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Abstract 

 Current Source Inverter (CSI) topology is gaining acceptance as a competitive 

alternative for grid interface of renewable energy systems due to its unique and advantageous 

features. Merits of CSI over the more popular voltage source inverter (VSI) topology have been 

elaborated on by a number of researchers. However, there is a lack of quality work in control 

strategies of CSI topology for both stand-alone and grid connected modes. Therefore this thesis 

contributes by proposing new voltage control techniques, and power control techniques for 

stand-alone and grid-connected modes, respectively. Existing voltage control techniques for 

stand-alone CSI are conventional, and complex. They employ usually modulators and 

regulation loops which are designed depending on the connected load, this reduces the accuracy 

and stability of the controllers. For this reason, two direct voltage control methods have been 

proposed in this work. The proposed methods overcome the aforementioned drawbacks of 

conventional methods. In the other side, PV grid connected CSI systems available in the 

literature suffer from many problems such like complexity of control strategies, poor power 

control, filter resonance, and low efficiency. Therefore, new high-performance control 

strategies are introduced to get over these problems. The proposed techniques can fulfill all the 

control objectives of the system, i.e. fast and accurate maximum power point tracking, 

decoupled control of active and reactive powers exchanged with the grid, low distorted grid 

currents, unity power factor operation or reactive power injection, depending on grid operator 

demand, and high efficiency through the use of active damping methods. Moreover, system 

cost and complexity are reduced, and better performances are reached by the use of a sliding 

mode observer (SMO) instead of hardware sensors. Simulation results using Matlab/Simulink, 

experimental results, and real-time (RT) implementation results have been carried out to assess 

the different control techniques proposed in this thesis. 
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Chapter 1   

Introduction 

 
1.1 Background and motivation 

Electric energy consumption has been growing dramatically over the past few years to 

meet the energy needs related to global population and high economic growth [1.1]-[1.3]. 

Currently fossil fuels present the majority of electricity productions, approximately 78.4% 

[1.1]. The burning of fossil fuels release carbon dioxide and other greenhouse gases (GHG), as 

well as, many other pollutants such as sulfur dioxide and nitrogen oxides. The carbon dioxide 

released when fossil fuels are burned is leading to global climate change. Global GHG 

emissions have increased with 70% between 1970 and 2016. During this same time period, 

global GHG emissions from the electric energy sector have increased with about 145% [1.4]. 

Demand for clean, economical, and renewable energy has increased consistently over 

the past few decades, especially as a consequence of the energy crisis and environmental issues 

such as global warming and pollution. There has been a significant progress in the development 

of renewable energy sources such as biomass, hydropower, solar photovoltaic energy, and wind 

energy [1.5]-[1.16]. Approximately 19.3% of global electricity production in the world is from 

renewable energy sources (RES) [1.1]. The sub-divisions of RES percentages are depicted in 

Figure1.1 

 

Figure 1.1 Estimated renewable energy share of total final energy consumption, 2016 [1.1] 
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 Among a variety of renewable energy resources available, solar energy appears to be a 

major contender due to its abundance and pollution-free conversion to electricity through 

photovoltaic (PV) process [1.5]-[1.16]. PV energy installed capacity has increased 

exponentially over the recent years, and has become a real alternative to boost renewable energy 

penetration [1.1]-[1.3], Figure 1.2 shows the worldwide cumulative PV power installed.  

 

Figure 1.2 Evolution of cumulative PV installations (GW). [1.2] 

Increasing interest in PV systems, demands growth in research and development 

activities in various aspects such as Maximum Power Point Tracking (MPPT), PV arrays, anti-

islanding protection, stability and reliability, power quality and power electronic interface 

[1.15]. With increase in penetration level of PV systems in the existing power systems, these 

issues are expected to become more critical in time since they can have noticeable impact on 

the overall system performance [1.4]-[1.10]. More efficient and cost-effective PV modules are 

being developed and manufactured, in response to the concerns raised by the PV system 

developers, utilities and customers [1.4], [1.8], [1.13]. Numerous standards have been designed 

to address power quality and grid-integration issues [1.6]. Extensive research in the field of 

MPPT has resulted in fast and optimized method to track the maximum power point [1.13], 

[1.15]. 

