
 الجمهورية الجزائرية الديمقراطية الشعبية 

République Algérienne Démocratique et Populaire 

Ministère de L'Enseignement Supérieur et de la Recherche Scientifique 

 

UNIVERSITÉ FERHAT ABBAS - SETIF 1 

FACULTÉ DE TECHNOLOGIE 

THESE 

Présentée au Département d’Electronique 

Pour l’obtention du diplôme de 

DOCTORAT EN SCIENCES 

 

Option : Electronique 

Par  

SAHLI Abdeslem 

MEÈTH 

Optimisation de la qualité d’énergie dans les  

Smart grids 
 

Soutenue le 21/02/2021 devant le Jury : 

ZEGADI Ameur Professeur Univ. Sétif 1 Président 

KRIM Fateh Professeur Univ. Sétif 1 Directeur de thèse 

SEMECHEDDINE Samia Professeur Univ. Sétif 1 Examinateur 

REKIOUA Toufik Professeur Univ. Bejaia Examinateur 

HAMIDAT Abderrahmane  Directeur de Recherche CDER. Alger Examinateur 

BOUZEKRI Hacene  Professeur Univ. Skikda Examinateur 

 

 



 

 

 

Energy Quality Optimization in Smart 

Grids 
 

 

By 

 

 

SAHLI Abdeslem 

 

 

A thesis 

presented at the University of Ferhat Abbas -Sétif 1 

 

for the degree of 

 

Doctor in Sciences 

in 

Electronics 



ii 
 

Abstract 

Power quality and renewable energy integration are two potential promises for the smart 

grid expansion, including power quality improvement and capability to integrate more 

renewable energy resources. 

In this thesis, a modified packed U-cell five-level inverter (MPUC5) with Model 

predictive control (MPC) strategy is proposed for a single-phase active power filter (APF) 

application, which is applied to eliminate harmonic current and compensate reactive power at 

the point of common coupling (PCC), caused by local non-linear loads connected to the grid. 

In this context, a new model predictive control (MPC) has been designed and implemented to 

ensure the voltage balancing for the DC-link capacitors, and generate five-level voltage at the 

output to ensure high power factor correction.  

On the other hand, this study introduces the MPUC5 converter in transformer-less 

single-phase double stage grid-tied photovoltaic (PV) system. The proposed system operates as 

a single-phase APF able to compensate reactive power generated by non-linear loads connected 

to grid, feeds the non-linear load by the generated PV power, and injects the extra power into 

the grid, where the proposed FCS-MPC algorithm is designed to ensure a high grid current 

quality, taking into consideration the issue of the capacitor voltages balancing and the switching 

frequency minimization. Furthermore, this topology shows a great enhancement in safety and 

protection of the PV system with an elimination of the common mode leakage current in non-

isolated system.  

To show the performance improvement of the proposed systems, completed simulation 

models have been developed using MATLAB/SimulinkTM environment and confirmed through 

real-time hardware in the loop (HIL) system. The obtained results indicated the excellent 

performance of the proposed control schemes. 
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General Introduction 
 

 

1.  INTRODUCTION TO SMART GRID 

The electric power system has witnessed many new developments that not only revived 

interest in research and development but also resulted in significant socio-economic benefits to 

the community. The increased awareness of the environmental impact and the carbon footprint 

of all energy sources, including electric power production, have given motivation to go further 

to adopt renewable energy sources as alternative energy. The deregulation of the power utility 

is a second important factor that shaped the direction of electric power technology. The rise of 

the new power utility “smart grid” is a great advantage not only for the society but to the entire 

electric power industry.  

Actually, the electric power distribution system is almost entirely a mechanical system, 

with only modest use of sensors, minimal electronic communication and almost no electronic 

control. In the last decades, all industries in the developed countries have renewed their power 

grid infrastructures with the use of high-tech devices such as sensors, communications and 

computational capability toward smart electric grid. Consequently, there has been massive 

enhancements in term of production, efficiency and quality of the energy with better 

environmental performance. 

In brief, a smart grid is the use of sensors, communications, computational capability 

and control to improve the overall functionality of the electric power system. A conventional 

electrical system becomes smarter by using those modern devices in term of control and ability 

to continual adjustments of the system.  Furthermore, this infrastructure improvement permits 

numerous functions which allow optimization in distribution, transmission and distributed 

resources which ensure consistency and optimize the use of energy, mitigate environmental 

impact and contain cost. 
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2.  BACKGROUND OF SMART GRID 

The smart grid is the dominating topic in today’s energy domain. However, many 

definitions of smart grid exist all around the world, and depending on them the smart grid is 

defined as state, transition process or target infrastructure. The basic content of each definition 

is influenced by many different factors, for example different generation structures caused by 

natural resources and regulation and different consumption structures caused by energy prices, 

using habits as well as urban population density. 

The following definitions highlight the influence of the above-mentioned factors:   

” The term ’Smart Grid’ refers to a modernization of the electricity delivery system so it 

monitors, protects and automatically optimizes the operation of its interconnected elements 

– from the central and distributed generator through the high-voltage network and 

distribution system, to industrial users and building automation systems, to energy storage 

installations and to end-use consumers and their thermostats, electric vehicles, appliances 

and other household devices. ” 

” A Smart Grid is an electricity network that can intelligently integrate the actions of all 

users connected to it - generators, consumers and those that do both - in order to efficiently 

deliver sustainable, economic and secure electricity supplies.” 

“A Smart Grid is an electricity network that can cost-efficiently integrate the behavior and 

actions of all users connected to it generators, consumers and those that do both in order 

to ensure economically efficient, sustainable power system with low losses and high levels 

of quality and security of supply and safety” 

The first definition [1] was published by the US National Institute of Standards and 

Technology (NIST) and defines the smart grid as a transition process from the existing power 

system to the future, Information and Communication Technologies (ICT) based power system. 

The second definition [2]  was published by the European Technology Platform (ETP) Smart 

Grids and defines the smart grid as a target architecture. The third definition [3] was published 

by Publications Office of the European Union, where power quality and renewable energy 

integration in the grid take great intention in the development of the future mixed grid. 

Based on these definitions, smart grid system could be described as a microgrid that has 

some special features that would improve the overall effectiveness of the power system to make 
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it environment friendly, integrate more renewable energy sources, improve power quality to 

correspond to new demands, become more reliable, resilient, flexible and sustainable. 

However, all definitions have some requirements, recommendations and ideas in common for 

the new mixed grid: 

• Accommodates and facilitates all renewable energy sources, distributed generation, 

residential micro generation, and storage options, thus reducing the environmental 

impact of the whole electricity sector. It will provide simplified interconnection similar 

to ‘plug-and-play’. 

• Assures and improves reliability and the security of supply by being resilient to 

disturbances, anticipating and responding to system disturbances (predictive 

maintenance and self-healing), and strengthening the security of supply through 

enhanced transfer capabilities. 

• Maintains the power quality of the electricity supply to cater for sensitive equipment 

that increases with the digital economy. 

In Smart Grid projects today, these technologies are being applied to electric grid 

applications, involving devices at the consumer level through the transmission level, to make 

our electric system more responsive and more flexible. In addition to economic motivations, 

smart grid employments respond to the rate of advances in emerging technologies, such as 

power electronic devices, computing power and renewable generation.  

The main characteristics of smart grids with comparison to conventional grids are shown in 

Table 1 [4]. 

In this thesis we focus on two potential promises of the smart grid which includes 

improved consistency and power quality and capability to integrate more renewable energy 

resources, and where power quality plays a central role that should be maintained, especially, 

with the ability to accommodate more renewables into the system, which make the grid more 

vulnerable to power quality issues.  

3.   RENEWABLE ENERGY SYSTEMS AND THE SMART GRID 

Distributed power generation is becoming an important part of the developing plans for 

most countries to meet the energy demand in the future [5]. The idea of distributed power 

generation is particularly attractive when different kinds of renewable energy sources are 

available. Distributed power generation of these renewable energy systems allows for the 
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integration of renewable and nontraditional energy sources. With distributed energy generation 

and storage, the power and energy engineering will definitely face a new situation in which 

small-distributed power generators and distributed energy storage devices have to be integrated 

into a single grid commonly known as the Smart Grid. In this way, it will reduce cost, save 

energy, and increase reliability with more transparency [6]. Demand for electricity is set to 

increase further as a result of rising household incomes, with the electrification of transport and 

heat, and growing demand for digital connected devices and air conditioning with an anticipated 

growth of 2.1% per year to 2040 [5]. Therefore, the efficient utilization of electricity, its 

production and distribution are important in order to optimize the overall energy consumption. 

The Smart Grid is considered to be one of the key technologies to play an important role in 

solving parts of those current and future challenges.  

Table 1 Comparison between conventional grid and smart grid. 

Characteristic Conventional grid Smart grid 

Enables active participation 

by consumers 

Consumers are uniformed 

and non-participative with 

power system 

Informed, involved and 

active consumers, demand 

response and distributed 

energy resources 

Accommodates all 

renewables  

Dominated by central 

generation, many obstacles 

for distributed energy 

resources 

Many distributed energy 

resources, focus on 

renewable 

Enables new products, 

services and markets 

Limited wholesale markets, 

not well integrated, limited 

opportunities for consumers 

Mature, well-integrated 

wholesale markets,  

Provides power quality for 

the digital economy 

Focus on outages, slow 

response to power quality 

issues 

Power quality is a priority, 

rapid resolution of issues 

Anticipates and responds to 

system disturbances 

Focus on protecting assets 

following faults 

Automatically detects and 

responds to problems 

Operates resiliently against 

attack and nature disasters 

Vulnerable to natural 

disasters 

Resilient to attack and 

natural disasters with rapid 

restoration capabilities 

 

Figure 1 shows the worldwide energy demand in the last two years and also the 

estimated energy demand until 2040. As it can be observed, due to the continuous increase in 

gross domestic product, the overall energy demand rises by 1.3% a year to 2040 [5]. To achieve 

this primary goal, renewable energy will be an important part in the expectable future energy 

production (hydro, renewable and biomass, etc.). 
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Figure 1: Worldwide energy demand by sector since 2018 and the estimated until 2040 [5]. 

Worldwide research, development, and major implementation efforts are focused on 

renewable energies. In recent years, renewable sources, such as wind (onshore and offshore), 

solar (photovoltaics [PV] and concentrated solar power [CSP]), geothermal, bioenergy (solid 

biomass, biogas), and marine energy, are gained more attention with a considerable percentage 

of the installed capacity as shown in Figure 2.  

Among the renewable energy resources presented in Figure 2, the electricity produced 

from photovoltaic installation, in 2025, can rise to 1200 GWh, according to [5]. The PV industry 

is experiencing rapid growth and solar energy is highly promoted. Nevertheless, the high 

penetration level of PV systems especially imposes new challenges for the Distributed System 

Operators (DSO) and the end-consumers [7–8]. It may introduce significant impacts on the 

availability, quality and reliability of the electrical grid, since it makes the distributed networks 

more decentralized, uncontrollable and heterogeneous [9], leading to further research and 

discussion about the appropriate implementation of PV power systems. Consequently, grid 

guidelines are continuously updated in order to enhance the PV hosting capacity in distributed 

grids [8]. On the other hand, it calls for an emerging development of advanced control strategies 

accordingly [10]. 
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Figure 2: Annual evolution (2000-2020) of the worldwide energy generation capacity and the 

estimated until 2040 [5]. 

Amid the technologies that reinforced the growth of renewable energy, power 

electronics has been representing a major technology enabler. The power electronics converters 

have made it possible to connect renewable energy generators to the power systems, as 

illustrated in Figure 3, improving the efficiency of energy harvesting through dedicated 

controls. Furthermore, power electronic devices are widely used on the consumer side and have 

been considered as a core technology for the new smart grid. 

The demands and new requirements are growing continuously with related standards 

newly updated and proposed for single phase grid connected PV systems. There are many 

demands on advanced functions in grid-connected power electronics facilities to improve power 

quality and reliability issues [10]. Therefore, it is essential to explore the functions that inverter-

based power generating system can contribute to grid safety operation and assess the grid fault 

effects on the control of grid-connected PV systems, and also to develop advanced control 

strategies to further enable an increase of the penetration degree of PV systems with cost-

effective solutions. In addition, the basic requirements, related to active and reactive power 

output, frequency and voltage control, power quality and voltage stability, should also be 

fulfilled by every generating system. Since PV systems have a high penetration in residential 

applications with much lower power ratings (several kW) compared to wind turbine power 

systems, single-phase topologies are still widely-used solutions for PV applications at present 

[11].   
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Figure 3: Modern power system representation incorporating renewables, energy storage and 

consumers. 

In order to meet the grid code requirements, the future PV systems are expected to 

provide multiple functionalities similar to those of conventional power plants by means of 

offering supplementary services, such as reactive power support, peak power shaving, load 

leveling, frequency control through active power control, low voltage ride through during grid 

faults. The power electronics interface of the PV systems enables an appropriate reactive power 

exchange with the grid, thus providing reactive power support and keeping the bus voltages 

within operating limits. The control of voltages, reactive power and line flows represent one of 

the most important activities in the operation of modern electric utility system. This control is 

known as the “Voltage/Reactive Power” or “Voltage/Var” control. The main objective of this 

control can be generally regarded as an attempt to achieve an overall improvement of the system 

security, service quality and economy. The dynamic control on output reactive power of 

distributed generator is suggested and recommended in updated new standards, such as 

California Rule 21 [12] and IEEE 1547a Standard [13].  

Power quality and reliability are attracting much attention in such systems. In order to 

meet the grid code requirements and maximize the value of inverter system, advanced inverter 

systems are expected to provide more functionality including ancillary services such as dynamic 

reactive power support. The power electronics interface of the PV systems enables them to 

exchange reactive power with the utility grid. 
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4.  AIM AND SCOPE OF THE THESIS 

Taking into account the new demands and challenges mentioned above mainly for 

single-phase grid-connected PV systems, several issues will be addressed in this thesis with 

proposed solutions and strategies. One objective of this thesis is to improve the power quality 

of future mixed grid and taking on consideration PV system integration performance of single-

phase grid-connected PV system, the main idea is to replace the conventional two-level 

inverters by a multi-level inverter in order to increase the performance of the system. 

Consequently, advanced control strategies are proposed to further increase the penetration level 

of PV systems. The objectives and contributions of this thesis are listed as follows 

i. A new single-phase active power filter based modified packed unit-cell inverter 

(MPUC5) is proposed for power quality mitigation and for harmonic elimination 

in the future mixed residential power grid.  

ii. A new multifunctional single-phase grid-connected MPUC5 inverter interfaced 

with PV system configuration is proposed.  

iii. A novel MPC algorithm is deployed for MPUC5 inverter to work properly, 

where, the proposed algorithm does not introduce any additional complexity.  

5.  LAYOUT  

The research work presented in this thesis is organized into four chapters. The content 

of the work carried out in each chapter is summarized as follows:  

Chapter-1: gives a review on power quality enhancement in single phase AC grid. Power 

quality issues, solutions to harmonic elimination and reactive power compensation are 

presented. Different single-phase multi-level inverters are discussed, among which, 

MPUC5 inverter is found to be the most suitable topology for APF applications. Then, 

we present an overview on classical control strategies for multi-level inverters, in which 

we propose the predictive control strategy as the most effective control strategy that can 

be used in such application. 

Chapter-2: a single phase APF system is developed using multilevel MPUC5 inverter 

controlled by a new MPC algorithm in order to compensate a contaminating load with 

small power factor, to enhance reactive power in the grid and to eliminate harmonic 

currents at the PCC. The proposed MPC algorithm is employed to reduce the 
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computational burden and provides high power factor correction, in addition to ensure the 

balance of the DC-link capacitor voltages.  Simulations and real-time hardware in the loop 

(HIL) implementations are provided to confirm the performance improvement of the 

proposed control scheme. 

Chapter-3: gives a review on how photovoltaic energy integration in electrical grid has 

been introduced. An overview on the commonly converters based on advanced power 

electronics are used in single-phase grid-tied PV systems in residential applications. 

General control schemes in single phase system are also addressed with respect to power 

quality requirement and to better integration of this kind of renewable energy in future 

smart grid. 

 Chapter-4: Herein, a transformer-less single-phase grid-tied PV system is developed 

using multi-level MPUC5 inverter controlled by a novel MPC strategy with the objective 

to compensate a contaminating load with poor power factor, enhance reactive power in the 

grid, eliminate harmonic currents at the PCC and inject the produced PV power into the 

grid under various levels of solar irradiation. The proposed system provides better control 

of the leakage current where the safety and protection of PV installation is always ensured. 

Simulations and real-time hardware in the loop (HIL) implementations are provided also 

in order to confirm the good performance of the proposed system. 

Finaly, thesis general conclusion and the author’s contributions are summarized. Possible 

extensions to the research presented in this thesis are suggested. 



 

10 

 

REFERENCES 

[1] U.S. Department of Energy, Smart Grid System Report, July 2009 

https://www.energy.gov/sites/prod/files/2019/02/f59/Smart%20Grid%20System%20Report%20

November%202018_1.pdf  (accessed September 01, 2019). 

[2]  European Commission (2006) European Smart Grids Technology Platform:Vision and Strategy for 

Europe’s Electricity, http://ec.europa.eu/research/energy/pdf/smartgrids _en.pdf. 

[3] E. C. D.-G. f. Employment and I. D. A., Employment and Social Developments in Europe: 

Publications Office of the European Union, 2011. 

[4] DOE 2009a The smart grid: An introduction. Technical report, The U.S. Department of 

Energy.http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_P

ages.pdf.  

[5] International Energy Agency (IEA), World energy outlook 2019 https://www.iea.org/news/world-

energy-outlook-2019-highlights-deep-disparities-in-the-global-energy-system, (Published 13 

November 2019) 

[6] Guerrero, J.M., Vasquez, J.C., Matas, J. et al. (2011) Hierarchical control of droop-controlled DC 

and AC microgrids – a general approach towards standardization. IEEE Transactions on Industrial 

Electronics, 58 (01), 158–172.  

[7] A. Izadian, N. Girrens, and P. Khayyer, "Renewable Energy Policies: A Brief Review of the Latest 

U.S. and E.U. Policies," IEEE Industrial Electronics Magazine, vol. 7, pp. 21-34, 2013. 

[8] F. Blaabjerg, C. Zhe, and S. B. Kjaer, "Power electronics as efficient interface in dispersed power 

generation systems," IEEE Transactions on Power Electronics, vol. 19, pp. 1184-1194, 2004. 

[9] G. Petrone, G. Spagnuolo, R. Teodorescu, M. Veerachary, and M. Vitelli, "Reliability Issues in 

Photovoltaic Power Processing Systems," IEEE Transactions on Industrial Electronics, vol. 55, pp. 

2569-2580, 2008. 

[10] S. Kouro, J. I. Leon, D. Vinnikov, and L. G. Franquelo, "Grid-Connected Photovoltaic Systems: 

An Overview of Recent Research and Emerging PV Converter Technology," IEEE Industrial 

Electronics Magazine, vol. 9, pp. 47-61, 2015. 

[11] W. Li, Y. Gu, H. Luo, W. Cui, X. He, and C. Xia, "Topology Review and Derivation Methodology 

of Single-Phase Transformerless Photovoltaic Inverters for Leakage Current Suppression," IEEE 

Transactions on Industrial Electronics, vol. 62, pp. 4537-4551, 2015. 

[12] "IEEE Standards Coordinating Committee 21, http://grouper.ieee.org/ groups/ scc21/ index. html." 

[13] "IEEE 1547 Series of Standards, http://grouper.ieee.org/groups/scc21/dr_shared/." 

 

 

https://www.energy.gov/sites/prod/files/2019/02/f59/Smart%20Grid%20System%20Report%20November%202018_1.pdf
https://www.energy.gov/sites/prod/files/2019/02/f59/Smart%20Grid%20System%20Report%20November%202018_1.pdf
http://ec.europa.eu/research/energy/pdf/smartgrids
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages.pdf
https://www.iea.org/news/world-energy-outlook-2019-highlights-deep-disparities-in-the-global-energy-system
https://www.iea.org/news/world-energy-outlook-2019-highlights-deep-disparities-in-the-global-energy-system
http://grouper.ieee.org/%20groups/%20scc21/%20index.%20html
http://grouper.ieee.org/groups/scc21/dr_shared/


 

11 
 

Chapter 1 

Power Quality: Problems 

Overview and Mitigation 

Technologies 

 

1.  INTRODUCTION 

Smart grids generally refer to grids equipped with smart sensors/meters, real‐time data 

collection and processing and fast communications. Smart grid technologies will lead to a 

stronger economy, reliability, power quality, and eventually better energy efficiency and 

environmental impact. The focal points of this chapter are on power quality issues and the most 

effective solutions used to enhance the energy quality within future smart grids.  

The chapter gives a review on single-phase active power filtering processes with a 

detailed presentation of multi-level inverters. These are very promising topologies being used 

in power quality issues. Of these topologies, single phase packed unit cell converter (PUC) 

arises as best suited in single phase systems. Finally, a review on power converter control 

techniques is presented, in which the predictive control technique is discussed. 

