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Abstract 

 

Renewable energy is now one of the most interesting topics in the field of distributed energy 

generation. Among the renewable energy sources, the solar photovoltaic (PV) source has become 

the most popular and effective one. Generally, PV system is connected to an ac grid through an 

inverter. The inverter should be controlled in such a way that it can penetrate maximum power to 

the grid. However, designing a controller for the inverter is a difficult task due to the intermittent 

PV source. The traditional pulse width modulation (PWM) based inverters produce high total 

harmonic distortion (THD) in the output current. This causes a significant amount of power loss 

and thus less power penetration to the grid. It makes the on-grid PV systems inefficient. 

Therefore, model predictive control (MPC) based energy efficient conversion of PV power is 

proposed in this research work. In the proposed MPC, the control objectives (current and 

switching frequency) are predicted using a finite number of voltage vectors produced by the 

inverter. MPC selects an optimal control action (i.e. switching state) in every sampling instant 

for the inverter by minimizing a predefined cost function. The cost function includes current 

tracking error and number of switching transitions. These two control objectives are combined in 

the cost function with a weighting factor. The first control objective provides a smooth current 

tracking accuracy, which increases the r.m.s amplitude of the injected current and thus increases 

the power penetration to the grid. The second control objective reduces the average switching 

frequency, which actually reduces the switching loss. The value of weighting factor in the cost 

function is selected by making a tradeoff between the current THD and the average switching 

frequency. Simulation results show that the proposed controller tracks the reference current 

accurately with mean absolute error of 2.5% which is 30% for the PWM based controllers. The 

low current tracking error for MPC based inverter yields low current THD of 2.07%, whereas in 

traditional PWM based inverter the current THD is 7.26%. As a result, the proposed MPC based 

inverter penetrates 12.8% more active power to the grid than the PWM based inverter. The active 

power penetration is confirmed by load flow analysis using IEEE 13 bus test feeder. The energy 

efficient operation of the MPC based inverter is also verified by doing loss analysis. There are 

three types of loss considered in the research work: conduction, switching and harmonic losses. 

The conduction, switching, and harmonic losses of the inverter are reduced by 36.8%, 50%, and 

91.9%, respectively, in comparison with the PWM control based inverter. The performance of 

the proposed controller is also analysed in terms of transient response, decoupling control, and 

fault tolerant ability. It is shown that the proposed MPC yields decoupled current control and fast 

transient response, and capable of handling the symmetrical and unsymmetrical faults in the grid. 

The research outcome from this comprehensive analysis proves that the proposed controller 

reduces the power loss to maximize the penetrated power and ensures the performance of the 

proposed controller as an energy efficient controller for an on-grid PV inverter.  
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Chapter I 

 

 

Introduction 

 

 

1.1  Background 
 

For socio-economic advancement and growth, energy is an imperative component. Because of 

the quick advancement of human life, increase in population, swelling human demands, the 

interest for additional power generation is now a hot topic. The widely used sources of power 

generation, for example, nuclear and non-renewable energy sources (oil, coal and flammable 

gas) are unsustainable as the recharge rate of the assets may fail to meet the upcoming demands 

of electricity [1]. Also, the ample utilization of petroleum derivatives causes an irreparable loss 

to our living condition. With the exhaustion of petroleum products and soaring dimensions of 

CO2 in the environment, renewable energy sources keep on picking up prominence as a long haul 

economical and sustainable source of electricity generation [2]. Of late, the world researcher put 

a lot of efforts of this promising renewable energy field which have been impelled compellingly 

by ecological, economic and political intentions [3]. 

Renewable energy sources are always recharged by the earth with the energy received from the 

sun either directly, or in a roundabout way (such as bioenergy, hydro and wind), just as from 

other common sensation, (for example, tidal and geothermal energy) [4]. Various types of 

renewable energy sources are presented in Fig. 1.1 [5-7].  

 

 

 

 

 

 

Figure 1.1:  Various types of renewable energy sources. 

The largest growth of electricity generation from the renewable energy source is seen in 2017, 

about 178GW energy with 9% more from the year 2016 [8]. As of 2017, the global capacity of 

electricity generation from the renewable energy sources have reached to 2,195 GW, which 

meets about 26.5% electricity demand of the whole world as shown in Fig.1.2 [8]. It is suggested 

that among the renewable energy sources, the most dominating one is the hydro-electric power 

source which contributes about 16.40% of the total 26.5% [8]. 
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Figure 1.2: Global capacity of electricity generation from renewable and non-renewable energy 

sources in percentage [8]. 

In 2017, about 19 GW energy is added to the worldwide capacity of hydropower, which makes 

the overall capacity to nearly 1,114 GW [9].  China remained the perpetual pioneer in appointing 

new hydropower limit, representing about 40% of new establishments in 2017 [9]. The other 

pioneer countries are Brazil, Turkey, India, and Angola. Electricity generation from wind power 

is the second most contributing source among the other renewable energy sources. The total 

global energy came from this source is 539 GW (up to 2017), in which about 52 GW wind power 

is added to the total in 2017 [10]. China leads from the front for the developing and harvesting 

electricity from this source, while Europe and India also contribute significantly. Bio-power 

which includes bio-mass and bio-gas are also contributing to the world electricity generation 

significantly. Bio-power provides 2% energy demand and 3% transport demand of the total 

global electricity generation. This energy source also meets about 4% of heat demand in 

buildings and 6% in industry [11]. Although geothermal energy sources are not much popular 

across the whole world, it may be better sources of renewable energy due to its recent progress. 

As of 2017, the total capacity of geothermal energy reaches 12.8 GW in which nearly 0.7 GW 

came in 2017 alone [12]. Indonesia and Turkey represented three-fourths of new capacity.  The 

other countries such as Chile, Iceland, Honduras, Mexico, the United States, Japan, Portugal, and 

Hungary also started harvesting electricity from this prominent source. Tidal energy or marine 

energy is another encouraging source of renewable energy. Approximately, 529 megawatts 

(MW) of tidal power is available in 2017, over 90% was provided by two tidal barrage facilities. 

Ocean energy (barring tidal flood) had a decent year, as tidal stream and wave energy saw new 

limit come on the web, quite a bit of it in the waters of Scotland [13]. Solar PV is now one the 

most promising and growing renewable energy sources. Although as of now, it contributes only 

1.90% of the total global renewable capacity; its growth over the year is the most significant than 

other sources. Previously, the European countries contribute mostly by harvesting electricity 

from solar, but now China leading from the front. The total capacity of solar power reaches to 

402GWp in 2017 [14-15].  

In the last couple of decades, cost and efficiency were the two hardship elements for the 

development of PV panels. For example, the cost per watt of crystalline silicon PV modules was 

101.05 USD in 1975 contrasted with 0.61 USD in 2017 [16]. Because of the large scale 

manufacturing, a further decrease has been found in the cost of PV modules. From an efficiency 

perspective, PV module efficiencies fluctuate from 6% to around 40% [17-18].  Due to the cost 

of production, it is not always wise to use a highly efficient PV cell. From an economic point of 

Renewable 

Electricity, 

26.50% 

Non-

renewable 

electricity, 

73.50% 

16.40% 

5.60% 

2.20% 

1.90% 0.40% 

Hydro

Wind

Bio-power

Solar PV

Tidal, CSP &

Geo-thermal



3 

 

view, most of the PV cell efficiency lies between 14 to 19% [17]. Apart from the issues, the 

growth of PV systems has shown a tremendous peak. From 2007-2017, the overall development 

of PV had been an exponential curve as appeared in Fig. 1.3 [8].  

 

Figure 1.3: Year-wise growth of global solar energy from 2007 to 2017 [8].  

The year 2017 was a landmark one for solar PV, the world added more capacity from solar PV 

than from any other type of power generating technology [8]. From Fig. 1.3, it is shown that the 

generation of solar PV in 2016 is 303 GW, which is increased by 32% in 2017. This led to a total 

global solar power capacity of over 400 GW in 2017, after solar exceeded the 300 GW mark in 

2016 and the 200 GW level in 2015 [8].  

Alongside the whole world, solar PV is also popular in Bangladesh. Due to the geographical 

location of Bangladesh, the solar PV can be a significant source for electricity generation. 

Therefore, the government of Bangladesh has taken several steps to raise the solar energy source 

and has set a target of 10% share of renewable energy sources by 2020 [19]. Solar PV system 

can be both off-grid and on-grid. Bangladesh contributes to the world energy generation by both 

this two ways. The development of off-grid and on-grid solar systems in Bangladesh from 2010 

to 2018 is shown in Fig. 1.4 [19].  

 

Figure 1.4: The development of off-grid and on-grid solar systems in Bangladesh from 2010 to 

2018 [19]. 
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Figure 1.4 suggests that Bangladesh started reaping solar energy by off-grid process only. 

However, years after it is also reaping solar energy by both the on-grid and off-grid processes. A 

rapid growth has been seen from 2011 to 2018, which promises a significant source of electricity 

generation for Bangladesh. Therefore, several agencies and power generating companies started 

utilizing this source for generating power through several projects. The agencies/companies 

contribute to this issue through different applications of solar power as shown in Fig. 1.5.  

 

 

Figure 1.5: Different applications of solar power. 

Figures 1.4 and 1.5 show an eye-catching improvement of solar energy in Bangladesh. However, 

the solar energy system is facing challenges when the off-grid system is connected to the grid. 

Therefore, the compatibility of the on-grid system with the utility grid for different output 

frequencies is an essential task. To understand this issue, the systems need to utilize a type of 

interface which makes them ready to change over their output frequency and injects 

synchronized power into the network. In case of an ac grid, a dc to ac on-grid inverter is the main 

part of the interfacing system. Harmonic free load current should be injected by the PV inverter.  
 

As the PV system is now been a significant source of power generation, the effect of PV 

modules on the utility grid cannot be overlooked.  On-grid PV system can cause a disturbance on 

the grid, for example, infusing more harmonics or diminishing the stability level of the power 

system [20]. This issue can be extreme when an expansive scale PV module is associated with 

the grid. Again, current and voltage distortions and undesirable operation of the system can be 

caused by harmonic content of the injected current [21]. Hence, the reduction of harmonics from 

the injected grid current is a concerning issue. To raise the capacity of solar power and keep up 

power quality, it is important to consent to a few necessities, for example, compensation of 

harmonics, power quality enhancement etc. [22]. The IEEE Standard [23], which was presented 

in 1981 and reconsidered in 2003, gives guidance on managing harmonics created by static 

power converters and nonlinear loads. This standard keeps harmonics from adversely influencing 

the utility grid. Therefore, for an on-grid PV system the following three categories of demands 

and standards are preferably needed.  

i. Demands defined by the grid, 

ii. Demands defined by the PV modules, and 

iii. Demands defined by customers. 

Solar 
Irrigation 

Solar 
Street 
Light 

Solar 
Park 

Solar  
Charging  
Station 

Solar 
Water 
Heater 

Solar 
Telecom 
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The aforementioned three categories are described below. 

 

1.1.1 Demands Defined by the Grid 
 

As the utility grid is actually connected to the grid-tied inverter output, the utility company’s 

standard has to be followed.  In particular, the future international standard (still a Committee 

Draft for Vote (CDV)) IEC61727 [24] and the present standards EN61000-3-2 [25], IEEE1547 

[23] and the U.S. National Electrical Code (NEC) 690 [26] are worth considering.  Quality of the 

power, off-grid operation detection, grounding etc. is accorded with the standards. For instance, 

the PV panels’ negative pole must have to be grounded. 

The present EN standard (connected in Europe) is less demanding to adapt to, with respect to 

current harmonics, than the standards of IEEE and IEC. This is likewise reflected in the inverter 

topologies, which have changed from large thyristor-based grid-tied inverters to smaller on size 

IGBT/MOSFET. The standard of IEEE [23] and the IEC [24] put impediments on the maximum 

allowable injected dc current to the utility grid. To nullify the saturation of the distribution type 

transformer, the impediments of the injection is made [27]. Nonetheless, the cutoff points are 

fairly little (0.5% and 1.0% of the rated output current), and such little qualities can be hard to 

gauge exactly with the energizing circuits inside the inverters. This can be moderated with 

enhanced measuring circuits or by including a line-frequency transformer between the grid and 

the inverter. The checking of grounding the PV system and its related grounding issues are given 

importance in NEC 690 standard. For example, the system ground or negative terminal of the PV 

panels should be grounded and checked regularly if the  PV output dc voltage reaches a specified 

voltage i.e. 50V [26, 28]. This can be troublesome for some high-control transformer-less 

systems, since a single stage inverter with line-to-neutral is system grounded already on the grid 

side. 

In addition, if the frequency of the grid digresses outside of a predetermined range, the inverter 

must stop injecting power to the grid within a predefined time. As indicated by this standard, the 

operating frequency extent is between 59.3 and 60.5Hz, and the inverter needs to stop to 

empower the system inside 6 cycles (0.1s) on account of recognizing out of range frequencies on 

the utility matrix [29]. Other than the necessities, it is alluring to have a low dimension of 

injected current harmonics into the grid. The permissible amount of harmonics in the injected 

current to the grid is presented in Table 1.1 [17, 29]. While designing the control of inverter, the 

power factor of the system should also be considered. When the inverter output power is 10% 

and 50% greater than the rated power, the power factor of it should be greater than 0.85 and 0.9 

respectively as shown in Table 1.2 [17, 29]. 

Table 1.1: Harmonic distortion limitation [17, 29] 

Odd harmonic order THD of odd harmonics THD of even harmonics 

THD 5% 25% of odd harmonic limit 

3
rd  

– 9
th

 < 4% 25% of odd harmonic limit 

11
th
 – 15

th
 < 2% 25% of odd harmonic limit 

17
th
  - 21

st
 < 1.5% 25% of odd harmonic limit 

23
rd

 – 33
rd

 < 0.6% 25% of odd harmonic limit 

>33rd < 0.3% 25% of odd harmonic limit 
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Table 1.2: IEEE and IEC standards [17, 29] 

Issue IEC61727 IEEE1547 

Nominal Power 10kW 30kW 

Maximum current THD 5% 5% 

Power factor at 50% of rated 

power 
0.90 0.90 

Voltage range for nominal 

operation 
85%-110% (196V-121V) 88%-110% (97V-121V) 

Frequency range 50  1.5Hz 59.3-60.5Hz 

DC current injection < 1%      
< 1%      

 

 

1.1.2 Demands Defined by the Photovoltaic Module(s) 
 

The most well-known recent PV technologies are the multi-crystalline and mono-crystalline-

silicon modules, which depend on conventional, and costly, microelectronic assembling 

procedure [30]. Nonetheless, new advances like thin-layer silicon, indistinct silicon, and Photo 

Electro Chemical (PEC) are being developed [30-31]. These kind of PV modules can be made 

self-assertively vast by a modest “roll-on– move off” process.  The operating condition in which 

the PV modules capture the maximum solar energy is known as the MPPT condition. The MPP 

voltage extend for the PV modules is regularly characterized in the range from 23 to 38 V at an 

output dc power of roughly 160W, and their open-circuit voltage is underneath 45V. This MPPT 

voltage may be extended by around 0.5 to 1.0V at several hundred amperes for each square 

meter cell [32-33].  