Regarding power electronic converters to interface PV arrays to the grid, voltage source 

inverter (VSI) is the most used topology to date [1.16]-[1.18]. However, this topology has some 

limitation when it comes to PV applications. The VSI topology has buck (step-down) 

characteristics; therefore to step-up the low voltage output from the PV array, an extra power 
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electronic converter is required, this is known as dual-stage topology [1.17], [1.18]. These 

drawbacks can be overcome by the use another type of inverters known as Current source 

inverters (CSIs). CSIs appear to be direct competitors of VSIs, especially in medium, and high 

power applications, due to the advantages listed below [1.19]-[1.23]: 

 CSI outputs grid and motor friendly waveforms. Its AC voltage and current 

waveforms are close to sinusoidal with low harmonics distortion. It also 

inherently avoids high dv/dt resulting from filtering effect of output capacitors. 

  DC-side current regulation offers an inherent current limiting, over-current, and 

short-circuit protection features during AC-side faults. 

 The most important feature of CSI is the boosting capability, namely it can 

operate with a low-voltage DC source. Thus, AC voltages required in certain 

applications such like uninterruptible power supply (UPS) can be obtained from 

a low battery voltage in one single power stage. On the other hand, PV sources 

can be interfaced to grid using CSI in a single-stage topology. This decreases the 

power losses and increases the system’s efficiency in comparison with dual-

stage topologies. 

Despite CSI’s many favorable features for PV application, its use has been limited due 

to the following drawbacks [1.19]-[1.25]: 

o The on-state losses in the switching elements, where the semiconductor switches 

used are not capable of withstanding negative voltage, and thus have to be 

connected in series with a diode, this makes CSI losses higher than those in VSI. 

However, with new advances in the power semiconductor technologies, CSI 

switching losses have been reduced to great extent; since, insolated gate bipolar 

transistor (IGBT) in series with diodes could now be replaced by only one 

component, which is reverse-blocking IGBT (RB-IGBT). 

o The losses in the DC inductor of CSI are known to be higher than those in the 

DC capacitor of the VSI. However, with recent developments in 

Superconducting Magnetic Energy Storage (SMES) technology, there is hope 

that concerns regarding inductor can be removed in the future. 

o The AC-side filter capacitors can resonate with the filter’s inductance or 

distribution line inductance. 

o The complexity of the control techniques represents one of the major drawbacks 

of CSI. 
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Though researchers have studied CSI for different applications, there still exist many 

points that could be investigated and improved. 

Motivated by the huge demand for solar energy and immediate need for improvements 

in PV systems, the research reported in this thesis intends to add to the existing knowledge on 

PV system applications of CSI and make quality contributions to the field. 

 

1.2 Objectives  

 The main objectives of the research can be summarized as follows: 

 To achieve a complete survey on CSIs, in terms of working principle, modeling, 

design, and existing modulation and control techniques. 

 To develop new control strategies for voltage control of CSI that could be used 

when switching from grid-connected to stand-alone modes due to grid 

disconnection of local loads during islanding of DG systems. The developed 

techniques should ensure fast and accurate voltage and frequency control and 

should also pass the robustness tests. 

 To develop new control strategies for single-stage three phase PV grid connected 

CSI. The developed strategies should be capable of extracting maximum power 

from the PV arrays at all insolation levels, and injecting a clean sinusoidal 

current into the power grid in accordance with grid codes.  

 To develop a sliding mode observer (SMO) observer for AC-side that must be 

able to estimate the required variables accurately. 

 To introduce active resonance damping methods for PV grid connected CSI to 

increase the systems efficiency and enhance the power quality. 

 

1.3 Thesis outline 

 To achieve the aforementioned objectives and facilitate the presentation of results 

derived in the course of this research, the thesis is organized as follows: 

 Chapter 2 Provides a literature survey on distributed generation systems in the first 

part. Then, an overview of inverter topologies is presented. In the next section of the 



CHAPTER1                                                                                                                                                                              INTRODUCTION 

 

5 
 

chapter, the existing inverters modulation techniques and control strategies are studied 

and explained. Finally, literature reviews on stand-alone and grid connected CSI are 

performed. 