2. OVERVIEW ON POWER QUALITY ISSUES 

The power quality problems have been present since the inception of electric power. 

There have been several conventional techniques for mitigating the power quality problems and 

in many cases even the equipment’s are designed and developed to operate satisfactorily under 

some of the power quality problems. Nevertheless, recently the awareness of the customers 

toward the power quality problems has extensively increased because of the following reasons 

[1]: 
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• The customer’s equipment’s have become very sensitive to power quality problems because 

of the extensive use of digital control and power electronic converters, which are highly 

sensitive to the supply and other disturbances. Moreover, the industries have also become more 

conscious for loss of production. 

• The increased use of power semiconductor devices in a number of equipment in order to 

decrease power losses, increase overall effectiveness, and reducing the cost of power production 

leads to an increase in harmonic levels, distortion, notches, and other power quality problems.   

• Direct and indirect penalties enforced on customer’s, which are caused by interruptions, loss 

of production, equipment failure, are other raisons of the increased awareness for power quality 

problems. 

• Disturbances to other important equipment such as domestic devices, telecommunication 

network, and protection systems have enforced power end-users to reduce or remove power 

quality problems or dispense the use of contaminating devices and equipment. 

• Power systems deregulation is another important factor of power quality awareness, due to 

the fact that power quality is considered as performance indicator, and it has become difficult 

to preserve good power quality in power networks.  

• Distributed generation systems using renewables energy and their integration to the power 

systems have increased power quality problems, due to the need of using power conversion 

systems based-on semi-conductor devices in such applications.  

• The pollution of power networks has become an environmental issue with other consequences 

in addition to financial issues. 

• Several standards and guidelines are developed and enforced on the customers, manufacturers, 

and utilities to prevent such quality problems. 

A considerable development is observed in developing new equipments with enhanced 

power quality. Beginning with conventional techniques used for mitigating power quality 

problems in the utilities, distribution systems, and end-user’s equipment, a significant literature 

has appeared in research publications, patents, and manufacturers’ manuals for new techniques 

of mitigating power quality problems. A substantial research on power filters of numerous types 

such as passive, active, with series or shunt configurations, or a mixture of all these 

configurations for single-phase, three-phase three-wire, and three-phase four-wire systems has 

appeared for mitigating problems of harmonics, reactive power, and balancing of the linear and 
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nonlinear loads. Similar progress has been noticed in custom power devices such as distribution 

static compensators (DSTATCOM) for power factor correction, voltage regulation, 

compensation of neutral current harmonics, and load balancing [2, 3]; dynamic voltage restorers 

(DVR) [4, 5] and series static synchronous compensators (SSSC) for voltage quality problems 

mitigating in both transient and steady-state conditions [6, 7]; and unified power-quality 

conditioners (UPQC) for current and voltage quality problems mitigation in various 

applications [8, 9]. These mitigation techniques for power quality problems are considered for 

retrofitting existing equipment in electric power utility. An exponential evolution is also 

observed in several converter circuit configurations providing inherent power quality 

enhancements in equipment from fraction of watts to MW ratings. The use of various AC/DC 

and AC/AC converters of buck, boost, buck–boost, multilevel, and multi-pulse types with 

unidirectional and bidirectional power flow capability in the input stage of these equipment and 

providing suitable circuits for specific applications has changed the scenario of power quality 

improvement techniques and the features of these systems [10]. 

3.  POWER QUALITY PROBLEMS CLASSIFICATION 

Power quality problems may be classified into three categories according to [10], 

problems based on events such as transient and steady state, quantity such as current, voltage, 

and frequency, or load and supply systems. 

The transient categories of power quality problems include most of the phenomena 

occurring in transient nature (impulsive or oscillatory in nature), such as sag (dip), power 

frequency variations, short-duration voltage variations, and voltage fluctuations. On another 

hand, the steady-state categories comprise long-duration voltage variations, waveform 

distortions, unbalanced voltages, notches, DC offset, flicker, poor power factor, unbalanced 

load currents, load harmonic currents, and excessive neutral current. 

The second classification is based on quantity such as voltage, current, and frequency. 

For the voltage, these include voltage distortions, flicker, notches, noise, sag, swell, unbalance, 

undervoltage, and overvoltage; similarly, for the current, these include reactive power 

component of current, harmonic currents, unbalanced currents, and excessive neutral current. 

The third classification of power quality problems is based on the load or the supply 

system. Where, power quality problems due to load nature are reactive power component of 

current, load current consisting of harmonics, unbalanced load currents, and DC offset. The 

power quality problems caused by the supply system include voltage and frequency related 
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issues such as voltage distortion, voltage unbalance, sag, swell, flicker, and noise. The 

frequency related problems are frequency variation above or below the desired frequency value. 

These affect the performance of loads and other equipment in the distribution system such as 

transformers. 

4.  CAUSES OF POWER QUALITY PROBLEMS 

The main reasons of power quality problems can be classified into natural and man-

made in terms of current, voltage, frequency, and so on. The natural causes of poor power 

quality include regulator dysfunction, lightening, weather conditions such as storms, equipment 

failure. However, Man-made causes (due to human activities on the power network) include 

switching operations or starting of large motors, power system faults (short circuit), power 

swings, sudden load changes, generating stations coming on/offline, unplanned heavy loads and 

indiscriminate integration of distributed generation [11].  

The natural causes result in power quality problems that are generally transient in nature, 

such as voltage sag (dip), voltage distortion, and swell.  

However, one of the important power quality problems is the presence of harmonics, 

because of several loads that behave in a nonlinear manner, such as transformers, electrical 

machines, and furnaces and new ones such as power converters, adjustable-speed drive (ASD), 

cyclo-converters, AC voltage controllers, high voltage direct current (HVDC) transmission, and 

renewable energy systems. 

5.  POWER QUALITY STANDARDS 

Customers or power end-users are very affected by power quality problems in many 

ways, beginning with economic penalty in terms of power loss, equipment failure due to poor 

power factor, and loss of production. In view of these facts, various standards have been 

developed by many organizations and institutes such as IEC, IEEE, American National 

Standards Institute (ANSI), British Standards (BS), European Norms (EN), Computer Business 

Equipment Manufacturers Association (CBEMA), and Information Technology Industry 

Council (ITIC) to quantify power quality problems in terms of different performance indicators. 

These standards are applied to the customers, manufacturers, and utilities to preserve an 

acceptable level of power quality.  

Nowadays, all developed standards are based on all power quality aspects, include 

deviations permissible level, mitigation, and monitoring. Some of them are given here; 
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however, standards are continuously being updated, with modifications in the existing ones on 

various aspects such as limits, monitoring, and mitigation devices. 

IEEE 519-1992, IEC 61000 standards are the most used ones in different countries, 

where, there development is based on the permissible limits in deviations levels and distortions 

in various electrical quantities such as voltage, current, and power factor [12]. Table 1.1 quotes 

some currently available standards on various aspects of power quality. 

Tables 1.2–1.3 presents some important limits on voltages and currents in these standards. 

Table 1.1. Most used standards on power quality issues. 

Standards Description 

IEEE Standard 519-1992 Recommended Practices and Requirements for Harmonic Control in 

Electrical Power Systems 

IEEE Standard 1159-1995 Recommended Practice for Monitoring Electric Power Quality 

IEEE Standard 1100-1999 Recommended Practice for Powering and Grounding Sensitive 

Electronic Equipment  

IEEE Standard 1250-1995 Guide for Service to Equipment Sensitive to Momentary Voltage 

Disturbances 

IEEE Standard 1366-2012 Electric Power Distribution Reliability Indices 

IEC 61000-2-2 Compatibility Levels for low-frequency Conducted Disturbances and 

Signaling in Public Supply Systems 

IEC 61000-2-4 Compatibility Levels in Industrial Plants for Low-Frequency Conducted 

Disturbances 

IEC 61000-3-2 Limits for Harmonic Current Emission  

EN 50160 Voltage Characteristics of Public Distribution Systems 

 

Table 1.2. Std IEC 61000-3-2: Maximum permissible current (equipment current less than or 

equal to 16A per phase), (input power P< 600W). 

Harmonic order, h 
Maximum permissible harmonic 

current per watt (mA/W) 

Maximum permissible 

harmonic current (A) 

3 3.4 2.30 

5 1.9 1.14 

7 1.0 0.77 

9 0.5 0.40 

11 0.35 0.33 

13<h<39 (odd harmonics) 3.85/h 0.15-0.15/h 

 

Table 1.3. Standard IEEE 519-1992 voltage distortion limits. 

PCC Bus voltage Individual voltage distortion (%) Total voltage distortion (%) 

69kV and below 3.0 5.0 

69.001-161 kV 1.5 2.5 

Up to 161.001 kV 1.0 1.5 
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6.  OVERVIEW ON POWER QUALITY SOLUTIONS  

6.1 Single phase passive power filter 

Usually, passive power filters (PPFs) are used to reduce harmonics, where, capacitors 

are generally employed to improve the power factor of AC loads [13]. There are many 

categories of passive filters such as series, shunt, hybrid, single or double tuned, damped, band-

pass, and high-pass.  

 In medium and low power distribution systems, passive filters are widely used because 

of their low cost and simplicity.  

6.1.1 Classification of Passive Filters 

Single phase passive filters can be classified based on topology and connection.  The 

topology can be series, shunt or hybrid and additionally subclassified as tuned or damped to 

perform as low-pass or high-pass for shunt filters or as low-block and high-block for series 

filters. Passive filters may be connected in a combination of shunt/series filters for 

compensating different types of nonlinear loads. 

6.1.1.1 Shunt Filters 

Passive shunt filters are connected in parallel to harmonic-producing loads, where, a 

low-impedance path is provided for harmonic currents, as result of that, these harmonic currents 

do not enter supply systems and are confined to flow in the passive circuits consisting of passive 

elements (inductors (L) and capacitors (C)) to reduce losses in the filter system as shown in 

Figure 1.1.  

 

Figure 1.1: Shunt power passive filter. 

Shunt filter can be a single filter tuned at one particular frequency. It is a simple series 

RLC circuit, in which R is the resistance of the inductor. The size of the filter is defined by the 
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value of the capacitor, where, the value of the capacitor is decided by the loads reactive power 

requirements and the inductor value is decided by the tuned frequency as shown in Figure 2 (a) 

& (b).  

 

Figure 1.2: Shunt passive tuned filter: (a) single tuned; (b) double tuned. 

Others types of passive filters, shown in Figure 1.3 (a) & (b), are known as high-pass filters 

also known as damped filters. These types of filters absorb all higher order harmonics and 

provide damping due to the presence of a resistor in the circuit.  

 

Figure 1.3: Shunt passive damped or high-pass filters: (a) first order; (b) second order. 

6.1.1.2 Series Filters 

Passive series filters are connected in series with polluted loads in order to provide high 

impedance for blocking harmonic currents to not enter supply systems and remain confined to 

flow in the local passive circuits consisting of parallel connected passive elements (inductors 

and capacitors) to reduce losses in the filter system. The passive series filter is a simple parallel 

LC circuit, as shown in Figures 1.4 and 1.5. Series filters are used to block single harmonic 

current such as third harmonic current. 
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Figure 1.4: Series passive tuned or band-block filters: (a) single tuned; (b) double tuned. 

 

Figure 1.5: A series passive damped or high-block filter. 

In order to blocking multiple harmonic currents, multiple passive filters need to be connected 

in series. These may also have a high-block filter with a parallel LC circuit and a resistance in 

series with the capacitor. Such a configuration of multiple series connected filters has 

significant series voltage drop and losses at fundamental frequency.  

6.1.1.3 Hybrid Filters 

The use of passive shunt and passive series filters independently has some drawbacks. 

In order to alleviate these drawbacks hybrid filters, based on a combination of both series and 

shunt passive filters as shown in Figures 1.6–1.7 are developed.  

 

Figure 1.6: A hybrid filter as a combination of passive series (PFs) and passive shunt (PFsh) 

filters. 
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However, passive hybrid filter consisting of a single tuned passive series filter with a 

single tuned passive shunt filter and a high-pass passive shunt filter offers very good filtering 

characteristics. Furthermore, hybrid passive filters offer high filtering characteristics under 

loads change, with a low cost, that’s why these filters are widely used in many industrial 

applications. 

 

Figure 1.7: A hybrid filter as a combination of passive shunt (PFsh) and passive series (PFs) 

filters. 

6.2 Active Power Filters 

Conventionally, passive filters have been used to minimize harmonics in power supply 

utility, where, power capacitors have also been employed to improve power factor of the AC 

loads. However, passive filters have some drawbacks such as fixed compensation where, 

passive filters usually are designed to eliminate a specific harmonic, large size, and resonance.  

The increased severity of harmonic pollution in power networks has attracted attention 

of power electronics and power system engineers to develop dynamic and adjustable solutions 

to the power quality problems. Such equipment generally known as active power filters (APFs) 

[14–16], which are able to deal with the most power quality problems in the power network, 

such as harmonic currents and voltages issues, reactive power compensation, regulate terminal 

voltage and suppress flicker.  

One of the major factors in advancing the APF technology is the advent of fast, self-

commutating solid-state devices. In the initial stages, thyristors, bipolar junction transistors 

(BJTs), and power MOSFETs (metal–oxide–semiconductor field-effect transistors) have been 

used to develop APFs [17]; later, SITs and GTOs have been employed to develop APFs [18]. 

With the introduction of insulated gate bipolar transistors (IGBTs), the APF technology has got 

a real boost and at present it is considered as an ideal solid-state device for APFs [19, 20]. The 

improved sensor technology has also contributed to the enhanced performance of the APF. The 
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availability of Hall effect sensors and isolation amplifiers at reasonable cost and with adequate 

ratings has improved the APF performance. 

The next breakthrough in the APF development has resulted from the microelectronics 

revolution. Starting from the use of discrete analog and digital electronics components, the 

progression has been to microprocessors, microcontrollers, and DSPs. Now it is possible to 

implement complex algorithms online for the control of APF at a reasonable cost [21]. This 

development in APF has made it possible to use different control algorithms such as PI 

(proportional–integral) control, variable structure control, fuzzy logic control, and neural 

network-based control algorithms for improving the dynamic and steady-state performance of 

APFs. With these improvements, APFs becomes more able to provide fast corrective action 

even with changing nonlinear loads. Moreover, these APFs are found to compensate higher 

order harmonics (typically up to 25th harmonics). 

APF can be classified according to: (1) the ways it is connected to the power system 

(series or shunt), (2) power rating (low-power, medium-power or high-power), (3) types of 

power converter employed (current-source or voltage-source converters), (4) circuit topology 

of the power converter employed (such as inverter, switch-capacitor, or hybrid-topology), (5) 

power system characteristic (two-wire for single-phase system, three-wire or four-wire for 

three-phase system), and (6) the targeted mitigation variables (such as current/voltage 

harmonics, reactive power, power factor, balancing of three-phase system, or combinations 

between them). 

As it can be concluded from the literature [14], shunt active power filters (SAPFs) are 

the most suitable topology for active power filtering application, for their advantages such as 

their ability to compensate many harmonic orders in the same time; eliminate the risk of 

resonance phenomena between the power utility and the filter, and adapts automatically to 

changes in the network and load fluctuations. 

6.2.1 Classification of single-phase shunt active power filters 

In the last two decades, many studies have appeared on harmonics, reactive power, load 

balancing, and neutral current compensation associated with linear and nonlinear loads, where, 

shunt active power filters are used studied extensively and classified on the basis of converter 

used such as current source inverter (CSI), voltage source inverter (VSI), and on topology used 

such as half-bridge (HB) converters and full-bridge (FB) converters. 
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a) Converter-Based Classification 

Two types of converters are used to develop SAPFs. Figure 1.8 (a) shows a SAPF using 

a voltage-fed PWM inverter or voltage source inverter (VSI). It has a self-supporting DC-link 

voltage with a large DC capacitor. SAPF based VSI are widely used to compensate current 

harmonics, reactive power, and load current unbalanced of critical nonlinear loads. It can also 

be used as a static var generator in power system networks and improving voltage profile. It is 

lighter, cheaper, and expandable to multilevel versions to enhance the performance with lower 

switching frequencies. It is more popular in UPS-based applications because in the presence of 

AC mains, the same voltage source converter can be used in SAPF to eliminate harmonics of 

critical nonlinear loads. 

 

Figure 1.8: (a) VSI-based SAPF; (b) CSI-based SAPF. 

The other converter used in SAPF is a current fed PWM (pulse-width modulation) 

inverter or a CSI bridge shown in Figure 1.8 (b). It behaves as a non-sinusoidal current source 

to encounter the harmonic current requirement of the nonlinear loads. A diode is used in series 

with the self-commutating device (IGBT) for reverse voltage blocking. However, GTO-based 

circuit configurations do not need the series diode, but they have restricted frequency of 

switching. These CSI-based SAPFs are considered sufficiently reliable, but have higher losses 

and require higher values of parallel AC power capacitors. Moreover, they cannot be used in 

multilevel modes to improve the performance of SAPFs in higher ratings. 

b) Topology-Based Classification 

SAPFs can also be classified based on topology, namely, half-bridge (HB) topology, 

full-bridge (FB) topology for SAPF based on VSI converter, and H-bridge topology for SAPF 

based on CSI converter. Figures 1.9–1.11 show these topologies of SAPFs.  
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Single-phase two-wire SAPFs are used in both converter configurations; PWM CSI 

bridge with inductive energy storage element and PWM VSI bridge with capacitive DC-link 

energy storage element. 

 

Figure 1.9: Half-bridge topology of the VSC-based single-phase shunt active power filter. 

 

Figure 1.10: Full-bridge topology of the VSI-based single-phase shunt active power filter. 

 

Figure 1.11: A single phase SAPF with a current source inverter (CSI). 

Generally, the two-level VSIs are widely used in SAPF systems [22–26]. However, they 

have several disadvantages, such as voltage output rich in harmonics (High THD) with non-

sinusoidal form and high switching losses, corona discharge and over-voltage [27]. Therefore, 

the multi-level topologies have become the most suitable topologies to be considered in such 

application [28–31].  
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7.  OVERVIEW ON COMMONLY USED MULTILEVEL INVERTERS 

The major weakness of conventional single phase 2-level converters is their limited 

power rating, high harmonic pollution and high switching frequency which prevents their usage 

in medium and low renewable energy conversion system and APF applications. The 

conventional 2-level inverter voltage output is limited to +Vdc or −Vdc from one DC capacitor 

with voltage magnitude Vdc which make the voltage harmonic elimination more complicated. 

Moreover, because of the limited voltage output, the two-level inverter switches have to suffer 

high amount of voltage and current especially in active filtering applications, PV or Wind farm 

energy conversion systems. Furthermore, high frequency operation of two-level inverter is 

limited only for high power applications due to increased power losses. Moreover, it is required 

to use high voltage switches which are limited by the existing technologies. 

One solution to overcome that limitation is using Multilevel Inverters (MLIs) to produce 

various voltage levels by combination of switches and DC sources which is being used in 

medium-voltage high-power applications. Those switches are turned on and off according to a 

switching pattern to produce the desired combination of DC voltages at the output, whereas the 

switches are blocking just a part of the DC-link voltage, because, they are not able to see the 

whole DC-link voltage. As result, output voltage waveform becomes more smoother with less 

harmonic voltage which lead to reduces the filter size and power losses, while operating always 

at lower switching frequency.  

The MLI technology has been started by the concept of multilevel step wave in cascade 

H-Bridge converters in the late 1960s [32]. In 1970, the Diode Clamped Converter was 

introduced in low power applications [33]. For medium-voltage applications, the Neutral Point 

Clamped (NPC) and then the Cascade H-Bridge (CHB) have been introduced in 1980s [24–35]. 

In addition to these two types, the Flying Capacitor (FC) inverter, which was introduced in 1960 

for low power applications, and has been modified to be employed in medium-voltage and high-

power industries in 1990 [36]. 

MLI consists of several semiconductor switches and DC supplies sources, where various 

voltage levels at the output are produced by a combination of switching actions and DC supplies 

voltages. Figure 1.12 illustrates the general concept of an MLI operation mode. It shows the 

DC-link and one leg of inverter in two-level, three-level and n-level configuration. Figure 1.12 

(a) shows a conventional inverter which can produce +Vdc or −Vdc at the output point of ‘a’ 

with respect to the grounded neutral point, while the three-level inverter in Figure 1.12 (b) 
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produces +Vdc, 0 and −Vdc at the output and finally the n-level inverter in Figure 1.12 (c) 

generates multilevel voltages of 0, ±Vdc, ±2Vdc, …±nVdc. In MLI operation mode, the voltage 

value applied to the switches is only Vdc or less, however the output voltage can be more than 

Vdc. 

 

Figure 1.12: One leg of (a) 2-level, (b) 3-level and (c) n-levels inverter. 