1.1.3 Demands Defined by the Operator 
 

As mentioned previously, output PV voltage and current are impacted by the insolation of the 

sun and encompassing temperature. Since the two parameters change in a wide range, from the 

manufacturer's perspective, a grid-tied PV system is required to have highly efficient over a wide 

scope of output power and voltage. Conveying a high-effectiveness transformation in such a 

wide scope of variation is exceedingly attractive in the on-grid PV system. Besides, a grid-

connected PV system must be very dependable and have a long operational lifetime [34]. 

 

1.2   Motivation behind the Research Work 
 

Availability, ease of maintenance, cost declination and eco-friendly nature of renewable 

energy source supplants the fossil fuel based energy production techniques [35]. Among the 

popular renewable energy sources, the photovoltaic (PV) energy has gained more attention than 

the other sources such as wind, fuel cell, hydro-energy, etc. The worldwide growth of PV energy 

has increased tremendously in recent years. In 2016, the worldwide capacity of the solar PV 

system is 303GWp. After one year, this capacity has become 402.1GWp which is 32% more than 

the growth of 2016. Now, in 2018, this PV growth is expected to increase by 27% from the 

growth of 2017 and have the worldwide capacity of 508GWp [36-37]. This PV system either is a 

dc micro-grid or an ac micro-grid. In a dc grid, the energy generated from the PV array and dc-dc 

converter is directly delivered to the load or battery, whereas dc-ac converter or an inverter is 

required to supply the energy to the ac load in the ac grid. This inverter section may be of a 
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single phase or three-phase, which is the heart of a grid-connected system. Producing a proper 

switching signal for the inverter is an important task to achieve lower current total harmonic 

distortion (THD), lower power loss, and improve reliability and safety of the grid [38]. The 

presence of harmonics in the injected currents leads to an additional loss of power, decaying the 

quality of the power and lifetime of the system equipment [39]. Therefore, this has been a hot 

topic in power electronics.  

A lot of control strategies have been found in the literature for controlling the operation of the 

inverters. The pulse width modulation (PWM), space vector PWM (SVPWM), deadbeat control, 

repetitive control, sliding mode control, synchronous reference frame (SRF), model predictive 

control (MPC) etc. are the various control strategies [40]. To reduce the periodic disturbances, 

repetitive control is an excellent one, however, this one does not provide good tracking accuracy 

and has the inability to reject non-periodic disturbance [41]. The usual use of conventional PI 

regulator is allowed by SRF control but similarly suffers from poor disturbance rejection ability 

due to the limited gain of PI regulator [42]. The sinusoidal PI-PWM and SVPWM are the 

commonly used control strategies, but they suffer from poor total harmonic distortion (THD) and 

poor de-coupled nature. The deadbeat and the sliding mode control have parameter variation 

sensitivity, complexity and loading condition problems. However, the controllers yield good 

dynamic performance in control of the instantaneous inverter output voltage. To compensate the 

selected harmonics of line currents, a closed loop selective harmonic compensation method is 

utilized in [43].  To suppress the selected harmonics and compensate the reactive power, a hybrid 

active power filter utilizing proportional-resonant (PR) controller has been developed in [44].  

Among these control strategies, MPC has gained widespread popularity due to its faster dynamic 

response, easily understandable, and having the ability to handle various systems constraints and 

non-linearities [45]. In MPC, the control objectives are predicted using the model of the system 

and an optimal switching sequence is selected by minimizing a predefined cost function. Then 

the selected switching states are applied to the inverter. There are different MPC algorithms, 

such as predictive current and power control, for on-grid PV inverters [46]. The losses in the 

inverters can be minimized by including a switching frequency term in the cost function of the 

predictive controller. Then more power from a PV source can be penetrated to the grid. The 

effectiveness of the MPC in terms of this active power penetration to the grid for a specified PV 

system has not been reported yet. Therefore, the main motivation of this research is to develop an 

energy efficient control of an on-grid inverter which presents better performance in terms of 

current THD, steady-state and dynamic responses, reference tracking accuracy, de-coupling 

capability, penetrated power to the grid, and switching loss. The performance of MPC will also 

be compared with the traditional controllers such as PI-PWM, proportional-resonant, and 

proportional-resonant selective harmonic elimination controller.  

 

1.3 Research Objectives 
 

In an on-grid PV system, the inverter is treated as the heart of the system. To achieve a lower 

current THD, lower power loss, and reliability and safety of the grid, the controlling of the 

inverter is an important task. The presence of harmonics in the injected currents leads to an 

additional loss of power, decaying the quality of the power and lifetime of the system. Therefore, 

the proper controlling of the on-grid inverter is necessary. The specific objectives of the 

proposed research work are: 
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i. To develop an MPC based on-grid PV inverter controller that reduces the harmonics of 

the injected grid current and also complies the IEEE and IEC current THD standards;  

ii. To design, develop, and evaluate the on-grid PV system utilizing the proposed controller 

in MATLAB/SIMULINK platform;  

iii. To analyze the performance of the controller in terms of current tracking accuracy, 

steady-state and transient responses, THD, inverter switching loss and fault tolerant 

ability; 

iv. To ensure maximum power penetration to the ac grid from a specified PV source by 

minimizing current THD; 

v. Finally, to validate the proposed controller, the results will be compared with the existing 

related controllers for on-grid PV inverters. 

 

1.4 Dissertation Organization 
 

This dissertation deals with the design and analysis of a model predictive based energy efficient 

controller for an on-grid PV inverter system. The controller ensures more power penetration to 

the ac grid derived from the PV source. The research work presented in the dissertation is 

subdivided into five chapters. The work that is carried out in each chapter is summarized below. 

Chapter I presents the background study of performing the research work on on-grid PV system 

and its importance for the future power generation. The motivation behind the research work and 

the research objectives are also presented in this chapter. 

Chapter II presents the background study of the research work which includes the characteristics 

and key challenging issues of the power converter, existing control strategies for the converter, 

suitability of the proposed controller, and its basic operating strategy along with pros and cons. 

This chapter also presents a key statistics of existing research works to show why the research 

work is chosen and the importance of it in the field of power and energy technology.  

Chapter III presents the methodology of the research work and the system modeling part. In this 

chapter, the PV system modeling, dc/dc converter design and the proposed controller modeling 

with grid interconnection are presented in detail. The mathematical expressions of the load flow, 

and power loss analysis for the proposed controller are presented. The fault tolerant ability 

testing technique of controller is also discussed in the end of this chapter. 

Chapter IV provides the simulation results for the model presenting in Chapter III, which 

includes the performance analysis of the proposed controller, comprehensive comparison of it 

with the existing controllers, results from the load flow, power loss and fault analyses to validate 

the proposed controller as an efficient controller. 

Chapter V presents the conclusions of the work along with the future scopes followed by the 

references. 
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Chapter II  
 

 

Literature Review 
 

2.1 Introduction 
 

The goal of the research work is to design an energy efficient controller for the inverter using 

model predictive control (MPC) which is utilized in the on-grid PV system. In an on-grid PV 

system, the power electronic converter and its control strategy is an important issue. Therefore, 

the characteristics and challenging issues of the power converter, overview of existing control 

strategies, and the operation of MPC are discussed in this chapter. Comparison with the existing 

controllers is also done in order to discuss the pros and cons of the MPC. It is expected that MPC 

would fulfill the modern industrial demand. Different research papers and articles have been 

studied to understand the current scenario of the controllers and find the research gap and scope 

of the research work. In short, the purpose of this chapter is to provide an overview for readers 

who are interested on the recently developed MPC for the power converter utilized in the on-grid 

PV system. 

 

2.2 Power Converter 
 

For an efficient energy conversion, three things are most significant in the research areas of the 

power converter. They are (i) type or nature of the semiconductor device, (ii) the control 

configuration or strategy of the devices, and (iii) the appropriate switching of the devices [47]. 

Therefore, the control of power converters is an exceptionally dynamic research theme and is 

always advancing as per the electrical improvements in semiconductor devices and control 

stages, control prerequisites, control quality measures, and grid code necessities, and so forth 

[48-49]. Although, the research work in the field of power converter is enhancing day by day, 

this work is also facing several key challenges as shown in Fig. 2.1 [7]. Hence, converter control 

methods have been an exceptionally dynamic research point in the field of power electronics, 

covering numerous topologies for low, medium, and high-control applications. Several classical 

controllers including linear and non-linear controllers have developed for enhancing the 

performance of power converter. The classical controllers normally deal with dynamic execution 

and system stability. Due to the expanding demand of industry, the research works in this field 

demanding further development of these control methods. Advanced control platform, for 

example, FPGA and dSpaces are generally acknowledged by the industrial norms and standards 

for computerized executions of the controllers. 
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Figure 2.1: Key challenges and objectives of power electronic converters. 

The advanced control platforms dependent on floating point processor are generally 

acknowledged by the scholarly world. However, platforms dependent on fixed point processor in 

view of the minimal amount of cost and satisfactory calculation are also welcomed by the 

industry world [50]. Power converters are utilized for different applications and in numerous 

ventures, for example, transportation, industrial control system, domestic usage, and sustainable 

power source. In a solar based PV system, the power derived from the solar panel is fed to the 

dc/dc converter where the optimal output is drawn through various MPP tracking techniques. 

From there on, the dc power is changed over to ac by an inverter for injecting sinusoidal current 

to the grid. Power converters for sustainable power generation offer the optimal power 

extraction, execution, and nature of the power injected [51-52]. Therefore, the various types of 

control techniques including the linear and non-linear techniques are discussed in the next sub-

section. 

 

2.3 Types of control strategies 
 

For efficient operation of the power converter, the control technique of it is an important factor. 

Therefore, extensive research is going on the efficient control strategy of the power converters 

and new strategies are developed in every year. Some of these control strategies are described 

below. 

• Must be sustainable at both low and high temperatures 

• Converter components should be able to operate at high power densities and high 
voltages / currents 

• Minimizing switching loss due to switching frequency by the optimum use of semi-
conductor device to improve efficiency  

• Better tracking accuracy between reference and control variables  for the 
improvement of dynamic response   

• Able to meet the standard of total harmonic distortion (THD),  as the modulator 
contains harmonic content 

• Minimizing the  leakage currents due to common mode voltage for the safety of the 
system 

• Able to meet the standards and rules of electromagnetic  compatibility (EMC ) of 
the systems 
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2.3.1 Hysteresis Control  
 

In hysteresis control, a hysteresis error limit is utilized for determining the switching states by 

comparing the measured variable to the reference [53-54] as shown in Fig. 2.2. The switching 

state is changed when the controlled current achieves the limit.  

 

Figure 2.2: Block diagram of three-phase hysteresis current controller. 

The application of the strategy is simple like the current control, however, can likewise be 

connected to higher multifaceted nature applications like direct torque control (DTC) [55] and 

coordinate power control (DPC) [56]. Hysteresis control is settled [57] and started with simple 

devices. If the control is implemented in digitally, it requires a high inspecting recurrence to 

consistently keep the controlled factors inside the hysteresis band. 

 

2.3.2 Linear Control 
 

The linear controllers of the power converter always consist of a modulating stage. By producing 

the control signals for the control switches, this modulating device actually linearizes the non-

linear converter control strategy. The linear control techniques are actually developed for solving 

the drawbacks of the previously described hysteresis controller. Proportional-integral (PI) 

controller is the most widely recognized linear controller. In this methodology, a reference 

sinusoidal signal is compared with a triangular carrier signal to produce a PWM signal for the 

switching device. For instance, when the prompt value of the carrier is not as much as that of the 

reference signals, the switch state is changed with the goal that the output signal increments, and 

vice-versa [49]. Apart from this modulation method, some other techniques are available in the 

literature such as space vector modulation (SVM) and selective harmonic elimination (SHE) [58-

63]. Using the SVM/PWM, a linear controller has been presented in Fig. 2.3, for the current 

control of the system, where the reference load currents are compared with the measured ones 

and the error found between those is processed by the traditional PI modulators. 



12 
 

 

Figure 2.3: PI controller based linear current controller using PWM/SVM. 

The SVM is perceived as an effective strategy as it offers lower total harmonic distortion (THD) 

and improved dc-link voltage usage in contrast with the PWM [64]. With the SVM, the nearest 

vectors to the reference voltage vector are chosen dependent on dwell time figuring and 

switching structure [65-66].  On the other hand, the SVM includes several steps of designing the 

model and the model is a little bit complex, which prompts a higher computational burden in 

contrast with the PWM. The SHE is mostly dependent on the calculation of switching angles to 

such an extent that particular lower order harmonics can be eliminated [67-69] and reduce the 

drawbacks of the previous SVM controller [70]. The switching frequency of the linear 

controllers utilizing these PWM/SHE/SVM modulating techniques is fixed and the value of error 

is minimal if the Park’s transformation or dq co-ordinate system is utilized in contrast to the αβ 

transformations co-ordinates. The PI parameters are intended for one working condition, and if 

the converter works at different working conditions, the performance of the control crumbles and 

the stability of the system is being questioned [71]. Since this linear controller is applied to the 

power converter which is nonlinear in nature, the execution acquired is unsymmetrical and it 

fluctuates by the working condition. The presumption of the linear model gives good execution 

just if a high bandwidth modulation is utilized. This situation prompts a high switching 

frequency operation which subsequently causes higher switching losses. 

In the area of industrial drive and energy producing system, these linear controllers are 

extensively utilized. For controlling the flux and torque of the widely used induction motor in a 

decoupled manner, field oriented control (FOC) is utilized [72].  This control methodology 

consists of transforming the reference frame, utilization of PI controllers, filtering of output 

variable and the modulation stage as the previous control has. Similar to this, for controlling the 

on-grid inverter, voltage oriented control (VOC) is utilized [72]. This control strategy provides 

the decoupled feature of grid reactive power and dc-bus voltage.  
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2.3.3 Sliding Mode Control Technique 
 

The sliding mode control is a propelled power converter control strategy and has a place with the 

group of variable structure control and versatile adaptive control [73-74]. This control method is 

nonlinear in nature and well connected to linear or nonlinear frameworks. A sliding mode control 

strategy alongside the PWM/SVM appears in Fig. 2.4. The sliding controller is utilized to 

produce the load voltage references. As the name infers, the control variable is compelled to 

track or slide along the predefined direction [74]. With this technique, the structure of the 

controller is purposefully changed to accomplish a powerful and stable operation in case of the 

variation of the parameters and load aggravations [75]. This control strategy gives a strong 

response contrasts with the established controllers talked about before. 

 

Figure 2.4: A sliding mode control strategy alongside the PWM/SVM. 

 

2.3.4 Intelligent Control Techniques 
 

The artificial neural network (ANN), genetic algorithms, and fuzzy logic controller (FLC) have 

found a place with the group of intelligent control methods [76-78]. An FLC method is showed 

in Fig. 2.5, where the PI controller is supplanted by the FLC. The FLC input is the error of the 

reference load current and the derivate of it. This controller inserts the experience, learning, and 

instinct of the converter administrator/planner as membership functions. Since the power 

converters are non-linear in nature, the strength of the system amid parameter varieties can be 

enhanced by utilizing the FLC without realizing the appropriate converter model. It is 

additionally a class of nonlinear control methods, and decidedly the best among the versatile 

controllers [76, 77]. The ANN speaks to the most nonexclusive type of the human reasoning 

procedure contrasted with the other insightful controllers [76]. The ANN-based load current 

direction appears in Fig. 2.6 [77]. The load current tracking error are given as inputs to the ANN 

through a reasonable gain or scaling factor (K), and the ANN controller produces changing signs 

to the power converter. With this methodology, a consistent switching frequency can be 

achieved. The upsides of FLC and ANN can be consolidated as appeared in Fig. 2.7 to 
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accomplish better control execution [78]. Despite the fact that the intelligent controllers need not 

bother with a converter model, they require exact information about the converter operation. 

