used to track the voltage. The instability of the current may occur issues for 

the converter. 

Figure 3.4 presents the schematic of the external PV voltage regulator and the internal current 

regulator. The reference voltage for the external voltage loop is set by the MPPT output. This 

guarantees that the voltage will be kept up at the most extreme output voltage. The error from 

the external loop produces the current signal, which 
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Figure 3.4: PV regulator (Elmelegi, et al., 2019) 

 

Turns into the reference for the inward control loop.  

3.4 Voltage source inverter 

The representation of a three phase two level VSI is presented in Figure 3.5. It is mostly used 

for active filtration purposes, motor drives and uninterrupted power supplies for the control of 

the voltage with the pulse width modulation. 

 

Figure 3.5: Voltage source inverter (VSI) (Noman, et al., 2019) 

 

The Switching states operation of the three-phase inverter is presented in Table 3.1. There 

are six modes of operation for each cycle with duration of 600. If the MOSFET Q1 is switched 

on, the terminal a is connected to the positive input of the DC source. And MOSFET Q4 goes 

on terminal a brought to the negative terminal of the DC source. 
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Table 3.1: Switching states for three phase voltage inverter 

State 

No. 

S1 S2 S3 S4 S5 S6 𝑉𝑎𝑏 𝑉𝑐𝑎 𝑉𝑏𝑐 

1 1 1 0 0 0 1 𝑉𝑆 0 − 𝑉𝑆 

2 1 1 1 0 0 0 0 𝑉𝑆 − 𝑉𝑆 

3 0 1 1 1 0 0 𝑉𝑆 𝑉𝑆 0 

4 0 0 1 1 1 0 𝑉𝑆 0 𝑉𝑆 

5 0 0 0 1 1 1 0 − 𝑉𝑆 𝑉𝑆 

6 1 0 0 0 1 1 𝑉𝑆 − 𝑉𝑆 0 

7 1 0 1 0 1 0 0 0 0 

8 0 1 0 1 0 1 0 0 0 

 

The following equations represent the three-phase grid voltages having peak voltage V and 

angular frequency𝜔. The conditions can be expressed as follows: 

𝑣𝑎 = 𝑉 cos(𝜔𝑡)                                                                                                                  (3.23) 

𝑣𝑏 = 𝑉 cos (𝜔𝑡 − 
2𝜋

3
)                                                                                                        (3.24) 

𝑣𝑐 = 𝑉 cos (𝜔𝑡 + 
2𝜋

3
)                                                                                                         (3.25) 

The representation of the equation in space form 

(

 
 

𝑑𝐼𝑎

𝑑𝑡
𝑑𝐼𝑏

𝑑𝑡
𝑑𝐼𝑐

𝑑𝑡)

 
 

= 

(

 
 

−𝑅

𝐿
0 0

0
−𝑅

𝐿
0

0 0
−𝑅

𝐿 )

 
 
(

𝐼𝑎
𝐼𝑏
𝐼𝐶

) + (
1

𝐿
) (

𝑢𝑎 − 𝑣𝑎
𝑢𝑏 − 𝑣𝑏
𝑢𝑐 − 𝑣𝑐

)                                                                   (3.26) 

Equation (2.10) after transformation : 

(

𝑑𝐼𝑑

𝑑𝑡
𝑑𝐼𝑞

𝑑𝑡

) = (
−𝑅 𝑊𝐿
−𝑤𝐿 𝑅

) (
𝐼𝑑
𝐼𝑞
) − 

1

𝐿
(
𝑣𝑑
𝑣𝑞
) + 

1

𝐿
(
𝑢𝑑
𝑢𝑞
)                                                                     (3.27) 

As presented in (2.11), 𝐼𝑑, 𝐼𝑞, 𝑢𝑑 , 𝑢𝑞, 𝑉𝑑 and 𝑉𝑞 are d-axis and q-axis components respectively 

of the current, output and the grid voltages respectively, 

𝑢𝑑 = L
𝑑𝐼𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 − 𝑤𝐿𝑖𝑞 + 𝑣𝑞                                                                                             (3.28) 

𝑢𝑞 = L
𝑑𝐼𝑞

𝑑𝑡
+ 𝑅𝑖𝑞 − 𝑤𝐿𝑖𝑑 + 𝑣𝑑                                                                                             (3.29) 
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Once the PI controller is introduced, (3.28) and (3.29) become 

𝑢𝑑 = (𝐾𝑝 + 
𝐾𝑖

𝑠
) (𝑖𝑑

∗ − 𝑖𝑑) − 𝑤𝐿𝑖𝑞 + 𝑣𝑑                                                                               (3.30) 

𝑢𝑞 = (𝐾𝑝 + 
𝐾𝑖

𝑠
) (𝑖𝑞

∗ − 𝑖𝑞) − 𝑤𝐿𝑖𝑑 + 𝑣𝑞                                                                               (3.31) 

3.5 Mathematical description of the LCL filter  

The mathematical equations and transfer function describe this LCL filter and contribute to 

find the grid and inverter side inductance as well as the capacitor values. 

3.5.1 LCL Model and Justification 

Transfer functions are the result of the ratios between various input to output Laplace-

transformed complex currents and voltages. The transfer function  is given by: 

𝐻𝐿𝐶𝐿(𝑠)=
𝐼𝑔(𝑠)

𝑉𝑖(𝑠)
 = 

𝐶𝑅𝐷𝑠+1

𝐷𝐿𝐶𝐿
                                                                                                        (3.36) 

Where 

𝐷𝐿𝐶𝐿= C𝐿1𝐿2𝑠
3 + (C𝐿1𝑅2+ 𝐶𝐿2𝑅2+ C𝐿1𝑅𝐷+ C𝐿2𝑅𝐷)𝑠2 + (𝐿1 + 𝐿2 + 𝐶𝐿1𝐿2 + C𝑅1𝑅𝐷+𝐶𝑅2𝑅𝐷)s + 

( 𝑅1 + 𝑅2)                                                                                                                          (3.37) 

Obtained using this equation 

𝐻𝐿𝐶𝐿(𝑠)= C (sI 𝑠𝐼 − 𝐴)−1B + D                                                                                          (3.38) 

Where A, B, C and D are matrices 

 Neglecting all the three resistances the equation is reduced to  

𝐻𝐿𝐶𝐿= 
1

𝐶𝐿1𝐿2𝑠
3+(𝐿1+𝐿2)𝑠

                                                                                                         (3.39) 

3.5.2 Mathematical Model of LCL Filter 

The mathematical model of the proposed LCL filter is based on (F, et al., 2020), (H, et al., 

2021), (U, et al., 2020), (P, et al., 2020) previous work. Figure 3.6 describes the topology of 

an LCL filter; 𝑉𝑖 and 𝑉𝑔 are the inverter  and grid voltage, respectively. Similarly,𝐼𝑖,𝐼𝑐 and 𝐼𝑔 are 

the inverter, capacitor and the grid currents, respectively. 
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Figure 3.6: Single Phase LCL Filter Schematic 

 

With the Kirchhoff’s voltage and current laws from Figure 3.6, the following is obtained 

𝐼𝑖 − 𝐼𝑔 = 𝐼𝑐                                                                                                                         (3.40) 

𝐼𝑐= C ×
𝑑𝑉𝑐

𝑑𝑡
                                                                                                                         (3.41) 

𝑉𝐿1= 𝐿1 ×
𝑑𝐼𝑖

𝑑𝑡
 = 𝑉𝑖 − 𝑅1𝐼𝑖 − 𝑉𝐶 − 𝑅𝐷𝐼𝐶                                                                                (3.42) 

𝑉𝐿2=  𝐿2 ×
𝑑𝐼𝑔

𝑑𝑡
 = 𝑉𝑐 − 𝑅2𝐼𝑔 − 𝑉𝑔 − 𝑅𝐷𝐼𝐶                                                                              (3.43) 