This feature of MLI allows to reach high power ratings using medium-voltage 

equipment in the industries and renewably energy conversion systems. The most attractive 

single-DC-source topologies used to produce multi-levels voltage at the output are the flying 

capacitors converter (FCC), Neutral-Point Clamped (NPC), T3 and Modular Multilevel 

Converter (MMC).  

7.1 Flying Capacitors Converter 

Recently, FC converters (FCC) have taken attention of the researchers and industrials 

due to their advantages such as natural voltage balancing feature, transformer-less operation 

(without transformer in grid connected mode), and the stress amid power semiconductor 

switches is equally distributed. Figure 1.13 shows single phase FCC converter scheme, 

comprised of switching power cells connected in series to form the converter phase leg. In FC 

converter, each pair of semiconductor devices with a flaying capacitor forms a power cell [37–

38]. This implies that using these series-connected switching power cell, it is possible to achieve 

higher voltage/ power ranges (multilevel output voltage). To avoid the short-circuit of the 

voltage source, the switches S1 and S4, or S2 and S3 must be controlled in a complementary 

manner.  
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Figure 1.13: Single-phase FCC converter. 

7.2  Neutral-Point Clamped (NPC) 

One of the mostly used single-DC-Source MLI topologies is the 3-level NPC (Figure 

1.14 (a)) [39] and the modified NPC configuration (T3) shown in Figure 1.14 (b) [40]. In T3 

configuration the clamping diodes of the NPC are replaced by bidirectional switches. Those 

configurations can generate 3-level voltage waveform at the output. The multilevel NPC and 

T3 inverters are widely used in grid connected renewable energy conversion system and active 

filtering applications. This is owing to their good performance compared to the 2-level 

converter structure, where the operating voltage and power rating can be doubled. However, 

one of the major drawbacks is the voltage balancing and low-frequency ripple at higher 

modulation indices. The voltage potential of the neutral-point might have large ripples. To 

resolve these problems, several solutions are proposed such as the use of linear/nonlinear 

controllers, carrier based PWM schemes or the implementation of an external circuit devoted 

to the capacitor voltages balancing. However, these solutions become more complex and add 

supplementary costs to the converter. 

 

Figure 1.14: NPC based topologies: (a) standard NPC; (b) T3 converter. 
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7.3  Modular Multilevel Converter 

The MMC is a very promising and attractive converter used especially in high-voltage 

direct current (HVDC) transmission system applications [41]. Recently, the MMC became the 

center of interest for many researches, where many configurations and control methods have 

been developed. Single-phase and three-phase topologies are both used [42, 43]. Figure 1.15 

(a) shows a single phase 3-level MMC circuit, where SMi{1–4} denotes the cascaded connection 

of multiple sub-modules. The MMC configuration consists of an upper arm and a lower arm 

connected in series through two identical inductors L, which are formed by a series connection 

of many half-bridge cells. 

7.4 Multi DC Source Cascade H-Bridge (CHB) 

Multiple-DC-source topologies have at least one more supply than a single-DC-source 

one, which means undesired additional size and cost. The most popular MLI with multiple-DC-

source is the CHB as depicted in Figure 1.15 (b). The main advantages of CHB are the 

modularity and identical voltage rating of switches due to using equal DC sources [54].  The 

major issue with this type of MLI is the power sharing among feeders.  

 

Figure 1.15: Schematic of: (a) 3-level MMC; (b) Multi DC source CHB converter. 

7.5 Techniques of Capacitor Voltage Balancing  

The topologies presented above are the most preferred ones in industrial applications 

because of their auxiliary capacitors which can be controlled through switching states without 

adding additional linear/nonlinear regulators and more complexity to the system. Such 
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topologies can be installed in all power system applications where 2-level converters are already 

operating. Thus, the DC side input and AC side output of the MLIs do not require to be 

modified. Moreover, the controller remains the same since only a single DC-link should be 

regulated and the error signal goes into the reference current. However, the modulation block 

should be replaced by a multilevel switching technique with integrated voltage balancing using 

redundant switching states which is considered as the most convenient technique to balance the 

capacitors voltages. Therefore, many research works have proposed new voltage balancing 

techniques such as Phase Disposition Pulse Width Modulation (PD-PWM) strategy [44] for 

FCC inverter. Authors in [45] used the same balancing techniques but this time with 7-level 

MMC inverter. Another work proposed an optimal switching-based voltage balancing method 

for the same converter [46]. Model Predictive Control (MPC) with its different forms has been 

also extensively used as an alternative to control FCCs and MMCs due to its fast-dynamic 

response and ability to include constraints in the cost function [47–50]. MPC control technic 

will be further explained in the last section of this chapter.  

7.6 Modified packed unit cell multi-level inverter (MPUC) 

Many topologies have been developed for single phase multilevel inverters that combine 

a large number of isolated DC sources and switches to reach high number of voltage levels [51]. 

However, in active filtering application since no isolated DC source is used, all DC-links should 

be replaced by capacitors and their voltages should be balanced consequently [52–57]. Such 

fact distinguishes the best multilevel converter topologies that can work in both modes of 

inverters and rectifiers. 

Most of the researchers have been working on different controllers applied on STATCOM to 

inject reactive power to the grid with robust dynamic performance [58, 59]; however, there are 

a few works dedicated on the topology of the APFs like employing multilevel converters or 

combining different type of filters [60–62]. On the other hand, multilevel configurations have 

not been widely studied for reactive power compensation due to the main issue of voltage 

balancing for numerous DC-links existing in their structures inherently.  

The initial configuration of MPUC topology has been derived from the PUC topology 

developed in [63] as shown in Figure 1.16. It first application was about inverter operation in 

grid connected mode which two isolated DC sources were used to generate a multilevel AC 

voltage waveform at the output [62]. However, due to requiring two isolated DC sources, it has 

never found a chance for further development. On the other hand, the rectifier operation of 

MPUC topology received more attention. It has been first proposed in [64] as a cell in modular 
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multilevel converters (MMC), but no more analysis have been performed to confirm the 

capacitor voltage balancing, power sharing and feasibility for such application. The next use of 

the MPUC structure is about as an active buck rectifier with dual output DC terminals [65]. 

Since the multilevel voltage waveform peak is the sum of two output DC terminals amplitudes, 

the grid will see a higher voltage and the converter operates as a boost mode in which a single 

inductor is used to link the converter to the grid at Point of common coupling (PCC). The 

voltage balancing technique and power sharing issue has been analyzed to prove the feasibility 

of the converter topology in such application. Furthermore, power sharing analysis revealed 

that the MPUC rectifier could work with two identical loads at those DC terminals. Therefore, 

it has been concluded that the MPUC rectifier can also work at no load condition properly which 

is the case of APF. In this application, equal power is consumed at DC terminals to keep the 

capacitors voltages fixed identically at the reference level using redundant switching states 

integrated into the switching pattern. Consequently, five level MPUC converter topology has 

been proposed as an APF application in this thesis for power quality enhancement in single 

phase grid. 

From Figure 1.16, it is clear that 2 switches and second capacitor have been reversed in 

MPUC5 configuration. As a result, the output voltage of MPUC5 would be the summation of 

two DC-links voltage and it operates as a voltage booster. On the other hand, the main 

advantage of MPUC5 structure is the split DC outputs. Since the PCC sees the output voltage 

waveform peak equals to the sum of the two DC-links voltages, each individual DC outputs 

voltage amplitudes could be lesser than the PCC voltage in order to have a boost operation of 

the converter and inject the harmonic compensating current into the grid. 

 

Figure 1.16: Configuration of a) PUC b) MPUC. 
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However, the main issue is the design of voltage balancing technique using the 

redundant switching states of 2, 3, 6 and 7 as listed in Table 1.4. Such redundancy helps 

changing the current path without changing the output voltage level. 

The first task in designing the voltage balancing technique is to analyze the effect of 

switching states on the capacitor’s voltages [66, 67]. The result of this analysis has been shown 

in Table 1.5. 

 

 

Figure 1.17. MPUC5 switching states configuration and conducting paths. 

In order to design the voltage balancing technique, the redundant states 2, 3, 6, and 7 

are taken into consideration, to their effects on the capacitor’s voltages. Those switching states 

can be changed according to the capacitor instantaneous voltage. For example, if state 2 is 

active, then Vdc1 voltage would be increased while Vdc2 voltage would be decreased. 

Reciprocally, state 7 can charge up the C1 and discharge the C2. Consequently, switching 

between such states can keep the capacitors voltages balanced. As presented in Table 1.4, states 
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2, 3, 6 and 7 are used in MPUC5 inverter in order to balance the capacitor voltage at the desired 

level. Those configurations are shown in Figure 1.17.  

Table 1.4. Switching states of the 5-level MPUC converter. 

Switching states 𝑺𝒂 𝑺𝒃 𝑺𝒄 𝑺𝒂
̅̅ ̅ 𝑺𝒃

̅̅ ̅ 𝑺𝒄
̅̅ ̅ Voltage levels generated by 

MPUC5 (Vab) 

State 1 1 0 1 0 1 0 Vab= Vdc1+Vdc2  

State 2 1 0 0 0 1 1 Vab= Vdc1 

State 3 0 0 1 1 1 0 Vab= Vdc2=+E 

State 4 0 0 0 1 1 1 Vab= 0 

State 5 1 1 1 0 0 0 Vab= 0 

State 6 1 1 0 0 0 1 Vab= -Vdc2 

State 7 0 1 1 1 0 0 Vab=-Vdc1 

State 8 0 1 0 1 0 1 Vin= -Vdc1-Vdc2 

 

Table 1.5. Switching effects on DC-link capacitors. 

Switching states Effect on C1 Effect on C2 

State 1 Charging  Charging 

State 2 Charging Discharging 

State 3 Discharging Charging 

State 4 Discharging Discharging 

State 5 Discharging Discharging 

State 6 Discharging Charging 

State 7 Charging Discharging 

State 8 Charging Charging 

 

7.7 Comparison between MPUC5 and Other MLIs topologies 

To evaluate the quality of MPUC5 topology, some comparisons should be done. The 

selected topologies include the most popular in literature, and manufactured by industries such 

as Full-Bridge (FB), CHB, NPC, T3, and FC [68]. The comparison summary has been listed in 

Table 1.6. 

The comparison table can be analyzed by each column. By noticing the number of 

levels, one can see that FB, NPC and MMC may be excluded, because, the higher number of 

voltage levels produced, the lower is the harmonic content (lower THD), the smaller size of 

filter and manufactured product. The second column is the number of DC terminals used in the 

APF, so the MMC topology is eliminated. Considering the next two columns, MPUC5 has 
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lower number of components among the other topologies. From these comparisons, one can 

conclude that, the MPUC5 topology generates more voltage levels while using less components. 

Table 1.6. Comparaison between MPUC and most popular topologies. 

Topology Levels Capacitor Switch Diode Voltage balancing 

FB 2 1 4 0 No need 

CHB 5 2 8 0 External Regulator 

NPC 3 2 8 4 External Regulator 

T3 5 2 8 0 External Regulator 

FC 5 2 8 0 Redundant States 

MMC 3 4 8 0 External Regulator 

MPUC 5 2 6 0 Redundant States 

 

8. CLASSICAL CONTROL TECHNIQUES FOR POWER CONVERTERS 

Several control methods have been proposed for the control of inverters, the most 

frequently used ones being shown in Figure 1.18. 

 

Figure 1.18: Different types of converter control schemes for power converters. 

From these, hysteresis control and linear control with pulse width modulation are the most 

established in the literature [69–71]. 

8.1 Hysteresis Current Control 

The basic idea of hysteresis current control is to keep the current inside the hysteresis 

band by changing the switching state of the converter each time the current reaches the 

boundary. Figure 1.19 shows the hysteresis control scheme for a single-phase inverter. Here, 

the current error is used as the input of the comparator and if the current error is higher than the 
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upper limit δ/2, the power switches T1, T4 are turned on and T2, T3 are turned off. The opposite 

switching states are generated if the error is lower than −δ/2.  

 

Figure 1.19: Hysteresis current control for a single-phase inverter. 

8.2  Pulse Width Modulation PWM 

In a pulse width modulator (PWM), the reference voltage is compared to a triangular 

carrier signal and the output of the comparator is used to drive the inverter switches. The 

application of a pulse width modulator in a single-phase inverter is shown in Figure 1.20. A 

sinusoidal reference voltage is compared to the triangular carrier signal generating a pulsed 

voltage waveform at the output of the inverter. The fundamental component of this voltage is 

proportional to the reference voltage. 

 

Figure 1.20: Pulse width modulator for a single-phase inverter. 

8.3 Model predictive Control (MPC) 

With the development of faster and more powerful microprocessors, implementation of 

new and more complex control schemes is possible. Some of these new control schemes for 

power converters include fuzzy logic, sliding mode control, and predictive control. Predictive 

control has appeared as an attractive solution for the control of power converters due to its fast-

dynamic response and increased control accuracy [72–74]. 

The main approach is based on the computation of the future system dynamics to 

calculate optimal actuation variables. Therefore, this technique requires a high number of 
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calculations, compared with classic control schemes; fortunately, parallel computational 

capable microprocessors are available in the current market to make possible the 

implementation of predictive control [75]. 

Furthermore, predictive control brings considerable benefits to power electronics 

systems. First of all, concepts are intuitive and easy to understand and implement, it allows for 

nonlinearities and constraints to be incorporated into the control law in a straightforward 

manner, a multivariable case can be considered, and the resulting controller is easy to 

implement [76, 77]. 

8.3.1 Theory of Predictive Control 

Predictive control uses a discrete-time model of the system to predict the future behavior 

of the controlled parameters during a certain time window called a receding horizon. A basic 

block diagram of this control technique is given in Figure 1.21. 

 

Figure 1.21: Block diagram of predictive control. 

It can be observed that predictive control consists of two main blocks: model and optimizer. To 

predict behavior of the system at the next sampling time, the system discrete time model is used. 

Then, the future error between predicted output and the reference value is minimized by using 

predefined cost function in the optimizer. So, the basic idea of MPC can be summarized as 

follows: 

• In order to predict system output at the next sampling instant, a discrete-time model of the 

system should be established. 

• A cost function that represent the desired behavior of the system is used in the optimizer block. 

• Finally, the optimal actuation is obtained by minimizing the cost function. 
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The model used for prediction is a discrete-time model which can be expressed as a state space 

model as follows: 

 𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘)   (1) 

 𝑦(𝑘 + 1) = 𝐶𝑥(𝑘) + 𝐷𝑢(𝑘)  (2) 

where x(k+1), u(k), and y(k) are the state variable vector, the input vector, and the output vector, 

respectively. Furthermore, A is the system matrix, B is the control matrix, C is the output matrix, 

and D is the feedthrough matrix. The prediction model can be obtained by combining N 

equations at k+1th through k+Nth instants as follows [78]: 
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   (3) 

This prediction model can be expressed as  

 

𝑥(𝑘 + 1: 𝑘 + 𝑁) = �̂�𝑥(𝑘) + �̂�𝑢(𝑘: 𝑘 + 𝑁 − 1) 

𝑥(: ) = �̂�𝑥(𝑘) + �̂�𝑢(: )  

 (4) 

A cost function (g) is needed to be determined to select an optimal actuation in the next 

sampling time. Since the objective of the controller is to guide the system state toward zero 

from any given initial conditions, the cost function can be defined as follows: 

 𝑔 = ‖𝑥(: )‖2 + 𝜆‖𝑢(: )‖2 = ‖�̂�𝑥(𝑘) + �̂�𝑢(: )‖
2
+ 𝜆‖𝑢(: )‖2  (5) 

where λ is a weighting factor.  

Figure 1.22 illustrates the working principle of predictive control. The future values of 

the system states are predicted until a predefined horizon in time k+N using the system model 

and the available measured data until time k. The sequence of the optimal actuation is calculated 

by minimizing the cost function. This process is repeated taking into account the new measured 

data for each sampling time [78]. 
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Figure 1.22: Working principle of predictive control. 

8.3.2 Predictive Control classification  

As illustrated previously in Figure 1.18, predictive control can be classified into four 

main categories. Figure 1.23 summarizes the four categories of predictive control and their 

specifications.  

 

Figure 1.23: Classification of predictive control. 

Model predictive control (MPC), which is the most significant predictive control 

technique for power electronic converters among the others, can be classified in two categories: 

continuous control set MPC (CCS-MPC) and finite control set MPC (FCS-MPC). CCS-MPC 

requires a modulator to generate the switching states, while in FCS-MPC, the switching state 

can be generated without modulator stage. In FCS-MPC approach, to solve the optimization 

problem, a finite number of switching states is used. To achieve that, a discrete-time model of 
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the system is employed to predict the future behavior of the system. Then, an optimal control 

actuation is selected by the predefined cost function as detailed in flowchart presented in Figure 

1.24. Although FCS-MPC can generate switching signals without a modulator, which means 

that the switching frequency is variable. 

 

Figure 1.24: Flowchart of FCS-MPC. 

Simplicity and easy implementation concept are the most important advantages of 

predictive control. Using predictive control technique also allows avoiding the cascaded control 

structure, which results in fast dynamic response in control. Furthermore, some constraints can 

be included in the control in order to improve the system performance. 

8.3.3 Model predictive control for power converters  

One of the main advantages of the predictive method is that the control algorithm is 

always the same. Other components such as the model, the cost function and the switching 

states may change depending on the load, the control objectives and the converter topology, 

respectively. As shown in Figure 1.24, the algorithm starts with the measurements of voltages 

and currents. Later, in a loop the next sample time variable for each switching state is predicted 

using the discrete model, and the cost function is evaluated and minimized [79, 80]. Finally, the 

optimal switching state is selected and applied to the converter as illustrated in Figure 1.25. 



Power quality: Problem’s overview and mitigation technologies 

37 

 

 

Figure 1.25: Model predictive control scheme for power converters. 

9. SUMMARY 

In this chapter, an overview on power quality enhancement in single phase AC grid has 

been presented. Harmonics’ causes and distortion have been discussed. As a result, many 

solutions to eliminate harmonics and compensate reactive power have been proposed, such as 

shunt active power filter. 

Single phase packed unit cell multi-level inverters are considered to be the most suitable 

topology for APF applications using MLI as compared to other popular ones. In order to get 

better performances in power quality enhancement model predictive control has been proposed 

as the most effective control strategy that can be used in such application owing to several 

advantages in contrast to classical control techniques. 
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Chapter 2 

Power quality Enhancement  

in Single-Phase Power Grid 

using Multilevel Inverters 
 

1. INTRODUCTION 

Power electronics technology plays an important role in distributed generation (DG) 

systems. It is extensively being used and rapidly expanding, becoming more integrated in grid-

based systems to address power quality issues and to improve the grid power quality by 

eliminating current harmonics and compensating the reactive power sent to the grid at the point 

of common coupling (PCC), which are caused by the proliferation of power electronics-based 

devices in residential and industrial applications such as personal computers, air conditioning 

systems, pumps and blowers[1, 2]. These devices increase the share of nonlinear loads 

compared with that of linear loads and affect the power quality of the grid, which changes in a 

sinusoidal shape of the grid current through accumulation of harmonic distortions. Increased 

harmonic pollution in power networks has led to the development of new dynamic and suitable 

solutions to solve power quality problems. These equipment’s are, in general, known as active 

power filters [3, 4]. 

Shunt active power filters (APF) based on voltage source inverter (VSI) are progressively 

involved in reducing the effect of harmonic currents and reactive power, where different 

topologies are used and many works have contributed to the development of such a solution [5–

7]. 

Active filters inject a current into the PCC point in a way that the sum of the 

compensation and load currents gives a current of sinusoidal waveform seen from the source as 

depicted in Figure 2.1. The important issue of active filters is how to generate the suitable 
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compensation current. In order to generate this filter current, a balance between instantaneous 

power supplied by the source, active filter power and load power should be achieved. Active 

filters are also programmed to achieve power factor correction as well as harmonics elimination. 

Those topologies can offer good quality of compensation for reactive power, as well as voltage 

and current with low distortion.  

 

Figure 2.1: Shunt Active power filter topology. 

Generally, the two-level VSIs are widely used in APF systems [8–12]. However, they 

have several disadvantages, such as voltage output rich in harmonics (High THD) with non-

sinusoidal form and high switching losses, corona discharge and overvoltage [13]. Therefore, 

the multi-level topologies have become the most suitable topologies to be considered [14–17].  

Several research works have been dedicated to develop various multilevel inverter 

topologies for different applications [18, 19]. The conventional topologies of multi-level 

inverters such as neutral point clamped (NPC) [16] and cascaded H-Bridge (CHB) [17] have 

been used as the most popular configurations in APF systems. They produce various and 

symmetrical voltage levels, which led to provide a high grid current quality with low value of 

filter-side inductor and less stress on semiconductor switches. However, they possess a high 

number of power electronic components (IGBT switching, diodes, capacitors). Numerous 

recent works have been devoted to develop some new multilevel inverter topologies with a 

smaller number of power electronics components [20–24]; one of these topologies is the 

modified packed U-cell five-level inverter (MPUC5) [22] which is under consideration in this 

chapter for APF systems.   