 

Figure 2.5: A FLC strategy utilizing the pulse width/ space vector modulation. 

 

Figure 2.6: An ANN based load current controller for a three-phase on-grid inverter. 

 

Figure 2.7: A Neuro-fuzzy controller for a three-phase on-grid inverter. 
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2.3.5 Predictive control 
 

Predictive controller as shown in Fig. 2.8 provides flexibility of using any kind of algorithm that 

utilizes a model of the system to foresee its future behavior and chooses the most suitable control 

activity dependent on the cost function of the optimization [79]. However, the predictive control 

requires a high number of calculations than the classical controller. Thanks to the high speed 

microprocessors, that can handle this high number of calculations in a specified time frame [48].  

 

Figure 2.8: Fundamental concept of predictive control [80]. 

An alternate methodology is taken for the predictive controller in [81-83], where the system 

model is considered so as to anticipate the future behavior of the factors over a time period; the 

time allotment is an integer multiple of sample time. These expectations are assessed, in light of 

a cost function, and the sequence that provides a minimized cost function is then picked; along 

these lines the future control activities are determined.  

After discussing the above control methods, it is seen that every controller has its own pros and 

cons. One controller may be simple but may not be accurate, again the other is accurate 

controllers but have some complexities. The advantages and disadvantages of the described 

methods are presented in Table 2.1.  
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Table 2.1: Advantages and disadvantages of numerous control strategies of on-grid inverter 

control 

Control Strategies Advantages Disadvantages 

Hysteresis control 

 Easily implementable  

 No need of highly 

sophisticated technology  

 No need of modulator 

 Less effective for low power 

applications because of the switching 

losses  

 Switching frequency is variable as it 

depends on the width of the 

hysteresis, load parameters, non-

linearity  and operating conditions 

 Requires expensive filters to remove 

spectral components of it 

Linear control 

 Less costly 

 Simple and easily 

implementable 

 Less complex 

 

 Higher switching losses   

 Contains lower order harmonics 

 Poor power quality 

 Less stable 

 Higher steady-state error 

Sliding Mode 

Control  

 Provides robust response 

 Remains stable during 

load disturbance and 

parameters variation 

 Hard to implement 

 Produces high frequency oscillations 

 Cannot cope up with unmatched 

uncertainties 

 Performance depends on the sliding 

surface selection 

Intelligent 

controller 

 Provides better 

performance compared to 

the linear controller 

 Simplified controller with 

intelligent approach 

 Provides real-time 

operation 

 Precise knowledge about the behavior 

of the converter is required 

 Sufficient training data is required  

 Solution results are hard to interpreted 

 Predictive Control 

 Provides faster dynamics 

response 

 Simpler in design 

 Higher tracking accuracy 

 Inclusion of non-linearity 

and constraint is possible 

 Less sensitive to the 

system model 

 

 Computational  complexity 

 Switching frequency is variable 
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From Table 2.1, it can be readily said that the predictive controller provides better performance 

than the other controllers and this predictive controller is the main focus of this research work. 

2.4 Model Predictive Control 
 

MPC is an optimization method in which a cost function is minimized for a pre-defined time 

horizon, subject to the system constraints and model [7]. The outcome is a succession of 

optimizing the cost function. Among each sampling instant, when the optimization is settled, 

again the controller will apply just the primary component of the succession utilizing the new 

estimated information and getting another sequence of optimal actuation each time. The 

prediction model utilized in this method is a discrete-time model, which can be expressed as a 

state-space model as pursues below [7, 51]. 

 (   )    ( )    ( )                  *         + 

 ( )    ( )    ( )                          *         + 

where,  ( ) and  ( ) represent the state and control input at time,   and the future predicted 

value is indicated by  (   ). For representing the required behavior of the system, a cost 

function is designed. The future states, actuations, and the reference are accounted by the 

following cost function,   . 

   ( ( )  ( )     (   ))              *         + 

For a predefined time horizon N, the defined cost function g, is minimized and the result can be 

presented as a sequence of optimized N actuations. 

 ( )  ,           -           

Although   ( ) contains achievable plants contributions over the whole time horizon only the 

main component is utilized in regular MPC. At each executing time, with a newer measured 

value, the optimization is further done to determine another sequence of optimized actuation. 

The basic operation of MPC is represented graphically in Fig. 2.9. As it is appeared by utilizing 

the deliberate data and model of the system until time k, the future estimation of the system state 

is anticipated until the time (k + N) in the horizon. At that point, the optimized value is 

determined by optimizing the cost function [84]. 
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Figure 2.9: Basic operating principle of model predictive control.  

The non-linear model is allowed in MPC and it can deal with general system constraints, which 

are required to secure component against over-voltages or over-currents. MPC provides several 

excellent features than the existing linear and non-linear controllers. The features that separate it 

from others are, 

i. Easily understandable and simple concept 

ii. Inclusion of multiple variables problem is possible and easier 

iii. Easy Inclusion of non-linearities in the  model  

iv. Compensation for dead time is easier than others 

v. Provides easier and simpler accommodation of constraints 

vi. Easy implementation 

vii. Inherent discrete nature of the power converters are utilized 

viii. Many technical and control requirements can be fulfilled at the same time 

ix. Treats the power converter as a discontinuous and non-linear model which is the 

closest approximation to the real-time scenario 

x. Modification of the control schemes based on the specific applications can be easily 

done 

xi. Provides good dynamic response 

xii. Superior tracking accuracy 

xiii. Less sensitive to the system 

 

Apart from these superior features, MPC also faces some challenges as below [51]. 

 

i. For selecting and estimating the proper switching state, the computational burden is 

higher than the other existing controllers. This complexity of the computation may be 

solved or mitigated by using intelligent optimization techniques.  

ii. Dependency of the controller on the system architecture may decreases the quality 

and performance of the controller, as the controller is generally designed depending 

on the quality of the system model [57]. 
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iii. Difficult to tune the parameters in the presence of constraints, sometimes much 

concentration should be invested on the simulation to ensure the closed loop stability. 

iv. High speed processor is needed to speed up the solution time. This limitation can 

somehow be mitigated as high speed micro-processors are available nowadays. 

MPC can be partitioned into two subsets: continuous and finite control set MPC. These two 

strategies are described below. 

 

2.4.1 Continuous control-set (CCS) MPC  
 

In CCS-MPC, a PWM based modulator is utilized to transmit the output from the controller. The 

modulator provides the switching signal to the converter. Hence, the achievable reference 

esteems exchanged to the modulator must be determined and a cost function is used to choose 

the most appropriate reference set. 

 

2.4.2 Finite-control-set (FCS) MPC 
 

FCS-MPC does not require a modulator to obtain the switching signals for the converter. When 

demonstrating a power electronic converter, the switches can be demonstrated as a perfect switch 

with just two states: “on” and “off”. Since power converters have a finite number of switching 

states, the optimization of MPC can be improved and simplified to the expectation of the 

behavior of the system for those allowed switching states. Every expectation is then used to 

assess a cost function, and in this way, the state with the least cost is chosen and produced. This 

control technique is known as FCS-MPC approach since the conceivable control activities 

(switching states) are finite. It has been effectively applied to a lot of power converters and drive 

applications as a current controller for two-level inverters [85-86], three-level inverters [87-88] 

and four-level inverters [89]. 

 

2.5 Existing Research on MPC 
 

The basic idea of MPC firstly came to light during the 1960s and pulled in enthusiasm from 

industry during the 1970s [90]. From then, MPC has been utilized in the synthetic and process 

enterprises. The time constants were adequately long for computations to be finished. During the 

1980s, MPC was presented in the power industry in control applications with low switching 

frequency [91]. The control calculation required long estimation times; in this manner 

applications with high switching frequencies were unrealistic at the time. The rapid technological 

advancement in the field of microprocessors brings light to solve the computational problem of 

MPC. As a result, MPC received more responses from the industry and became popular [92]. 

MPC is a strategy that is utilized for handling the dynamics of non-linear components of the 

system as well as various system constraints. MPC presents a sensational development in the 

hypothesis of recent automation technology [93]. Presently, it is being considered in different 

regions, for example, power electronics and drives [51, 94-95]. The explanation behind the 
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developing enthusiasm for the utilization of MPC in this field is the presence of good numerical 

models to foresee the behavior of the system variables. It is now widely utilized for on-grid 

applications as the replacement to the traditional PWM technique. Traditional PWM controller 

generates a significant amount of harmonic component, and a filter is utilized to remove the 

effect of the harmonic component [96]. An LCL-filter is the most well-known for this 

application as it offers preferable features of reducing harmonic component over the 

conventional series inductors and provides a switching frequency reduction for medium-voltage 

(MV) while maintaining the standard limit of harmonic content [97]. However, the capacitance 

of LCL-filter causes a deferral between the grid and converter making it hard to perform control 

on grid-side quantities [98]. A control technique for the grid-connected converter (three-phase) 

with a reduced order LCL filter model is presented in [99]. In this model, the state-space 

expression is designed by approximating the L-filter and taking an extra term of disturbance to 

express the LCL-filter resonance. The state feedback and distortion rejection are calculated 

offline and the MPC is executed online through the proposed model.  The main goal of the model 

is to track the reference active and reactive component smoothly and also reduce the resonance 

of the LCL filter. Utilizing space-vector PWM and LCL filter, an unconstrained MPC technique 

is proposed in [96]. The proposed method is utilized to control the grid-current of a single-phase 

grid-connected converter. To reduce the 3rd, 5th and 7th fundamental components of the grid-

voltage harmonics, multiple numbers of resonant controllers are utilized. Again for a three-level 

neutral point clamped converter, a finite control set-MPC is proposed in [100]. In the controller, 

the reactive and active power that is injected into the grid is controlled. Furthermore, the FCS-

MPC technique is also utilized in motor drives. FCS-MPC based model predictive direct torque 

control (MPDTC) is presented in [101]. An extension of the research work is also applied to the 

induction machine (IM) [101-103], where the stator currents of IM is modified by  model 

predictive direct current control. Recently MPC is widely used for the on-grid PV inverter. For 

critically controlling the dc voltage of an on-grid PV inverter, a predictive control strategy is 

proposed in [104] based on the relationship of energy balance during the control period. For 

ameliorating the on-grid PV current, an exact transient analytic model is proposed in [105].  For 

a PV on-grid inverter, a model predictive direct power control technique is designed in [106], 

which can efficiently track the insolation change and the output power with better steady-state 

and dynamic response. Based on the mathematical model of three phase on-grid inverter, a 

predictive current control technique in static    frame is presented in [107]. It is shown that the 

controller can easily tracks the change of maximum power point of PV and penetrates active 

power to the grid with low distortion. To improve the stability of the power system, an MPC 

based low voltage ride through method is proposed in [108] for the on-grid PV inverter, where a 

detail analyses of the power imbalance problem during the symmetrical grid voltage drop is 

presented. 

After reviewing the literatures, further literature review is done to know the recent works on this 

MPC based controller. The published research works somewhere in the range of 2007 and 2018 

in IEEE Xplore has been investigated by playing out an inquiry utilizing the catchphrases “model 
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predictive control” and “power converter”. This hunt produced in excess of 1600 papers on MPC 

applied to the traditional PWM control converters in published journals and conference 

proceedings. The applications secured by these exploration works can be ordered into three 

primary categories: model predictive control of grid-connected PV, model predictive control 

with output LC filter and model predictive control of the motor drive as, shown in Fig. 2.10.  

 

Figure 2.10: Statistical data after literature review on different perspectives of MPC. 

Figure 2.10 demonstrates how the research works are circulated among the aforementioned three 

categories. It can be seen that a lot of research works have been published in the field of motor 

drive and LC filter or LCL filters utilizing MPC. However, utilizing this technique to the on-grid 

PV system is not quite common. Load flow, power loss and fault current analyses are not done 

yet to prove MPC as an efficient controller. Therefore, an MPC based energy efficient control for 

the on-grid PV inverter is selected as the topic of this research work and expected to solve the 

ongoing problems for the recently growing PV system. 

 

2.6 Conclusion 
  

 The state-of-the-art control strategies for the converter are reviewed in this chapter. The 

implementation of various control methods for the output current control is introduced alongside 

their pros and cons. The literature review is done on the evolution, challenges, and development 

of power converters. Predictive control techniques along with their advantages, disadvantages 

and working procedure are also presented. The point of this study is to explore the 

reasonableness of such a system to guarantee the nature of the injected grid current, while also 

minimizing power losses related to switching frequency and harmonics. The analysis displayed 

in this part supports the FCS-MPC technique as an efficient tool to accomplish high-performance 

operation for the on-grid inverters. 
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Chapter III 

 

 

System Modeling 

 

 

3.1 Introduction 

The power industry is continually looking toward the development and redesigned 

advancements.  Researchers are continually endeavoring to discover a perfect solution of various 

issues which takes the power industry in a new era. For a similar reason, this research work has 

been done to expel the scourge of harmonics from the power system especially from the power 

converter. In this chapter, the block diagram of the proposed model predictive control (MPC), 

the ways how these research work are done, the mathematical model, load flow, power loss and 

fault current analysis of the proposed controller in order to verify the performance of it are 

presented one by one. It is anticipated that the power industry could easily construct the proposed 

model and find a sustainable solution to reduce the drawbacks of existing controllers.  

3.2 Proposed System Model 

A finite-set model predictive current control based two level three phase on-grid PV inverter is 

proposed in this research work. The proposed controller simultaneously controls the inverter side 

current by means of reference tracking. The controller generates optimal switching state for the 

IGBT based inverter according to a predefined cost function. The cost function is designed in 

order to reduce the tracking error and the number of switching commutation. The proposed 

model is designed and analysed in MATLAB/SIMULINK environment. The system parameters 

are initialized properly and the simulation work of the controller has been performed. The block 

diagram of the proposed system is presented in Fig. 3.1.  
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Figure 3.1: Block diagram of the proposed MPC based on-grid PV inverter. 

3.3. Methodology 

Every single piece of work needs to follow some steps for completing the total work. In this 

research work, the following steps are followed in order to design and simulate the proposed 

system.  

Step 1: Designing a mono-crystalline based PV system along with the data of daily 

irradiance and mean temperature of a specified location which will provide the desired dc 

voltage level for the dc/dc boost converter. 

Step 2: Designing a dc/dc Boost converter along with an MPPT controller to stabilize the 

output of PV system which will be used as the input of the inverter, as the output of PV 

varies with the value of insolation and temperatures.  

Step 3: Designing the proposed MPC based controller which is utilized for selecting the 

proper switching signals for the inverter. 

Step 4: Establishing the connection of the proposed controller based inverter to the grid 

through in-line filters and running the system for determining the performance of it. 

Step 5: Testing the performance of the proposed MPC based on-grid PV system through 

steady-state and transient analysis, tracking accuracy, and harmonic analysis and also 

comparing it with the existing controllers. 
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Step 6: Ensuring the penetration of PV power from the proposed system to the grid by 

utilizing IEEE test feeder through load flow analysis and also validating the controller as 

an efficient one through power loss and fault current stability analyses. 