Rearranging these  get to: 

𝑑𝐼𝑖

𝑑𝑡
= 

1

𝐿1
[−(𝑅1 + 𝑅𝐷)𝐼𝑖 + 𝑅𝐷𝐼𝑔 − 𝑉𝐶 + 𝑉𝑖]                                                                             (3.44) 

𝑑𝐼𝑔

𝑑𝑡
= 

1

𝐿2
[−(𝑅2 + 𝑅𝐷)𝐼𝑖 + 𝑅𝐷𝐼𝑖 + 𝑉𝐶 − 𝑉𝑔]                                                                             (3.45) 

𝑑𝐼𝑔

𝑑𝑡
 = 

1

𝐶
(𝐼𝑖 − 𝐼𝑔)                                                                                                                  (3.46) 

The representation of the equation in space form 

(

 
 

𝑑𝐼𝑖

𝑑𝑡
𝑑𝐼𝑔

𝑑𝑡
𝑑𝑉𝑐

𝑑𝑡)

 
 

= 

(

 
 

−(𝑅1+𝑅𝐷)

𝐿1

𝑅𝐷

𝐿1

−1

𝐿1
𝑅𝐷

𝐿2

−(𝑅2+𝑅𝐷)

𝐿2

1

𝐿2
1

𝐶

−1

𝐶
0 )

 
 
(

𝐼𝑖
𝐼𝑔
𝑉𝐶

) + (

1

𝐿1
0

0
−1

𝐿2

0 0

)(
𝑉𝑖
𝑉𝑔
)                                                (3.47) 

It  defines the state vector as: 

𝑥 =   (

𝐼𝑖
𝐼𝑔
𝑉𝐶

)                                                                                                                         (3.48) 

And the input vector as 

𝑢 =  (
𝑉𝑖
𝑉𝑔
)                                                                                                                           (3.49) 
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The output (Y) equation: 

𝑦 = 𝐼𝑔 = (0)𝐼𝑖 + (1)𝐼𝑔 + (0)𝑉𝐶 + (0)𝑉𝑖 + (0)𝑉𝑔                                                                (3.50) 

The state space representation of this equation is  

𝑦 =  (0 1 0)(

𝐼𝑖
𝐼𝑔
𝑉𝐶

) + (0 0) (
𝑉𝑖
𝑉𝑔
)                                                                                   (3.51) 

 Then the complete space state form of the LCL filter model as:  

 
�̇� = 𝐴𝑥 + 𝐵
𝑦 = 𝐶𝑥 + 𝐷𝑢

                                                                                                                     (3.52) 

Where the matrices A, B, C and D defined as  

A =

(

 
 

−(𝑅1+𝑅𝐷)

𝐿1

𝑅𝐷

𝐿1

−1

𝐿1
𝑅𝐷

𝐿2

−(𝑅2+𝑅𝐷)

𝐿2

1

𝐿2
1

𝐶

−1

𝐶
0 )

 
 

                                                                                           (3.53) 

B =  (

1

𝐿1
0

0
−1

𝐿2

0 0

)  ; 𝐶 =  (0 1 0)  ; 𝐷 =  (0 0)                                                                  (3.54) 

 

Need for a third order filter. Here in, a comparison is made between a first order filter (L) and 

a third order filter (LCL) one and show that a third order filter is superior at attenuating higher 

harmonic frequencies. 

Defining:  

𝑋𝐿=  𝑤𝑔𝐿                                                                                                                            (3.55) 

𝑋1= 𝑤𝑔𝐿1                                                                                                                           (3.56) 

𝑋2= 𝑤𝑔𝐿2                                                                                                                           (3.57) 

𝑋𝐶= 
1

𝑤𝑔𝐶
                                                                                                                             (3.58) 

𝑤 = ℎ𝑤𝑔                                                                                                                            (3.59) 

And using the equation 3.39 the harmonic transfer function is obtained as 

𝐻𝐿𝐶𝐿(𝑗ℎ𝑤𝑔) =   
𝐼𝑔(𝑗ℎ𝑤𝑔)

𝑉𝑖(𝑗ℎ𝑤𝑔)
                                                                                                       (3.60) 

                   = 
− 𝑗

ℎ𝑤𝑔(𝐿1+𝐿2−𝐿1𝐿2𝐶 ℎ2𝑤𝑔
2)
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Therefore 

|𝐻𝐿𝐶𝐿(𝑗ℎ𝑤𝑔)| = |
𝐼𝑔(𝑗ℎ𝑤𝑔)

𝑉𝑖(𝑗ℎ𝑤𝑔)
|                                                                                                    (3.61) 

                     = |
− 𝑗

ℎ𝑤𝑔(𝐿1+𝐿2−𝐿1𝐿2𝐶ℎ
2𝑤𝑔

2)
|                                                                                (3.62) 

= |
1

ℎ𝑤𝑔(𝐿1+𝐿2−𝐿1𝐿2𝐶ℎ
2𝑤𝑔

2)
|                                                                                                     (3.63) 

= |
1

ℎ[𝑋1+𝑋2− 
ℎ2𝑋1𝑋2
𝑋𝐶

]
|                                                                                                             (3.64) 

When C = 0 it reduces into a L filter with L = 𝐿1 + 𝐿2 and the above transfer function is 

|𝐻𝐿𝐶𝐿(𝑗ℎ𝑤𝑔)| = 
1

ℎ𝑋𝐶𝐿
                                                                                                           (3.65) 

Considering 𝑋1,𝑋2, and 𝑋𝑐, in per unit values as: 

𝑥1= 𝑥1= 0.05           ; 𝑥1= 135.115 

Ensuring that the resonant peak is far away from both the power frequency (60 Hz) and the 

switching frequency (15000Hz)    (10𝑓𝑔 < 𝑓𝑟𝑒𝑠 < 0.5𝑓𝑠𝑤). 

It is important to note that the parameters mentioned above were designed under certain 

assumptions such as ideal power electronic switches, a constant DC link voltage and no 

perturbations in the output grid voltage. Additionally, the formula for estimating THD is 

approximate. 

3.6 Summary 

In this chapter, the mathematical description and all the related equations of each and any 

components of the three phase MOSFET inverter such as the PV , Boost converter , an 

overview of mathematical modelling of LCL filter have been explained. In order to have a clear 

overview of the elements that was used during the design of the system. In the following 

chapter, more specific and deep mathematical modelling and design of the LCL filter are 

investigated. 
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Chapter 4:  

Modelling and Analysis of the LCL Filter 
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      4.3.1 Output Filter 
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4.4 Control of the PV grid tied system 

      4.4.1 Maximum power point tracking 

      4.4.2 DQ theory 

      4.4.3 PWM modulation 

4.5. Three phase connected VSI 

      5.1 Model of current controller 

      5.2 Design of PI based control scheme 
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4.1 Introduction 

This chapter focuses mainly on the methodology used to design the LCL filter (Wang.M, 2016). 

The calculation process of the LCL filter is based on the capacitance and the grid and inverter 

side inductance. All that taking into account the following parameters: voltage line to line, DC 

link voltage, resonance frequency and grid voltage which plays a key role in order to design 

an efficient filter. Then a control strategy based on PI controller is implemented to provide high 

quality power. 

4.2 LCL Filter design 

It involves several which are: the parameters, mathematical modeling, design factors and 

criteria. 

4.2.1 LCL design factors 

A simple first order L filter is not only bulky but fails to meet the requirements for harmonic 

attenuation. Output current ripple, current harmonics sourced by MOSFET inverter, series 

fundamental drop, desirable power factor, resonance frequency, control stability are among 

the factors that need to be taken into consideration. 