The first configuration of MPUC inverter has been derived from the PUC topology 

presented in [21, 23], which is developed by authors of [22]. MPUC topology is mainly 
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composed of six semiconductor switches and two capacitors, it operates with two isolated DC 

capacitors and the DC voltage is used to generate a multi-level AC voltage at the output. 

However, the major problems of the MPUC inverter are the unbalancing capacitor potentials of 

DC-link voltage and the complexity of control design. 

Several works based on PUC and MPUC topologies, proposed  new control techniques 

in order to overcome the unbalancing capacitor voltages issue for grid connected and APF 

applications by using a self-voltage-balancing using some redundant switching states integrated 

in the multicarrier pulse width modulation (PWM) [20–22]. 

The authors of [22] proposed a new control scheme for single phase APF application 

using modified PUC inverter,  where two PI controllers are employed with a self-voltage 

balancing technique integrated through PWM modulator. However, this control scheme based 

on cascade PI controllers and four multicarrier PWM, makes the system response very slow in 

dynamic state and has a few limitations on balancing capacitor voltages when a change in 

system parameters occurs. Furthermore, the complexity of PWM modulator including self-

voltage balancing technique makes the control system hard to be implemented. 

Model Predictive Control (MPC) technique is a simple and effective strategy based on 

the model of the controlled system to predict its future behavior and select the most appropriate 

control action based on an optimality criterion. In the last decades, it has been 

extensively explored in power converters control, due to the rapid growth of modern 

microcontrollers and digital signal processors (DSPs) with high computational capabilities, 

which makes the implementation for the MPC control schemes much easier [25–27]. MPC 

strategy takes advantage of the inherent discrete nature of power converters and the finite 

number of switching states to solve optimization problem by the prediction of the system 

behavior only for those possible switching states. Then, each prediction is used to evaluate a 

cost function, and consequently, the state with minimum cost is selected and generated [28–

31]. Furthermore, it has some interesting characteristics such as design simplicity, a fast-

dynamic response and ability to include nonlinearities and constraints in the design of the 

controller. On other hand, MPC strategy is employed in order to reduce the need for PI 

controllers and eliminates the need of PWM modulation stage. Moreover, it is easy to include 

the DC-link capacitor voltages balancing constraint in the objective control.   

In this chapter, a single phase APF system is developed using multilevel MPUC5 

inverter controlled by a new MPC algorithm in order to compensate a contaminating load with 
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small power factor, to enhance reactive power in the grid and to eliminate harmonic currents at 

the PCC. The proposed MPC algorithm is employed to reduce the computational burden and 

provides high power factor correction, in addition to ensure the balance of the DC-link capacitor 

voltages. To confirm the performance of the proposed configuration, complete simulations are 

carried out using Matlab/SimulinkTM environment and then, a real-time hardware in the loop 

(HIL) tests are performed using dSPACE 1104 control board [32, 33]. 

This chapter is organized as follows: after an introduction, the proposed MPUC5 

topology configuration is presented in section 2. Section 3 describes the MPC technique for the 

MPUC5 inverter in APF application. Section 4 demonstrates the simulation results. 

Experimental results with hardware in the loop (HIL) implementation using Matlab/SimulinkTM 

and dSPACE 1104 control board are illustrated and discussed in section 5 to validate the 

dynamic performance of the proposed system. 

2. PROPOSED MPUC5 INVERTER TOPOLOGY FOR APF APPLICATION 

The proposed structure of APF with the control strategy is shown in Figure 2.2. It 

consists of an AC source, a nonlinear load connected in series and the MPUC5 inverter 

connected to the grid in parallel through a line inductor (𝐿𝑓) at the PCC.   

The main goals of this configuration are to compensate the reactive power and eliminate 

the harmonic components in the grid current caused by nonlinear loads at the PCC. The MPUC5 

inverter injects a harmonic current into the grid in order to compensate the harmonic current 

requested by the nonlinear load from the grid. 

The MPUC5 inverter topology as shown in Figure 2.2, has 6 active switches and two 

DC-link capacitors. The different states of this configuration are illustrated in Table 2.1. The 

main advantage of MPUC5 structure is that the two DC-side voltages of the converter provide 

voltages 𝑉𝑑𝑐1 and 𝑉𝑑𝑐2 separately; each voltage should be smaller than the PCC voltage. As a 

result, the voltage peak seen by the PCC is equal to the sum of the two DC outputs [21, 22], 

and in addition 𝑉𝑑𝑐1 = 𝑉𝑑𝑐2 to ensure the voltage capacitors balancing of the MPUC5, in order 

to guarantee boost operation of the inverter and to inject the compensation current into the grid. 

By assuming (𝑉𝑑𝑐1 = 𝑉𝑑𝑐2 =  𝐸), the switching states (X) and voltage levels generated by the 

MPUC5 inverter (𝑉𝑖𝑛) can be denoted as in Table 2.1. 
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Figure 2.2: Five-level MPUC inverter for APF application. 

Table 2.1. Switching states and voltage levels of the MPUC5 Inverter. 

Switching State 

(X) 
𝑺𝒂 𝑺𝒃 𝑺𝒄 𝑺𝒂

̅̅ ̅ 𝑺𝒃
̅̅ ̅ 𝑺𝒄

̅̅ ̅ 
Voltage levels generated by 

MPUC5 (𝑉𝑖𝑛) 

State 1 0 1 0 1 0 1 𝑉𝑖𝑛= -2E 

State 2 1 0 1 0 1 0 𝑉𝑖𝑛= +2E 

State 3 1 1 1 0 0 0 𝑉𝑖𝑛= 0 

State 4 0 0 0 1 1 1 𝑉𝑖𝑛= 0 

State 5 0 1 1 1 0 0 𝑉𝑖𝑛= -E 

State 6 1 1 0 0 0 1 𝑉𝑖𝑛= -E 

State 7 0 0 1 1 1 0 𝑉𝑖𝑛= +E 

State 8 1 0 0 0 1 1 𝑉𝑖𝑛= +E 

3. MODEL PREDICTIVE CONTROL (MPC) 

In general, MPC is an advanced and effective strategy to control the power converters. 

it is based on the mathematical model of the studied system in order to predict the future 

behavior of the controlled variables [25, 27]. Then, to form these predictions, a cost function is 

defined and evaluated in order to select the optimal control action [28–31].  
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Figure 2.3 shows the flowchart of the proposed MPC applied to MPUC5 inverter. From 

the measured values of the filter current 𝑖𝑓, the grid voltage 𝑖𝑠, the filter reference current 𝑖𝑓_𝑟𝑒𝑓 

estimated from the PI controller, and the capacitor voltages (𝑉𝑑𝑐1, 𝑉𝑑𝑐2), the predicted value of 

filter current 𝑖𝑓(𝑘 + 1) is calculated for all switching states cases; the predicted capacitor 

voltages are also calculated only for the switching states which has an effect on capacitor 

voltages (one of the capacitors is discharged and the other one is kept constant (𝑉𝑖𝑛=+E or -

E)). Otherwise, the predicted capacitor voltages remain the same (𝑉𝑑𝑐1(𝑘 + 1) = 𝑉𝑑𝑐1(𝑘) & 

𝑉𝑑𝑐2(𝑘 + 1) = 𝑉𝑑𝑐2(𝑘)) in the other states. After that, a cost function is evaluated in order to 

compute the optimal value. The optimal switch state chosen is applied during the next sampling 

time to the MPUC5 inverter through the switching pulses, which are produced according to the 

appropriate switching state chosen by the MPC from the switching table (Table 2.1). 

The mathematical model of single phase APF using MPUC5 is given below: 

 
𝑑𝑖𝑠(𝑡)

𝑑𝑡
=

1

𝐿
(𝑉𝑖𝑛 − 𝑣𝑠 − 𝑅𝑖𝑠)  (1) 

 {

𝑑𝑉𝑐𝑥(𝑡)

𝑑𝑡
=

1

𝐶𝑥
𝑖𝑓

𝑥 = 1,2.

  (2) 

where 𝑖𝑠 and 𝑣𝑠 are the measured filter current and grid voltage respectively, 𝑉𝑐𝑥 is the DC-link 

capacitor voltages, 𝑖𝑓 is the filter current and 𝑉𝑖𝑛 is the output voltage of the MPUC inverter. 

The variables that have to be controlled are the future filter current 𝑖𝑓  and the capacitor voltages: 

𝑉𝑑𝑐1, 𝑉𝑑𝑐2.  

A PI controller is used to estimate the filter reference current by using Kirchoff current law 

 𝑖𝑠 + 𝑖𝑓 = 𝑖𝐿   (3) 

Therefore, the filter reference current can be expressed as follows  

 𝑖𝑓_𝑟𝑒𝑓 = 𝑖𝐿 − 𝑖𝑠_𝑟𝑒𝑓   (4) 

where, 𝑖𝑓_𝑟𝑒𝑓 is the grid reference current generated by the PI controller and 𝑖𝐿 is the measured 

load current at the PCC. 
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From Eq. (1) and by using the Euler Forward approximation, the future behavior of filter 

current can be expressed as 

 𝑖𝑓(𝑘 + 1) = (1 − 𝑅 ⋅ 𝑇𝑠/𝐿𝑓) ⋅ 𝑖𝑓(𝑘) + (𝑇𝑠/𝐿𝑓) ⋅ (𝑉𝑖𝑛 − 𝑣𝑠)  (5) 

where, 𝑉𝑖𝑛 is the voltage vector generated by the 5-level MPUC inverter, R is the internal 

resistor of the filter inductance, 𝐿𝑓 the filter inductance, 𝑇𝑠  the sampling period and 𝑣𝑠  the AC 

source voltage. 

In order to reduce the computation burden, two variables 𝑆1 and 𝑆2 are introduced to 

simplify the use of switching states 𝑆𝑎, 𝑆𝑏 and 𝑆𝑐. They are calculated by using Eqs. (6) and 

(7). 

 𝑆1 = 𝑆𝑎 − 𝑆𝑏   (6) 

 𝑆2 = 𝑆𝑐 − 𝑆𝑏  (7) 

The voltage vector generated by the 5-level MPUC inverter can be calculated as follows 

 𝑉𝑖𝑛 = 𝑆1 ⋅ 𝑉𝑑𝑐1 + 𝑆2 ⋅ 𝑉𝑑𝑐2  (8) 

Using again Euler approximation and Eq. (2), the two capacitor voltages for the next 

sampling time 𝑉𝑑𝑐1(𝑘 + 1) and 𝑉𝑑𝑐2(𝑘 + 1) can be predicted to ensure the balancing voltage 

of the two DC-link capacitors by activating the appropriate switches 

 𝑉𝑑𝑐1(𝑘 + 1) = 𝑉𝑑𝑐1(𝑘) − ((𝑇𝑠 ⋅ 𝑆1)/𝐶) ⋅ 𝑖𝑓(𝑘)   (9) 

 𝑉𝑑𝑐2(𝑘 + 1) = 𝑉𝑑𝑐2(𝑘) − ((𝑇𝑠 ⋅ 𝑆2)/𝐶) ⋅ 𝑖𝑓(𝑘) (10) 

where C1, C2 and C (C1 = C2 =C) are the DC-link capacitors. 

Finally, the cost function g is derived as Eq. (11), 

 𝑔 = 𝑎𝑏𝑠(𝑖𝑓_𝑟𝑒𝑓(𝑘) − 𝑖𝑓(𝑘 + 1) + 𝜆 ⋅ 𝑎𝑏𝑠(𝑉𝑑𝑐1(𝑘 + 1) − 𝑉𝑑𝑐2(𝑘 + 1))  (11) 

where λ is the weighting factor, 𝑖𝑓_𝑟𝑒𝑓(𝑘), 𝑖𝑓(𝑘 + 1) are the reference and future behavior of 

filter current respectively, 𝑉𝑑𝑐1(𝑘 + 1), 𝑉𝑑𝑐2(𝑘 + 1) are the future behavior of DC-link 

capacitor voltages. 
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The cost function g is calculated for the 8 possible switching states, according to the 

predefined switching table (Table 2.1). 

 

Figure 2.3: Flowchart of the proposed MPC. 

4. ANALYTICAL STUDIES AND DISCUSSION 

Several numerical simulations using Matlab/SimulinkTM and SimPower systems 

packages of the proposed system have been carried out. The entire single-phase active filter 

was composed of an AC source, a nonlinear load (Rectifier & 𝑅𝑙, 𝐿𝑙), a 5-level MPUC inverter 

and MPC controller. The simulation parameters are presented in Table 2.2. 

Figure 2.4 shows the simulation results of the APF system before and after filtering. The 

filter was switched on at 𝑡 = 0.15𝑠, the filter started to inject a filter current as shown in Figure 
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2.4(b). As a result, the grid current became sinusoidal and the nonlinear load continued to 

consume a distorted current as depicted in Figure 2.4(a) and Figure 2.4(c), respectively. 

Table 2.2. Test parameters. 

Parameters  Values 

Grid Voltage (vs) 120 V 

Grid Frequency (fs) 50 Hz 

Grid Side Inductor (Ls) 0.566 mH 

Grid side resistor (Rs) 0.1 Ω 

Filter Side Inductor (Lf) 2 mH 

Rectifier AC Side Inductor (LL) 0.566 mH 

DC Capacitors (C1&C2) 1100 µF 

Load DC Side Resistor (Rl) 6 Ω 

Load DC Side Inductor (Ll) 20 mH 

DC Voltage Reference (Vdc_ref) 200 V 

Sampling frequency fs 20 kHz 

The DC-link voltage 𝑉𝑑𝑐 reached the steady state within few cycles (ripple voltage less 

than 5%), with a perfect balancing of the two capacitor voltages (𝑉𝑑𝑐1& 𝑉𝑑𝑐2) as depicted in 

Figure 2.4(d). In the same time, the active power reached the nominal value, and the reactive 

power became null when the filter was switched on as shown in Figure 2.4(e). Due to the perfect 

voltage balancing of the capacitors (𝐶1&𝐶2), the 5-level output voltage 𝑉𝑖𝑛 of the inverter has 

been obtained easily as illustrated in Figure 2.4(f).  

Figure 2.5 shows the steady state of the grid voltage 𝑣𝑠 and grid current 𝑖𝑠 with a perfect 

synchronization, which proves the power factor unity with low grid current THD (%) as 

presented in Table 2.3. 

Figure 2.6 illustrates the dynamic state of grid current 𝑖𝑠 and voltage 𝑣𝑠 corresponding 

to 50% change in resistor 𝑅𝑙 of the nonlinear load (from 6Ω to 3Ω). It can be seen that the grid 

current 𝑖𝑠 has always a sinusoidal waveform with a lower value of THD (%) (Table 2.3), and 

in phase with grid voltage 𝑣𝑠, which demonstrates the good performance of the proposed control 

strategy.  

Furthermore, to show the good performance of the proposed MPC algorithm, the 

average device switching frequency 𝑓𝑠𝑤 is calculated for all APF operating cases. The proposed 
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MPC maintains the THDi% below 5% and increases the reliability of the semiconductor 

switches, where the switching frequency 𝑓𝑠𝑤 is sustained below 10 kHz as indicated in Table 

2.3.

 

Figure 2.4: Simulation results of the APF system. Filter switched on at t=0.15 s. 

Meanwhile, the APF continues to feed the grid with a compensation current to cover the 

need to the load for reactive power as depicted in Figure 2.7(a). Furthermore, the load current 

amplitude increases while keeping up the same waveform and the nonlinear load continues to 

absorb the distorted current as shown in Figure 2.7(b).    
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The responses of the DC-link voltage and the two capacitor voltages during load change 

at 𝑡 = 0.5𝑠 are illustrated in Figure 2.7(c). It is worth mentioning that the two capacitor voltages 

get balanced instantaneously and identically due to the dynamic performance of the proposed 

MPC.  

Figure 2.7(d) shows the output voltage 𝑉𝑖𝑛 of the inverter during load change, one can 

notice that the inverter output voltage is not affected during this change by keeping the same 5-

level output voltage.    

 

Figure 2.5: Waveforms in steady state for grid voltage ( sv ) and current ( si ). 

 

Figure 2.6: Waveforms in dynamic state for grid voltage (𝒗𝒔) and current (𝒊𝒔). Load change at 

𝒕 = 𝟎. 𝟓𝒔. 
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Figure 2.7: Waveforms in dynamic state for filter current, load current, DC-link capacitors 

voltages and inverter output voltage (𝑽𝒊𝒏). Load change at 𝒕 = 𝟎. 𝟓𝒔. 

Table 2.3. Analysis of grid current THD and the average switching frequency 𝒇𝒔𝒘. 

Case Before filtering After filtering Load change 

THDi(%) 27,58% 1.89% 1.49% 

𝑓𝑠𝑤  (KHz) 0 4.2561 3.3616 

5. EXPERIMENTAL RESULTS 

The proposed control technique shown in Figure 2.2 has been tested and implemented 

in the laboratory LEPCI Sétif using dSPACE DS1104 controller board for HIL system.  The 

DS1104 controller Board is a cost-effective entry-level system with I/O interfaces and a real-

time processor on a single board that can be plugged directly into a PC for rapid control 

prototyping which suitable for controller’s development in power converters field. HIL system 

based on DS1104 controller board consists of an independent control processing unit (CPU) 

based on DS1104 controller board to build the control algorithms, a real-time simulator 

interface provides Matlab/ SimulinkTM blocks for graphical I/O configuration in order to 

simulate the plant model and a communication channel between the simulator and the DS1104 

controller board. For each sample time, the DS1104 controller board obtains the state variables 
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from the real-time simulator through the communication channel. From these state variables, 

the CPU computes the optimal control actions and drives it to the real-time simulator. Thus, the 

obtained results through these tests are considered more practical. 

The practical results are obtained with nonlinear load, represented by a single-phase 

bridge diode rectifier feeding an inductive and resistive DC load (𝑅𝑙, 𝐿𝑙), a single-phase AC 

source with line voltage fixed at 120V RMS and nominal grid frequency 50Hz. The sampling 

period of the proposed MPC is set to 50µs. The parameters of the tested system are presented 

in Table 2.2. 

Figure 2.8 and 2.9 illustrate the experimental responses of the APF using MPUC5 

inverter. It can be noticed that as soon as the filter is switched on, it starts to inject a harmonic 

current 𝑖𝑓 into the grid. Consequently, the grid current 𝑖𝑠 takes a pure sinusoidal form with low 

current distortion (Table 2.4) and the load current 𝑖𝐿 is highly distorted as depicted in Figure 

2.8.  

Figure 2.9 shows the waveforms of the capacitor voltages (𝑉𝑑𝑐1, 𝑉𝑑𝑐2) of the capacitors 

C1 and C2, respectively, with an accurate voltage balancing and the DC-link voltage 𝑉𝑑𝑐, which 

is the sum of the two capacitor voltages. In addition, the AC grid voltage 𝑣𝑠 is perfectly 

synchronized in the steady state with the grid current 𝑖𝑠, an indication of a high-power factor, 

as shown in Figure 2.10.  

 

Figure 2.8: Experimental waveforms for load current (𝒊𝑳), filter current (𝒊𝒇)  and grid current 

(𝒊𝒔), with the filter switched on. 
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Figure 2.9: Experimental waveforms for DC-link capacitors voltages, the filter is switched on. 

 

Figure 2.10: Experimental waveforms in steady state for grid voltage (𝒗𝒔) and grid current (𝒊𝒔). 

 

Figure 2.11 depicts the experimental waveforms of the instantaneous active and reactive 

power of the grid (𝑃𝑠, 𝑄𝑠), where the APF provides reactive power to the nonlinear load, and 

the grid reactive power become null (𝑄𝑠=0). Consequently, the instantaneous active power 

continues to deliver the same active power required by the load. 
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Figure 2.11: Experimental waveforms for instantaneous active and reactive power, the filter is 

switched on. 

 

Figure 2.12: Experimental waveform for 5-level output voltage (𝑽𝒊𝒏), the filter is switched on. 

Figure 2.12 illustrates the output voltage of the inverter when the filter is switched on, 

one can see that the 5-level voltage is perfectly shaped with low harmonic waveform which 

reduces the quantity of injected harmonic component at the PCC from the inverter and the APF 

could be connected to the PCC through a small inductor 𝐿𝑓. 
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Figure 2.13: Experimental waveform for grid current (𝒊𝒔) and grid voltage (𝒗𝒔), step load 

change. 

Figure 2.13 depicts the dynamic performance of the proposed configuration and 

implemented MPC by changing the load resistor 𝑅𝑙 of the nonlinear load from 6Ω to 3Ω; it 

shows the grid current 𝑖𝑠 and voltage 𝑣𝑠, it is clear that the current is always in phase with the 

voltage.  

From those changes, it can be seen that the MPC controller guarantees a perfect 

balancing of capacitor voltages, and the DC-link voltages track their reference at the same time, 

as shown in Figure 2.14.  