The aforementioned six steps of this research work are also shown by a flow chart in Fig. 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Methodology of the overall research work. 
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3.4 PV System Modeling 

Solar PV system, as a renewable energy source, is utilized in this work as the input of the 

proposed MPC based dc/ac inverter. The input PV system modeling includes the modeling of PV 

array and technical data required for the PV array. The PV system modeling is described below. 

3.4.1 PV Array Modeling 

A PV array comprised of several combinations of PV modules, where every module is 

comprised of various solar cells [109]. Figure 3.3 displays the equivalent circuit of a perfect PV 

cell [110]. This ideal structure is sufficiently precise to comprehend the PV attributes and the 

reliance of PV cell on varying climatic conditions [111]. 

 

Figure 3.3: Equivalent circuit of a perfect PV cell. 

In a PV system, the solar energy is converted to electrical energy by using one or more PV 

modules. Mainly, the system consists of panels and various mechanical electrical connectors in 

order to produce the desired output. The panels are connected in series-parallel connection to 

provide the desired amount of voltage and current. The aggregate output current of the parallel 

and series connected PV modules is expressed in Eqn. 3.1 [112] 

                                       *   (
           )

     
)   +  

         

    
)                              (3.1)                                 

where,     is the output current and     is the output voltage,    is the series and     is the 

parallel resistances,    and    are the number of PV cells in a PV module which are connected 

in parallel and in series, respectively, A is the ideality factor of p-n junction,   is the 

Boltzmann’s constant, T is the temperature in Kelvin, q is the charge of electron [112], and      

is the produced photocurrent. The photocurrent depends fundamentally on the radiation and 

cell’s temperature, which is expressed as, 

                                                                       ) 
 

    
                                        (3.2) 
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where,           refers to the short-circuit current (SCC) at standard test conditions (STC) in 

ampere,      (25
◦
C) is the cell temperature at STC, G (in watts per square meters, W/m

2
) is the 

irradiation on the cell surface,      (1000W/m
2
) is the irradiation at STC and    is the SCC 

coefficient, as a rule, gave by the cell producer. In addition, the saturation current, Io is impacted 

by the temperature as indicated by the accompanying equation [113-114]. 

                                       
                   )

                       )      
                                               (3.3) 

where,          (in volt, V) is the open circuit voltage (OCV) at STC,    is the open circuit 

voltage coefficient,     refers to the thermal voltage of the cell, these values are available on the 

data sheet provided by module’s manufacturer. With     and the simplified    , the power 

produced by the PV module is represented as [112], 

                                                          (
    

     
)  

   

  
)                                     (3.4) 

The I -V and P-V characteristics curve of the solar cell are shown in Fig. 3.4 [115]. The curves 

indicate that the operating point of the PV does not remain at a stable point; it actually varies 

from zero to open-circuit voltage. There is only one point which enables maximum power for a 

given set of solar insolation and temperature level. That particular point is indicated as MPP and 

at that point, the current and voltage are shown as IMPP and VMPP. The electronic device that is 

used to locate the MPP of the curve in order to make the best use of the solar array is termed as 

MPPT. 

 

Figure 3.4: I -V and P-V characteristics curve of the solar cell [115]. 

The I-V curve of a P-V cell firmly relies upon the solar radiation and temperature [116-117]. The 

output of PV will vary with the changing climatic conditions. Since the irradiance of the solar 

cell relies upon the incidence angle of the sunbeams, this parameter straightforwardly influences 

the output adjusting the P-V and the I-V characteristics [112]. The output current IPV of a PV 



27 

 

module is broadly impacted by the variety of sun oriented irradiance, G, though the output 

voltage VPV remains practically constant. On the other hand, for a changing temperature, it is 

found that the voltage shifts generally while the current remains practically unaltered [6]. The 

temperature of the PV cell increases because of three reasons: (i) its own heat amid photovoltaic 

activity, (ii) the energy emanated at the infrared wavelength which has a warming impact on the 

cell and (iii) an increase in sunlight based insolation [118]. 

In this research work, Samsung SDI LPC235SM-02 module is selected as the PV panel which is 

of mono-crystalline type. The specification of the selected panel is demonstrated in Table 3.1 

[119]. The I-V and P-V curves at different irradiance conditions are shown in Fig. 3.5 (a) and 3.5 

(b), respectively. 

Table 3.1: Table for the specifications of the PV array [119] 

Electrical Characteristics 

Parameters Values 

Power at Standard Test Condition (STC) 235 W 

Power at PVUSA Test Condition (PTC) 207.8 W 

Voltage at maximum power 29.97 V 

Current at maximum power 7.84 A 

Open circuit voltage 37.24 V 

Short circuit current 8.43 A 

Nominal Operating Cell Temperature 48.8℃ 

Open circuit voltage Temp Co-efficient -0.348   ℃ 

Short circuit current Temp Co-efficient 0.053   ℃ 

Maximum Power Temp Co-efficient -0.46   ℃ 

Number of modules 168 

Number of modules in Series 8 

Number of modules in Parallel 21 

Mechanical Characteristics 

Length 1630.0 mm 

Width 982.0 mm 

Module area 1.6 m
2
 

PV area 14 m
2
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(a) 

 

(b) 

Figure 3.5: (a) I-V and (b) P-V curves for the selected PV array at different irradiance conditions. 

3.4.2 Technical Data for System Design 

The first and the essential thing of the design is the geological area of the establishment, site 

review and radiation investigation. It decides if a solitary PV system is reasonable or not. The 

site review included the field visits to the sites in Khulna close to the campus of Khulna 

University of Engineering & Technology. The geographic area of the chosen site is at 

22          latitude and 89         longitude, a sun-rich district with a sunlight based 

irradiance of around 600 W-h/m
2
 every day [120]. The average surrounding temperature of 

around 25.66°C, though most extreme and least encompassing temperatures are  28.25°C and 

20.01°C, respectively [120]. The variation of irradiance throughout the day during summer and 

winter in the selected site is shown in Fig. 3.6.       
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Figure 3.6: Variation of irradiance during summer and winter days at Khulna. 

HOMER Pro (Hybrid optimization of Multiple Electric Renewables) software and NASA 

Surface meteorology and Solar Energy database are utilized to obtain the technical data for the 

PV system design. Monthly average daily temperature, clearness index and irradiation on the 

horizontal plane of the PV array for the chosen area are presented in Table 3.2.  

Table 3.2:  Average daily solar radiation, clearness index and temperature 

 

Here, the clearness index indicates the clearness of the atmosphere. It is the ratio of surface 

radiation and extraterrestrial radiation and a unit less parameter, ranging from 0 to 1. During 

sunny and clear weather, it has a higher value (like 0.75 in the month of June at Phoenix) and has 

a lower value (like 0.25 in the month of December at London) under cloudy weather condition. 

Month Monthly average daily 

radiation (kWh/m
2
/day) 

Clearness Index Daily Temperature 

(°C) 

January 4.290 0.609 20.44 

February 4.880 0.602 23.79 

March 5.580 0.593 27.05 

April 5.830 0.557 27.64 

May 5.530 0.503 28.02 

June 4.200 0.377 28.25 

July 3.890 0.353 27.87 

August 3.900 0.367 27.74 

September 3.830 0.393 27.26 

October 4.290 0.506 25.82 

November 4.230 0.582 23.05 

December 4.210 0.629 21.01 
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3.5 Closed loop dc/dc Boost Converter Modeling 

A dc/dc converter plays an important role in PV system application. PV array output parameters 

vary with the changes in irradiance and temperature. PV current is directly proportional to the 

irradiance (light) and PV voltage is inversely proportional to temperature. The major function of 

a dc/dc converter is to convert the unregulated dc voltage into regulated dc voltage. Without 

dc/dc converter, designing an inverter control will be complicated and the PV system will not be 

practical. The dc voltage input to the inverter will not be constant and will vary with the 

switching of the inverter. It will be difficult to control the power flow. The mathematical 

expression regarding the modeling of the closed loop dc/dc converter is described below. 

Boost converter (BC)  is  used  to  ensure  the  required  fixed voltage of equal to or greater than 

√2Vsys, given by Eqn. (3.5), for  all  irradiance  and  temperature  conditions.  The output voltage 

of BC is calculated by Eqn. (3.6) with duty cycle D, obtained by the output of an MPPT using 

Perturb and Observe (P & O) method [121]. Capacitor Co for BC is sized according to the 

acceptable output voltage ripple using Eqn. (3.7) and BC is operated in continuous current mode 

(CCM) by L > Lmin using Eqn. (3.8) [121]. 

                                                                     √                                                                 (3.5) 

                                                               
 

   
                                                                 (3.6) 

                                                                 
  

   
                                                               (3.7) 

                                                       
 

    
     )                                                  (3.8) 

The performance of the dc/dc converter is improved by incorporating closed loop control for 

providing the constant dc voltage to the inverter. The block diagram of the dc/dc boost converter 

is shown in Fig. 3.7.  

 

Figure 3.7: Block diagram of the dc/dc boost converter. 
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In this work, an 850V closed loop dc/dc boost converter is designed to provide a constant dc 

voltage to the inverter. The output voltage waveform generated by the closed loop dc/dc boost 

converter is shown Fig. 3.8. 

 

Figure 3.8: Output voltage waveform generated by the closed loop dc/dc converter. 

3.6 Proposed MPC Based On-grid Inverter Modeling 

For designing an MPC based on-grid inverter, several parameters and criteria have been 

initialized. The steps involving the design of the proposed MPC based on-grid inverter are 

presented in the following sub-section. 

3.6.1 Three-Phase Two-Level VSI Model 

The two-level VSI has been chosen since it is a standout amongst the most utilized converter 

topologies in the industrial sectors. The structure and working principle of the inverter can be 

effectively stretched out to other converter topologies. The power circuit diagram for the three-

phase two level converters for converting the input dc from the PV system to ac form is 

presented in Fig. 3.9. 

 

Figure 3.9: Two level voltage source inverter (VSI) power circuit [80]. 
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Insulated Gate Bipolar Transistor (IGBT) switches are used in the inverter. By switching 

properly, the load terminal can be connected either to the positive (P) or the negative (N) bus bar 

of the converter. Taking into account that the two switches in every inverter phase work in 

complementary mode so as to keep away from short-circuiting the dc source. The switching 

condition of the power switches   , with x = 1, ..., 6, by the switching states   ,   , and    can 

be expressed as below [51]. 

                                                      {
                     
                     

                                               (3.9) 

   {
                      
                     

                                             (3.10) 

                                                         {
                     
                     

                                             (3.11) 

Now, the vector form of S can be expressed as [51] 

                                             
 

 
            )                                                    (3.12) 

These switching signals define the value of the output voltages 

                                                                                                                                      (3.13) 

                                                                                                                                      (3.14) 

                                                                                                                                       (3.15) 

where,     is the dc source voltage. Considering the unitary vector a,       ⁄    
 

  
  √  ⁄  

, which represents the     phase displacement between the phases, the output voltage vector can 

be defined as [46] 

  
 

 
               )                                                  (3.16) 

where,                 are the phase-to-neutral (N) voltages of the inverter. Now, the number 

of switching states has to be determined. The total number of switching states will be the 

resultant of the different switching state combination minus the impossible state. Here, the 

switching state that may be the reason of short-circuit is defined as the impossible states. In 

general, the switching states number,     can be obtained as 

                                                                                                                                      (3.17) 

where, the possible numbers of states are presented by   of each leg and    presents the number 

of phases. For instance, a four phase, three level converter has       switching states. If all 

the possible combinations are considered for the following switching state for two level three 
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phase converter, eight possible voltage vectors are available as presented in Table 3.3. From the 

table, it is seen that        which results in seven different voltage vectors in the complex 

plane and the states will generate different configurations of the three-phase load connected to 

the dc source. The voltage vectors can be represented in a two-dimensional    plane as shown in 

Fig. 3.10. The detail description of the transformation of     to    plane is presented in the next 

sub-section. 

Table 3.3: Voltage vectors of the 2L-VSI. 

                       

   0   0   0 0 

   1   0   0   ⁄     

   1   1   0   ⁄      √  ⁄     

   0   1   0    ⁄      √  ⁄     

   0   1   1    ⁄     

   0   0   1    ⁄      √  ⁄     

   1   0   1   ⁄      √  ⁄     

   1   1   1 0 

 

 

Figure 3.10: Space distribution of all admissible voltage vectors of the 2L-VSI [80]. 
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Considering modulation methods, as PWM, the inverter can be approximated as a continuous 

system. However, in this work the inverter will be considered as a non-linear discrete system 

with just seven unique states as conceivable outputs. 

3.6.2 Transformation of     to    Co-ordinate  

To make easy the control configuration procedure of a three-phase on-grid system, two 

fundamental transformations are utilized to decrease the elements of the numerical model of the 

system and the associated differential equations are decoupled [17]. These two transformation 

are the Clarke transformation or     to    and Park transformation or     to    transformation. 

The difference between these two coordinate systems is that stationary resultant is produced in 

   transformation, while a rotating resultant with a fixed frequency is produced in    

transformation. Here, the details of    transformation are presented. 

In    transformations, the dimension of the state-space representation of the three phase system 

is reduced. The expressions related to this transformation is [122] 
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where, the three-phase output current, voltage or power can be represented by the   ,    and   .  

In a three-phase symmetrical system, where            and    =0, which shows only two 

vectors    and    can represent the three-phase system. In another sense,   axis is basically 

orthogonal to    plane and no projection exists due to   axis on the    plane. Therefore, the 

transformations of     can be called as    transformations and can be expressed as [122] 
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Again, the inverse transformation of    transformations can be expressed as [17, 122] 
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Therefore, under symmetrical condition, this transformation can convert the three phase 

symmetrical system to two phase stationary system.  
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Since the measured current and the reference current both are the three-phase variables, this 

transformations are applied to both of these two variables in order to transform them. The 

graphical representation and the MATLAB implementation of the    transformation are shown 

in Fig. 3.11. 

 

(a) 

 

(b) 

Figure 3.11: (a) Graphical representation and (b) MATLAB implementation of    

transformation. 

3.6.3 Three Phase Active Load Model 

Taking into account the definitions of variables from the circuit shown in Fig. 3.9, the equations 

for load current dynamics for each phase can be written as [45, 86] 
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where, R is the load resistance and L the load inductance. 

Considering the space vector definition for the inverter voltage, the load current and grid voltage 

space vectors can be expressed as [45]  

                                           
 

 
            )                                                                   (3.24) 

                                          
 

 
            )                                                                 (3.25) 

and assuming the last term of (3.21-3.23) equal to zero 
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          )                              (3.26) 

 then the load current dynamics can be described by the vector differential equation [45] 
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By substituting (3.24)-(3.25) into (3.27) a vector equation for the load current dynamics can be 

obtained as [45, 57] 
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where,   is the voltage vector generated by the inverter,   is the load current vector, and    is the 

grid voltage vector. Note that for simulation and experimental results, the grid voltage is 

assumed to be sinusoidal with constant amplitude and constant frequency. 