4.2.2 System parameters 

The following system parameters mentioned in Table 4.1 are considered for designing the 

requisite LCL filter: 

Table 4.1: Nominal system parameters 

𝑓𝑔 Grid frequency 

𝑓𝑠𝑤 PWM carrier frequency 

𝑤𝑟𝑒𝑠 Resonance frequency 

𝑃𝑛 Rated active power 

𝐸𝑛 Line to line RMS voltage 

𝑉𝐷𝐶 DC link voltage 

𝐿1 Inverter side inductor 

𝐿2 Grid side inductor 

C Capacitor 

𝑅𝑑 Damping resistance 

𝑉𝑔 Grid voltage 
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4.2.3 LCL filter design criteria 

The following criteria are extremely important while designing a LCL filter: 

a. High attenuation 

b. Improved performance 

c. Cost effectiveness 

4.2.4 LCL Filter design process 

In most three phase inverters, the three phases are identical and separate from each other. 

And leads to three decoupled systems, each of which is like a single phase inverter. In the 

inverter design with an LCL filter, each phase will have three main components, two 

inductances and a capacitance, as well as series resistances. Each of these inductors is 

wound on isolated cores. In Table 4.2, the values presented are used in the rest of the 

calculation. 

Table 4.2: Parameters used in Filter calculation 

Parameters Nomenclature Values 

Voltage line to line 𝑉𝐿𝐿 380V 

Voltage at DC link 𝑉𝐷𝐶 600V 

Resonance frequency 𝑓𝑤 30000Hz 

Nominal Power 𝑃𝑛 210000kW 

Inductance 𝐿𝑖 Henry 

 

𝑍𝑏 = 
𝑉𝐿𝐿
2

𝑃𝑛
                                                                                                                                (4.1) 

     = 
3802

210
= 687.61𝛺                                                                                                             

𝑍𝑏  = 
1

𝑍𝑏×𝜔𝑛
                                                                                                                           (4.2) 

     = 
1

2𝜋×50×687.61
 

 𝐶𝑏= 462 𝜇𝐹 

The inverter side inductor mainly minimizes the ripple current of the MOSFET inverter. 

𝑋𝐿𝑃𝑈    =  
𝐿𝜔𝑛

𝑍𝑏
                                                                                                                      (4.3) 
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            = 
𝑍𝑏×𝑋𝐿𝑃𝑈

𝜔𝑛
                                                                                                                (4.4) 

            =  
0.05×686

2𝜋×50
= 10.91 mH 

∆𝐼𝐿𝑚𝑎𝑥 = 
𝑉𝐷𝐶

8𝑓𝜔𝐿𝑖
                                                                                                                      (4.5) 

               = 
600

8×30×109.1
 

∆𝐼𝐿𝑚𝑎𝑥  = 2.29 𝐴 

        𝐿𝑔   =   𝑟𝐿𝑖                                                                                                                     (4.6) 

   𝐿𝑇𝑜𝑡𝑎𝑙 =   
𝑋𝐿_𝑇𝑜𝑡𝑎𝑙×𝑍𝑏

𝜔𝑛
     

            =       
686.6×0.09

2𝜋50
        =    19.67mH                                                                               

So 𝐿𝑔  = 𝐿𝑇𝑜𝑡𝑎𝑙  − 𝐿𝑖                                                                                                            (4.7) 

         𝐿𝑔 = 19.67 –  10.91 = 8.67 mH 

          𝐶𝑓 =  𝛽. 𝐶𝑏                                                                                                                   (4.8)                                       

             =    0.05 × 462 = 23.1𝜇𝐹   

The filter resonance frequency can be calculated as follow 

 

𝑓𝑟𝑒𝑠 = 
1

2𝜋
√

𝐿𝑖+𝐿𝑔

𝐿𝑖×𝐿𝑔×𝐶𝑓
                                                                                                              (4.9) 

       = 
1

2𝜋
√

19.97

8.67.10−3×10.91.10−3×23.1×10−6
         

  𝑓𝑟𝑒𝑠  =     2055 Hz      

𝜔𝑟𝑒𝑠 =      2𝜋 × 2055 = 12911.9 𝑟𝑎𝑑/𝑠𝑒𝑐                    

The requirement of about 5% is perfectly matched. The damping resistor value is calculated 

as follow: 

𝑅𝑓 = 
1

3×2𝜋×2055×23.1×10−6
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𝑅𝑓    = 1.12 𝛺 

The Table 4.3 presents the LCL filter parameters found after calculation. 

Table 4.3: LCL filter parameters 

Parameter  Value 

Grid side inductor 𝐿𝑔 8.67 mH 

Inverter side inductor 𝐿𝑖 10.91 

Filter capacitance 𝐶𝑓 23.1𝜇𝐹   

Damping resistor 𝑅𝑓 1.12𝛺 

Resonance frequency 𝜔𝑟𝑒𝑠 12911.9 𝑟𝑎𝑑/𝑠𝑒𝑐                    

 

4.3 Three phase MOSFET inverter 

The model developed is a bidirectional inverter. At the necessary yield voltage and recurrence, 

the three phase inverter effectively flips over DC power into AC. It is noticeable utilizing diverse 

inverter configurations and control plans with each having their advantages and downsides.  

Fundamentally for this plan, a six switch three-stage inverter topology is utilized. The 

configuration is comprised of three equal branches, and comprise of two switches in 

arrangement on each branch with cells comprised of a semiconductor and a diode associated 

in against equal. The age of the three stage AC yield happens in the middle of the two switches 

of each branch. The design is straightforward, broadly utilized, with an awesome geography 

to incorporate extra inverter highlights then draw more attraction. The contribution of the 

inverter is in type of an ideal, adjusted, three-stage voltage source, associated with the matrix. 

This depiction of the inverter model depends on an essential thought that the utility voltage is 

hardened.  The working state of the exchanging capacity to ensure that the channel inductor 

current isn't upset, have to be adhered by the switches 

The Exchanging of the inverter is constrained by PWM in an appropriate arrangement to 

create an unfiltered yield voltage. Sinusoidal heartbeat width balance (SPWM) is utilized to 

create the exchanging signals for the inverter at the ideal greatness and recurrence by 

contrasting a three-stage sinusoidal wave. The recurrence of the MOSFET is due to the 

recurrence of the three-sided signal coming about into beats which drives the entryway signal. 

Equations represent the voltage wave form. 

Varef = Asin(2𝜋𝑓𝑡 + 𝜃)                                                                                                  (4.10) 

Vbref = Asin(2𝜋𝑓𝑡 + 𝜃 − 120°)                                                                                       (4.11) 
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Vcref = Asin(2𝜋𝑓𝑡 + 𝜃 + 120°)                                                                                       (4.12) 

Where A represents the amplitude, f frequency,  𝜃  phase shift. In Table 4.4, the switching 

pattern of the pulse width modulation is described from the first to the sixth switch 

Table 4.4: PWM switching pattern. 

 

Switch 
Applicable Sine 

wave 

 
𝑉𝑆 > 𝑉𝑇  

 

 
𝑉𝑆 < 𝑉𝑇 

𝑆1 
𝑉𝑎 

ON OFF 

𝑆2 OFF ON 

𝑆3 
𝑉𝑏 

ON OFF 

𝑆4 OFF ON 

𝑆5 
𝑉𝑐 

ON OFF 

𝑆6 OFF ON 

 

There can be a short output over the DC source, which could harm the switches or the total 

inverter when there is concurrent exchanging. In any case, exchanging is performed 

dynamically; the mix of the two corner to corner switches gives the unfiltered yield voltage.  

when the yield voltage is 0 . A comparing numerical inverter was introduced to depicting the 

power electronic VSI design to build up the control framework. The regulators ‘factors are the 

energy stockpiling components. 

4.3.2 Output filter 

A three-phase MOSFET inverter connected by a DC source which is the PV system are 

depicted in Figure 4.1. 