 

Figure 2.14: Experimental waveforms in dynamic state for DC-link capacitors voltages, step 

load change. 
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Figure 2.15: Experimental waveform for 5-level output voltage (𝑽𝒊𝒏), step load change. 

Figure 2.15 shows the dynamic state of the 5-level output voltage 𝑉𝑖𝑛 when a change in 

the load has occurred, the inverter keeps providing the same voltage level at the output (5-level), 

which is an indication of the robustness of the proposed control strategy. 

Experimental results show that the proposed APF ensures the power factor correction, 

the harmonic elimination, to less than 5% (Table 2.4), and compensates for the reactive power. 

This configuration guarantees compliance with IEEE STD 519 and IEC 61000-3-2 standards, 

and confirms the numerical simulation results obtained earlier. Also, it is worth mentioning that 

the MPUC5 topology reduces the DC voltage level on the two DC-link capacitors by dividing 

the DC stepped-up voltage over the two DC-links. 

Table 2.4. THD analysis of grid current (is) 

Case Before filtering After filtering Load change 

THDi(%) 30,68% 2.06% 1.95% 

6. SUMMARY 

In this chapter, a model predictive control (MPC) has been considered for 5-level 

modified PUC inverter control in single phase APF mode of operation, to reduce harmonic 

current at the PCC point caused by nonlinear loads. Simulations and experimental results 

through HIL system based on dSPACE 1104 control board, demonstrate the good functioning 

of the proposed MPC algorithm. It has a fast response and offers sinusoidal line currents with 
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low THD. Besides, it has been shown that the DC-link voltage is regulated with a perfect 

balancing of the two DC-link capacitor voltages and a 5-level voltage waveform of the MPUC 

inverter was generated at the output.  Furthermore, the reactive power is compensated and a 

high-power factor correction has been obtained. Exhaustive tests have been carried out, 

including change in load, in order to confirm the good dynamic performance of the proposed 

controller for MPUC inverter in APF applications. 
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Chapter 3 

Review of Single-Phase  

Grid-Connected  

Photovoltaic Systems  
 

1. INTRODUCTION 

The predicted deficiency of fossil fuel-based energy sources and also the silent high 

consumption demand of energy in the modern society from industry and manufactory have been 

the major powerful forces to seek alternatives energy resources-based on renewables 

technologies. There is also an urgent need to solve the global warm and environmental concern, 

in order to reduce the emission of carbon dioxide (CO2) [1]. Among various renewable 

technologies, the wind and solar PV energy are the most commercially implemented and widely 

adopted in today’s energy paradigms across the world [1]. Therefore, many efforts have been 

made to better integrate various renewable energy sources of intermittency. In this chapiter an 

overview of photovoltaic energy integration in electrical grid has been introduced with an 

overview of the commonly used advancement of power electronics converters in single-phase 

grid-tied PV systems in residential applications. General control schemes in single phase system 

are also addressed with respect to power quality requirement and to better integration of this 

kind of renewable energy in future smart grids. 

 

2. PHOTOVOLTAIC ENERGY SYSTEMS: TECHNOLOGY 

OVERVIEW AND PERSPECTIVES 

Renewable energy systems and technologies are considered as some of the most 

promising solutions for the future, they need to be more developed in order to take over the 

greatest amount of the energy production. Many technologies have been developed and they 

have different levels of growth and the scale of their implementation is not also the same. Most 
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of the renewable technologies are reliant on meteorological conditions, and they are quite 

challenging especially in their integration into the electrical power system, which is the 

fundamental issue that needs to be resolved. In other terms, we should answer this question to 

solve this challenging problem: how to make a power system able to handle a very high 

penetration of renewable energy systems (such as photovoltaics), which includes the 

development of smart grid systems as well?  

For photovoltaic energy, it can be used in different ways. The power generation is based 

on the PV effect [2], where the voltage or current level is very low for a single solar PV cell. 

Hence, in practical applications, a considerable number of solar PV cells have been connected 

in parallel and in series in order to gather PV panels and thus PV arrays.  

Grid-tied PV systems illustrated in Figure 3.1, include a power electronics DC/DC 

converter, which ensures the harvesting of maximum solar energy produced by the PV panels 

through a maximum power point tracking (MPPT) control, and a DC/AC converter for 

interconnection to the main grid. Recently, the popularity of PV systems has increased not only 

for multi megawatts utility-scale power plants but also as rooftop installations on commercial 

and residential houses with small ratings of hundreds of Watts and in kW range. 

The reduction in the price of PV cells contributed to these large-scale deployments. At 

the same time, technological evolution facilitated the increase in consistency, as results some 

PV systems now have an expected lifecycle length of 25 years or longer.  

 

Figure 3.1: PV energy conversion system with DC/DC and DC/AC converters. 
𝑉𝑝𝑣: photovoltaic voltage, 𝑉𝑑𝑐: DC-link voltage, 𝑣𝑔 : grid voltage 

The renewable energy systems and devices are expected to become even more cost 

competitive with fossil fuel–based generators, by a technological enhancement of these 

installations. Furthermore, considerable efforts for integrating renewable energy systems into 

the electrical grid are also considered as general prospects, where, a proper balance between 

production and consumption is taken on consideration. Another challenge for research is to be 
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able to control the entire system (electrical power system, renewable energy and other energy 

resources) as a whole, which leads us to make a transition to smart grid functions and facilities.    

3. GRID-CONNECTED PV SYSTEMS REQUIREMENTS 

A rapid rate of PV power generation growth has been recorded in the past few years, 

where, it plays a substantial role in electricity production around the world. 

Figure 3.2 illustrates the evolution of PV systems capacity in the past 19 years [3], 

where, a rapid growth of energy production from PV power systems has been noticed.  

 

 

Figure 3.2:  Evolution of global renewable energy capacity from 2000 to 2019 [3]. 

The technological advances in power electronics have been considered as an enabling 

technology for further development in grid connected PV systems and for more renewables into 

the grid [4], including the PV systems related by the improvements in power semiconductor 

devices [5], where, power electronics devices hold all the responsibility for a consistent and 

efficient energy conversion. As a result of that, numerous power converters for grid-connected 

PV systems have been developed and commercialized extensively [5– 7], where, their 

topologies vary in size and power —from small-scale (hundred watts) to large-scale PV power 

plants (hundreds of megawatts). 

Furthermore, PV converters can be classified into four categories, module-level (AC-

module inverter and DC-module converter), string, multistring, and central converters [8, 9]. 

The multistring and central converters are largely used for PV power plants as three-phase 

systems [10]. In contrast, the module and string converters are commonly used in residential 
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installations as single-phase systems [11]. Even though, the PV power converters functionalities 

are the same, including PV power maximization, DC/DC & DC/AC conversions, power 

transfer, synchronization, reactive power control and protection [12]. Where, advanced and 

intelligent control strategies are required in order to perform these features and also to encounter 

customized requirements, even more, monitoring, forecasting, and communication technology 

can also enhance the PV integration into the grid [12]. 

The requirements for PV systems can be specified at different stages. At the PV side, 

where, the PV panels output power should be maximized using maximum power point tracking 

(MPPT), where a DC/DC power converter is usually used in double-stage PV system as shown 

in Figure 3.3.  In this case, the DC-link voltage should be maintained as a desirable value for 

the inverter. At the grid side, a desirable total harmonic distortion (THD) of the output current 

should be achieved (lower than 5%) to meet the specific standards for a good power quality as 

discussed in chapter 1. 

In another side, high efficiency of PV systems is always required in order to maintain 

the cost as low as possible since the power generated by the PV panels is relatively low 

compared with the high cost of energy production, where, optimized energy harvesting is 

recommended. Furthermore, power electronics systems including passive components 

(capacitors, inductors, resistors) are considered as the most responsible components of power 

losses in the entire PV system. Therefore, to meet the efficiency requirement, improved 

semiconductor devices, advanced control, and power-lossless PV topologies are recommended 

to be used at large scale. Transformer-less grid connected PV technology is an example, where, 

transformer-less PV inverters can achieve a high conversion efficiency when the isolation 

transformers are not included in the installations [13].  

 

Figure 3.3:  Grid-connected PV system requirements. 
DC: direct current, AC: alternating current, 𝑃𝑝𝑣 : PV power, 𝑃𝑔: active power, 𝑄𝑔: reactive power. 
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Hence, single phase PV systems in the residential installations are the most dominant 

and will be spread out largely in the future grid. Consequently, advances of single-phase grid-

tied PV systems are reviewed in this chapter in order to designate the suitable technology for a 

desirable PV systems integration into the future power grid. The focus has been on power 

converter developments in single-phase grid-tied PV systems for low and medium power in 

residential applications. 

 

4.  POWER CONVERTER TECHNOLOGY FOR SINGLE-PHASE PV 

SYSTEMS 

We count four principal organization concepts and configurations [9, 14] for single 

phase grid tied PV system as shown in Figure 3.4. Each grid-connected concept consists of a 

PV panel or PV string configured by power electronics converters (DC/DC converters and 

DC/AC inverters) in accordance with the PV panels output voltage as well as the power rating.  

As it can be seen in Figure 3.4, the module concept, string inverter, and cascade 

topologies are the most used configurations in single-phase PV applications, where the 

important issue is the galvanic isolation for safety and protection of PV installations. Usually, 

the isolation can be adopted by including a transformer at the grid side as it is depicted in Figure 

3.5 (a). Recently, in order to reduce the cost of these installations, research works have been 

proposed enhanced single-phase PV systems topologies as shown in Figure 3.5 (b) without 

isolation transformers. 

 

Figure 3.4: Single-phase grid-connected PV system configurations. 
(a) AC module inverter, (b) DC & AC module converters, (C) String inverter, (d) Cascade topology. 
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Figure 3.5: Single-phase grid-connected PV systems. 
(a) with transformer, (b) without transformer. 

 

4.1  Transformer-less single-stage AC-Module PV inverters  

In the last years, considerable efforts have been devoted to decrease the number of 

power conversion stages in PV systems to increase the efficiency, to increase the power density 

of single-stage AC-module integrated PV inverters, and to reduce the cost of PV systems. 

Figure 3.6 shows the general scheme of single-stage grid-connected AC-module integrated PV 

inverter, where all the expected functionalities shown in Figure 3.3, have to be performed. It 

worth mentioned that the power decoupling in single-stage configuration is achieved through a 

DC-link capacitor, Cdc, in parallel with the PV panel [8]. 

 

Figure 3.6: Transformer-less AC module inverters topology.  

Since the produced power from PV panels is quite low and depends on the ambient 

conditions (i.e., solar irradiance and ambient temperature), a better solution is to integrate a 

boost or a buck–boost converter into the a full-bridge (FB) or half-bridge (HB) inverter in order 
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to achieve an acceptable DC-link voltage for the AC-module inverter [15–18]. Furthermore, 

the single-stage module-integrated PV converter can operate in a buck, boost, or buck–boost 

mode with a wide range of PV panel output voltages [15]. Figure 3.7 shows the modified 

topology of AC-module inverter, where an LCL filter is used instead of simple L filter in order 

to achieve a reasonable THD of the injected current into the grid. In [19], another modified 

topology of the AC-module inverter has been presented, which is a combination of a boost 

converter and an FB inverter. The major drawback in this topology is the zero-crossing current 

distortion, introduced by the integrated boost in the AC-module inverter. In order to resolve this 

drawback, an integrated buck–boost into the AC-module inverters is proposed in [16, 17].  

Figure 3.8 shows an example of the buck–boost AC-module inverter topologies for 

single-phase grid-connected PV applications. In the AC-module inverter, presented in Figure 

3.8, the buck–boost-integrated FB inverter generates a DC-biased unipolar sinusoidal voltage, 

which is 180° out of phase to the other in each half-cycle of the grid voltage to alleviate the 

zero-cross current distortions.  

 

Figure 3.7: Universal single-stage single-phase grid connected PV system. 
𝐶𝑝: virtual parasitic capacitor, 𝐶𝑑𝑐: DC-link capacitor. 

 

Figure 3.8: Single-stage configuration based on integrated buck-boost AC module inverter. 

In addition to the topologies presented previously, where two relatively independent 

DC/DC converters integrated in an inverter, other topologies for AC-module inverters are also 
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proposed in the literature. Most of these topologies are developed in accordance with the 

impedance–admittance conversion theory and an impedance network [20–22]. The Z-source 

inverter is one example, which is able to boost up the voltage for an FB inverter by adding an 

LC impedance network, as it is demonstrated in Figure 3.9. 

 

Figure 3.9: Single-stage configuration-based Z-source inverter. 

4.2  Transformer-less single-stage string inverters 

The AC-module inverters topologies presented before with an integration of a DC/DC 

boosting converter are appropriate only for use in low power applications (e.g., <1kW). When 

it comes to higher power ratings (e.g., 1–5 kW), the performance of AC-module inverters is not 

satisfactory. In such applications, single-phase FB string inverter is the most commonly used 

inverter topology due to its simplicity, where less power switching devices are used. Figure 

3.10 shows the general schematics of a single-phase FB string inverter with an LCL or L filter 

for better power quality. Figure 3.10 shows also the leakage current circulating in the 

transformer-less topology, where a specifically designed modulation technique is always 

required in such topology in order to minimize the leakage current, such as the bipolar 

modulation, unipolar modulation, and hybrid modulation [23]. Considering the leakage current 

injection, the bipolar modulation scheme is preferable [24]. Furthermore, optimizing the 

modulation patterns is another alternative to eliminate the leakage currents [25]. 

Transformer-less topologies are mostly derived from the FB topology by adding 

supplementary power switching devices in order to create an AC path or a DC path [26- 28]. 

By doing so, an isolation is achieved between the PV modules and the grid during the zero-

voltage states, consequently leading to a low leakage current injection such as the topologies 

proposed in [27]. Figure 3.11 shows an example of transformer-less string inverter based H6 

topology, where two additional switching devices are added to the initial FB inverter topology 

to reduce the leakage current by creating a DC path. 



Review of single-phase grid-connected photovoltaic systems  

73 

 

 

Figure 3.10: Single-stage transformer-less PV system-based FB string inverter. 

 

Figure 3.11: Single-stage Transformer-less string H6 inverter topology with a DC path derived 

from the FB inverter to eliminate leakage current. 

Otherwise, the isolation can be achieved also at the grid side by adding an AC path. As 

it is demonstrated in Figure 3.12, the highly efficient and reliable inverter concept string inverter 

proposed in [28] has the same number of power switching devices as that of the H6 inverter, 

but it provides an AC path to eliminate the leakage current injection.  

 

Figure 3.12: Single-stage transformer-less PV system-based enhanced FB inverter with AC 

path to eliminate leakage current. 
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Figure 3.13: Single-stage transformer-less PV system-based multi-level NPC inverter. 

Furthermore, single-phase transformer-less string inverter can be also developed based 

on the multilevel power converter topologies [23- 29] as shown in Figure 3.13. 

4.3 DC-Module converters in transformer-less double-stage PV systems 

A major drawback of the single-stage PV topologies is that the output voltage range of 

the PV panels/strings is limited especially in the low power applications (e.g., AC-module 

inverters), which consequently will affect the overall efficiency. The double-stage PV 

technology can solve this issue since it consists of a DC/DC converter that is responsible for 

increasing the voltage of the PV module to a desirable level for the inverter stage [30, 31]. 

Figure 3.14 shows the general block diagram of a double-stage single-phase PV topology, 

where the DC/DC converter performs the MPPT control of the PV panels. The DC-link 

capacitor Cdc shown in Figure 3.14 is used for power decoupling, while the PV capacitor Cpv is 

used for filtering. 

 

Figure 3.14: General scheme double-stage single-phase grid connected PV system 
𝐶𝑝: virtual parasitic capacitor, 𝐶𝑑𝑐: DC-link capacitor. 

 

In general, the DC/DC converter can be included between the PV panels and the DC/AC 

inverters. The inverters can be the string inverters as discussed earlier or a simple full-bridge 

inverter. Figure 3.15 shows a conventional double-stage single-phase PV system, consisting of 

a DC/DC converter and an FB string inverter. Where the leakage current needs to be minimized 

as well.  
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Figure 3.15: Conventional double-stage single-phase grid connected PV system using a boost 

converter and FB inverter. 

5.  Control of single-phase grid-connected PV systems 

The control objectives of a single-phase grid-connected PV system [32] can be divided 

into two main parts: (1) PV-side control with the purpose to maximize the power from PV 

panels and (2) grid-side control performed on the PV inverters with the purpose of fulfilling the 

requirements to the power grid as shown in Figure 3.3. A conventional control structure for 

such a grid-connected PV system consists of a two-cascaded loop in order to fulfill the 

requirements [32]. An outer power/voltage control loop generates the current references and 

the inner control loop is responsible for shaping the current, so the power quality is preserved, 

and also it may perform various functionalities, as shown in Figure 3.16. 

 

Figure 3.16: Single-phase grid connected PV system general control objectives.  
PWM: pulse width modulation. 
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5.1 Grid synchronization 

In grid connected PV systems the injected grid current should be synchronized with the 

grid voltage as required by the standards in this field [33]. As a result, grid synchronization is 

an essential grid monitoring task that will strongly contribute to the dynamic performance and 

the stability of the entire control system. The grid synchronization is even challenged in single-

phase systems, as there is only one variable (i.e., the grid voltage) that can be used for 

synchronization. Nevertheless, different methods to extract the grid voltage information have 

been developed in [13, 33] like the zero-crossing method, the filtering of grid voltage method, 

and the phase-locked loop (PLL) techniques, which are important solutions. 

Figure 3.17 shows the structure of the PLL-based synchronization system. It can be 

observed that the PLL system contains a phase detector (PD) to detect the phase difference, a 

PI-based loop filter (PI-LF) to smooth the frequency output, and finally a voltage-controlled 

oscillator (VCO).  

 

Figure 3.17: General structure of a PLL system. 
𝜃: 𝑔𝑟𝑖𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑝ℎ𝑎𝑠𝑒, 𝜃′𝑜𝑢𝑡𝑝𝑢𝑡 𝑙𝑜𝑘𝑘𝑒𝑑 𝑝ℎ𝑎𝑠𝑒. 

Accordingly, the transfer function of the PLL system [13] can be obtained as 

 
𝐺𝑝𝑢(𝑠) =

𝜃′(𝑠)

𝜃(𝑠)
=

𝑘𝑝𝑠 + 𝑘𝑖

𝑠2 + 𝑘𝑝𝑠 + 𝑘𝑖
 

 (1) 

which is a second-order system with kp and ki being the proportional and integral gain of the 

PI-LF, respectively. Subsequently, the corresponding damping ratio ζ and undamped natural 

frequency ωn can be expressed, respectively, as 

 
𝜁 =

𝑘𝑝

2√𝑘𝑖

 𝑎𝑛𝑑 𝜔𝑛 = √𝑘𝑖 
 (2) 

which can be used to tune the PI-LF parameters according to the desired settling time and 

resultant overshoot. More details about single-phase PLL synchronization techniques are 

presented in [13]. 
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5.2 DC-link controller 

The first conversion stage extracts the PV power from the PV arrays and transforms it 

to DC-link. The main objective at this point is to regulate the DC-link voltage at reference value 

and estimate the amplitude of grid currents as presented in Figure 3.18. To ensure a proper 

power injection control, the value of DC-link voltage reference must be chosen higher than the 

grid peak voltage.  

Several research works have been employing the artificial intelligence (AI) such as 

fuzzy logic control (FLC) [34] and, neuro-fuzzy networks (NFIS) [35], in order to overcome 

the drawbacks provided by conventional PI regulator such as long-time response, large 

overshoot and significant voltage ripples during steady-state operation. Nevertheless, the 

implementation of these controllers requires a high computational burden and large capacity of 

the memory.  

Despite these facts, simple PI regulator is the mostly used controller in the industrial 

Applications [36]. Hence, enhanced PI controllers have been developed to prevent performance 

degradation and also to maintain the simplest possible controller scheme of the PI controller 

especially in complex systems. Moreover, the hardware implementation of this type of 

controller is very easy which makes it the best choice in all industrial applications.  

 

Figure 3.18: DC-link voltage controller-based PI regulator. 

5.3 Maximum power point tracking 

MPPT is one of the essential functions in PV systems. Considering the nonlinear 

current–voltage characteristics of PV cells, the maximum power delivered by the PV array is at 

a well-defined operating point named maximum power point (MPP). MPPT is one of the key 

functions that every grid connected PV inverter should have. There is a large number of 

publications dealing with MPPT, where the majority of the PV converters are able to extract 

around 99% of the available power from the PV installation, over a varied irradiance and 

temperature range— in steady and dynamic states.  
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An extensive overview of modern MPPT techniques has been presented in [37]. The 

most frequently applied MPPT algorithms are hill-climbing methods, such as the perturb and 

observe (P&O), and its alternate implementation (with identical behavior), the incremental 

conductance [38]. These methods are based on the fact that on the voltage–power characteristic 

(Figure 3.19), the variation of the power with respect to the voltage is positive (dP/dV > 0) in 

the left-hand side of the MPP, while it is negative (dP/dV < 0) on the right-hand side of MPP, 

as shown in Figure 3.19. The main advantages of these methods are that they are generic, that 

is, they are suitable for any PV array, they do not require any information about the PV array, 

they work reasonably well in most conditions, and they are simple to implement in a digital 

controller with minimum computational demand. 

a) Perturbation and Observation MPPT 

The perturbation and observation (P&O) MPPT method is based on the property that 

the derivative of the power–voltage characteristic of the PV module/array is positive on the left 

side and negative on the right side (see Figure 3.20), while at the MPP, it holds that 

 
∆𝑃𝑝𝑣

∆𝑉𝑝𝑣
= 0  (3) 

where Ppv and Vpv are the output power and voltage, respectively, of the PV module/array.  