 Chapter 3 Presents the design and modeling of the different components of the systems 

of this research. First, the PV panel has been modeled using the equivalent single diode 

circuit. Then, the model of CSI and its possible switching states and space vectors are 

exhibited. Finally, the design and modeling of the output filter have been studied. 

 Chapter 4 Proposes new voltage control strategies for stand-alone CSIs. The developed 

techniques ensure a fast and accurate voltage control independently of the type of the 

load, directly, i.e. without any regulations loops, and with no modulators. Simulation 

results using Matlab/Simulink of the proposed techniques has been carried out for 

different loads and during different tests. In the last part of this chapter, experimental 

results for a low power CSI prototype controlled by a digital signal processor (DSP) are 

exposed. 

 Chapter 5 develops a single-stage grid connected PV system based on CSI. First, it has 

been presented the different parts of the control strategies proposed in this chapter. 

Starting by the PV MPPT, where perturb and observe (P&O) algorithm is chosen due 

to its simplicity and good performance. A SMO is proposed for the grid-side variables 

estimation in order to reduce system’s cost and complexity and avoid sensor noise. After 

that, two novel control techniques both based on model predictive control (MPC) have 

been analyzed. Besides that, an active damping method for each technique is introduced 

instead of passive damping method. Simulation results and real-time (RT) 

implementation results are presented and discussed in the last part of this chapter. 

 Chapter 6 presents the conclusions, the contributions of this research, and the 

recommendations for future work plans. 
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Chapter 2   

Literature survey 

 
2.1 Introduction 

The rapid depletion of fossil based energy resources such as coal, natural gas and oil, 

together with an effort to reduce CO2 emission into the atmosphere has required a demand for 

a larger share of clean energy to be produced from renewable energy sources (RES). Recently, 

there has been a great interest on distributed generation (DG) in order to replace the 

conventional electrical distribution systems and achieve better performance and management 

of energy. In this chapter; a brief review on DG trends has been presented. DG systems can be 

sourced by different renewable energy sources such as photovoltaic (PV), wind, and others. The 

focus in this chapter was on photovoltaic energy, where the electricity generation process is 

discussed and the possible grid integration configurations are presented. Generally, there exist 

two configuration single- and dual-stage. In dual-stage configuration the generator side 

converter is responsible for the extraction of the maximum power, whereas the grid-side 

converter is responsible for injecting the resulting power in a suitable form. Nevertheless, in 

single-stage configuration the inverter can fulfill both control objectives. A classification and 

description of the most common inverter topologies used to interface PV systems is done in the 

third part of this chapter. In the next section, different modulation techniques of current source 

inverter (CSI) have been exposed and analyzed. Finally literature reviews on stand-alone and 

grid-connected CSIs are completed to evaluate the state of the art of available control strategies. 

2.2 Distributed generation systems 

The existing power grids can be considered as a hierarchical systems where power plants are at 

the top of the chain and loads are at the bottom, resulting in a unidirectional electrical power 

flow managed with limited informations about the exchange between sources and terminal 

points. This situation present serious drawbacks, including the following [2.1]-[2.2]: 

o System sensitivity to voltage and frequency instabilities as well as to power security 

problems caused by load variations and dynamic network reconfigurations. 
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o Risks of failures and blackouts and decreased system efficiency. 

o Unsuitability for the integration of renewable energy. 

During the last decade, the electrical energy market has been characterized by a growing 

demand for energy and two important innovations: the quick growth and massive diffusion of 

RESs and the subsequent rapid development of DG systems and smart grids (SGs) [2.1]–[2.5]. 