 
Figure 4.1: Three phase MOSFET Inverter 
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The following equations express the current from each phases as well as the voltage 

𝑖𝑎 = −
𝑅

𝐿
𝑖𝑎 − 

1

𝐿
𝑒𝑎 + 

𝑣𝑝𝑣

3𝐿
(2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐)                                                                           (4.13) 

𝑖𝑏 = −
𝑅

𝐿
𝑖𝑏 − 

1

𝐿
𝑒𝑏 + 

𝑣𝑝𝑣

3𝐿
(𝑆𝑎 + 2𝑆𝑏 − 𝑆𝑐)                                                                              (4.14) 

𝑖𝑐 = −
𝑅

𝐿
𝑖𝑐 − 

1

𝐿
𝑒𝑐 + 

𝑣𝑝𝑣

3𝐿
(𝑆𝑎 − 𝑆𝑏 + 2𝑆𝑐)                                                                            (4.15) 

𝑖𝑑𝑐 = 𝑖𝑎𝑆𝑎 + 𝑖𝑏𝑆𝑏 + 𝑖𝑐𝑆𝑐                                                                                                    (4.16) 

→ 𝑣𝑑𝑐 = 
1

𝐶
𝑖𝑑𝑐 − 

1

𝐶
(𝑖𝑎𝑆𝑎 + 𝑖𝑏𝑆𝑏 + 𝑖𝑐𝑆𝑐)                                                                             (4.17) 

 

4.3.3 Three phase grid connected inverter synchronization 

The Park transformation is used for two main reasons. First, the dimensions of the 

mathematical model of the inverter are too extensive. And last, facilitate the control process 

of the entire system. The synchronous reference frame deals perfectly with non-ideal 

conditions of the grid. 

4.3.4 Grid synchronization using PLL (phase lock loop) Technique 

It can be assimilated to a tool, which permits one sign to follow the other. The current control 

circle depends on the PI (corresponding indispensable) regulator and the PLL is liable for 

providing the signs to it. The stage point, recurrence and voltage of the network is 

distinguished by the PLL. This arrangement of PLL is comprised of the stage discovery and 

the circle channel. Execution of the stage recognition can be accomplished by utilizing abc to 

dq change in the three-stage framework. On the other hand, the elements of the framework 

are controlled by the circle channel. In any case, the transfer speed of the channel is an 

understanding between the presentations of the channel what's more, the time reaction. 

Subsequently, nature of the lock and the PLL elements is exceptionally affected by the 

boundaries of the loop filter. The Figure 4.2 shows the PLL control loop configuration. 
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Figure 4.2: PLL control loop (Battacharya & Kumar, 2019) 

4.3.5 Design of synchronous reference PLL 

The PLL framework is impacted by the mutilations present in the utility organization when it is 

used for framework associated applications. A plan for quick elements will then again deliver 

a yield which can synchronize quickly to the information. Consequently, when the 

synchronization framework is being planned. In the event that the technique is utilized for 

control purposes, at that point a moderate unique strategy can be executed. And, if the 

synchronization strategy is utilized in network checking, for example, recognizing framework 

deficiencies, a quick powerful framework ought to be utilized. A tuning method for the dq-PLL 

regulator is given in this manner. The settling time and damping proportion of the framework 

can be gotten to through this strategy. In this manner, in view of these boundaries, a low 

elements or quick elements framework can be planned. The tuning strategy is gotten from the 

exchange capacity of linearized dq-PLL portrayed 

The transfer function of the closed loop dq PLL system is represented as follow: 

𝐻𝐶(𝑠)  =  
𝜃𝑂(𝑠)

𝜃𝑖(𝑠)
                                                                                                                    (4.18) 

𝐻𝐶(𝑠) =  
𝐾𝑓(𝑠)

𝑠+𝐾𝑓(𝑠)
                                                                                                                                               (4.19) 

𝐻𝑒(𝑠) =  
𝜎(𝑠)

𝜃𝑖(𝑠)
                                                                                                                      (4.20) 

𝐻𝑒(𝑠) =  
𝑠

𝑠+𝐾𝑓(𝑠)
                                                                                                                 (4.21) 
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𝐾𝑓(𝑠) =  𝐾𝑝 (
1+𝑠𝜏

𝑠𝜏
)                                                                                                              (4.22) 

𝐻𝐶(𝑠) =  
2𝜁𝜔𝑛𝑠 +𝜔𝑛

2

𝑠2+2𝜁𝜔𝑛𝑠 +𝜔𝑛
2                                                                                                         (4.23) 

Where  

𝜔𝑛 = 
𝑠2

𝑠2+2𝜁𝜔𝑛𝑠 +𝜔𝑛
2                                                                                                                (4.24) 

Where  𝜔𝑛 = √
𝐾𝑝

𝜁
 

𝜁 =  
𝐾𝑝

2𝜔𝑛
                                                                                                                             (4.25) 

 

4.4 Control of the PV grid tied system 

In order to properly run the PV grid tied system, the control of both the maximum power output 

from the PV and current and voltage in the voltage source inverter.  

4.4.1 Maximum power point tracking 

 The Heuristic search with the Perturbation and observation technique reveals to be more 

straight and simple than the other techniques. 

Maximum power point tracking is a technique which basically compares the voltage and the 

power. And make the system reacts accordingly. 

The improvements of calculation of the P&O consist of fluctuating the voltage reference of the 

converter input current. In the long run, the measure of the intensity changed over from the 

panel is estimated. On the off chance that is more huge than the force estimated beforehand, 

the voltage reference is gradually expanded in a similar extent, and if not it is decremented 

(Matiyali, et al., 2019). In the goal of discovering the proper MPPT issue are utilized to improve 

energy change. The Figure 4.3 shows the case of P and O algorithm. 



41 
 

 

Figure 4.3: P&O algorithme (Remache, et al., 2019) 

 

4.4.2 DQ theory 

The DQ theory depends on the time space reference signal strategies. It allows performing 

the operation in steady state for generic voltage and current waveforms. Additionally, the 

simplicity of calculations gives this theory more efficient, which involves only algebraic 

calculation (Burlaka, et al., 2019).  

 The Park transform is a 2-2 transform that also has a reference angle input. If the reference 

angle 𝜃 is rotating at the same speed as a frequency component of the two-dimensional input 

to the Park transform, the output of the latter corresponding to this frequency component will 

be time invariant. Regarding to Park transformation relation between three phase source 

current (a-b-c) and the d-q reference co-ordinate current  

(

𝐼𝑙𝑑
𝐼𝑙𝑞
𝐼𝑙𝑜

) = √
2

3

(

 
 
cos 𝜃 cos (𝜃 +

2𝜋

3
) cos (𝜃 −

2𝜋

3
)

− sin 𝜃 − sin (𝜃 +
2𝜋

3
) − sin (𝜃 −

2𝜋

3
)

1

√2

1

√2

1

√2 )

 
 

                                                    (3.32) 
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Where 𝜃 represents the angular position of the synchronous reference. The currents in the 

synchronous reference can be split into two terms as: 

{
𝑖𝑙𝑑 =𝑖𝑙𝑑 ̃
𝑖𝑙𝑞 =𝑖𝑙𝑞 ̃

                                                                                                                             (3.33) 

 The power filter reference currents will be then: 

[
𝑖𝑓𝑑
∗

𝑖𝑓𝑞
∗ ] =  [

𝑖𝑙𝑑
∗

𝑖𝑙𝑞
]                                                                                                                      (3.34) 

In the objective of finding the passive power filter current in three phase system, this relation 

can be used as follow: 

(

𝐼𝑓𝑎
𝐼𝑓𝑏
𝐼𝑓𝑐

) = √
2

3
(

cos 𝜃 − sin 𝜃

cos (𝜃 +
2𝜋

3
) − sin (𝜃 −

2𝜋

3
)

cos (𝜃 +
2𝜋

3
) sin (𝜃 +

2𝜋

3
)

) [
𝑖𝑓𝑑
∗

𝑖𝑓𝑞
∗ ]                                                             (3.35) 

4.4.3 PWM modulation 

The modulation allows getting an output that varies with minimum losses. In (Kapil.N & 

Rushiraj.G, 2016), the authors show that a meticulous choice of the PWM strategy can highly 

enhance the inverter output harmonic spectrum by moving harmonic components to higher 

frequencies. 