During the execution of the P&O MPPT process, the output voltage and current of the 

PV module/ array are periodically sampled at consecutive sampling steps in order to calculate 

the corresponding output power and the power derivative with voltage. The MPPT process is 

performed by adjusting the reference signal of the DC/DC power converter PWM controller. 

Figure 3.21, presents the flowchart of the P&O MPPT [39]. 

 

Figure 3.19: PV panel power/voltage & current/voltage curves showing the MPP. 
𝐼𝑠𝑐: 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡, 𝑉𝑜𝑐: 𝑜𝑝𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒, 𝐼𝑚𝑝: 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑡 𝑀𝑃𝑃, 𝑉𝑚𝑝: 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑡 𝑀𝑃𝑃, 

 𝑃𝑚𝑝: 𝑝𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟.   



Review of single-phase grid-connected photovoltaic systems  

79 

 

 

Figure 3.20: Power–voltage characteristics of a PV array.  

 

Figure 3.21: Flowchart of P&O MPPT algorithm. 

The P&O method is characterized by its operationality and implementation simplicity. 

However, it exhibits a slow convergence speed under varying solar irradiation conditions and 

its performance may also be affected by system noise. 

b) Incremental-Conductance MPPT 

At the MPP of the PV source, it holds that  

 
∆𝑃𝑝𝑣

∆𝑉𝑝𝑣
= 0 =>  

∆(𝐼𝑝𝑣∗𝑉𝑝𝑣)

∆𝑉𝑝𝑣
= 𝐼𝑝𝑣 +

∆𝐼𝑝𝑣

∆𝑉𝑝𝑣
𝑉𝑝𝑣 = 0 =>

∆𝐼𝑝𝑣

∆𝑉𝑝𝑣
= −

𝐼𝑝𝑣

𝑉𝑝𝑣
  (4) 

The incremental-conductance (InC) MPPT technique operates by measuring the PV module/ 
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array output voltage and current and comparing the value of  
∆𝐼𝑝𝑣

∆𝑉𝑝𝑣
 with −

𝐼𝑝𝑣

𝑉𝑝𝑣
.  

Then, the power converter is controlled based on the result of this comparison, according 

to the flowchart illustrated in Figure 3.22, which is based on the procedure presented in [40]. 

Similar to the P&O process, the execution of the algorithm shown in Figure 3.22 is iteratively 

repeated until the difference between  
∆𝐼𝑝𝑣

∆𝑉𝑝𝑣
 and −

𝐼𝑝𝑣

𝑉𝑝𝑣
  is less than a predefined value, which 

indicates that the MPP has been tracked with an acceptable accuracy. 

 

Figure 3.22: Flowchart of Inc MPPT algorithm. 

However, the hill-climbing methods (PO & INC) have some inherent shortcomings as 

they have limited tracking capability during varying conditions and in the case of partial 

shadow, they may not find the global MPP, settling at a local maximum on the power–voltage 

curve. The MPPT methods that are mostly preferred by the industry are the hybrid or enhanced 

hill climbing ones, which have a P&O or INC algorithm as their core, with an improvement in 

combination, to overcome its limitations in variably and/or partially shaded conditions. 

c) CURRENT-ORIENTED MPPT 

The basic concept of current- oriented MPPT is presented in Figure 3.23. This MPPT 

involves MPPT current-based algorithm (C-MPPT) in cascade with current controller. The C-

MPPT aims to generate the reference current that represents the MPP current, while the current 

controller aims to enforce the output PV current to track the reference current delivered by the 

C-MPPT [41, 42]. Generally, the P&O and INC algorithms presented in Figure 3.24 and 3.25 

are the most employed algorithms as a core of this MPPT. The PI controller [41], is the most 

useful techniques as current controller in this method. 
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Figure 3.23: General structure of current-oriented MPPT. 

 

Figure 3.24: Current P&O algorithm flowchart.  

 

Figure 3.25: Current-Inc algorithm flowchart.  
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d) VOLTAGE- ORIENTED MPPT 

The Voltage-oriented MPPT method consists of MPPT voltage-based algorithm (V-

MPPT) in cascade with voltage controller as illustrated in Figure 3.26. the objective of V-MPPT 

is to deliver the reference voltage that represent the MPP voltage. While, the voltage controller 

aims to enforce the output PV voltage to track the reference voltage generated by the V-MPPT 

[42]. The P&O and INC algorithms presented in Figure 3.27 and 3.28 are widely employed as 

V-MPPT. Besides, the voltage regulator is performed usually by a simple PI controller. 

 

Figure 3.26: General structure of voltage-oriented MPPT. 

 

Figure 3.27: Voltage P&O algorithm flowchart.  

Due to the PV voltage corresponding the MPP change slightly under sudden irradiation 

changes, VO-MPPT provides a fast MPP tracking compared to CO-MPPT.  
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Figure 3.28: Voltage-Inc algorithm flowchart. 

e) Other MPPT algorithms  

Several recent research works have been investigated to introduce the artificial 

intelligence (AI) such as fuzzy logic control (FLC) [43] and neural networks (NN) [44], neuro-

fuzzy networks (NFIS) [45], genetic algorithm (GA) [46], sliding mode control [47]. The AI-

MPPT methods offer high performance operation in terms of good stability and fast response. 

However, the implementation of these MPPTs is limited in real time due to it require a high 

computational burden and large memory. 

 

6.  SUMMARY 

In this chapter, a review of the recent technology of single-phase PV systems has been 

presented. Demands for the single-phase PV systems, including the grid-connected standards, 

the solar PV panel requirements, ground current requirements, efficiency, and reliability of the 

single-phase PV converters have been emphasized. Since achieving higher conversion 

efficiency is always of intense awareness, both the transformer-less single-stage (with an 

integrated (DC/DC converter) and the transformer-less double-stage (with a separate DC/DC 

converter) PV topologies have been discussed. The review reveals that the transformer-less 

double-stage (with a separate DC/DC converter) PV topologies are the most suitable for use in 

single-phase grid-tied systems, especially, when a DC/DC conversion stage is included, the 
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MPPT control becomes more convenient, where the enhanced hill climbing MPPTs are adopted 

to be the most suitable control techniques due to their simplicity. Finally, the general control 

structures for double-stage transformer-less PV systems are presented, as well as a brief 

discussion on DC-link regulation, synchronization and monitoring technologies. It is worth 

mentioning that all the review process is focused only on the most used techniques and 

topologies in residential applications.  
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Chapter 4 

Grid-Connected PV System 

Using Single-Phase  

Multilevel Inverter

1.  INTRODUCTION 

In the past decades, the utilization of renewable energy resources has been widely spread 

in the world in order to reduce the exorbitant use of the conventional sources, which causes 

environmental pollution problems. From the developed systems of renewable energy sources, 

the installation of solar energy systems has seen a fast increase in its request by the utilities. 

This reason led to more interest in grid-tied photovoltaic (PV) systems and related power 

conversion topologies [1].  

In grid-tied process, the voltage source inverters (VSIs) contribute generally to improve 

the power quality by eliminating current harmonics and compensating the reactive power of the 

grid at the PCC, caused by local non-linear loads [2–4]. Much literature proposed a mixed 

topology of active filters and PV systems to increase the use of modern active filtering methods 

[5–10]. Those topologies can offer good quality for reactive power compensation and current 

harmonics elimination, but the use of two-level VSIs has few disadvantages such as an output 

voltage rich in harmonics and high switching losses [11].   

In the past few years, research works on PV inverter structures shifted to multilevel 

inverters (MLIs), which are considered as the most suitable topologies for PV energy systems 

and integration to the grid, without using large passive output filters [12, 13].  

The MLI topologies produce various and symmetrical output voltages which have the 

ability to deliver waveforms with low harmonic and less stress on semiconductor switches. 
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Therefore, the use of an inverter with a high number of output levels does not need large and 

expensive filter-side inductors to provide high-performance operation. Many recent research 

works deal with MLI topologies such as Flying Capacitors Inverter [14], Cascaded H-Bridge 

(CHB) inverter [15], and Packed U Cells (PUC) inverter [16–21]. 

Single-phase MLI can play a significant role in PV system applications by converting 

the PV array DC voltage to a practical AC voltage usable by the loads and grid with less 

harmonic filters and high efficiency [17, 22]. The five-level MPUC inverter has been proposed 

for such application with interesting advantages by using a low number of components as well 

as generating five levels of voltages at the output [18].  

Various control strategies for grid-tied PUC inverter are proposed by using conventional 

PI controllers associated with modulation strategies [19, 20].  

The authors of [19] propose a new self-voltage balance technique integrated through 

PWM modulator or modified five level packed Unit-cell converter (MPUC5) inverter to 

generate a five-level voltage in active power filter (APF) applications. However, this technique 

has few limitations on balancing capacitor voltages, complexity of PWM modulator and hard 

implementation.  

Recently, multi-objective MPC strategies have been developed for PUC inverter [18, 

21]. The MPC is a simple and effective strategy to control the MLIs. It has been intensively 

explored in power converters control [23–28], where the use of this strategy reduces the number 

of PI controllers and eliminates the need of modulation stage. Moreover, it is easy to include 

the DC-link capacitor voltages balancing in the control objective which makes the converter 

output very much cleaner. MPC technique is based on the calculation of the future behavior of 

the controlled variables for all switching cases by comparison to their references through a cost 

function in order to select the optimal state. Furthermore, the MPC has some interesting 

characteristics such as fast dynamic response, accurate tracking and ability to include non-

linearities and constraints in the design of the controller [27, 28]. 

In this chapter, a Transformer-less single-phase grid-tied PV system is developed using 

MPUC5 MLI controlled by a novel MPC strategy with the aim to compensate a contaminating 

load with poor power factor, to enhance reactive power in the grid, to eliminate harmonic 

currents at the PCC and to inject the produced PV power into the grid under various levels of 

solar irradiation. The proposed MPC algorithm is employed to reduce the computational 

burden, to minimize the switching frequency and to provide high power factor correction, in 
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addition to ensure the balance of the DC-link capacitor voltages. To confirm the good 

performance of the proposed configuration, detailed simulations are carried out in 

Matlab/SimulinkTM environment and validated experimentally by means of a test bench based 

on dSPACE1104 control board. 

The main contributions of this chapter are summarized as follows: 

i. A new multifunctional single-phase grid-connected MPUC5 inverter interfaced 

with PV system configuration is presented.  

ii. A novel MPC algorithm is deployed for MPUC5 inverter to work properly, 

where, the proposed algorithm does not introduce any additional complexity.  

iii. The proposed control algorithm is implemented and checked using a real-time 

hardware in the loop (HIL) system that is entirely based on dSPACE 1104 

control board. 

The remaining of this chapter is organized as follows: after an introduction and an 

overview on the proposed system, section 3 introduces the MPUC5 topology configuration. 

Section 4 gives a brief description of the MPPT algorithm used to control DC/DC Cùk converter 

and the DC-link regulator. The proposed MPC technique for the MPUC5 inverter in APF and 

grid-tied applications is presented in Section 5. Simulation results and discussions are presented 

in Section 6. Experimental results with HIL implementation using Matlab/SimulinkTM and 

dSPACE 1104 control board are discussed in Section 7 to confirm the good performance of the 

proposed MPC controller, after which conclusions are drawn in Section 8. 

2.  OVERVIEW OF THE PROPOSED SINGLE-PHASE GRID-TIED 

PV SYSTEM WITH APF APPLICATION  

The proposed structure of transformer-less single-phase grid-tied PV system in addition 

to its control scheme including the proposed MPC controller are shown in Figure 4.1. The 

studied system consists of an AC source, a non-linear load in series and the MPUC5 inverter in 

parallel to the grid through a line inductor (Lf) at the PCC. The PV system is connected to one 

DC-link capacitor of the MPUC5 inverter through a DC/DC Cùk converter, which can boost 

the PV array voltage up to a high DC-link voltage. 

The main goals of this configuration are the injection of the produced PV power into the 
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grid with high grid current quality, compensation of the reactive power and elimination of the 

harmonic components caused by non-linear loads at the PCC under various levels of solar 

irradiation.  

 

Figure 4.1: Synoptic of the proposed single-phase grid-tied PV system based on MPUC5 

inverter. 

3.  MODELLING OF MPUC5 INVERTER IN APF APPLICATION 

The MPUC5 inverter can be employed in the field of renewable energy conversion 

system where a PV array is connected to one DC-link capacitor of the MPUC inverter through 

DC/DC Cùk converter.  

According to Figure 4.1, MPUC5 inverter topology has 6 active switches and two DC-

link capacitors. The main advantage of this structure is that MPUC5 inverter generates five 

level voltage amplitude values, higher than the PCC voltage. Where the inverter output voltage 

amplitude is equal to the sum of two DC-link capacitor voltages amplitude (𝑉𝐴𝑁= 𝑉𝑐1 + 𝑉𝑐2). 

Therefore, the capacitors will be charged by equal voltage amplitude to ensure the capacitors 

voltages balancing at the DC side of the MPUC5 inverter [19, 20] to guarantee boost operation 

of the inverter and to inject into the grid the compensating current during solar irradiation 
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periods, as well as the produced power from PV array. By assuming (𝑉𝑐1= 𝑉𝑐2 = E), the 

switching states and the corresponding output voltage levels of the MPUC5 inverter could be 

illustrated as in Table 4.1. 

Furthermore, in the MPUC5 inverter topology, the zero-voltage level in freewheeling 

period can be achieved without using extra power switches as depicted in Table 4.1. Therefore, 

the common mode voltage will be zero during the freewheeling period; as a result, the ground 

leakage current will be declined significantly [29]. This makes it the best choice for non-isolated 

single-phase PV applications. 

Table 4.1. Switching states and voltage levels of the MPUC5 Inverter. 

Switching State 

(St) 
𝑺𝒂 𝑺𝒃 𝑺𝒄 𝑺𝒂

̅̅ ̅ 𝑺𝒃
̅̅ ̅ 𝑺𝒄

̅̅ ̅ 
Voltage levels generated by 

MPUC5 (VAN) 

State 1 0 1 0 1 0 1 VAN= -2E 

State 2 1 0 1 0 1 0 VAN = +2E 

State 3 1 1 1 0 0 0 VAN = 0 

State 4 0 0 0 1 1 1 VAN = 0 

State 5 0 1 1 1 0 0 VAN = -E 

State 6 1 1 0 0 0 1 VAN = -E 

State 7 0 0 1 1 1 0 VAN = +E 

State 8 1 0 0 0 1 1 VAN = +E 

 

The mathematical model of single-phase APF system using MPUC5 is given below 

𝑑𝑖𝑠(𝑡)

𝑑𝑡
=

1

𝐿
[𝑉𝐴𝑁 − 𝑣𝑠 − 𝑅𝑓𝑖𝑓]  (1) 

{

𝑑𝑉𝑐𝑥(𝑡)

𝑑𝑡
=

1

𝐶𝑥
𝑖𝑓

𝑥 = 1,2.

  (2) 

where 𝑖𝑠 and 𝑣𝑠 are the grid current and voltage respectively. 𝑉𝑐𝑥 are the DC-link capacitor 

voltages, 𝑖𝑓 the filter current, 𝑉𝐴𝑁 is the output voltage of the MPUC inverter, 𝑅𝑓 and 𝐿𝑓 are the 

resistance and inductance of the filter, respectively, and 𝐶𝑥 are the DC-link capacitors.  

 

 

4.  VO-MPPT ALGORITHM AND DC-LINK VOLTAGE CONTROL  
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PV array is connected to the MPUC5 inverter through a DC/DC Cùk converter, working 

with VO-MPPT (Voltage-oriented maximum power tracking) algorithm to draw maximum 

power under solar irradiation change.  

The Cùk converter has been employed for interfacing the PV array and the MPUC5 

inverter due to its low switching losses and the highest efficiency among non-isolated DC/DC 

converters [33, 34]. Moreover, the Cùk converter has the advantage that it can provide isolation 

between the PV array and the MPUC5 inverter [30]. 

On the other hand, the VO-MPPT is composed of a voltage MPPT algorithm and voltage 

control loop [31, 32]. The PV voltage is regulated to its reference generated by a voltage MPPT 

P&O algorithm based on the conventional PI regulator. While the DC-link voltage is controlled 

by a conventional PI controller as shown in Figure 4.1. 

More details about PV system modeling and DC/DC Cùk converter design can be found 

in Appendix A.  

5.  PROPOSED MPC FOR MPUC5 INVERTER 

In general, MPC is an advanced and effective strategy to control the power converters 

[23–28]. It is based on the mathematical model of the studied system in order to predict the 

future behavior of the controlled variables. Then to form these predictions, a cost function is 

defined and evaluated in order to select the optimal control action [18, 21]. 

In this section, a novel MPC which aims to control the filter current, to guarantee the 

balance of the two DC-link capacitor voltages and to minimize the switching frequency is 

proposed. The proposed MPC allows to control MPUC5 inverter in dual-function; single-phase 

PV system and APF mode. The functionality of the proposed MPC is summarized in the 

flowchart of Figure 4.2.  

From the measured values of the filter current (𝑖𝑓), grid voltage (𝑣𝑠), filter reference 

current (𝑖𝑓𝑟𝑒𝑓), and the capacitor voltages (𝑉𝑐1, 𝑉𝑐2); the predicted value of filter current (𝑖𝑓(𝑘 +

1)) is calculated for all eight switching states (Table 4.1).  

The future behavior of the capacitor voltages (𝑉𝑐1(𝑘 + 1), 𝑉𝑐2(𝑘 + 1)) are calculated 

only for four switching states which have an effect on the capacitor voltages (State 5, 6, 7 & 8), 

where the MPUC output voltage (𝑉𝐴𝑁=+E or -E) as presented in Table 4.1, otherwise, the 
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predicted capacitor voltages remain the same (𝑉𝑐1(𝑘 + 1) = 𝑉𝑐1(𝑘) = & 𝑉𝑐2(𝑘 + 1)= 𝑉𝑐1(𝑘)) 

in the other states, as shown in the proposed MPC flowchart. After that, a cost function (𝑔) is 

evaluated in order to select the optimal switching state corresponding to the minimum value.  

The optimal switching state selected is applied to the MPUC5 inverter during the next 

sampling time through the switching pulses, which are produced according to the appropriate 

switching state chosen by the MPC from the switching table (Table 4.1). 

 

Figure 4.2: Flowchart of the proposed MPC. 

The variables that have to be controlled by the proposed MPC are the future filter current 

𝑖𝑓 , capacitor voltages 𝑉𝑐1, 𝑉𝑐2 and switching frequency. These control objectives are included 

in the cost function (𝑔)  as follows:  

𝑔 = 𝑎𝑏𝑠(𝑖𝑓𝑟𝑒𝑓 − 𝑖𝑓(𝑘 + 1)) + 𝜆𝑑𝑐𝑎𝑏𝑠(𝑉𝑐1(𝑘 + 1) − 𝑉𝑐2(𝑘 + 1)) + 𝜆𝑆𝑊𝐶𝑆𝑊𝐶 (3) 

where 𝑖𝑓𝑟𝑒𝑓 and 𝑖𝑓(𝑘 + 1)  are the reference and future behavior of filter current respectively, 
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𝑉𝑐1(𝑘 + 1) & 𝑉𝑐2(𝑘 + 1) are the future behavior of DC-link capacitor voltages. 𝑆𝑊𝐶 is the 

number of switching change,𝜆𝑑𝑐and 𝜆𝑆𝑊𝐶  are the weighting factors for the DC-link capacitor 

voltages balance and switching frequency minimization, respectively. 

These weighting factors are selected using the guidelines given in [36]; where a good 

balancing of the DC-link capacitor voltages is required. A very high value for 𝜆𝑑𝑐 will create 

the perfect balance of the capacitor voltages, but with higher tracking errors. Likewise, a low 

value for 𝜆𝑑𝑐, leads to a drift in the capacitor voltages. A suitable compromise is to select 𝜆𝑑𝑐 

such that the drift in capacitor voltages is around 5% of nominal DC-link capacitor voltage. 

On the other hand, the selection of 𝜆𝑆𝑊𝐶  is specific to our application; where the device 

switching frequency should be maintained below 10 kHz to allow a proper heat dissipation and 

less switching losses. 