The basic gist of DG is the process of generating energy close to its point of delivery. So, rather 

than having a big power plant (coal, nuclear, hydroelectric, etc.) that generates massive amounts 

of energy, which is then transmitted over a vast and complicated network of power lines and 

transfer stations to be delivered to eventual homeowners or businesses, smaller power plants 

that generate a moderate amount of energy are located at closer proximity to the homes and 

businesses that will use it. [2.2]  

According to many analyses, future electrical systems should have the following parameters 

[2.2],[2.3]: 

 High power capability: electricity is becoming the main power source of the modern 

world and hence the need for it will increase significantly during the next years, this 

trend is expected to remain positive for many decades and will be marginally influenced 

by external perturbations such as economic or political crises. 

 High power quality and reliability: electricity must be available whenever it is needed 

with the lowest or no latency, stable voltage and frequency and low harmonic distortion. 

 High efficiency: electricity should not be dispersed during production, transportation 

and distribution processes. The grid and the loads should be managed to achieve 

maximum system efficiency. 

 High flexibility: the power system should be highly configurable and should allow 

smooth integration among different power sources, moreover, dynamic changes of loads 

and power sources should not influence system performance and power quality. 

 Low environmental impact: renewable energy sources should progressively replace 

traditional polluting sources. 

Previous requirements cannot be satisfied by conventional power systems, therefore, during the 

next years a huge revision of the present systems is expected with the introduction of many new 

functionalities, systems, commonly referred to as DG and SG revolution. This is changing the 

way in which next generation power systems have to be designed, operated and maintained, 
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and can be achieved only by introducing new technologies, functionalities and operational 

approaches, which are as follows [2.1]–[2.3]: 

 Full exploitation of all renewables. 

 Technological enhancements and large-scale diffusion of energy storage systems. 

 Massive introduction of Information and Communication Technologies (ICTs). 

 Implementation of high-granularity self-healing and resiliency against unwanted 

situations, such as blackouts or natural disasters. 

 Consumers’ active participation to the electricity market. 

 Introduction of new products, services and markets. 

2.2.1 Distributed generators 

As it has been mentioned above, it is necessary for the engineering society to pay more interest 

on the researches of RESs. There exist many forms of renewable energy resources that are 

currently available for the integration into the power grid, the top four energy sources are wind, 

solar photovoltaic, hydroelectric, and geothermal. Only photovoltaic generator will be 

discussed in this section, since it presents the subject of this research. 

2.2.1.1 Photovoltaic generators 

PV cells are direct current (DC) generators which use semiconductor technology to transform 

the energy in sunlight into electricity. Silicon is the most widely used semiconductor material 

in PV cell, which consists of a junction consisting of n- and p-doped silicon. When light 

(photons) strikes the junction, the energy in the photons is converted to electric power. The 

voltage level of PV cells depends on the intrinsic cell characteristics, the number of cascaded 

cells and their temperature, whereas the available current depends on cell characteristics, the 

number of parallel strings (a string is a group of cascaded cells) and sunlight irradiation. With 

present technology, they are arranged in panels providing up to 220–250 W at a voltage rating 

of 48–60 V [2.6],[2.7]. 

In order to supply standard loads operating with alternating current (AC), panels are connected 

in series and/or in parallel, thus reaching the desired level of voltage and current, to supply an 

inverter [2.7]. PV sources can also feed the distribution grid using a suitable conversion chain. 

Generally a PV system connected to the grid can be either in single- or dual-stage 

configurations. Figure 2.1. However, single-stage configuration can fulfill all the control 

objectives with lower switching losses, and thus, providing higher efficiency. [2.2],[2.6],[2.7] 
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Figure 2.1 Schematic diagram of photovoltaic grid-connected system configurations: 

(a) Single-stage (b) Dual-stage. 

 

2.3 Inverter topologies 

The power electronic interface is an important part of DG units as it influences the overall 

system efficiency and performance [2.7]. Many converter types have been used for this purpose, 

depending on the DG source, system requirements, and control objectives. In PV applications, 

DC-DC converters and DC-AC inverters are needed to ensure MPPT and efficient power 

conversion into AC loads. However, in single-stage configuration only DC-AC inverters are 

required to interface PV sources to the distribution grid. 