3.6.4 Discrete-Time Model for Prediction 

The proposed model predictive control is actually an optimization algorithm. To actualize this 

procedure on digital platform of control, the continuous time model ought to be changed over to 

discrete time. In the control hypothesis, numerous discretization strategies are accessible, for 

example, forward difference, backward difference, bilinear transformations, impulse-invariant 

and zero-order hold.  Because of the first order nature of the state equations that depicts in Eqn. 

(3.29), a first-order approximation for the derivative can be obtained by forward or backward 

Euler technique [86]. 

                                                         
  

  
                                                                    (3.29) 
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Now considering the present and future sample k and (k+1), the forward Euler technique can be 

expressed as [86] 

                                                       
  

  
 

     )    )

  
                                                            (3.30) 

where,    presents the discrete sampling time. Now by replacing (3.30) into (3.29), the discrete-

time model for the control variable can be expressed as [86] 

                                           
     )    )

  
                                                                 (3.31) 

                                               )         )   )        )                                       (3.32) 

Now, if considering the present and future samples k and k-1, the approximation for the 

derivative using backward Euler method can be expressed as 

                                                 
  

  
 

   )      )

  
                                                             (3.33) 

Similarly as Eqn. (3.31), the expression from Eqn. (3.33) can be replaced to Eqn. (3.29) and can 

be expressed as below 

                                                
   )      )

  
                                                      (3.34) 

                                           )  
 

      )
     )   

   

      )
   )                                          (3.35) 

Between the described two Euler methods i.e. forward and backward Euler methods, the forward 

Euler method is simpler and easier to apply for the conversion of discrete time model. Therefore, 

in this research work, the forward Euler method is utilized for the discretization of load current. 

Hence, the load current derivative     ⁄  is replaced by a forward Euler approximation can be 

expressed as [57, 86] 

                                                    
  

  
 

     )    )

  
                                                             (3.36)                                            

Now placing the Eqn. (3.36) in Eqn. (3.27) to obtain the following expression that allows 

prediction of the future load current at time (k + 1), for each one of the seven values of voltage 

vector  (k) generated by the inverter. 

                                        )  (  
   

 
)    )  

  

 
(   )    ̂  ))                       (3.37) 

where,   ̂  ) denotes the grid voltage. The superscript   denotes the predicted variables. The 

grid voltage can be calculated from (3.37) considering measurements of the load voltage and 

current with the following expression [51] 



38 

 

  ̂    )       )  
 

  
   )  (  

 

  
)      )                          ) 

where,   ̂    ) is the estimated value of   (k − 1). The present grid voltage     (k), needed in 

(3.38), can be estimated using an extrapolation of the past values of the estimated grid voltage. 

Alternatively, as the frequency of the grid voltage is much less than the sampling frequency, we 

will suppose that it does not change considerably in one sampling interval and, thus, assume 

  ̂  ) =   ̂    ). 

3.6.5 Cost Function Flexibility 

For the design of an model predictive control, the most significant parameters is the design of the 

cost function, as it not only permits the proper selection of control objectives of the specific 

application but also provides the flexibility of adding any other constraints to it. This distinctive 

feature allows controlling various controlling parameters like voltage, current, active and 

reactive power by utilizing a single cost function. The various controlling parameters that can be 

added to the single cost functions are presented in Fig. 3.12. 

 

Figure 3.12: Control parameter flexibility of MPC. 
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From Fig. 3.12, it can be seen that because of the cost function flexibility of the proposed MPC 

controller, different control parameters with different units can be added to a single cost function. 

This addition of each term with different magnitudes and units is done by multiplying them with 

weighting factors. The weighting factors also set priority of one control variable over another 

control variable in the cost function. However, the choice of these weighting factors is not 

straight forward [80]. A few exact ways to deal with decide a fix weight factor utilizing 

experimentation have been researched in the literature [80]. However, a settled weight factor is 

not powerful to parameter variety and different vulnerabilities of the system. The generalized 

formulation of adding different control parameters with weight factor can be expressed as  

      
     )     

∗    )       
     )     

∗    )          
     )  

   
∗    )         (3.39)      

where, the weight factor is presented by   for each controlling parameters.  All possible control 

actions are evaluated against the control objectives. Using cost function, the control action which 

yields minimum cost, is stored and applied to the inverter for the next cycle. 

3.6.6 Cost function Design 

The cost function for the proposed on-grid PV inverter has the following composition 

                                         ∗    )       )       ))                                               (3.40) 

where,      is the number of commutations of the power semiconductor devices, which is 

included in the cost function in order to evaluate the reduction of average switching frequency. 

The first term in Eqn. (3.40), i.e.,    ∗   ), is dedicated to achieve reference tracking, and it can 

be expressed as [51, 87] 

                ∗    )       )     
∗     )    

     )     
∗    )    

 
    )        (3.41) 

where,     and    are the real and imaginary components of current vector  , respectively, and   
∗ , 

  
 
 and   

∗ ,   
 
 are the real and imaginary components of the reference and predictive current 

vector,  ∗, and   , respectively. 

The objective of the second term in (3.40), i.e.,      ), is to reduce the number of commutation. 

The term       ) and    , can be expressed as [87] 

                                                         )                                                                        (3.42) 

                     )   ∑         )        )           )        )                   (3.43) 

where, the possible switching state for the next sample instant     ) is represented by      

 ), the applied switching state to the inverter at time    is indicated by     ) and   is the index 

voltage vectors        . The average switching frequency     per semiconductor switch is 
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calculated by the following Eqn. (3.44) using the total number of switching transitions      )  

over the duration T [87]. 

                                                              )                                                                 (3.44) 

A switching state that implies fewer commutations of the power semiconductors will be 

preferred. In this manner, the use of   will have a direct effect in the switching frequency of the 

converter. The weighting factors   handle the relation between terms dedicated to reference 

tracking, and reduction of switching frequency. A large value of certain   implies greater priority 

of switching frequency than the reference tracking. 

Therefore, in summary the cost function of the proposed predictive current controller is 

determined by placing the Eqns. of (3.41) and (3.42) to Eqn. (3.40) as 

                             
∗    )    

     )     
∗    )    

     )                      (3.45) 

3.6.7 Algorithm of the Proposed Controller 

The algorithm developed for the proposed controller is presented in Fig. 3.13. The algorithm 

consists of five sections: (i) measurement, (ii) estimation, (iii) prediction, (iv) optimization, and 

application of the optimal voltage vector,     . The flowchart of the algorithm shown in Fig. 

3.13 consists of two loops: inner and outer loop. The inner loop is executed for each possible 

state of the seven voltage vectors, and the outer loop is executed every sampling time for 

determining the most optimized switching state. Therefore, the most optimized switching state is 

applied to the next sampling period. The overall strategy of the control is executed using the 

following steps. 

Step 1: The load current    ), grid voltage    ̂  ), and dc link voltage     are measured.  

Step 2: For the immediate next sampling instant, the future load current       )  and 

number of switching transitions        ) are predicted for all the possible switching 

states. 

Step 3: The designed cost function   is estimated for each of the prediction. 

Step 4: For the minimized cost function     , the proper switching state is selected. 

Step 5: The newly selected switching state       )  is then applied to the next sampling 

instant. 

 The equations and the cost function used in the flow chart of Fig. 3.13 are detailed in previous 

sub-sections and the working strategy of the algorithm is presented in the next sub-section of this 

chapter.  
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Figure 3.13: Flow chart of the proposed predictive controller. 
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3.6.8 Working Strategy of the Proposed Controller 

For demonstrating the working strategy of the proposed controller, a pictorial representation is 

presented in Figs. 3.14 and 3.15. The three-phase load currents       ) and their references are 

presented in the figures after the transformation of     frame to    plane. The future predictive 

load currents      ) are evaluated by utilizing the measured current    ) for all the available 

switching voltage vector    ), which is indicated as       ) in the Fig. 3.14. It is seen that the 

vector V2 chooses the nearest predictive current vector to the reference. Again, from Fig. 3.15, 

for the load current (  ), the minimal error is provided by vectors V2 and V6 and similarly for the 

load current (  ), the minimal error is provided by the vectors V2 and V3. Therefore, the vectors 

V2 is selected as the optimal vector which provides the most optimized cost function. Hence, it 

can be said that the difference between the predictive and reference vector characterizes the cost 

function as presented in the figures. Although for current control, it is easier to visualize these 

errors, for complicated cost function, this representation is too difficult. 

 

Figure 3.14: The representation of reference and predictive currents in vector plot [51]. 
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Figure 3.15:  Graphical representation of selecting optimal voltage vectors of reference and 

predictive currents [51]. 

In a summary, the working strategy can be presented by some numerical values.  As mentioned 

earlier, the defined cost function generates a value for each of the possible voltage vectors, 

presented in Table 3.4 and the respective voltage vector in    plane is shown in Fig. 3.16, taken 

as an example.  
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Figure 3.16: Space vector representation of all possible voltage vector of two-level VSI. 

From Table 3.4, it can be seen that the different voltage vector provides different cost function 

values and the lowest value is generated by the voltage vector V2 as indicated in Table 3.4. 

Therefore, the selected vector is V2 and this vector is now applied to the inverter. 

Table 3.4: Value of cost function for the eight individual voltage vectors [51] 

Voltage Vector  Value of Cost 

Function 

V0 g0 = 0.60 

V1 g1 = 0.82 

V2 g2 =0.24 

V3 g3 =0.42 

V4 g4 =0.96 

V5 g5 =1.24 

V6 g6 = 1.19 

V7 g7 =0.60 

 

3.7 Existing Controllers Modeling for Comparison  

The performance of the proposed predictive current controller is compared with the three 

existing controllers such as proportional integral pulse width modulation (PI-PWM), 

proportional resonant pulse width modulation (PR-PWM) and proportional resonant selective 

harmonic elimination pulse width modulation (PR-SHEPWM)  for the same parameters as 

presented in the previous section. The description of the comparison is given one by one as 

below. 
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3.7.1 PI-PWM controller 

The classical PI-PWM controller using PWM modulation technique is the most widely utilized 

linear controller because of its simplicity and easier implementation. This popular controller also 

suffers from some serious drawbacks, such as poor THD, poor dynamic response, having no 

decoupling capacity, more sensitive to the system model etc. To justify the drawbacks and 

compare it with the performance of proposed controller, the block diagram of a closed loop PI-

PWM controller is shown in Fig. 3.17.  

 

Figure 3.17: Block diagram of the closed loop PI-PWM controller.  

3.7.2 PR-PWM Controller 

The inability of tracking a sinusoidal reference without having a steady-state error of a 

conventional PI controller makes the controller ill-suited for a dynamically good response system 

[123]. The downside of this method causes the existence of the harmonic component in the 

injected current. Therefore, to transform the steady-state error to zero, the attention of the 

researcher is drawn to a new controller named PR controller, which is capable of producing zero 

steady-state error at the same fundamental frequency of the grid. This PR controller can be 

utilized in the closed loop system where the reference is sinusoidal in nature. Using modified 

state transformation, and frequency-domain approach or internal model control, the transfer 

function of both single phase and three phase PR controller can be implemented. From a 

conventional linear PI controller implemented in a positive and negative sequence, the transfer 

function can be extracted in the synchronous reference frame (SRF) [124]. 

               )     
      

        
 

    
      

 

    
    

    

             (3.46) 

For selectively reducing the most notable lower order harmonic component, the ideal transfer 

function of the controller can be modified as [124]  

                                                         )  ∑    
 

      )                                         (3.47)                 

For a non-ideal case, Eqn. (3.46) can be written as [124] 

                                                  )       
    

                                                      (3.48) 
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Similarly, as Eqn. (3.47), the non-ideal transfer function for compensating the lower order 

harmonic component can be written as [125] 

                                                  )  ∑    
    

            )                                             (3.49) 

where, h denotes the order of the harmonic and     represents the individual gain for which the 

overall controller can provide a larger gain at the resonant frequency. As a result, the steady-state 

error can be eliminated. The block diagram of this system with harmonic compensator for 5
th
 and 

7
th
 harmonics is shown in Fig. 3.18. 

 

Figure 3.18: Block diagram of the PR-PWM controller with harmonic compensator. 

A closed loop PR controller with harmonic compensator using Eqns. (3.48) and (3.49) for non-

ideal case is simulated. The parameters of the PR controller are considered as    = 0.6,   = 10 

and the cut off frequency    = 0.05 rad/s for the fundamental component, while for the 

compensation of 5
th
 and 7

th
 harmonics    and    is taken as 200 and 0.05 rad/s, respectively. The 

frequency response for the compensation of 5
th

 and 7
th

 harmonics is shown in Fig. 3.19 using 

bode plot. It can be seen that the existence of the resonant unity (or 0 dB) peaks at the required 

selected frequencies of 250 and 350 Hz.  

 

Figure 3.19: Bode plot of the PR controller along with harmonic compensator. 
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3.7.3 PR-SHEPWM Controller 

      To suppress these specific lower order harmonics, an optimal or programmed technique has 

been developed in 1964 [126], referred to as selective harmonic elimination (SHE). In this 

method, the width of each pulse of the inverter output voltage is pre-calculated to reduce the 

specific harmonics. By utilizing the same order dominant harmonics in the negative cycle, these 

specific lower order harmonics are suppressed by utilizing a proper switching angle. Therefore, 

the switching angle of this method is limited to zero and  
 

 
 , which can be presented as  

                                                <   <   <    <   <
 

 
                                              (3.50) 

The magnitude of voltage containing the harmonic component can be presented as [126] 

                                                   
    

  
∑    )           ) 

                                             (3.51) 

where, n is the order of the harmonics, N represents the number of switching angles in the 

quarter wave symmetry,     is the dc link voltage and    indicates the switching angle of k
th

 

harmonic. The magnitude of    is zero for even harmonics as it is considered as odd quarter-

wave symmetry. In this work, elimination of the 5
th
 and 7

th
 harmonics of the three-phase system 

is considered, as the 3
rd

 harmonics will be balanced out due to the symmetry of the wave. For 

suppressing the harmonics the non-linear equations found from the Eqn. (3.52) are [126]                                       

                                                     
 

 
      )        )        ) 

                                                            )         )         )                                (3.52) 

                 7  )      7  )      7  ) 

where, M represents the modulation index. To solve these non-linear equations, various methods 

are available in the literature. Here, the Newton-Raphson method is utilized and the results are 

stored in the look-up table. The output current of the inverter is compared with the reference to 

produce the error and the output is sent to a PR controller to produce the required modulation 

index which is utilized in the SHE method. Figure 3.20 presents the  block diagram of the  PR-

SHEPWM controller. 
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Figure 3.20: Block diagram of   the PR-SHEPWM controller for generating gate pulse of VSI. 

The same system is tested utilizing the PR-SHEPWM controller. Here, the steady-state error in 

the load current with respect to the reference current is estimated by the PR controller where the 

values of      and     are considered as 0 and 10 respectively. The PR controller output is 

utilized here to estimate the modulation index, M. The modulation index is used to select the 

proper switching angles from the lookup table which is found by Eqn. (3.52) for reducing 

harmonic components. 

3.8 Load Flow Analysis 

To meet the rapidly growing electricity demand, the power sector is in its quickly developing 

stage. The conventional system has been updated from a passive system to an active system with 

the incorporation of Distributed Energy Resources (DER) in the Distribution Network (DN). 