From Figure 4.1, the filter reference current can be estimated by using Kirchhoff current law, 

𝑖𝑓 = 𝑖𝐿 − 𝑖𝑠   (4) 

Therefore, the filter reference current can be expressed as follows  

𝑖𝑓𝑟𝑒𝑓 = 𝑖𝐿 − 𝑖𝑠𝑟𝑒𝑓   (5) 

where 𝑖𝑠𝑟𝑒𝑓 is the grid reference current generated by the DC-link voltage controller (PI-

Controller) and 𝑖𝐿 is the measured load current at the PCC. More details about design PI 

controller design can be found in Appendix B. 

From Eq. (1) and by using the Euler Forward approximation, the future behavior of filter current 

can be expressed as 

𝑖𝑓(𝑘 + 1) = (1 − 𝑅𝑓𝑇𝑠/𝐿𝑓)𝑖𝑓(𝑘) + (𝑇𝑠/𝐿𝑓)(𝑉𝐴𝑁 − 𝑣𝑠)   (5.6) 

where, 𝑉𝐴𝑁 is the voltage vector generated by the 5-level MPUC inverter, 𝑇𝑆 the sampling period 

and 𝑣𝑠 the AC source voltage. 

In order to estimate the value of  𝑉𝐴𝑁 with simplified computational burden, two variables are 

introduced, namely, 𝑆1 and 𝑆1 to simplify the use of the inverter switching states 𝑆𝑎, 𝑆𝑏 and 𝑆𝑐. 

Which are evaluated by using Eq. (7) and Eq. (8). 

𝑆1 = 𝑆𝑎 − 𝑆𝑏   (7) 
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𝑆2 = 𝑆𝑐 − 𝑆𝑏   (8) 

The voltage vector generated by the 5-level MPUC inverter can be calculated as follows. 

𝑉𝐴𝑁 = 𝑆1𝑉𝑐1 + 𝑆2𝑉𝑐2   (9) 

Using again Euler approximation and Eq. (2), the behavior of the two capacitor voltages during 

the next sampling time 𝑉𝑐1(𝑘 + 1) and 𝑉𝑐1(𝑘 + 1)  can be predicted by sending the appropriate 

switching variables 𝑆1 and 𝑆2, as follows: 

𝑉𝑐1(𝑘 + 1) = 𝑉𝑐1(𝑘) − ((𝑇𝑠𝑆1)/𝐶𝑑𝑐)𝑖𝑓(𝑘)  (10) 

𝑉𝑐2(𝑘 + 1) = 𝑉𝑐2(𝑘) − ((𝑇𝑠𝑆2)/𝐶𝑑𝑐)𝑖𝑓(𝑘)  (11) 

where, (𝐶𝑑𝑐 = 𝐶1 = 𝐶2) are the DC-link capacitors. 

The 𝑆𝑊𝐶 is the number of IGBT commutations illustrated by the number of switch 

changes between the actual switching state applied to MPUC5 inverter and the predicted 

switching state, which can be calculated as detailed in Table 4.2. 

Table 4.2. Number of switch changes calculation. 

SWC 
St(K+1) 

1 2 3 4 5 6 7 8 

St(K)= State1 0 3 2 1 1 1 2 2 

St(K)= State2 3 0 1 2 2 2 1 1 

St(K)= State3 2 1 0 3 1 1 2 2 

St(K)= State4 1 2 2 0 2 2 1 1 

St(K)= State5 1 2 1 2 0 2 1 3 

St(K)= State6 1 2 1 2 2 0 3 1 

St(K)= State7 2 1 2 1 1 3 0 2 

St(K)= State8 2 1 2 1 3 1 2 0 

6.  ANALYTICAL STUDIES AND DISCUSSION 

Numerical simulations of the proposed system, using MATLAB/Simulink environment, 

are carried out under various solar irradiation levels with a non-linear load connected to the 

PCC point. The key simulation parameters are shown in Table 4.3. 
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Table 4.3. Test parameters. 

PV array Siemens SM110 Values (STC) 

Maximum power (Pmpp)  

Open circuit voltage (Voc) 

Short circuit current (Isc) 

Voltage at Pmax 

Current at Pmax 

Number of cells connected in parallel (Np) 

Number of cells connected in series (Ns) 

Number of modules connected in series (Nss) 

Number of modules connected in parallel (Npp) 

120Watts 

42.1V 

3.87A 

33.7 

3.56 

1 

72 

2 

2 

Cùk Converter Values 

Inductance L1 

Inductance L2 

Capacitance C 

Input capacitance Cin 

5 mH 

5 mH 

220 µF 

1100 µF 

Grid parameters Values 

Grid Voltage (Vs) 

Grid Frequency (fs) 

Grid Side Inductor (Ls) 

70 V 

50 Hz 

0.566 mH 

MPUC inverter parameter Values 

DC Capacitors (C1&C2) 

DC voltage reference Vdcref 

1100 µF 

150 V 

Filter parameter Values 

Filter Side Inductor (Lf) 2 mH 

Non-Linear Load parameters Values 

Rectifier AC Side Inductor (LL) 2 mH 

Load DC Side Resistor (R) 6 Ω 

Load DC Side Inductor (L) 2 mH 

Sampling Times Values 

MPPT sampling Time Tp 

Ds 1104 control board sampling time 

MPC sampling Time Ts 

0.1 ms 

   50µs 

50µs 
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It is worth to mention that, the power sizing of the whole system should be analyzed, to 

ensure the good performance of the proposed topology.  Where the non-linear load is sized in 

order to consume an amount of 𝑃𝐿 =  370 𝑊, 𝑄𝐿 =  120 𝑉𝐴𝑅 of active and reactive powers 

respectively. Therefore, the PV system is sized also to produce a maximum real power 𝑃𝑃𝑉 =

480 𝑊  at 1000 𝑊/𝑚2 of irradiation level. Hence the inverter is dimensioned to inject the total 

real power produced by the PV system, and in the same time compensates the reactive power 

demanded by the non-linear load, so the inverter is sized for 500 𝑉𝐴 of apparent power 𝑆. 

Simulation results thus allow the performance evaluation of transformer-less single-

phase grid-connected PV system using multi-level MPUC5 inverter (APF with PV array). So, 

the injection of the generated PV power into the grid and non-linear load, compensation of 

reactive power and elimination of harmonic grid current are observed simultaneously in this 

section. 

 

Figure 4.3: Waveforms of: (a) Irradiation levels, (b) PV array power under variable 

irradiation profile. 
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Figure 4.4: Waveforms of: (a) grid current (𝑖𝑆), (b) filter current (𝑖𝐿) and (c) load current 

(𝑖𝐿), under solar irradiation changes. 
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Figure 4.3(b) shows the PV array power behavior under variable irradiation profile 

(Figure 4.3(a)). Firstly, constant irradiation is applied (400𝑊/𝑚²) during 2 seconds, the PV 

power output is at the maximum power point (175𝑊) and remains constant owing to the VO-

MPPT. 

 

Figure 4.5: Waveforms of: (a) DC-link voltage, (b) DC-link capacitor voltages, under solar 

irradiation changes. 

The injected filter current is shown in Figure 4.4(b). As a result, the grid current becomes 

sinusoidal (see Figure 4.4(a)) while the non-linear load continues to absorb a distorted current 

(see Figure 4.4(c)). The DC-link voltage 𝑉𝑑𝑐 is regulated to its reference value with small 
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voltage ripple (less than 5%) as shown in Figure 4.5(a). In addition, a perfect balance of the 

two capacitor voltages 𝑉𝑐1 and 𝑉𝑐2, is achieved (see Figure 4.5(b)). 

Then, a rising step in solar irradiation from 400𝑊/𝑚² to 1000𝑊/𝑚² is done at instant 

t= 2s and then remains constant during 2 s, the PV power output reaches the new MPP (480𝑊) 

preceded by a small deviation which proves the efficiency of the VO-MPPT, while the filter 

continues to inject a current into the grid and non-linear load, in addition to ensure the 

elimination of current harmonics as depicted in Figure 4.4(b). An overshoot of the DC-link 

voltage over its reference occurs due the sudden change in the solar irradiation as shown in 

Figure 4.5(a) and both capacitor voltages get balanced perfectly (see Figure 4.5(b)), which 

demonstrates the good performance of the proposed MPC. After a phase change, the grid 

current waveform becomes sinusoidal again as presented in Figures 4.4(a), 4.6(a) & 4.6(c).  

After that, a falling step in solar irradiation from 1000𝑊/𝑚² to 300𝑊/𝑚² is done at 

t=4s and remains constant during 2 s, the PV power output reaches the new MPP (125𝑊) again. 

The filter continues to eliminate harmonics current at the PCC and ensure the injection of PV 

power into non-linear load as shown in Figure 4.4(b). Consequently, the grid current becomes 

again in phase with the grid voltage (see Figure 4.6(b)) and with a sinusoidal shape (see Figure 

4.4(a) & 4.6(c)). However, we observe that the DC-link voltage oscillating around the reference 

after a small overshoot. While, the capacitor voltages get perfectly balanced (see Figures 4.5(a) 

& 4.5(b)). 

Finally, to highlight the APF operation mode of the proposed system, the solar 

irradiation is removed at t=6s, so there is no PV power available. The filter continues to inject 

a compensation current at the PCC according to Figure 4.4(b). As a result of that, the grid 

current waveform remains sinusoidal as shown in Figure 4.4(a) and well synchronized with the 

grid voltage as depicted in Figure 4.6(c). Moreover, the DC-link keeps the same behavior as 

previously (see Figure 4.5(a)) and the capacitor voltages remain completely balanced (see 

Figure 4.5(b)). 

Figure 4.7(a) shows the flux of grid active power (𝑃𝑔𝑟𝑖𝑑), filter power (𝑃𝑓𝑖𝑙𝑡𝑒𝑟) and load 

power (𝑃𝑙𝑜𝑎𝑑) under variable irradiation profile (see Figure 4.3(a)).  It is worth mentioning, that 

during low solar irradiance intervals, t=0s to t=2s and t=4s to t=6s, the load active power 

remains constant and is supplied by both the PV array and grid simultaneously because the 

active power delivered by the PV array is not sufficient to meet the power requirement of the 

load. 
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Figure 4.6: Waveforms of: (a), (b) current (𝑖𝑆) during phase change, (c) grid voltage (𝑣𝑆) and 

grid current (𝑖𝑆) under solar irradiation changes. 
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Figure 4.7: Waveforms of: (a) Instantaneous active powers, (b) Instantaneous reactive powers, 

under solar irradiation changes. 

At t=2s, solar irradiation level rises from 400𝑊/𝑚² to 1000𝑊/𝑚², then the active grid 

power value decreases once receiving power from the PV array, because the generated PV 

power guarantees the power requirement of the load, so the extra power is injected into the grid. 

During the interval where solar irradiation is not available (from t=6s to t=8s), there is 

no PV power, then an increase in grid active power value is observed, in order to provide the 

necessary power to the load. In this case the multilevel inverter MPUC5 acts only as an active 

power filter. 
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Reactive power of the whole system is represented in Figure 4.7(b) under variable 

irradiation profile (see Figure 4.3(a)).  It is worth mentioning that it is only the filter, which 

supplies reactive power to the load, so the grid reactive power remains zero all the time. 

 

Figure 4.8: Waveform of MPUC5 inverter output voltage (𝑉𝐴𝑁) under solar irradiation changes. 

 

Figure 4.9: Waveform of the PV leakage current (𝐼𝑙𝑒𝑎𝑘). 

It is also important to note that the MPC controller guarantees a perfect balance of the 

capacitor voltages since the 5-level output voltage waveform of the MPUC is perfectly regular 

and symmetrical according to Figure 4.8.  Hence, the proposed system-based MPUC5 inverter 

shows a low leakage current as shown in Figure 4.9, which demonstrate that MLI MPUC 
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topology is a good choice for low and medium power conversion system-based PV sources for 

transformer-less single-phase applications. 

Furthermore, to show the good performance of the proposed MPC algorithm, the 

average device switching frequency 𝑓𝑆𝑊 is calculated for all operating scenarios. The proposed 

MPC maintains the 𝑇𝐻𝐷𝑖% below 5% with unity power factor according to the IEEE STD 519 

and IEC 61000-3-2 standards discussed previously in chapter 1. In addition, it increases the 

reliability of the semiconductor switches, where the switching frequency 𝑓𝑆𝑊 is sustained below 

10 kHz as reported in Table 4.4. 

Table 4.4. Analysis of grid current THD and the average switching frequency 𝒇𝑺𝑾. 

Irradiation G 

(W/m²) 
G=400 G=1000 G=300 G=0 

THDi(%) 1.85 2.17 1.71 1.32 

𝑓𝑆𝑊  (Khz) 4.8514 6.8562 4.6523 3.9562 

7.   EXPERIMENTAL RESULTS 

To validate the obtained simulation results, experimental tests are performed. The 

proposed system shown in Figure 4.1 has been implemented in the laboratory LEPCI, Sétif 

through a test bench based on dSPACE 1104 control board using hardware in the loop (HIL). 

 The DS1104 controller Board is a cost-effective entry-level system with I/O interfaces 

and a real-time processor on a single board that can be plugged directly into a PC for rapid 

control prototyping suitable for controller’s development in power converters field. HIL system 

based on DS1104 controller board consists of an independent control processing unit (CPU) 

based on DS1104 controller board to build the control algorithms. A real-time simulator 

interface provides Matlab/ SimulinkTM blocks for graphical I/O configuration in order to 

simulate the plant model and a communication channel between the simulator and the DS1104 

controller board. For each sample time, the DS1104 controller board receives the state variables 

from the real-time simulator through the communication channel. From these state variables, 

the CPU computes the optimal control actions and drives it to the real-time simulator. Thus, the 

obtained results through these tests are considered more practical. The control and system 

parameters used in the implementation are identical to the parameters used in simulation. The 

results are recorded using a 500 MHz Instek oscilloscope, as well as Control Desk interface, 

under variable irradiation profile as in the simulation. 
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Figure 4.10 shows the grid current behavior under variable solar irradiation. Figure 4.11 

illustrates zoom of grid current filter current and load current, where the filter injects a current 

𝑖𝑓 into the grid, consequently, the grid current is taking a good sinusoidal shape and the load 

current 𝑖𝐿 remains the same, which demonstrate the good compensation of reactive power by 

the proposed system.  

 

Figure 4.10: Experimental waveform for: grid current (𝑖𝑆), filter current (𝑖𝑓) and load current 

(𝑖𝐿), under solar irradiation changes. 

Figure 4.12 illustrates the zoom of grid current and voltage waveforms under different 

irradiation changes. It is worth mentioning that the grid current waveform during all changes in 

solar irradiation remains sinusoidal and in phase with the grid voltage during low irradiation 

level (see Figures 4.12 (a) & (c)), while in opposite phase with the grid voltage under high solar 

irradiation (see Figures 4.12 (b)). The grid current presents a low current distortion in all cases 

of solar irradiation levels (𝑇𝐻𝐷𝑖 <  5%). Furthermore, the switching frequency 𝑓𝑠𝑤 is 

maintained below 10 kHz in all operating cases as summarized in Table 4.5. 

Figure 4.13 depicts the capacitor voltages waveforms (𝑉𝑐1, 𝑉𝑐2) of the capacitors 𝐶1 and 

𝐶2, respectively, along with the five-level output voltage 𝑉𝐴𝑁 of the MPUC inverter. It is 
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observed clearly that the capacitor voltages are in accurate balancing, which proves the good 

performance of the proposed MPC algorithm. 

 

Figure 4.11: Zoom of grid current (𝑖𝑆), filter current (𝑖𝑓) and load current (𝑖𝐿). 

Figure 4.14 illustrates the experimental waveforms of the instantaneous active grid 

power, load power, filter power and DC-link voltage 𝑉𝑑𝑐 regulation during solar irradiation 

changes. It is clear that during low irradiation, the active power needed by the non-linear load 

is provided by both the PV array and the grid or only by the grid in case where there is no PV 

power. Besides, the PV array ensures the power requirement of the load and injects the extra 

power into the grid during high solar irradiation levels. Moreover, the DC-link voltage 𝑉𝑑𝑐 is 

completely regulated. 

Figure 4.15 depicts the experimental waveforms of the instantaneous reactive powers of 

the grid, non-linear load and filter. The filter provides reactive power to the load all time, which 

imposes the reactive power grid to remain zero. 

In conclusion, Figures 4.14 and 4.15 confirm experimentally the good performance of 

the proposed topology and MPC controller in terms of active power injection and reactive 

power compensation. 
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Figure 4.12: Zoom of grid current and voltage under different levels of solar irradiation.  

(a) 𝐺: 400– 1000 𝑊/𝑚2, (b) 𝐺: 1000 –  300 𝑊/𝑚2, (c) 𝐺: 300 –  0 𝑊/𝑚2 
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Figure 4.13: Experimental waveforms for DC-link capacitor voltages and MPUC5 output 

voltage (𝑉𝐴𝑁). 

 

Figure 4.14: Experimental waveforms for instantaneous active powers with DC-link voltage 

(𝑉𝑑𝑐). 

𝑉𝐴𝑁(𝑉) 
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Figure 4.15: Experimental waveforms for instantaneous reactive powers and DC-link voltage 

(𝑉𝑑𝑐). 

TABLE 4.5: Analysis of grid current THD and the average switching frequency 𝒇𝑺𝑾. 

Irradiation G 

(W/m²) 
G=400 G=1000 G=300 G=0 

THDi(%) 3,11 4.19 3.02 2.19 

𝑓𝑆𝑊   (Khz) 6.2356 8.6852 5.1123 4.6825 

 

8.   SUMMARY  

A Transformer-less single-phase dual stage grid-connected PV system using five-level 

MPUC inverter controlled by a novel MPC was presented in this chapter. The system is able to 

perform a dual-function, namely the reduction of harmonic currents and injection of the power 

produced by the PV array into the grid or to the load regardless of the solar irradiation levels. 

Moreover, simulation results demonstrated the good performance of the proposed MPC method 

regarding the grid current quality, and DC-link capacitor voltages balance. Besides, the DC-

link voltage regulation was achieved by means of a simple PI regulator. Consequently, the 

proposed topology exhibits a good flexibility for solar irradiation change regarding the active 

power injection, reactive power compensation, and power factor correction.  

Qload(VAR) Qgrid(VAR) Qfilter(VAR) 
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Furthermore, the proposed transformer-less single-phase double stage PV system based-

multi-level inverter MPUC topology shows a low leakage current in comparison with the 

conventional topologies presented previously in chapter 3, which demonstrate that the proposed 

MLI MPUC topology is a good choice for low and medium power conversion system. 

Experimental results obtained through HIL system based on dSPACE 1104 control board, 

confirm all the simulation results, which prove the feasibility and validity of the proposed 

system. 
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General Conclusion 

 

 

1.  GENERAL CONCLUSION  

In recent years, most world countries face the great challenge of modernizing an aging 

grid infrastructure toward a new smart grid, which has special features that would improve the 

overall effectiveness of the power system to make it environment friendly with low carbon 

emission, improve power quality to correspond to new demands, become more reliable, 

resilient, flexible and sustainable. Furthermore, renewable energy systems (RESs), which are 

considered environmentally friendly, have extensively investigated. Therefore, the use of new 

and renewable sources of energy such as wind and solar has become a necessity. Hence, the 

power system is facing a great change due to many reasons, such as environmental concerns, 

energy system security, fossil fuel problems, and economical and operation cost issues. For 

these raisons, many countries have decided to increase the integration level of RESs in their 

energy system.    

To do so, in this thesis we focus on two potential promises of the smart grid that include 

improved power quality and capability to integrate more renewable energy resources, where, 

power quality and reliability are attracting much attention in such systems; In order to meet the 

grid specification requirements, especially, with the ability to accommodate more renewables 

into the system, which make the grid more vulnerable to power quality issues. 

Among the technologies that reinforced power quality and integration of renewable 

energy, power electronics has been representing a major technology enabler.  It is extensively 

used and rapidly expanded, becoming more integrated in the grid-based systems to address 

power quality issue and to improve the grid power quality by eliminating current harmonics 

and compensating the reactive power. In this dissertation, the presented research works have 

brought several investigations of suitable conversion topologies and effective control schemes 
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for single phase grid-connected PV systems and for power quality enhancement in the future 

grid. 

Single phase multi-level packed unit-cell inverter for active power filtering and for grid 

connected PV system has been presented and adopted in these contributions as the most 

effective inverter topology to be used.  

Furthermore, Model predictive control (MPC) has been extensively investigated as the 

most promising control strategy for power converter in both applications, where the major 

drawbacks of the MPC have been tacked on consideration. 

On other hand, transformer-less single-phase double stage grid-tied PV system based 

multi-level MPUC inverter has been presented to overcome the drawbacks of the conventional 

topologies where, the proposed system is able to perform a dual-function, namely the reduction 

of harmonic currents and injection of the power produced by the PV array into the grid or to 

the load regardless of the solar irradiation levels. 

Finally, to show the performance improvement of the proposed systems, a completed 

simulation models have developed using MATLAB/SimulinkTM environment and confirmed 

through real-time hardware in the loop (HIL) system. The obtained results indicated the 

excellent performance of the proposed control schemes. 