Fundamentally, as shown in Figure 2.2, there are two types of inverters existed, the voltage 

source inverter (VSI) and the current source inverter (CSI). In general, an inverter that exploits 

the input voltage while producing controlled output voltage is classified as VSI whereas an 

inverter that exploits the input current while producing controlled output current is classified as 

CSI. The VSI is the more mature and proven technology where it has been successfully 

implemented in industry for decades [2.6]-[2.10]. While the 2-Level VSI has found applications 

in many conventional industrial machines, the multi-level VSIs (MVSIs) are more recent and 

established in industry due to their advantages in particular the ability to generate multilevel 

stepped-waveform with reduced harmonic distortion, and to reach higher voltage operation, and 

higher modularity [2.6]. On the other hand, the auto-sequentially commutated inverter (ASCI) 

and the load-commutated inverters (LCI) and are among the earliest inverters used for variable 

speed drives before slowly being replaced by the pulse-width modulation (PWM) CSI mostly 



CHAPTER2                                                                                                                                                                    LITERATURE SURVEY 

 

12 
 

in induction motor drives. Quite recently, similar to the VSIs, multi-level CSIs (MCSIs) are 

gaining attention in new research activities [2.8],[2.10]. While both types of inverters have 

substantial differences topologically, they do share the same working principles. Thus, in 

general, common control methods and common power semiconductor switches used for VSI 

can also be applied to CSI with some modifications. 

 

Figure 2.2 Inverters classification 

Today the majority of the worldwide installed power inverters are VSIs followed by CSIs. CSIs 

are available in industrial drives, and have also been connected to wind power and solar power 

generators and fuel cell systems. Comparison between VSIs and CSIs have been reported many 

times [2.11] concluding that the decision lies with the performance of the application. Both 

inverters, however, face the same challenges. Generally they have to be small, light and cost-

effective and technically they have to operate at high efficiencies, produce low harmonics, and 

be simple to control and reliable. For high voltage and high current application this has led to 

the introduction of multi-level topologies, first for VSIs like the diode-clamped, flying capacitor 

and cascaded topologies and later to CSIs [2.6]-[2.10]. With the dominating VSI market 

research into MCSI has been limited. The reason for the lag of interest is, beside the dominance 

of the VSI in the market, the large component count that is required to build MCSI in particular 

for a level higher than five i.e. an existing nine-level CSI requires three inductors and twelve 

power switches. This number goes up rapidly when upgrading the inverter to even higher level 

of currents. For example a seventeen-level CSI can have seven inductors and twenty power 

switches. 
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2.3.1 Voltage source inverters 

The primary function of a VSI is to convert a fixed DC voltage to a three-phase AC voltage 

with variable magnitude and frequency. This section discusses the different VSI topologies used 

commonly in DG systems, and highlights description and features of each one. The topologies 

discussed are two-level and multi-level VSI. MVSI can be subdivided into three main 

topologies: cascaded H-bridge (CHB), diode-clamped, flying capacitor. 

2.3.1.1 Two-level VSI 

A simplified circuit diagram for a two-level VSI for high-power medium-voltage applications 

is shown in Figure 2.3. The inverter is composed of six groups of active switches with a free-

wheeling diode in parallel with each switch. Depending on the DC operating voltage of the 

inverter, each switch group consists of two or more IGBT or gate commutated thyristor (GCT) 

switching devices connected in series [2.6]-[2.10]. 

 

 

Figure 2.3 Three phase VSI 

2.3.1.2 Multi-level VSIs 

A. Cascaded H-bridge  

CHB multilevel inverter is one of the popular converter topologies used in high-power medium-

voltage (MV) drives. It is composed of a multiple units of single-phase H-bridge power cells. 