With high infiltration of DER, the system encounters high R/X proportions, an unpredicted 

variety of source with a persistent variety of burdens [127]. With every one of the difficulties, the 

power grid is resolved to give better power quality to the purchasers and keep up the security of 

the system. Subsequently, to investigate the execution of the system, load flow analyses are vital. 

Load flow is a strategy that gives a straightforward calculation to build up the attributes of the 

power system under steady state working condition. 

Load is static and power dependably flows to the load with the assistance of transmission and 

distribution lines. Thus, load flow analysis is likewise alluded to as power flow analysis. Load 

flow analysis decides whether the voltage of the system stays inside within a definite limit under 

the typical or emergency working condition and whether hardware, for example, transformer and 

conductors are over-burden. It is crucial to choose the best operation of the existing system and 

furthermore to design the future development of the system. Several load flow methods are 

available in the literature. Among them, sweeping method, impedance method, and Newton-

Raphson method are quite popular and some other methods by modifying these methods are also 

available.  

The sweeping method is a ladder network based iterative method, where some of the first solvers 

are evaluated to realize the model for unbalanced three-phase distribution systems. The 

expressions related to the method are presented by Eqns. (3.53) and (3.54), where       and      
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presents the phase voltages and currents which are estimated by the function of system model 

presented by A, B, C, and D parameters [128]. 

                                                                                                                (3.53) 

                                                                                                                     (3.54) 

To ameliorate the speed of computation and convergence, several endeavours have been 

performed in the literature [129-132]. The sweeping are extensively used commercially as this 

method is quite simple and easily implementable and robust to nonlinear solutions.   

Another common method of load flow analysis is the direct impedance method, which is 

extensively utilized in real-time application because of its ability of forming simplified 

impedance matrix. The radial or weakly meshed profile of the DN is utilized in this method 

[130,133]. Matrix inversions and the necessity for the LU decomposition are avoided. This 

feature provides a greater advantage to this method rather than the others. This method also has 

the facility of handling the fault conditions.  The related expression of this method is given by 

the Eqn. (3.55), where the impedance matrix is presented by Z, and the other symbols have the 

usual meanings. 

                                                                 
                                                (3.55) 

For non-linear load, the previously described two methods need numerous solvers, while the 

Newton-Raphson (NR) method needs fewer in numbers. Although it requires the Jacobian matrix 

formation, it is quite efficient in solving highly meshed systems. In this method, the non-linear 

equations are linearized by a given initial solution, which are iteratively solved. The related 

equation of this method is presented in Eqn. (3.56) [134]. 
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where, voltage magnitude and angle is indicated by |V| and  , J is the Jacobian matrix, state 

variables of vector is   and the reactive and active power injection is indicated by   and  . In 

this research work, this NR method is utilized for the load flow analysis. The proposed on-grid 

PV system utilizing MPC is connected to a test grid for ensuring the penetration of power 

produced by the system. A test grid is actually a DN model which is capable of replicating the 

characteristics of a real distribution feeder [135]. In general, the main goal of test feeder is to 

reproduce a real network comprising specific particularities within a specified region. These test 

grids are very significant and widely acceptable tools in the research area of power system. The 

results of research can be easily checked and compared with the others studies by utilizing these 

test feeders.  Several distribution test feeders are existing such as IEEE test grids (3, 13, 34, 37, 

123-bus feeders), European test grid, Neutral earth voltage (NEV), Low voltage network (LVN) 
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test feeder etc. [136]. In this work, IEEE 13 bus test grid is utilized for performing the load flow 

analysis. The detailed description of the selected test feeder is presented in the next sub-section.  

The IEEE 13 bus test feeder is utilized to test the performance of the proposed system. The test 

feeder shows some fascinating features. The 13 bus test feeder contains shunt capacitor banks, 

distributed and unbalanced load and in–line transformers. The single line diagram of the test 

feeder with the proposed designed system is shown in Fig. 3.21. The nominal voltage of the test 

feeder is 4.16kV and it contains two in-line transformer and shunt capacitor banks. The 

parametric values of the transformer and shunt capacitor bank are presented in Table 3.5 and 3.6 

[137]. The line segment data i.e. the lengths of the line from Node A to Node B are presented in 

Table 3.7. Table 3.7 also shows a configuration code which is utilized to present the spacing of 

the model. The parametric values of different distributed and spot loads at different nodes are 

presented in Table 3.7. 

 

Figure 3.21: Single–line diagram of IEEE 13 bus system. 

Table 3.5: Parametric value of in-line transformer. 

 kVA kV-high kV-low R - % X - % 

XFM -1 500 4.16 – Gr.W 0.48 – Gr.W 1.1 2 

XFM -2 500 4.16 – Gr.W 0.48 – Gr.W 1.1 2 
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Table 3.6: Parametric value of shunt capacitor. 

Node Ph-A 

(kVAr) 

Ph-B 

(kVAr) 

Ph-C 

(kVAr) 

675 200 200 200 

611   100 

Total 200 200 300 

 

Table 3.7: Table for the line segment, distributed load and spot load data for the IEEE 13 bus test 

feeder [137]. 

Line Segment Data  Distributed Load Data 

Node 

A 

Node 

B 

Length 

(ft.) 

Config. Node 

A 

Node 

B 

Load 

Model 

Ph-1 

(kW) 

Ph-1 

(kVAr) 

Ph-2 

(kW) 

Ph-2 

(kVAr) 

Ph-3 

(kW) 

Ph-3 

(kVAr) 

632 645 500 603 632 671 Y-PQ 17 10 66 38 117 68 

632 633 500 602 Spot Load Data  

633 634 0 XFM-1 Node Load Model Ph-1 

(kW) 

Ph-1 

(kVAr) 

Ph-2 

(kW) 

Ph-2 

(kVAr) 

Ph-3 

(kW) 

Ph-3 

(kVAr) 

645 646 300 603 634 Y-PQ 160 110 120 90 120 90 

650 632 2000 601 645 Y-PQ 0 0 170 125 0 0 

684 652 800 607 646 D-Z 0 0 230 132 0 0 

632 671 2000 601 652 Y-Z 128 86 0 0 0 0 

671 684 300 604 671 D-PQ 385 220 385 220 385 220 

671 680 1000 601 675 Y-PQ 485 190 68 60 290 212 

671 692 0 Switch 692 D-I 0 0 0 0 170 151 

684 611 300 605 611 Y-I 0 0 0 0 170 80 

692 675 500 606  Total 1158 606 973 627 1135 753 

 

3.9 Power loss Analysis 

The loss of power occurs due to the switching devices used in the circuit which significantly 

influence the efficiency of the voltage source inverters. The overall losses in the devices include 

the addition of conduction, switching and harmonic losses. Collector-emitter voltage and 

collector-current influence the conduction loss. The reduction of conduction loss requires the 

decreasing of the collector-emitter voltage during the conduction time, which can only be altered 

by the manufacturer of the device. Moreover, the temperature of the junction also have an 

influence on the value of the losses.  The mathematical expression for determining the average 

and instantaneous conduction loss of an IGBT can be expressed as [138-139] 
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                                                                   ) ∗     ) ∗     ) ∗    )                (3.58) 

where,      is the turn-on / threshold voltage of the IGBT,      is the differential resistance of the 

IGBT and     ) represents the arm current through the upper IGBT. The value of       and      

is taken from a manufacturer datasheet at a specified temperature [140]. The mathematical 

expression of      ) and      are as follows. 

                                                                ) = (   /3) + (   /2)                                        (3.59)                                 

                                                                       = 
         

         
                                                    (3.60) 

The term    ) is related with the modulation index m of the controlling method. For PWM only, 

duty cycle    ) is present and its expression is 

                                            )  (
 

 
) ∗     ∗       ∗   ∗  ))                                   (3.61) 

where, the output frequency is indicated by   . In case of MPC, there is no need of modulation 

index. Therefore, in this case this term is neglected. 

Again, the second loss i.e. the switching loss occurs during the turn-on and turn-off condition of 

IGBT. The dc link voltages, the output load current, the transient parameters of the IGBTs 

influence the switching loss. The switching loss is also dependent on the junction temperature of 

the device and the gate driver circuit resistance. This loss can be reduced by using various soft 

switching techniques. The mathematical expressions for determining the average and 

instantaneous switching losses are as follows [138-139]  
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where, the switching frequency is presented by    ,     is the dc link voltage and        and 

       are the voltage across collector-emitter terminal of IGBT and the collector current during 

the test, respectively. The values of         and        are taken from the manufacture datasheet. 

The values of turn-on and turn-off energy     and     , respectively, are also taken from the 

datasheet [140]. 

The presence of harmonic component in the injected grid current also causes power loss which 

decreases the penetration of power to the grid. The presence of harmonic component is expressed 

by the term total harmonic distortion (THD). The total harmonic losses due to the harmonic 

components are determined by the following expression [141]. 
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  ∑   
 )       

           
 ) 

                         (3.64) 

where,   ,    and      are the  fundamental current, current due to harmonic component and 

amount of current THD, respectively, and    is the per phase resistance. 

3.10 Fault analysis 

In the research area of power system, fault analysis is a significant study in which the behavior of 

the system is tested under any abnormal condition. A fault occurs in a system causing a 

disturbance with the normal operation of the system. The fault may be caused by several ways 

such as may be the falling of trees across the lines, heavy flow of winds or heavy storm, severe 

amount of lightening, breaking of lines because of overloading, sitting of a bird between the two 

lines, short-circuit among the lines or line to  ground, collision of vehicles with the electrical 

tower or poles etc. [142]. This sudden change or a fault causes a serious disruption in the system. 

The fault caused by the above mentioned ways can be classified into three categories, such as: 

(a) Single line to ground fault, (b) Double line to ground fault, and (c) Balanced three phase 

fault.  

Among the categorized faults, the first two caused by only one or two phases of a system and 

therefore said to as unsymmetrical faults of a system. These unsymmetrical faults are quite 

common in the system. Again, the last one caused only if all the phases of the system are short-

circuited or open-circuited, hence this one is said to be a balanced or symmetrical fault. This 

symmetrical fault is rare in the system [142]. The pictorial representations of the faults are shown 

in Fig. 3.22 [142]. 

 

Figure 3.22: Intentional fault injection in the IEEE 13 bus test feeder: (a) a healthy three phase 

system and several types of fault in the system such as (b) single line to ground fault, (c) Double 

line to ground fault, and (d) three-phase balanced fault. 
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In this research work, the proposed system is connected to the IEEE test feeder for ensuring the 

power penetration through load flow analysis. After that, the performance of the proposed 

controller based on-grid PV system is further tested by the fault analysis. Unsymmetrical and 

symmetrical faults are intentionally done in the system and the performance of the system is 

observed. The result of the analysis is presented in the next chapter. 

3.11 Conclusion 

The model developed in this research work is presented in detail in this chapter. The design of a 

three-phase two-level MPC based on-grid PV system includes a PV array, dc/dc converter, 

proposed controller driven dc/ac inverter, line filter and the grid. The mathematical model of the 

system is well oriented and presented in this chapter. The integration of the aforementioned 

components is expected to create a stable system. The proposed system will also be capable of 

representing itself as an energy efficient control of PV system which will be validated by load 

flow, and power loss analysis. 
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Chapter IV 

 

Simulation Results 

4.1 Introduction 

People all over the world firmly believe that the renewable energy sources, especially solar 

energy will bring a positive impact against the growing demands of electricity. Solar energy also 

contributes to the overall energy production. However, the energy produced from the solar 

energy contains harmonic components due to the controlling of the on-grid inverter which makes 

it less efficient for the system. Therefore, an MPC based energy efficient control is proposed in 

this research work and the performance of it in terms of tracking accuracy, harmonic analysis, 

steady-state and dynamic response is presented in this chapter. For validating the controller as an 

efficient control, load flow, power loss and fault analysis are done and the results are presented 

in this chapter.  

4.2 Performance Analysis of the Proposed Controller 

The block diagram of the designed system in the research work consists of PV system, a dc/dc 

converter, MPC based inverter, R-L line filter and the grid. In this research work, a 39kW PV 

array is connected to the proposed MPC based inverter through a dc/dc converter to evaluate the 

effectiveness of the proposed system. The array is designed with 168 modules, each having a 

maximum power rating of 235W. The whole simulations are carried out by using 

MATLAB/Simulink tool. The model designed in the MATLAB/Simulink platform is shown in 

Fig. 4.1. During simulation, the dc link voltage provided by the PV array through a closed loop 

dc/dc converter is maintained at 850V and the sampling time is considered as 33𝜇s. The solver 

taken during this simulation is ode5 (Dormand-Prince) and fixed step type of it is considered. 

The parameters values required by the blocks of the model are initialized in a separate m-file and 

it needs to be executed every-time before the starting of the simulation.  The parameters values 

utilized in the simulation are shown in Table 4.1.  

Table 4.1: Parameter values for the simulated systems. 

Parameter Value 

Inverter voltage 850V 

Reference current 96A 

Reference frequency 50Hz 

Load resistance 3.44   

Load inductance 70mH 

Grid voltage 120V 

Grid frequency 50Hz 
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4.2.1 Steady-state Analysis 

The performance of the proposed controller is analyzed through the steady-state analysis. The 

algorithm is implemented by the cost function as presented by the Eqn. (3.45). The reference 

current utilized during the simulation is sinusoidal in nature and having amplitude of 96A with a 

frequency of 50Hz. Load voltage and load current waveforms from the steady-state analysis of 

the controller are presented in Figs. 4.2 to 4.5.  The phase voltages (        ) across the load 

before LC filter is shown in Fig. 4.2. Figure 4.3 shows the phase voltages (        ) across the 

load after the LC filter.  

 

Figure 4.2: Steady-state phase voltage (        ) before LC filter using the proposed controller. 

 

Figure 4.3: Steady-state phase voltage (        ) after LC filter using the proposed controller. 
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The steady-state three-phase load currents (        ) using the proposed controller is presented in 

Fig. 4.4 which indicates a sinusoidal nature load currents with low distortion. The three-phase 

currents (        ) is transformed into two dimensional currents (     ) in    plane utilizing 

Clarke’s transformation as presented in Eqn. (3.19). Graphical representation of the    and     

current is shown in Fig. 4.5. 

 

Figure 4.4: Steady-state phase currents (        ) using the proposed controller. 

 

Figure 4.5: Steady-state phase currents (  ,  ) in    plane using the proposed controller. 
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4.2.2 Current Tracking Accuracy 

In order to evaluate the performance of predictive current, reference current tracking accuracy of 

the controllers is checked. A three phase sinusoidal reference current of 96A and 50Hz frequency 

is considered. The current waveforms (  ,  ) for transient reference tracking is shown in Fig. 4.6. 

It can be seen that the controller tracks the reference current accurately at both the transient and 

steady-state conditions.  

 

Figure 4.6: The current waveforms (  ,  ) for transient response. 

4.2.3 Effect of switching frequency term in the cost function 

As mentioned earlier, the cost function designed for the proposed controller includes two 

components. One is for reducing the current tracking error and the other one is for reducing the 

switching transitions. The two terms are added with a weighting factor   . Therefore, the value of 

    is an important factor for determining an optimized cost function. For determining the effect 

of switching transitions reduction, the simulation of the whole system is done for     i.e. 

neglecting the term of average switching frequency reduction in the cost function. Harmonic 

analysis is done for the output load current by using FFT analysis and is shown in Fig. 4.7. It is 

seen that the current without the switching transitions reduction term is 1.82%. 
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          Figure 4.7: Current THD without switching frequency term in the cost function. 