4.4.3.1 Different PWM techniques modulation 

Several techniques based on pulse width modulation (PWM) strategies are frequently used 

today’s electrical engineering world as part of the control of solid-state power supplies. The 

inconvenient of PWM are that voltage and current ripple levels depends on the duty cycle, 

switching frequency and properties of the load (Venkatranaman & John, 2020). There is a 

possibility for the PWM output to be smoothed and averaged to limit these effects by using an 

appropriate high switching frequency and by using an additional passive filter. PWM power 

control systems realization can be made easier with semiconductor switches. In either the on 

or off state, there is only little power dissipated by the switch (Sun.K, et al., 2018).  

4.4.3.2 Inverter side control 

The use of power electronic converters has significantly improved the ability to extract 

maximum power from PV panels, and to condition the power supplied to the load so as to 

achieve high power quality, and to meeting the requirements for grid-tied operation. There are 

several power electronic converter schemes used for controlling the PV system output power 

(Zhao.N, et al., 2018). The electrical generator type determines the power electronic scheme 
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to apply, the load supplied by the PV system, and the control topologies used in the system. 

The inverter unit represents the most important unit in the PV systems for the AC power 

interfacing purposes. This study will focus on three -phase inverter development particularly 

in the inverter gate-drive and the controller side. So, it is important looking at the components 

and the functioning of the inverter before starting the development process (Wang.B, et al., 

2017). 

4.4.3.3 Modulation strategy 

The stability and repeatability of inverter performance characteristics are essential both for 

reliable PV system performance and in order to determine the parameters in the performance 

model. The quality of the inverter output voltage depends on the number (nth) of harmonics 

and the magnitude of each harmonic that exists in the output voltage (Lopez.I, et al., 2016). 

The inverter output quality can be measured by several parameters; the most important ones 

are the magnitude of individual (nth) harmonics (HFn), and the total harmonic distortion (THD). 

The PWM technique is the principal technique used in this study. Its principle of operation is 

to turn the switch between supply and load on and off at a fast pace (to perform PWM), the 

frequency of which is referred to as the carrier frequency. PWM is mostly associated to the 

duty cycle (δ), which represents the percentage ratio of the switch on time (𝑡𝑜𝑛) to the full 

period time (𝑇𝑠𝑤). 

4.4.3.4 Method for inverter current control 

Control of current is an important issue in power electronic circuits, especially in DC-to-AC 

inverters where the objective is to generate a sinusoidal AC output whose magnitude and 

frequency can both be controlled. The main function of the current controller is to improve the 

voltage stability and to ensure the non-circulation of current amongst the converters (Monge.S, 

et al., 2017). In addition, the output voltage should have acceptable transient performance 

without poor dynamic response, undesirable overshoot or undershoot. In the other side, total 

harmonic distortion needs be as low as possible and below the standard threshold values. 

4.4.3.5 Grid side control 

The research encourages the idea of incorporating a small-scale renewable energy power 

supply into domestic dwellings as part of the power network. In this perspective, a large 

number of small-scale decentralized power supplies would be connected to the power 

network, which may possibly increase the complexity of the power supply control systems 

(Zeb.K, et al., 2018). If an existing grid is connected only to a large centralized power plant, 

the voltage at the common coupling point cannot be significantly modified by a small-scale 

decentralized power supply. In (Rashidi.F & Farahani.H, 2017), the author specified that the 

inverter must not oppose or attempt to regulate the voltage at the point of common coupling 
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(at which point the grid voltage is measured). Inverter’s power quality will then be defined by 

its output current quality. Indeed, most power networks are three-phase systems. Therefore, 

distributed resources are connected to the grid via an isolating three-phase transformer to 

eliminate zero-sequence components in three-phase systems.  

 The inverter side controller uses grid parameters which can be measured at the inverter-grid 

common coupling point without extensive communications.  With the droop function method, 

it turns out to have an efficient usage of small-scale renewable energy sources. In this method, 

controlling the inverter output power by controlling the voltage magnitude and phase shift 

depends on locally-measured instantaneous information. In this method, the grid parameters 

are used as reference at the common coupling points for all distributed generators.  

4.4.3.6 Carrier frequency selection 

 For both component sizing reduction of the filter and also minimize the effect of harmonics, 

the PWM switching frequency should be as high as possible. But, during the transitions 

between on and off states of power semiconductor switch devices, both device current and 

device voltages are non-zero, and considerable power is then dissipated in the switches 

(Zarepour.E, et al., 2015). An improved switching device should provide a faster slope during 

turn-on and turn-off to avoid a switching overlap (shoot-through) case. For ideal switching 

elements, rise and fall times should be symmetrical and be small, a trade-off between 

switching losses and electromagnetic interference. Voltage swings at the bridge output from 

one voltage amplitude extreme to the other are mainly resulted from PWM.  Within any PWM 

smoothing filter, the amplitude of the switching ripple in the output voltage will decrease by a 

specific percentage.  In the modern engineering world, power switching devices designed for 

low to medium-power inverters can operate at relatively high frequencies in the tens of kHz 

range. 

4.4.3.7 Decentralized power supply 

Most power plants are built in a large scale due to a number of economic, safeties, logistical, 

environmental, geographical and geological factors. There are many disadvantages with such 

centralised systems, including:  

• The high level of dependence on non-renewable fuels.  

• Impact on the environment. 

 • Transmission and distribution losses.  

• Higher cost of the generation plant, transformers, transmission, and distribution network. 

In the last two decades, standards of living have considerably risen. This is explained by the 

considerable changes occurred in the energy usage patterns of buildings, due in part to 
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widespread utilisation of refrigeration and electric heating in domestic appliances (l.molino, 

2014). It follows that, distributed generation stations are another approach within the power 

network to provide further electrical power to the utility. Distributed generation reveals to be a 

possible solution to meet the increased demand for power. The construction of power lines is 

decreased in size as well as number (Kumar.J, et al., 2019). 

4.5 The three-phase connected VSI method 

By and large, two existing procedures can be used, which are voltage strategy and current 

control technique. The DC precariousness is certainly not a significant issue when planning 

the GCI as this can be overwhelmed by executing a quick current regulator. The Air conditioner 

current via the structure of control is limited. Likewise, the stage point and the plentifulness of 

the line current for the VSI control the genuine and responsive force with regard to the PCC 

voltage. Thus, the VSI isn't under the danger of over-burden circumstances because of current 

control framework. The regulator, additionally has some different advantages such as strength 

against jumble in boundaries of the VSI and AC framework, an exceptional dynamic of 

execution and sophisticated control accuracy. 

4.5.1 Model of current controller 

As recently referenced, the usage of the coordinated reference outline is favoured in view of 

its points of interest. The dq-outline change is utilized all together to show the three-stage 

framework associated PV framework in the coordinated edge. The amount of the matrix  and 

inverter-side inductor of the yield channel is displayed as L with a relating arrangement 

obstruction of R in order to have a bunch of straight powerful conditions for the three-stage 

framework associated PV framework. 