The H-bridge cells are normally connected in cascade on their AC side to achieve medium-

voltage operation and low harmonic distortion [2.7]. 
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B. Neutral point clamped inverters  

The diode-clamped multilevel inverter employs clamping diodes and cascaded DC capacitors 

to produce AC voltage waveforms with multiple levels. The inverter can be generally 

configured as a three or more levels topology, but only the three-level inverter, often known as 

neutral-point clamped (NPC) inverter, has found wide application in high-power medium-

voltage drives. The main features of the NPC inverter include reduced dv/dt and THD in its AC 

output voltages in comparison with the two-level inverter discussed earlier. More importantly, 

the inverter can be used in the medium voltage drive to reach a certain voltage level without 

switching devices in series. [2.7]-[2.10] 

C. Multi-level flying capacitor  

It is evolved from the two-level inverter by adding DC capacitors to the cascaded switches. 

There are four complementary switch pairs in each of the inverter legs. Therefore, only four 

independent gate signals are required for each inverter phase. The flying-capacitor inverter can 

produce an inverter phase voltage with five voltage levels. [2.7] 

2.3.2 Current source inverters 

The CSI (also called current fed inverter) converts the input DC current into three phase AC 

currents. In CSI, the input current remains constant but could be adjustable. The output currents 

of a CSI are independent of the load. Nevertheless, the load voltage are dependent of load. This 

section discusses the different three phase CSI topologies which are subdivided according to 

their type of commutation into forced-commutated, and natural commutated CSIs (PWM CSIs). 

The forced-commutated CSIs which are ASCI and LCI represent the earliest types of CSIs. 

However, the development of power electronics and fast switching devices have permitted 

lately the appearance of two-level and multi-level (parallel) PWM CSIs. 

2.3.2.1 Auto-sequentially commutated inverter 

The conventional auto-sequentially commutated inverter (ASCI) shown in Figure 2.5 has six 

thyristors connected in series with a diode for each. A respective commutating capacitor is 

interconnected between the junctures of the thyristor and diode of each respective branch sub-

circuit and the thyristor and diode of the next adjacent branch sub-circuit. ASCI inverters were 

developed especially for high power variable-speed drives. The major drawbacks of this 

topology is limited control strategies applicable since a thyristor cannot be switched off. [2.10] 
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Figure 2.4 Auto-Sequentially commutated inverter 

2.3.2.2 Load commutated CSI 

The thyristor-based LCI is also one of the earliest inverters developed for variable-speed drives. 

A three-phase LCI has three parallel legs represented by two series connected thyristors per leg, 

which in total requires six thyristors. An AC capacitor filter is installed at the output of LCI in 

order to reduce harmonics content. As shown in Figure 2.6, the thyristor switches are numbered 

according to their firing sequence. The same major drawback reported for ASCIs is present for 

LCI, since a thyristor can only be switched on intentionally, Therefore, the most common 

control technique applied is the six-step switching, in which each thyristor conducts for 120° 

degrees interval. [2.10]  

 

Figure 2.5 Load commutated CSI 

2.3.2.3 Two-level CSI 

An idealized PWM CSI is shown in Figure 2.4. The inverter is composed of six unidirectional 

devices, each of which can be replaced with two or more devices in series for medium-voltage 
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operation. The switching devices used in the CSI are of symmetrical type with a reverse voltage 

blocking capability. The inverter produces a defined PWM output current. The DC side of the 

inverter is an ideal DC current source Idc. In practice, Idc can be obtained by a current source 

rectifier (CSR) or a current controlled buck converter [2.8]-[2.10]. 

 

Figure 2.6 Ideal three phase CSI 

2.3.2.4 Multi-level CSIs 

To increase the power of a CSI, two or more CSIs can be connected in parallel to form a MCSI. 

Figure 2.7 shows such a configuration where two inverters are connected in parallel. Each 

inverter has its own DC current source, while they share the same capacitor filter at their 

outputs. The main issue of this topology is the number of inductors and the unbalance of DC 

currents. [2.8] 

 

 

Figure 2.7 Parallel MCSI 



CHAPTER2                                                                                                                                                                    LITERATURE SURVEY 

 

17 
 

2.4 Inverters control 

The purpose of the inverter in a DG system is to convert the raw power generated into a form 

compatible with the local distribution grid, in order to allow the power to be used by standard 

appliances or to be fed back into the utility grid. Therefore, suitable inverter modulation 

techniques and control strategies are of high importance to satisfy all the control objectives of 

the DG system [2.6]. 