Now, the simulation is done with the addition of switching frequency reduction term in the cost 

function utilizing (3.45). The value of weighting factor   is varied over a range of 0.001 to 0.7, 

and the value of switching frequency and the corresponding current THD are calculated and 

shown in Table 4.2. It is seen that, the switching frequency is 4.46 KHz and the corresponding 

current THD is 1.82% for    . If the value of   increases, the switching frequency decreases, 

while the current THD increases. For      , the switching frequency is 3.03 KHz which is the 

lowest one for the observed datasheet as shown in Table 4.2, while the current THD value is 

2.38% which is the highest one. The current THD should be lower in order to having lower 

harmonic loss. The switching frequency should also be lower for a lower switching loss in the 

semi-conductor device. The switching frequencies, current THDs with the variation of    are 

shown in Fig. 4.8.  

Table 4.2: Current THD and Losses with the variation of   

Weighting 

factor,   

Average 

Switching 

Frequency 

(kHz) 

Conduction 

Loss (W) 

Switching Loss 

(W) 

Current  

THD 

(%) 

0 4.46 30.62 7.53 1.82 

0.01 4.28 29.73 7.51 1.89 

0.05 4.20 29.73 7.22 1.87 

0.1 4.08 29.70 7.01 1.94 

0.2 3.84 29.69 6.65 1.95 

0.3 3.70 29.71 6.34 2.06 

0.4 3.54 29.72 6.05 2.07 

0.5 3.34 29.73 5.79 2.20 

0.6 3.27 29.74 5.60 2.28 

0.7 3.03 29.77 5.38 2.38 
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Figure 4.8:  Switching frequencies and current THDs with the variation of weighting factor,  . 

From Fig. 4.8, it is seen that, the average switching frequency,     and the current THD curve 

intersect at      , where the switching frequency is 3.54 KHz and the corresponding current 

THD is 2.07%. Note that, considering only 0.25% more current THD, the switching frequency is 

found to be a lower one. Hence, for energy efficient operation of the inverter, it is operated at 

this trade-off point (i.e.      ) of the average switching frequency and the current THD.   

The steady-state current response of the output load current with       for the proposed 

controller is shown in Fig. 4.9. It is seen that the waveform does not much change from the 

waveform for    . 

 

Figure 4.9: Steady-state phase currents (        ) using the proposed controller for      . 
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4.2.4 Power Loss Analysis  

Now, for the value of      , the loss analysis is done using the mathematical expression 

described in sub-section 3.7. The conduction, switching and harmonic losses are calculated for 

both the conditions of with and without switching transitions term in the cost function and are 

shown in Figs. 4.10 to 4.12. 

 

Figure 4.10: Conduction loss with and without switching frequency reduction term in the 

proposed controller.  

From Fig. 4.10, the continuous conduction losses for per phase of a three phase system are 

30.62W and 29.72W for the value of     and       , respectively. Therefore, it can be said 

that 2.94% (0.8972W) loss is reduced due to the addition of switching transition term in the cost 

function.  

 

Figure 4.11: Switching loss with and without switching frequency reduction term in the proposed 

controller. 

29.2

29.4

29.6

29.8

30

30.2

30.4

30.6

30.8

Without Switchinig

transistion term

With Switchinig transistion

term

L
o
ss

 [
W

] 

Conduction loss 

0

2

4

6

8

Without Switchinig transistion

term

With Switchinig transistion

term

L
o
ss

 [
W

] 

Switching loss 



63 
 

 From Fig. 4.11, the continuous switching losses for per phase of a three phase system are 7.53W 

and 6.04W for the value of     and       , respectively. It can be seen that 19.79% (1.49W) 

loss is reduced due to the addition of switching transition term in the cost function. The harmonic 

losses are also calculated for the same case and are shown in Fig. 4.12. It is noted that the 

continuous harmonic losses calculated up to 19
th

 harmonics with and without switching 

transition term in the cost function are 6.79W and 5.25W, respectively. Hence, the proposed 

system suffers from 22.68% (1.54W) harmonic loss due to trade-off the current THD and 

switching frequency as shown in Fig. 4.12.  

 

Figure 4.12: Harmonic loss with and without switching frequency term in the proposed 

controller.  

The overall loss per phase with and without switching frequency term is shown in Fig. 4.13.   

 

Figure 4.13: The overall loss per phase with and without switching frequency term in the cost 

function. 

0

1

2

3

4

5

6

7

8

Without Switchinig frequency

term

With Switchinig frequency

term

L
o
ss

 [
W

] 

Harmonic loss 

0

5

10

15

20

25

30

35

40

45

50

Without Switchinig

frequency term

With Switchinig

frequency term

L
o
ss

 [
W

] 

Harmonic loss

Switching loss

Conduction loss



64 
 

From Fig. 4.13, it is seen that the total per phase continuous loss with and without switching 

frequency reduction term are 42.56W and 43.40W, respectively. Therefore, 1.96% (0.85W) loss 

is reduced per phase due to the switching frequency reduction. For the three-phase system the 

total reduced loss is (0.83983   3) = 2.51949W, which shows a significant amount of loss 

reduction due to the incorporation of switching frequency reduction term in the cost function. 

4.2.5 Load Flow Analysis 

Load flow analysis is done using the IEEE 13 bus system in order to ensure the power 

penetration to the ac grid. The proposed MPC based PV system is connected to the 680 bus of 

the IEEE 13 bus system through a step-up transformer as shown in Fig. 4.14. The parameters of 

the IEEE 13 bus system are presented in the previous chapter, sub-section 3.7. The results of 

load flow analysis of the system before and after connecting the proposed controller based PV 

system are shown in Table 4.3. The default active power generation of IEEE 13 bus system is 

3518.74kW. From Table 4.3, after connecting the proposed controller based PV system, it can be 

seen that the penetrated active power generation to the IEEE 13 bus is 32.08kW. 

 

Table 4.3: With and without connecting the proposed PV system to the IEEE 13 bus.  

Parameters Before the connection of 

Proposed Controller 

based PV system 

After the connection of 

Proposed Controller 

based PV system 

Total generation P= 3518.74 kW 

Q= 1540.14 kvar 

P= 3550.82 kW 

Q = 1514.38 kvar 

Total PQ load P = 3101.90 kW 

Q= 1880.42 kvar 

P = 3103.22 kW 

Q=1881.25 kvar 

Total Zshunt load        P = 363.47kW 

Q = -479.42 kvar 

P = 393.85 kW 

Q = -486.01kvar 

Total losses        P= 53.36 kW 

Q = 139.14 kvar 

P = 53.76kW 

Q = 119.14kvar 
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4.2.5 Fault Handling Capacity Analysis 

To analyse the stability of the proposed controller, fault current handling capacity of the 

controller is tested. While connecting the proposed PV system in the 680 bus of the IEEE 13 bus, 

intentional fault is done in the bus for testing the performance of the controller. Both 

symmetrical (LLLG) and unsymmetrical (LG, and LLG) faults are created and the voltage and 

current profile during and after recovering the fault is shown in Figs. 4.15 to 4.17. The three 

cases are described one by one below. 

If an LG fault is occurred from 0.02s to 0.1s in the test system at 680 bus for four cycles, only 

the faulty phase voltage A has fallen during this time where the other phases are not disturbed as 

shown in Fig. 4.15. From the Fig. 4.15, it is seen that during the faulty condition, the current in 

the faulty phase experiences current swell problem which is the sudden increase of current from 

its rated value. The proposed controller comes at normal condition by recovering fault voltage 

immediately and takes only 0.06s for recovering the fault current to come back at its normal 

condition which ensures the fault handling capacity of the controller. 

 

Figure 4.15: Voltage and current profile during and after the LG fault for the proposed controller. 

Again, an LLG fault is intentionally created from 0.02s to 0.1s in the system and the associated 

voltage and current waveform is shown in Fig. 4.16. From Fig. 4.16, it is seen that only the two 

phase voltages fallen to zero during the fault and the other phase still continues. The current 

during the fault also experiences the current swell as similar in the LG fault.  Here, the voltage 

during the fault recovery time also experiences voltage swell. The proposed controller takes 

0.13s for recovering the fault voltage and takes 0.18s for recovering fault current effect and again 

come back at the normal condition as shown in Fig. 4.16. 
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Figure 4.16: Voltage and current profile during and after the LLG fault for the proposed 

controller. 

For testing the behavior of the system under a symmetrical fault, an LLLG fault is intentionally 

created from 0.02s to 0.03s as shown in Fig. 4.17. The proposed controller in this case takes 

longer time for recovering the effect of fault voltage and current and takes nearly 0.58s and 

0.62s, respectively, to clear the fault. Although it takes longer time, the proposed controller has 

the ability of handling the rare symmetrical fault in the system.  

 

Figure 4.17: Voltage and current profile during and after the LLLG fault for the proposed 

controller. 
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After reviewing the aforementioned fault analysis, it can be said that the proposed controller has 

the ability to operate the inverter under the challenging symmetrical and unsymmetrical fault 

conditions. 

4.3 Comparison with the Existing Controllers 

The features of the proposed MPC based inverter system is compared with the three existing 

controllers such as PI-PWM, PR-PWM, and PR-SHEPWM for the same parameters as presented 

in the previous section. The results of the comparison are given below.    

4.3.1 Transient Analysis 

In order to test the dynamic performance of the controllers, transient analysis is done. A step 

reduction is done in the amplitude of the real component of the reference current   
  from 96A to 

48A at time 0.015sec, while the imaginary component of the reference current   
  is kept constant 

at 96A for all the aforementioned controllers. The results of the analysis are presented below. 

4.3.1.1 PI-PWM Controller 

The dynamic responses of the measured load current and voltage in     and    frame for the PI-

PWM controller are shown in Figs. 4.18 and 4.19. From Fig. 4.19, it is seen that the controller 

tracks the change in reference current, but does not provide the decoupled control of load current 

(  ,   ). This means that a change in one component   
  affects another component while to settle 

down the change. 

 

Figure 4.18: Transient phase currents (        ) for the PI-PWM controller. 
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Figure 4.19: Transient phase voltage in phase a, and currents (  ,  ) in    frame for PI-PWM 

controller. 

4.3.1.2 PR-PWM Controller 

 For making a comparison of the proposed controller with the existing PR-PWM controller, the 

response of PR-PWM controller is tested under transient condition. The responses of the 

measured current and voltage in     and    frame for the PR-PWM controller are shown in 

Figs. 4.20 and 4.21. It is seen that a step reduction of current from 96A to 48A is done at 0.015s 

in the real component of the reference current   
  to realize the effect of transient response of the 

controller. The Fig. 4.20 ensures that the controller is able to respond accurately under the 

transient condition. Again, from Fig. 4.21, it is seen that the controller tracks the change in 

reference current, and provides a better transient response than the traditional PI-PWM 

controller. The controller also provides a decoupled feature but the tracking of change is not 

instantaneous as the proposed controller. 

 

Figure 4.20: Transient phase currents (        ) for the PR-PWM controller. 
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Figure 4.21: Transient phase voltage in phase a, and currents (  ,  ) in    frame for PR-PWM 

controller. 

4.3.1.3 PR-SHEPWM Controller 

For comparing the transient response of the existing PR-SHEPWM controller with the proposed 

MPC based controller, a step change in the amplitude of reference current   
   (from 96A to 48A) 

is done again at the same time of 0.015s, while keeping the amplitude of   
  fixed. The dynamic 

responses of the measured current and voltage in     and    frames for the PR-SHEPWM 

controller are shown in Figs. 4.22 and 4.23. From Fig. 4.22, it is seen that the controller also 

tracks the change in reference current, but does not provide the decoupled control of load current 

(  ,   ) as the PI-PWM controller. This means that a change in one component (  
 ) affects 

another one while to settle down the change, as the PI-PWM controller. 

 

Figure 4.22: Transient phase currents for the PR-SHEPWM controller. 
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Figure 4.23: Transient phase voltage in phase a, and currents (  ,  ) in    frame for PR-

SHEPWM controller. 

4.3.1.4 Proposed MPC based Controller 

 For realizing the transient behavior of the proposed controller, a step reduction (from 96A to 

48A) of the real component (  
 ) of the reference current is done at time 0.015s. The responses of 

the injected current and voltage in     and    frame for the proposed MPC based controller 

under transient conditions are shown in Figs. 4.24 and 4.25. A more closed zoom view at the 

transient position is shown in Fig. 4.26. It is seen that the controller provides decoupled control 

of load current (  ,  ). This means that a change in one component (  
 ) does not affect the other. 

 

Figure 4.24: Transient phase currents using proposed controller. 
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Figure 4.25: Transient phase voltage in phase a, and currents (  ,  ) in    frame using proposed 

controller. 

 

Figure 4.26: Decoupling nature of transient phase currents (  ,  ) in    plane. 

After analyzing the aforementioned transient analysis, it is clearly seen that the proposed MPC 

based controller provides better transient response than the described three existing controllers. 

4.3.2 Reference Current Tracking 

Appropriate tracking of the reference current is an important feature for any controllers. The 

reference tracking performance of the proposed controller and the existing PI-PWM, PR-PWM 

and PR-SHEPWM controllers is presented below.  
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4.3.2.1 PI-PWM Controller 

For the PI-PWM controller, the measured phase current waveforms in     and    frames as 

shown in Fig. 4.27 show that the currents contain harmonic components and become distorted. 

The reference current tracking accuracy of the controller is poor as shown in Fig. 4.28. Figure 

4.29 shows the steady-state current tracking error; the mean absolute current tracking error is 0.3 

(30%) for the PI-PWM controller.   

 

Figure 4.27: Steady-state phase current waveforms in     and    frame for the PI-PWM 

controller. 

 

Figure 4.28: Reference current tracking response for PI-PWM control. 
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Figure 4.29: Current tracking error for the PI-PWM controller. 

From Fig.4.28, it is seen that the output current of the inverter contains severe amount of 

harmonic component. Therefore, FFT analysis is done to understand the amount of THD of the 

current as well as the amount of individual harmonic component of the current for the PI-PWM 

controller, which is shown in Fig. 4.30. The current THD is found to be 7.26% for the PI-PWM 

controller.  

 

Figure 4.30: Current THD response for the PI-PWM controller. 

The total current harmonic distortion is calculated by the following mathematically expression 

[143-144] 

                                      
√∑   

  
   

  
      

√  
     

      
 

  
                                       (4.1) 
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where, current THD is indicated by     . These two terms are calculated by the r.m.s. values of 

current (        ).  

4.3.2.2 PR-PWM Controller 

The three-phase current waveforms produced by the PR-PWM controller are shown in Fig. 4.31, 

which show that the quality of the inverter output current is better than the PI-PWM controller.  

The reference tracking accuracy is also better as shown in Fig. 4.32. The mean absolute tracking 

error for the PR-PWM controller is 0.05 (i.e. 5%) and shown in Fig. 4.33. Therefore, a better 

indication is observed than the PI-PWM controller.  

 

Figure 4.31: Steady state phase current response in     and    frame for the PR-PWM 

controller. 

 

Figure 4.32: Reference current tracking response for PR-PWM control. 
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Figure 4.33: Current tracking error response for the PR-PWM controller. 