𝐿
𝑑𝑖𝑔𝑑

𝑑𝑡
= 𝑣𝑖𝑑 − 𝑅𝑖𝑔𝑑 +  𝜔𝐿𝑖𝑔𝑞 − 𝑣𝑔𝑑                                                                                   (4.26) 

𝐿
𝑑𝑖𝑔𝑞

𝑑𝑡
= 𝑣𝑖𝑞 − 𝑅𝑖𝑔𝑞 +  𝜔𝐿𝑖𝑔𝑑 − 𝑣𝑔𝑞                                                                                   (4.27) 

These are some essential equations of the dq frame. So, the dq frame rotating at angular 

speed 𝜔is represented in a form of matrix as: 

[
𝑣𝑖𝑑
𝑣𝑖𝑞
] = 𝑅 [

𝑣𝑖𝑑
𝑣𝑖𝑞
] + 𝐿

𝑑

𝑑𝑡
[
𝑖𝑔𝑑
𝑖𝑔𝑞
] + 𝐿𝜔 [

−𝑖𝑔𝑞
𝑖𝑔𝑑

] + [
𝑣𝑔𝑑
𝑣𝑔𝑞

]                                                                 (4.28) 

The following equations can be obtained from 

𝐿
𝑑𝑖𝑔𝑑

𝑑𝑡
+ 𝑅𝑖𝑔𝑑 = 𝑢𝑖𝑑𝑞                                                                                                              (4.29) 

𝑣𝑖𝑑 = 𝑢𝑖𝑑 + 𝑣𝑔𝑑 −  𝜔𝐿𝑖𝑔𝑞                                                                                                 (4.30) 
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𝑣𝑖𝑞 = 𝑢𝑖𝑞  + 𝑣𝑔𝑞 −  𝜔𝐿𝑖𝑔𝑑                                                                                                 (4.31) 

The dq reference frame ensures the control of the power. The main goal is to either generate 

or receive sinusoidal currents. 

The components are commonly used to control the active power on one side and the reactive 

power exchange on the other. The active 𝐼𝑑𝑟𝑒𝑓 and 𝐼𝑞𝑟𝑒𝑓reactive power supplied to the grid 

can define as follow: 

𝑃𝑑𝑞 = 
3

2
(𝑣𝑑 𝑖𝑑 + 𝑣𝑞 𝑖𝑞)                                                                                                      (4.32) 

𝑄𝑑𝑞 = 
3

2
(− 𝑣𝑑 𝑖𝑞 + 𝑣𝑞 𝑖𝑑)                                                                                                  (4.33) 

Where 𝑣𝑑  , 𝑣𝑞  , 𝑖𝑑  𝑎𝑛𝑑  𝑖𝑞  represent respectively the direct and quadrature grid voltage 

currents components. 

Therefore, equations and can be expressed as: 

𝑃𝑑𝑞 = 
3

2
(𝑣𝑑 𝑖𝑑)                                                                                                                  (4.34) 

 

𝑄𝑑𝑞 = −
3

2
(𝑣𝑑 𝑖𝑞)                                                                                                             (4.35) 

Then, the current can be deducing as follow: 

𝑖𝑑 = 
2

3
× 

𝑃

𝑣𝑑 
                                                                                                                     (4.36) 

𝑖𝑞 = −
2

3
×

𝑄

𝑣𝑞
                                                                                                                   (4.37) 
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From the input power, the inverter receives a DC power. 𝑆1,𝑆2, 𝑆3 and 𝑆4 represents the gate 

of the MOSFET .and 𝐶1 and 𝐶2, the comparators of the PI controller. With the MOSFET that 

can turn on and off 120 times in a second. Comparators compare sine wave with triangular 

waves. The first one compares the normal sine wave and the second one the inverted sine 

wave. With the help of NOT gate at 𝑆2  𝑎𝑛𝑑 𝑆4  in order to avoid having the four gates open at 

the same time. That configuration helps to  reduce smooth voltage and limits the error. 

Figure 4.4 presents the structure of the current control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Current controller (Singh & Panigrahi, 2020) 

4.5.2 Design of PI based Control scheme 

The proposed PI controller is presented in Figure 4.5. It has been used for the simulations in 

this study. 

 

 
Figure 4.5: PI control loop (Badal & Das, 2019) 

 

INPUT LOAD 𝐶1 𝐶2 

𝑆1 

𝑆3 

𝑆2 

𝑆4 
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The PI controller is applied in order to allow the proper control of the voltage and regulates the 

MOSFET gates. 

𝐾𝑝 𝑎𝑛𝑑    𝐾𝑖  are the proportional and integral gains and are respectively defined as: 

𝐺𝑃𝐼(𝑠) =  𝐾𝑝 + 
 𝐾𝑖

𝑠
                                                                                                              (4.38) 

              =  
 𝐾𝑝𝑠 +  𝐾𝑖

𝑠
                                                                                                               (4.39) 

And  𝐺𝐷(𝑠) represents the computation time delay 

Where 𝑇𝑒 is the control time delay  

𝐺𝐷(𝑠) =  
1

1+ 𝑇𝑒
                                                                                                                     (4.40) 

Where 𝑇𝑒 = 
𝐿

𝑅
 

Figure 4.6 represents the command structure used in the system. 

 

Figure 4.6: DQ reference command. 

 

𝐺𝑓(𝑠) =  
𝑣(𝑠)

𝑖(𝑠)
= 

1

𝑅+𝐿𝑠
                                                                                                           (4.41) 

𝐺𝑓(𝑠) =  
1

𝑅+𝐿𝑠
                                                                                                                     (4.42) 

Where L = 𝐿𝑖 + 𝐿𝑔  𝑎𝑛𝑑 𝑅 =  𝑅𝑖 + 𝑅𝑔  𝐺𝑓(𝑠) =  
241.5

24.15+𝑠
                                                                                                                

(4.43) 

𝐺𝑜𝑐(𝑠) =  𝐺𝑃𝐼(𝑠). 𝐺𝑑(𝑠). 𝐺𝑓(𝑠)                                                                                             (4.44) 

𝐺𝑓(𝑠) =  
 𝐾𝑝𝑠 +  𝐾𝑖

𝑠
×

1

1+𝑠𝑇𝑒
×

1

𝑅+𝐿𝑠
                                                                                          (4.45) 

𝐺𝑓(𝑠) =  
 𝐾𝑝𝑠 +  𝐾𝑖

𝑠
× 

1

1+𝑠𝑇𝑒
×

1
𝐿⁄

𝑅
𝐿⁄ +𝐿𝑠

                                                                                       (4.46) 
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𝐺𝑓(𝑠) =  
 𝐾𝑝

𝐿
× 

𝑠 +
 𝐾𝑖

 𝐾𝑝
⁄

𝑠
×

1

1+𝑠𝑇𝑒
×

1
𝑅
𝐿⁄ +𝐿𝑠

                                                                              (4.47) 

 𝐾𝑖

 𝐾𝑝
= 

𝑅

𝐿
                                                                                                                              (4.48) 

After substituting into: 

= 
 𝐾𝑝

𝐿
× 

𝑠 +𝑅 𝐿⁄

𝑠
×

1

1+𝑠𝑇𝑒
× 

1
𝑅
𝐿⁄ +𝑠

                                                                                             (4.49) 

= 
 𝐾𝑝

𝐿
×
1

𝑠
×

1

1+𝑠𝑇𝑒
                                                                                                                  (4.50) 

𝐺𝑂𝐶(𝑠)=  
𝐾𝑝

𝐿𝑠2𝑇𝑒 +𝑠
= 

𝐾𝑝
𝐿
⁄

𝑠 + 𝑠2𝑇𝑒
                                                                                                 (4.51) 

Let k = 
 𝐾𝑝

𝐿
                                                                                                                          (4.52) 

𝐺𝑂𝐶(𝑠) =  
𝑘

𝑠2𝑇𝑒+𝑠
                                                                                                                 (4.53) 

Then the closed loop current control is 

𝐺𝑂𝐶(𝑠) =  
𝐺𝑂𝐶(𝑠)

1+𝐺𝑂𝐶(𝑠)
                                                                                                              (4.54) 