2.  AUTHOR’S CONTRIBUTIONS  

The major contributions of this research work can be summarized as follows: 

❖ A multilevel modified packed U-Cell (MPUC5) converter is proposed for APF system. 

❖ A model predictive control (MPC) for single phase APF using MPUC5 is discussed. 

❖ The MPC algorithm is proposed to solve the balancing of the DC-Link capacitor 

voltages issue. 

❖ Transformer-less grid-tied single-phase PV System with unity power factor is presented.  

❖ Modified multilevel packed U-Cell MPUC5 inverter is also employed in the studied 

system. 
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❖ An improved model predictive control (MPC) for MPUC5 inverter is proposed taking 

in consideration the DC- Link capacitor voltages balancing issue, where the proposed 

inverter operates under minimized switching frequency 

 

3.  FUTURE WORKS 

The following future research works are suggested as an extension to the knowledge 

presented in this thesis: 

a) Comparison of proposed controllers with the classical control techniques 

To contribute to the ongoing research on predictive control, and to clearly distinguish this 

method from classical control techniques, comparison studies can be carried out. 

b) Active damping of the LCL filters  

The proper design of predictive controller with LCL filters should be studied for further 

enhancement in grid tied PV system, in order to lessen more the harmonic current. 

c) Investigation of other multilevel converters  

Investigation of other multilevel converters for PV system with power quality enhancement 

where the control approach presented in this thesis can be extended. 

d) Performance improvement 

Performance improvement of the predictive strategy, where more investigations are needed 

such as weighting factor selection and variable switching frequency. 
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Appendix A: PV system modeling  

In this Appendix, a brief description about PV array modeling and DC/DC Cùk converter 

employed in this thesis are presented. 

A.1 PV array Modeling 

PV cell is a ‘p-n’ junction fabricated in a thin semiconductor wafer. The solar energy is 

directly converted to electricity through photovoltaic effect. For simplicity and accuracy, single 

diode model is the most used in the industry. The equivalent circuit of this model is presented 

in Figure A.1, with a photo-current source in parallel with a diode, a shunt resistance Rsh and a 

series resistance Rs. 

 

Figure A.1: PV cell equivalent circuit. 

This equivalent circuit can be mathematically described by the following equation: 

𝐼𝑃𝑉𝑐 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑟 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑉𝑃𝑉𝑐+𝑅𝑠𝐼𝑃𝑉𝑐

𝑛𝑉𝑡 − 1) −
𝑉𝑃𝑉𝑐 + 𝑅𝑠𝑐𝐼𝑃𝑉𝑐

𝑅𝑠ℎ𝑐
 (A.1) 

where:   

 𝐼𝑃𝑉: is the cell output current (A). 

 𝐼𝑝ℎ: is the cell photocurrent (A). 

 𝐼𝑑 : is the diode current (Shockley equation) (A). 

𝐼𝑟 : is the derived current by the shunt resistance (A). 

𝐼0 : is the reverse saturation current of the diode (A). 

𝑉𝑃𝑉𝑐: is the cell output voltage (V). 

𝑅𝑠𝑐: is the cell series parasitic resistance (Ω). 

𝑅𝑠ℎ𝑐: is the cell shunt parasitic resistance (Ω). 

𝑛: is the diode ideality factor 

𝑉𝑡: is the thermal voltage given by: 

𝑉𝑡 =
𝑘𝑇

𝑞
 (A.2) 

where: 

𝑘: is the Boltzmann constant ( 231.38 10− J/K). 
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 𝑇: is the absolute temperature (K). 

 𝑞 : is the electronic charge ( 191.6 10− C) 

In order to produce the required power from PV cells, these later are connected in series-parallel 

configuration to form a PV module. 

The equivalent circuit of the PV module can be mathematically described by the following 

equation, where all used cells are identical: 

𝐼𝑃𝑉𝑚 = 𝑁𝑝𝐼𝑝ℎ − 𝑁𝑝𝐼𝑜 (𝑒
𝑁𝑠𝑉𝑃𝑉𝑚+(𝑁𝑠/𝑁𝑝)𝑅𝑠𝐼𝑃𝑉𝑚

𝑛𝑁𝑠𝑉𝑡 − 1) −
𝑁𝑠𝑉𝑃𝑉𝑚 + (𝑁𝑠/𝑁𝑝)𝑅𝑠𝐼𝑃𝑉𝑚

(𝑁𝑠/𝑁𝑝)𝑅𝑠ℎ𝑚
 (A.3) 

where:   

 𝐼𝑃𝑉𝑚: is the module output current (A). 

 𝑉𝑃𝑉𝑚: is the module output voltage (V). 

 𝑁𝑠 : is the number of cells connected in series 

𝑁𝑝 : is the number of cells connected in parallel  

 

To form a PV array or panel from PV modules, these later are connected in series-parallel 

configuration to obtain the desired voltage and current at the PV panel output. The PV panel 

output current and voltage are obtained from equations (A.4) and (A.5) respectively: 

𝐼𝑃𝑉𝑎 = 𝑁𝑝𝑝𝐼𝑃𝑉𝑚 (A.4) 

𝑉𝑃𝑉𝑎 = 𝑁𝑠𝑠𝑉𝑃𝑉𝑚 (A.5) 

where:   

 𝐼𝑃𝑉𝑎: is the array output current (A). 

 𝑉𝑃𝑉𝑎: is the array output voltage (V). 

 𝑁𝑠𝑠 : is the number of modules connected in series 

𝑁𝑝𝑝: is the number of modules connected in parallel  

 

A.2 DC/DC Cùk converter  

The proposed PV system employs a Cùk converter as the first power-processing stage, 

which can boost a low voltage of the PV array up to a high DC link voltage. Figure A.2 shows 

the equivalent circuit of the proposed converter. The DC-DC Cùk converter is used to maximize 

the energy transfer from the PV generator to the load by adjusting the PV generator output 

voltage to a reference value Vref, at which the PV generator supplies the maximum power, with 

low switching losses and high efficiency. It can also provide a better output current 

characteristic due to the inductor on the output stage. 

The conversion ratio M is the relations between output and input currents and voltages 
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given in the following equations, which is the function of duty cycle D: 

 

Figure A.2: DC-DC Cùk converter topology. 

 

𝑀(𝐷) =
𝑣𝑜𝑢𝑡

𝑣𝑖𝑛
=

𝑖𝑖𝑛

𝑖𝑜𝑢𝑡
= − (

𝐷

1 − 𝐷
) (A.6) 

The Cùk converter exhibits two different modes of operation. The first mode is obtained when 

the IGBT is ON and instantaneously, the diode D is inversely polarized generating a circuit 

topology shown in Figure A.3. During this period, the current through the inductor L1 is drawn 

from the voltage source E. This mode represents the charging mode.  

 

Figure A.3: Equivalent circuits of the Cùk converter (Switch ON). 

The equations for the switch conduction mode are as follows: 

𝑣𝐿1 = 𝑣𝑖𝑛 (A.7) 

𝑣𝐿2 = −𝑣1 − 𝑣2 (A.8) 

𝑖𝑐1 = 𝑖𝑐2 (A.9) 

𝑖𝑐2 = 𝑖2−

𝑣2

𝑅
 (A.10) 

 

The second mode of operation starts when the switch is OFF and the diode D is directly 

polarized generating the circuit topology shown in Figure A.4. This stage or mode of operation 

is known as the discharging mode since all the energy stored in L1 is now transferred to the 

load R.   
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The equations for the discharging mode are as follows: 

 

Figure A.4: Equivalent circuits of the Cùk converter (Switch OFF). 

𝑣𝐿1 = 𝑣𝑖𝑛 − 𝑣1 (A.11) 

𝑣𝐿2 = −𝑣2 (A.12) 

𝑖𝑐1 = 𝑖1 (A.13) 

𝑖𝑐2 = 𝑖2−

𝑣2

𝑅
 (A.14) 

where 𝑣1 and 𝑖1 are, respectively, the voltage across the capacitor C1 and the current in the 

inductor L1, while 𝑣2 and 𝑖2 are, respectively, the voltage across the parallel branches formed 

by the capacitor C2 and the load R, and the current through the inductor L2. 
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Appendix B: Capacitors sizing and Controller design  

In this Appendix, a detailed description about PI controller design and DC capacitor values 

selection employed in this thesis are presented. 

B.1 DC capacitors values selection  

The capacitor design is based on the maximum real power rating of the PV system. The 

design equation based on this principle is derived as follows. 

Let the peak power rating of the grid be P_max (W) and the RMS utility voltage be (𝑉𝑆). 

Therefore, the maximum energy that the capacitor has to supply in the worst case of transient 

is given by: 

𝐸𝑚𝑎𝑥 = 𝑃_𝑚𝑎𝑥 × 𝑇 (B.1) 

where 𝑇 = 20𝑚𝑠  

𝑉𝑑𝑐_𝑚𝑖𝑛 preset lower limit of the voltage of energy-storage capacitor, Therefore, 

𝐸𝑚𝑎𝑥 =  
1

2
𝐶𝑑𝑐𝑉𝑑𝑐 −

1

2
𝐶𝑑𝑐𝑉𝑑𝑐_𝑚𝑖𝑛 (B.2) 

 

where 𝑉𝑑𝑐 is the DC-link voltage, C the DC-link capacitor value and could be obtained by: 

𝐶 =
2 𝐸𝑚𝑎𝑥

𝑉𝑑𝑐
2 (1−(

𝑉𝑑𝑐_𝑚𝑖𝑛
𝑉𝑑𝑐

)
2

)

  Farads 
(B.3) 

 

By assuming that the minimum voltage, 𝑉𝑑𝑐_𝑚𝑖𝑛 = 10%𝑉𝑑𝑐  and  𝑉𝑑𝑐 ≥ 2𝑉𝑆 

1- Numerical application for PV application in chapter 4: 

The values of 𝑉𝑆 = 120 𝑣𝑜𝑙𝑡𝑠,  and the value of 𝑉𝑑𝑐 ≥ 2𝑉𝑆. 

So, the value of 𝑉𝑑𝑐is chosen to be 150 𝑣𝑜𝑙𝑡, on the other hand, the nonlinear load has been 

sized to consume 120 VAR of reactive power and 370 W of active power. Therefore, the PV 

array is sized to produce a 480 W max at 1000w/m² of solar irradiation level so we get: 

𝐶 = 888𝜇𝐹 

So, the chosen normalized value is: 𝐶 = 1100 𝜇𝐹. For ensure the good performance of the 

overall system and to avoid oscillations in the DC-link voltage.  

B.2 PI Voltage controller  

To reduce the DC-link capacitor fluctuation voltages and compensate the system loss 

regarding the power exchange between the PV system and main grid, a proportional-integral 

controller (PI) is used to decrease to voltage fluctuation in the DC-link, and regulate it at a 
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desired value, Figure B.1 shows the synaptic of the PI controller, when the input is the error 

between the DC-link capacitor voltage Vdc and the estimation value Vdcref, the output of the 

regulator is the reference current 𝑖𝑠_𝑟𝑒𝑓. 

 

Figure B.1: PI Controller system. 

The PI controller can be modelled as a second-order system as fellow: 

 𝐺𝑉𝑑𝑐(𝑃𝐼)(𝑆) =  
𝐾𝑝. 𝑆 + 𝐾𝑖

𝐾𝑆2 + 𝐾𝑝. 𝑆 + 𝐾𝑖
=

𝐾𝑝/𝐾(𝑠 +
𝐾𝑖

𝐾𝑝
)

𝑆2 +
𝐾𝑝

𝐾 . 𝑆 + 𝐾𝑖/𝐾

=
𝑉𝑑𝑐

𝑉𝑑𝑐𝑟𝑒𝑓
 (B.4) 

 

 𝐾 =
√2. 𝐶𝑑𝑐𝑉𝑑𝑐𝑟𝑒𝑓

3. 𝑉𝑠
 (B.5) 

The transfer function Gvdc(PI) is a second order transfer function and the characteristic 

equation can be expressed as:  

𝑑𝑐(𝑆) = 𝑆2 +
𝐾𝑝

𝐾
. 𝑆 +

𝐾𝑖

𝐾
= 𝑆2 + 2𝜉𝜔𝑛. 𝑆 + 𝜔𝑛

2 (B.6) 

𝜔𝑛= 2π 𝑓𝑐 (B.7) 

  

Where 𝜔𝑛 is the natural frequency. 

So, the gain Ki and Kp can be expressed as:  

 
⇒ {

𝐾𝑖 = 𝐾𝜔𝑛
2

𝐾𝑝 = 2𝜉𝜔𝑛𝐾
 

 

(B.8) 

Where, 𝜉 = 0.707 is the damping coefficient.  

 

Where, fc is the cut frequency at -3db in bode diagram correspond to 25Hz which means half 

of nominal frequency of the system. So, fc=fs/4. 
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Résumé 

La qualité d’énergie et l’intégration des énergies renouvelables sont les points essentiels pour le développement des 

smart grids, assurent l’amélioration de la qualité d’énergie et la capacité d’intégrer d’avantage des ressources d’énergie 

renouvelables. 

Dans cette thèse, un onduleur modifié à cinq niveaux de cellule U emballée (MPUC5) avec une stratégie de contrôle 

prédictif (MPC) est proposé pour une application de filtrage de puissance active monophasé (APF), qui est appliquée pour 

éliminer les harmoniques du courant et compenser la puissance réactive au point de couplage commun (PCC), causée par 

les charges non linéaires locales connectées au réseau. La configuration de l'onduleur MPUC5 se compose de nombreux 

condensateurs DC-link qui doivent être équilibrés. Dans ce contexte, un nouveau modèle de contrôle prédictif (MPC) a 

été conçu et mis en œuvre pour assurer l'équilibrage de la tension des condensateurs DC-link et générer une tension à cinq 

niveaux à la sortie. Pour l'application de l'APF, l'onduleur doit pouvoir fournir la puissance réactive demandée au PCC et 

assurer une correction élevée du facteur de puissance.   

D'autre part, cette étude introduit le convertisseur MPUC5 dans un système photovoltaïque (PV) monophasé 

connecté au réseau à double étage sans transformateur, avec un facteur de puissance unitaire. Le système proposé 

fonctionne comme un filtre actif monophasé capable de compenser la puissance réactive générée par les charges non 

linéaires raccordées au réseau, d'alimenter la charge non linéaire par la puissance PV produite et d'injecter le surplus de 

puissance dans le réseau, où l'algorithme FCS-MPC proposé est conçu pour assurer une qualité élevée du courant de 

réseau, en tenant compte de la question de l'équilibrage des tensions des condensateurs et de la minimisation de la 

fréquence de commutation de l’onduleur. En outre, cette topologie montre une grande amélioration de la sécurité et de la 

protection du système PV avec une élimination du courant de fuite en mode commun dans un système non isolé. 

Pour montrer l'amélioration des performances des systèmes proposés, des modèles de simulation complets ont été 

développés à l’aide de l’environnement MATLAB/SimulinkTM et confirmés en temps réel par un système HIL 

(Hardware in the loop). Les résultats obtenus ont indiqué l'excellente performance des systèmes de contrôle proposés. 

Mots-clés :  Smart grid ; Optimisation de la qualité d’énergie ; Système photovoltaïque (PV) ; Onduleur Multi-niveaux MPUC5 ; 

Commande prédictif FCS-MPC ; Système HIL (Hardware in the loop). 

 

Abstract 

Power quality and renewable energy integration are two potential promises for the smart grid expansion, including 

power quality improvement and capability to integrate more renewable energy resources. 

In this thesis, a modified packed U-cell five-level inverter (MPUC5) with Model predictive control (MPC) strategy 

is proposed for a single-phase active power filter (APF) application, which is applied to eliminate harmonic current and 

compensate reactive power at the point of common coupling (PCC), caused by local non-linear loads connected to the 

grid. In this context, a new model predictive control (MPC) has been designed and implemented to ensure the voltage 

balancing for the DC-link capacitors, and generate five-level voltage at the output to ensure high power factor correction.  

On the other hand, this study introduces the MPUC5 converter in transformer-less single-phase double stage grid-

tied photovoltaic (PV) system. The proposed system operates as a single-phase APF able to compensate reactive power 

generated by non-linear loads connected to grid, feeds the non-linear load by the generated PV power, and injects the 

extra power into the grid, where the proposed FCS-MPC algorithm is designed to ensure a high grid current quality, taking 

into consideration the issue of the capacitor voltages balancing and the switching frequency minimization. Furthermore, 

this topology shows a great enhancement in safety and protection of the PV system with an elimination of the common 

mode leakage current in non-isolated system.  

To show the performance improvement of the proposed systems, completed simulation models have been developed 

using MATLAB/SimulinkTM environment and confirmed through real-time hardware in the loop (HIL) system. The 

obtained results indicated the excellent performance of the proposed control schemes. 

Keywords: Smart grid ; Energy quality optimization; Photovoltaic system (PV); Multi-level inverter MPUC5; Predictive control 

FCS-MPC; HIL system (Hardware in the loop). 
 

 ملخص 

شبكة ذكية جديدة، التي تتميز   قديمة للحصول علىتحديث البنية األساسية للشبكة ال  والمتمثل فيم  يتواجه أغلب بلدان العالم في السنوات األخيرة تحدي عظ

تحسين جودة الطاقة بحيث تتوافق مع  ، مع انبعاثات كربون منخفضة  صديق للبيئة هجعلإضافة الى بميزات خاصة من شأنها تحسين الفعالية الكلية لنظام الطاقة 

على نطاق واسع    وظفتالمتجددة، التي تعتبر مالئمة للبيئة، قد  مرونة واستدامة. وعالوة على ذلك، فإن نظم الطاقة    ، المتطلبات الجديدة وتصبح أكثر موثوقية 

ومن أجل تلبية متطلبات رموز الشبكة مع القدرة على استيعاب المزيد من مصادر الطاقة المتجددة في    إلى زيادة الموارد المتجددة في شبكة الطاقة.  ىدأمما  

 في مثل هذه األنظمة.  الباحثين اهتمامالنظام، فإن جودة الطاقة والموثوقية تجذب الكثير من 

( لتطبيق فلتر الطاقة MPCمع استراتيجية التحكم التنبؤي في النموذج )  Uمعدَّل من خمسة مستويات ذو خاليا على شكل    عاكسقترح استخدام  نللقيام بذلك،  

(، والتي تنتج عن PCCة التفاعلية عند نقطة التوصيل المشترك )(، والتي يتم تطبيقها للتخلص من التيار التوافقي وتعويض الطاق APFالنشط أحادي الطور )

متوازن. في هذا السياق،   الجهد فيها  كونيأن    والتي يجب  تيار المستمرللمكثفات    ةدعمن    MPUCكون عاكس  يتاألحمال غير الخطية المحلية المتصلة بالشبكة.  

( التنبؤي  للتحكم  الكهربائي  لضمان مو  طبيقه( وتMPCتم تصميم نموذج جديد  الجهد  في مخرج ، وتوليد جهد كهربائي من خمسة مستويات  للمكثفات ازنة 

 عامل الطاقة. لالي عوضمان تصحيح  PCC نقطة  ، يجب أن يكون المحول قادًرا على توفير الطاقة التفاعلية المطلوبة فيAPF. بالنسبة لتطبيقات العاكس

  APFويعمل النظام المقترح ك   والذي يتسم بعامل طاقة الوحدة.  الطور، أحادي    ة الكهروضوئيفي نظام    MPUC5ومن ناحية أخرى، تقدم هذه الدراسة محول  

الطاقة طي بواسطة  يقوم بتغذية الحمل غير الخوأيضا  أحادي الطور قادر على تعويض الطاقة التفاعلية الناتجة عن األحمال غير الخطية المتصلة بالشبكة،  

 ،ةلتيار الشبك  عالية  المقترحة لضمان جودة  MPC-FCSالطاقة اإلضافية في الشبكة، حيث تم تصميم خوارزمية    إضافة الى حقن،  تاجهاالتي تم إن  الكهربائية

  ي الكهروضوئهذا الهيكل تحسيناً كبيراً في سالمة وحماية نظام    وفرعالوة على ذلك، ي    وتقليل تردد التحويل إلى أدنى حد.  اتمع مراعاة مشكلة موازنة جهد المكثف

 تسرب الشائع في النظام غير المعزول.ال مع التخلص من تيار 

وتبين النتائج   HILنظام  منها عن طريق والتأكد /TMnkSimuliMATLABاألنظمة المقترحة، تم تطوير نماذج محاكاة مكتملة باستخدام بيئة   فعاليةإلظهار 

 . التي تم الحصول عليها األداء الممتاز لمخططات المراقبة المقترحة

المفتاحية النموذج ; MPUC5 المستويات  متعدد  عاكس   ;ةالكهروضوئي نظام    ;الطاقة  جودة   تحسين ;الذكية  لشبكة :الكلمات  في  التنبؤي   ;MPC -FCSالتحكم 

  HIL.منظا
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