Since the reference current error is better in PR-PWM controller as indicated by the Fig. 4.33, it 

is expected to have lower current THD for the controller. To ensure it, FFT analysis is done (as 

shown in Fig. 4.34) and found the value of current THD is 2.81%. 

  

Figure 4.34: Current THD response for the PR-PWM controller. 
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4.3.2.3 PR-SHEPWM Controller 

The measured phase current response and reference current tracking for the PR-SHEPWM 

controller are shown in Fig. 4.35 and 4.36, which show relatively better output from the 

controller than the conventional PI-PWM controller. However, the controller suffers from higher 

current distortion than the PR-PWM controller. The current tracking error is 0.065 (i.e. 6.5%), 

which is also higher than the PR-PWM controller as shown in Fig. 4.37.  

 

Figure 4.35: Steady state phase current response in     and    frames for the PR-SHEPWM 

controller.   

 

Figure 4.36: Reference current tracking response for PR-SHEPWM control. 
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Figure 4.37: Current tracking error response for the PR-SHEPWM controller. 

The current THD response for the PR-SHEPWM control is shown in Fig. 4.38. It is clearly seen 

that the selected 5
th

 and 7
th

 harmonics are eliminated, however, the other harmonic component, 

more importantly, 11
th

 harmonic, increases the overall THD of the system. This is one of the 

significant drawbacks of the controller. 

 

Figure 4.38: Current THD response for the PR-SHEPWM controller. 

4.3.2.4 Proposed MPC based Controller 

The current tracking accuracy of the MPC at steady-state condition is shown in Figs.4.39. It can 

be seen that the controller tracks the reference current properly. The mean tracking absolute error 

at steady-state is 0.025 (i.e. 2.5 %) as shown in Fig. 4.40.  
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Figure 4.39: The current (  ,  ) tracking performance under steady-state condition. 

 

 

Figure 4.40: Mean tracking absolute error between the reference and measured current. 

As mentioned earlier, Fast Fourier Transform (FFT) analysis is carried out for the proposed 

controller for evaluating the harmonic content in the injected current. The result from the FFT 

analysis for the controllers is shown in Fig. 4.41. It is seen that the current THD for the proposed 

controller is 2.07%, which is the lowest one than the other existing controllers. 
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Figure 4.41: Steady-state grid current THD response for the proposed predictive controller. 

    In summary, if the performance of the described existing controllers are compared to the 

proposed controller in terms of  tracking accuracy, harmonic content in the output injected grid 

current, the proposed one shows the better performance. The current THD value for the existing 

controllers and the proposed one is shown in Fig. 4.42 which indicates that the PI-PWM 

controller has the highest current THD value whereas the proposed controller has the least value. 

The individual harmonic components exist in the output inverter current/the injected grid current 

by the controllers is shown in Fig. 4.43 which also shows that the proposed controller performs 

better than the others.  
 

 

Figure 4.42: Comparison of Current THD values for the PI-PWM, PR-PWM, PR-SHEPWM and 

the proposed controller. 
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Figure 4.43: Comparison of individual harmonic component THD values for the PI-PWM, PR-

PWM, PR-SHEPWM and the proposed controller. 

 

According to the standards of IEEE 929-2000 and European IEC61727 [35-36], the current THD 

of the injected grid current should be less than 5% and the odd harmonic component from 3
rd

 to 

9
th
 and 11

th
 to 19

th
 should have THD less than 4% and 2%, respectively. Therefore, the predictive 

controller meets the standard. The PI-PWM, PR-PWM and PR-SHEPWM controllers shows 

higher current THD than the proposed controller. 
    

4.3.3. Load flow analysis  

For comparing the results obtained from the load flow analysis, the same system is designed 

using PI-PWM controller. The used parameters in simulation are same for both the PWM and 

MPC based energy conversion. The penetrated power from a specified PV system (39kW) to the 

grid for both the MPC and PWM is shown in Table 4.4. It can be seen that the penetrated active 

power generation to the IEEE 13 bus for the MPC is 32.08kW, whereas the traditional PWM 

penetrates 28.44kW. Hence, 3.64kW (12.8%) more active power is added to the grid due to the 

use of proposed MPC. This excess power of 3.64kW is consumed by Zshunt load, as shown in 

Table 4.4. 

 

 

 

 

 

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

5th 7th 11th 13th

C
u

r
re

n
t 

T
H

D
 

Harmonic Components 

PI-PWM

PR-PWM

PR-SHEPWM

Proposed Controller



82 
 

Table 4.4: Load flow analysis data for PWM and MPC based controller. 

Parameters PWM MPC 

Total generation P= 3547.18 kW 

Q= 1512.11 kvar 

P= 3550.82 kW 

Q = 1514.38 kvar 

Total PQ load P = 3103.23 kW 

Q= 1881.26 kvar 

P = 3103.22 kW 

Q=1881.25 kvar 

Total Zshunt load P = 390.28kW 

Q = -488.04 kvar 

P = 393.85 kW 

Q = -486.01kvar 

Total losses P= 53.67 kW 

Q = 118.89 kvar 

P = 53.76kW 

Q = 119.14kvar 

 

4.3.4 Loss analysis 

From the load flow analysis, it is seen that more PV power is penetrated to the ac grid using 

MPC based proposed controller than the traditional PI-PWM controller. This phenomenon 

indicates the less power loss due to the proposed controller. Therefore, power loss analysis of 

both the controllers is done to verify the statement. The parameters used in the analysis are 

shown in Table 4.5 and the related expressions are presented in chapter III. 

 Table 4.5: Parameters used for the power loss analysis [140]. 
 

Parameters Value Parameters Value 

Switching frequency, fsw 3.54 kHz DC link voltage, Vdc 850 V 

Turn-On energy, Eon 1.4 mJ 
Turn-on/Threshold voltage of 

IGBT, Vce0 
1.5 V 

Turn-off Energy, Eoff 2.0 mJ Output frequency, fo 50 Hz 

Voltage across Vce during Test, Vccnom 400 V Modulation Index, m 0.95 

Collector Current during Test, Icnom 50 A IGBT differential resistance, Rce 0.01467   

 

Figures 4.44 and 4.45 show the arm current through the upper IGBT using the Eqn. (3.59) for 

MPC and PWM, respectively. Here, it can be seen that, the arm current differs from the output 

line current (as shown in Fig. 4.4) as dc current in per branch and ac current in per IGBT are 

considered. Difference between MPC and PWM currents is that, in PWM, arm current is 

multiplied with duty cycle, whereas, no modulation index or modulation is required for MPC. 

From Fig. 4.46, the instantaneous conduction and switching loss of MPC is shown using the 

Eqns. (3.58) and (3.63), respectively, as presented in chapter III. Figure 4.47 shows the 

instantaneous conduction and switching losses of IGBT for PI-PWM. Comparing the current and 

loss curve, it can be said that, MPC yields smooth switching, whereas PWM yields distorted 

switching. Therefore, the wave shape is also distorted. The average continuous phase losses 

value for MPC and PWM are listed in Table 4.6. 
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Table 4.6: Average loss for MPC and PWM controllers. 

Name of the Loss MPC PWM 

Conduction Loss (W) 29.72 47.0031 

Switching Loss (W) 6.0741 12.1501 

 

 

Figure 4.44: Instantaneous arm current in the upper IGBT for MPC. 

 

Figure 4.45: Instantaneous arm current in the upper IGBT for PWM. 
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Figure 4.46: Instantaneous conduction and switching losses in MPC. 

 

Figure 4.47: Instantaneous conduction and switching losses in PWM. 

 As mentioned earlier, the chosen reference current is 96A. Now, for further analysis, the 

reference current is varied from 91 to 100A for both the controller as shown in Fig. 4.48. It is 

seen that both the conduction and switching loss of MPC are greater than PWM during the 

variation of reference current.  
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Figure 4.48: Comparison of conduction and switching losses between MPC and PWM. 

After determining the switching and conduction losses, another loss due to the harmonic 

component in the output current i.e. the harmonic loss is calculated using the expression as 

presented before in chapter III. As mentioned before, for determining the harmonic loss, the 

r.m.s. value of the output current and its THD percentage due to the harmonic component is 

required. Using the data found from the FFT analysis as shown in Figs. 4.30 and 4.41, the 

harmonic loss is calculated for both the PI-PWM and MPC controller. 

 The per phase continuous harmonic loss for MPC is 6.79W which is 83.59W for PWM. For 

three-phase, it will be multiplied by 3, hence, for MPC it is 20.38W, and for PWM it is 250.78W. 

So it can be said that in MPC, 91.87% harmonic loss is reduced. A comparison of conduction, 

switching, and harmonic losses between MPC and PWM is shown by a bar graph in Fig. 4.49. It 

is seen that the overall per phase conduction, switching and harmonic losses for MPC is 42.59W, 

and for PWM, it is 142.75W. Therefore, 70.16% (100.16W) power loss is reduced due to the use 

of MPC rather than the traditional PWM method. The results found from the analysis ensures the 

proposed controller as energy efficient one. 
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Figure 4.49:  Comparison of conduction, switching and harmonic loss for MPC and PWM. 

4.4 Conclusion 

This chapter presents the performance of the proposed MPC based on-grid PV system in terms of 

tracking accuracy, harmonic analysis, and steady-state and transient responses. Comparison with 

the existing controllers, such as PI-PWM, PR-PWM, PR-SHEPWM controllers, are also 

presented and finally summarized their injected current quality in terms of current THD. The 

quality of the injected current produced by the proposed controller meets the IEC/IEEE standard. 

Furthermore, the results of loss, load flow and fault current analyses are presented to ensure the 

penetration of more power to the ac grid and the fault handling capacity of the proposed 

controller.  

29.72 

6.0741 6.79577 

47.0031 

12.1501 

83.593254 

0

10

20

30

40

50

60

70

80

90

Conduction Loss Switching Loss THD Loss

L
o
ss

 i
n

 W
a

tt
 

MPC

PWM



87 

 

Chapter V 

 

Conclusions and Future Prospects 

 

5.1 Conclusion 

People all over the world believe that the renewable energy sources (RES) will bring a positive 

impact on the generation of power and also provide a safe and green earth for the future 

generation. Among the RES, solar PV can be a significant source of power generation. However, 

maximum penetration of produced PV power to the grid is still an important issue for modern 

power system. To overcome the ongoing issue, this research work has focused on the 

development of MPC based energy efficient on-grid PV inverter system. 

The power produced by the PV source is the sole source of harmonic components as its input 

irradiance and temperature fluctuate from time to time. The harmonic component in the output 

current causes losses in the system and thus less power is penetrated to the ac grid. To maximize 

the power penetration, an MPC based on-grid PV inverter system is designed in 

MATLAB/SIMULINK platform. The proposed MPC selects an optimal control action in every 

sampling instant for the dc/ac inverter by minimizing a predefined cost function. The cost 

function is designed for reducing the current tracking error and the average switching frequency. 

Accurate current tracking will improve the current THD, and lower average switching frequency 

will reduce the switching loss. The aforementioned two control objectives are combined with a 

weighting factor in the cost function. The value of the weighting factor is selected by trading-off 

the average switching frequency and current THD, as they are inversely related.  

In this research work, it is found that MPC based controller tracks the reference current 

accurately with a mean absolute error of 2.5%. The performance of the proposed MPC is 

observed with and without switching frequency reduction term in the cost function. The current 

THD, average switching frequency and switching loss are 1.82%, 4.46KHz and 7.53W, 

respectively, without the switching frequency reduction term in the cost function. After adding 

the switching frequency reduction term in the cost function, the current THD, switching 

frequency and the switching loss become 2.07%, 3.54KHz and 6.05W, respectively, with a 

weighting factor of      . This means that the average switching frequency is reduced by 920 

Hz and the corresponding switching loss is reduced by 19.79% (1.49W) per phase, while the 

current THD is increased by only 0.25%. The overall loss (i.e. summation of conduction, 

switching and harmonic losses) of the inverter is also calculated. It is shown that the overall 

losses with and without switching frequency reduction term in the cost function are 42.56 and 

43.40W, respectively. Note that, considering only 0.25% more current THD minimizes the 
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average switching loss as well as reduces the continuous overall losses by 2.52W (for three-

phase). Hence, for energy efficient operation, the inverter is operated at the trade-off point of the 

average switching frequency and the current THD.   

To penetrate the produced PV power utilizing the proposed MPC, the total system is connected 

to an IEEE 13 bus test feeder. Load flow analysis is done and the results are compared with the 

traditional PWM system. The proposed controller penetrates 3.64kW more power than the 

traditional PWM controller for a specified capacity of the PV system. The inverter power loss is 

also compared with the PWM based inverter system. It is shown that the PWM and MPC based 

controllers provide the continuous overall per phase loss of 142.75W and 42.59W, respectively. 

This means that a reduction of 70.16% (100.16W) power loss is achieved due to the use of MPC 

rather than the traditional PWM method, which makes the proposed controller energy efficient. 

The controller also has the symmetrical and unsymmetrical fault tolerant ability, which is also 

analysed in the research work. 

Furthermore, a comparison in terms of current tracking error, current THD, and steady-state and 

transient responses has been carried out between the proposed controller and the existing PWM 

controllers. Three existing controllers, such as PI-PWM, PR-PWM and PR-SHEPWM, are 

designed with the same parameters utilized in the proposed controller. The mean absolute current 

tracking errors for the PI-PWM, PR-PWM and PR-SHEPWM controllers are 30%, 5% and 

6.5%, respectively, while the error is only 2.5% for the proposed MPC. The current THDs for PI-

PWM, PR-PWM and PR-SHEPWM controllers are 7.26%, 2.81%, and 3.61%, respectively, 

while the proposed controller provides 2.07% which also meets the IEEE/IEC standards. During 

transient, the proposed controller shows better ability to track the reference current and also 

provides decoupled current control feature. Therefore, the results of the comprehensive analysis 

ensure the precedent features of the proposed controller for an on-grid PV inverter system. 

So, to conclude, it can be mentioned that all the research objectives are fulfilled by this research 

work. To enhance the present power generating PV system by reducing current THD and power 

loss, the designed model can be an optimum solution to establish a greener world for the future 

generation. 
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5.2 Future Prospects 

This work can create the following scopes for future researchers. 

i. The proposed MPC based on-grid PV system is designed and simulated in 

MATLAB/SIMULINK platform while considering a frequency of 50Hz during the 

connection of an ac grid. In practical scenario, the inverter suffers from instability due to 

the frequency mismatch with the grid. Therefore, a phase lock loop (PLL) may be 

incorporated in that case to avoid the variation of frequency and can be implemented in 

hardware configuration, which will be a nice future research scope in this area. 

ii. The current THD of the proposed controller still shows some small existence of different 

dominated harmonic components such as 5
th

, 7
th
, and 11

th
. Selected harmonic elimination 

technique may be incorporated in future with the proposed controller, which may further 

improve the performance of the MPC. 

iii. Hybrid power system will be an addition of this research. Wind and hydro based power 

system will be designed with proper control mechanism and added to the solar PV system 

for generating more power with more diversity.  

iv. The main drawback of MPC such as variable switching frequency can be overcome by 

including a modulation block in the proposed control structure. 

v. The stability of the MPC based inverter against large grid impedance variation will be 

another nice future research scope. 
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