𝐺𝐶𝐶(𝑠) =  

𝑘

𝑠2𝑇𝑒+𝑠

1+
𝑘

𝑠2𝑇𝑒+𝑠

                                                                                                              (4.55) 

𝐺𝐶𝐶(𝑠) =  
𝑘

𝑠2𝑇𝑒+𝑠
×

𝑠2𝑇𝑒+𝑠

𝑠2𝑇𝑒+𝑠+𝑘
                                                                                                 (4.56) 

𝐺𝐶𝐶(𝑠) =  
𝑘

𝑠2𝑇𝑒+𝑠+𝑘
                                                                                                              (4.57) 

𝐺𝐶𝐶(𝑠) =
𝑘
𝑇𝑒
⁄

𝑠2+ 𝑠 𝑇𝑒⁄
 +𝑘 𝑇𝑒

⁄
                                                                                                         (4.58) 

The second order of the closed loop current control function is generally presented as follow; 

𝐺𝐶𝐶(𝑠) =  
𝜔𝑛
2

𝑠2+2𝜌𝜔𝑛
2𝑠+ 𝜔𝑛

2                                                                                                        (4.59) 

𝜔𝑛
2 = 

𝑘

𝑇𝑒
                                                                                                                             (4.60) 

𝜔𝑛 = √
𝑘

𝑇𝑒
                                                                                                                           (4.61) 

2𝜌𝜔𝑛 = 
1
𝑇𝑒
⁄                                                                                                                      (4.62) 

𝜔𝑛 = 
1
2𝜌𝑇𝑒
⁄                                                                                                                      (4.63) 
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√
𝑘

𝑇𝑒
= 1 2𝜌𝑇𝑒

⁄                                                                                                                     (4.64) 

Specifying 𝜌 𝑡𝑜 𝑏𝑒 1
√2
⁄   and substituting 𝑘 =  

 𝐾𝑝

𝐿
 back into equation 

√
 𝐾𝑝

𝐿

𝑇𝑒
= 

1

2(1
√2
⁄ )𝑇𝑒

                                                                                                                 (4.65) 

 𝐾𝑝 = 
𝐿

2𝑇𝑒
(4.55) 

 𝐾𝑝 = 
𝐿

2𝑇𝑒
                                                                                                                           (4.66) 

     = 
19.67

2×0.01
 

      =  9.83 

 𝐾𝑖 =
 𝑅×𝐾𝑝

𝐿
  

      =  
80×9.83

19.67
 

 𝐾𝑝 = 40 

The value found above will help us to design the  control system using the DQ theory in 

Simulink. 

4.6 Summary 

In this chapter, the design procedure and the control technique of the grid connected PV of 

210kW has been studied. The LCL filter analysis and calculations were the core element of 

the study.But the grid connected inverter has an intermittent nature so there is a need for a 

proper control structure. 
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Chapter 5: 

Simulation Results and Discussion 

 

5.1 Introduction 

5.2 Inverter output current and voltage 

5.3 Voltage and current after the filter 

5.4 Grid voltage and current 

5.5 Active power injected to the grid 

5.6 Reference and reactive current 

5.7 Reactive power 

5.8 System performance with step reference change in active and reactive power 

5.9 Reactive power after the step reference change Iq 

5.10 Conclusion  
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5.1 Introduction 

This chapter presents and discusses the simluations results of the proposed system. The LCL 

filter represents the principal focus. From the findings; an approach of solution has been 

presented on how the harmonic in between the grid and inverter can be mitigated. The general 

structure of the system is presented in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Three phase grid tied  PV of 210kW 
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The figure 5.2 presents the inside block and the algorithm used for the MPPT 

 

 

Figure 5.2 MPPT algorithm 
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Based on the report of United States department of Energy analysis, a range of power of  

210kW has been chosen. From the equations 4.6 and 4.7,  the components this filter 

(inductance and capacitance) were determined. In Table 5.1, the parameters used to run the 

system are introduced 

 

Table 5.1 : Parameters used for the  system simulation 

Parameter Values 

PV power 240kW 

Inverter 

inductance 

0.4mH 

Grid 

inductance 

0.4mH 

Capacitance 15.35F 

DC link voltage 600V 

Grid Phase to phase voltage 415V 

Frequency 50Hz 

Phase angle 0 

Load Active power 200kW 

Nominal frequency 50Hz 

Reactive power 100VAR 

 

In (Moussavou, 2014), the author investigated the design of a PV system. From those 

analysis, it has been possible to replicate the same methodology according to this case. Table 

5.2 shows the Specifications of a PV module that used in PV system of 210Kw 

Table 5.2: Specifications of a PV module   

Parameters Values 

Power (P) 250W 

Parallel strings 57 

Series connected per modules 15 

Open circuit voltage (Voc) 37.8V 

Voltage  ( V) 31.5V 

Short circuit current (Isc) 8.7A 

Current  (I) 7.94A 
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Figure 5.3 represents the voltage output of the PV with a fixed temperature and irradiance.It 

showed the presence of oscillations. As in (Mustafa, 2017), the voltage shows those same 

ripples . The  600V as calculated were obtained from the output.  
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Time (s) 

Figure 5.3: Voltage output of the PV 
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The irradiance variations from 1 to 10s are presented in figure 5.4. Figure 5.5 shows how  the 

power varies regarding to the temperature and the iradiation. The power increased and 

reached its peak at 25 degree with a changing irradiance. From 1 second to 4, the irradiance 

was at 1000W/𝑚2 and a constant temperature of 25 degree, then the irradiance decreased to 

600W/𝑚2 and same temperature which dropped the power to 120Kw.Last, the irradiance went 

back to 1000W/𝑚2 with 25 degree, the power wwnt back up to 210kw which is the desired 

maximum power point 

 

Figure 5.4: Irradiance variations 

From the Figure 5.4,  the Power generated from the PV system has been tracked.  The power 

is equal to 210kW as  predicted and only from 4s to 6s when the irradiande was pretty low the 

power decrease to 1.5kW 
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Figure 5.5: PV Power output 
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5.2 Inverter output current and voltage 

Based on the table 4.3 in chapter four, the differents sequences of the inverter has been 

determined. With the equations (4.10,4.11and 4.12) that  was studied in chapter four, a 

simulink model of three phase MOSFET inverter has been developed as seen in Figure 5.6 

below. 

 

Figure 5.6: Three phase MOSFET inverter block 
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From Figure 5.7 with a pulse width modulation, the conversion of power from DC to AC has 

been made possible. It can be noticed some small ripples that confirm the presence of 

harmonics. The inverter output voltage changes between -600V and 600V. And the current 

varies from -150A to 150A. 

 

             Figure 5.7: Three phase MOSFET inverter output. 
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The Figure 5.8 shows the Fast Fourier analysis of the system.  A Total harmonic Distortion of 

20.36% has been obtained which is a range of harmonic distortion regarding those types of 

system. And the objective is to reduce it fewer than 5% so that it matches the requirement of 

the IEEE519. 

 

 

Figure 5.8: Fast Fourier Analysis 
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5.3 Voltage and Current after the filter 

Once the LCL filter has been introduced, the voltage and current shows less ripples, in Figure 

5.9 which demonstrate the absence of harmonics. 

 

 

Time (s) 

Figure 5.9: Voltage and Current with LCL Filter 

 

5.4 Grid   Voltage and current 

The Phase voltage and line current at the grid-side are presented in Figure 5.10. The current 

lags behind the voltage by 90degree because of the nature of the inductor and how it opposes 

the change in the flow of the current itself. 
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Time (s) 

Figure 5.10: Grid  voltage and current 

 

Figure 5.11 depicted the Fast Fourier analysis allows us to observe the total harmonic 

distortion. The THD went from 25 to 2.39% with the introduction of the LCL filter which 

demonstrate its efficiency to perform when needed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Fast Fourier Analysis after the filter. 
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5.5 Active power injected to the grid 

The flow of active power that goes into the grid is displayed in Figure 5.12.The power is more 

or less 210kW which matches the predictions. 

 

 

 

 

 

 

 

Time(s) 

Figure 5.12:  Active Power 

 

In Figure 5.13, the d and q components of the modulating signals are presented. This was 

obtained from the equations resulting from the control strategy. 

 

Figure 5.13: D and Q modulating signals. 
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5.6 Reference and reactive current (Iref, Iq) 

 The response from the q current component is plotted in Figure 5.14. There is a steady state 

of zero that demonstrates the ability of the tracking system. 

 
Time(s) 

Figure 5.14: Active and reactive power reference 

 

5.7 Reactive Power  

The Figure 5.15 presents the reactive power injected into the grid. As predicted, it was not 

planned on sending reactive power to the network. 

 
 

Figure 5.15: Reactive power output 
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5.8 System performance with step reference change in active and reactive power 

From this scenario, changes have been made on purpose on Figure 5.5 on purpose. The next 

change operates when the active power increase from 210kW to 380Kw at 0.8 s and the 

reactive power also increases at this time as depicted in Figure 5.16 and 5.17. As some 

reactive has now been sent to grid. 

 

Time (s) 

Figure 5.16: Active Power 

 
Time (s) 

Figure 5.17: Reactive Power with step change 
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5.9 Reactive power after the step reference change Iq 

A change of -200 on the current controller on Figure 5.1, in order to see if the total harmonic 

distortion is still low. The Figure 5.18 shows the voltage controlled with the dq theory and both 

sets to 0. 

 

Time (s) 

Figure 5.18: Step reference change with reactive power 

 The Figure 5.19 presents the Voltage after step reference change. The dq modulating 

signals display a value of zero which represents the error. 

 

Time (s) 

Figure 5.19: Voltage after step reference change 
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The response of both the current and the voltage after setting the reference points. The 

transition occurs at 0.8s; at this specific time the current went up from to 600A but the voltage 

remained constant as depicted in Figure 5.20. 

 

Time (s) 

Figure 5.20: Current and Voltage after step reference change 
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Fast Fourier analysis after the filter still produce similar result as the previous one, the THD 

has been kept below 5%, to 2.5 % exactly which demonstrate that the LCL filter can work in 

different load and grid conditions as shown in Figure 5.21.  

 

 Figure 5.21 Total harmonic distortion after step change 

 

5.10 Discussion 

Two main scenarios have been introduced in the study, the first scenario consider an output 

power of 210kW and voltage of 600V. The level of harmonic revealed to be quite high and 

needed to be filtered. With the insertion of the LCL filter, the Harmonic level dropped 

significantly from 25% to 2.39%.In the second scenario , a step reference change is introduced 

the active power increased to 300kW and the reactive power to. Around 50 kVar .Still the 

designed filter perfectly mitigated the harmonics with a final level of 2.51%. All that comes to 

demonstrate how resilient and robust the designed filter is and his ability to be efficient besides 

the change of any conditions. Table presents the brief analysis of the filter impact 

The table 5.3 presents the comparative analysis of the system 
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Table 5.3: Comparative analysis of the system 

 

Comparative analysis Before the filter After the filter 

THD scenario 1 20.36% 2.39% 

THD scenario 2 20.36 2.51% 

 

5.10 Summary 

In this chapter, the LCL filter has been implemented into the three phase grid tied PV. First 

the system was run without filter, and a total harmonic distortion (THD) of 20.36% has been 

found. Once the filter implemented, the THD decreased to about 2%. And a second scenario 

has been tested where the active and reactive power were considerably increase, as expected 

the LCL filter has been able to keep the THD below 5% and then meet the IEEE519 standards. 

The impact of the LCL filter on this grid connected system was analysed.  Its effectiveness 

has been proven with the significant reduction of harmonic to which goes along with the IEEE 

519 Standards. 
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Chapter 6: Conclusion and future work 

 

6.1 Conclusion 

6.2 Recommendations for future research  
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6.1 Summary 

The comprehensive overview of renewable energy sources has been studied in the beginning 

of this thesis. The complete design of the LCL filter has been presented along with the other 

core components necessary to run the whole system such as the PV system, three phase 

MOSFET and current and voltage controller. The entire system has been modelled in 

MATLAB/Simulink. 

In chapter two discussed the PV system in general, power quality and the filter topology. The 

grid connected PV system represents a core part of the system. A general description, 

operation mode and different types of topology are presented in order to provide an overview 

of different scenarios. And the final part of this chapter was particularly focused on the power 

quality. The harmonic impact on the grid was highlighted as well as the common types of filter 

used to mitigate its effects. 

In chapter three, the mathematical description and all the related equations of each and any 

components of the three phase MOSFET inverter such as the PV, Boost converter , an 

overview of mathematical modelling of LCL filter have been explained. In order to have a clear 

overview of the elements that was used during the design of the system 

In chapter four ,the design procedure and the control technique of the grid connected PV of 

210kW has been studied. The LCL filter analysis and calculations were the core element of 

the study. Several factors influence the design of a LCL Filter such as: cost effectiveness, 

attenuation and harmonic elimination potential. The design started from the derivation of the 

transfer function of the LCL function from the mathematical model developed in chapter three. 

The following parameters have been used during the calculations the line to line Voltage, Grid 

frequency, Nominal Power and Current. Then after the calculation process, the LCL filter has 

a grid side inductor and inverter respectively of 8.67 mH and 10.91mH a capacitance of 

23.1𝜇𝐹.With a damping resistor of which can effectively absorb the higher harmonic contained 

in the system. 

The inverter used in this study is a three phase DC to AC with PWM technique. The 

bidirectional ability of this system is crucial because it allows the processing of the power from 

the load to the grid and vice versa. Then a six switches stages system is introduced. The lower 

and upper parallel branch of the inverter receives the DC power. The Mosfet switches have 

preferred as it widely used in such configuration. The dq synchronous reference is applied in 

order to decrease the mathematical model dimension and facilitate the control process. 

Basically, with the PLL, the tracking of another system is easier. The proportional integral 

controller and the PLL supply the signal and then contribute to stabilizing the frequency 
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between the grid and the source. With the proportional integral controller brings the error 

percentage to zero and the PLL deals with the fluctuations of the frequency. 

With a current controller, the instability can be solved when planning the GCI. And it provides 

more security for the inverter. Due to the current control framework, the VSI isn’t at chance of 

over .But the grid connected inverter has an intermittent nature so there is a need for a proper 

control structure 

In chapter five, the impact of the LCL filter on this grid connected system was analysed. The 

design developed previously has been in implemented in MATLAB/Simulink. A 210kW PV 

system with Mosfet inverter that supplies power to the grid. In the First scenario, the system 

is runned with 600V voltage and current that both presented ripples and a high harmonic 

presence. Once the LCL filter has been introduced both ripples and total harmonic distortion 

has decreased significantly. With a grid voltage and current in phase, it demonstrate that the 

system work perfectly. 

 In the Second scenario, a step change on the power has been applied, it went from 210kW 

to 300kW, and has for impact to influence the reactive power as well. With the PI controller 

the power has been pushed in such an undesirable reactive power, besides that at the end of 

the running with the same filter. It still able to mitigate and maintain the harmonic below a 

certain level which is 2 %.  

The effectiveness of the designed filter has been proven with the significant reduction of 

harmonic from 20 to which goes along with the IEEE 519 Standards. 

6.2 Recommendations for future research  

With the growing need in energy and renewable energy sources expansion, inverters will play 

a significant role. From what have been developed in this research several other aspects can 

be included in the future research: 

• Comparative analysis with different filter topology and introducing efficiency and cost 

analysis in order to draw the most cost effective. 

• Experimental setup 

• Expand and develop more on the control strategy and the inverter operation 

• Communication interface introduction  
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