As reported previously, VSI represents the most widely used topology in industrial applications. 

Consequently, its modulation techniques are well-known, and have been reported widely in the 

literature. VSI modulation techniques include sinusoidal pulse width modulation (SPWM), 

third harmonic injected PWM (THIPWM), space vector modulation (SVM) and Selective 

harmonic elimination (SHE). In the other hand, several control strategies and methods have 

been investigated and developed by researchers for VSI, Figure 2.8 show the most common 

VSI control strategies. [2.6]-[2.10] 

 

 

Figure 2.8 Most common VSI control strategies 
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In contrast, CSI modulation techniques are less-known compared to those of VSI. Moreover 

CSI control strategies are less developed and less investigated in the literature. Therefore, the 

following sections focus only on giving a detailed analysis of CSI modulation techniques and 

providing literature reviews of CSI control strategies for both stand-alone and grid-connected 

modes. 

2.4.1 CSI modulation techniques 

Various modulation techniques have been developed for the PWM CSI, including carrier-based 

sinusoidal PWM (CSPWM), Trapezoidal PWM space vector modulation (SVM), and selective 

harmonic elimination (SHE). Generally the switching pattern design for the CSI should 

generally satisfy two constraints: (1) The DC current should have a path at any time, (2) The 

output current of CSI should be defined. Thus, at any instant one and only one upper switch, 

and one and only one lower switch should be conducting. [2.8]-[2.10] 

2.4.1.1 Carrier-based SPWM 

A. SPWM VSI to CSI state map [2.12] 

Carrier-based SPWM is simple to implement in a VSI and can be realized with a 

relatively low switching frequency. However, implementation of CSI carrier-based 

SPWM is not as straightforward as for the VSI case. The common approach used for the 

implementation of CSI carrier-based SPWM is to modify the gating signals of the VSI 

PWM using logic mapping circuitry. 

Figure 2.9 depicts the principle of CSI switching signals generation using SPWM VSI to CSI 

state map modulation technique. 

 

Figure 2.9 Diagram of SPWM VSI to CSI state map  
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B. Bi-logic/tri-logic PWM [2.13] 

Bi-logic/tri-logic PWM is carried out using simple SPWM that generates Xa, Xb, Xc two-level 

signals (+1,-1) which are then transformed to tri-logic (-1,0,+1) PWM variables Ya, Yb, Yc via a 

transformation matrix as follows  
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The resulting tri-logic PWM variables satisfy always the following equation 

0 cba YYY                                                                                                                                     (2) 

Finally, the tri-logic signals are used by gating logic block to trigger the power switches of CSI, 

in such a way that the pth CSI output current Iop is given in terms of Yp  and DC current Idc as 

dcpop IYI                                                                                                                                              (3) 

However, it has to be pointed out that the tri-logic state (Ya=Yb=Yc=0) can be realized by short-

circuiting one of the CSI legs (freewheeling state)  

According to the above analysis, it can noted that this modulation technique fulfills always the 

CSI switching constraints. 

Table2.1 lists all possible bi-logic and tri-logic states with their corresponding switching signals 

Table 2.1 CSI bi-logic/tri-logic states with corresponding switches triggering signals 

Bi-logic signals Tri-logic signals Upper switches Lower switches 

Xa Xb Xc Ya Yb Yc S1 S3 S5 S2 S4 S6 

+1 +1 +1 0 0 0 Freewheeling through one of CSI legs  

+1 +1 -1 0 +1 -1 0 1 0 1 0 0 

+1 -1 +1 +1 -1 0 1 0 0 0 0 1 

+1 -1 -1 +1 0 -1 1 0 0 1 0 0 

-1 +1 +1 -1 0 +1 0 0 1 0 1 0 

-1 +1 -1 -1 +1 0 0 1 0 0 1 0 

-1 -1 +1 0 -1 +1 0 0 1 0 0 1 

-1 -1 -1 0 0 0 Freewheeling through one of CSI legs 
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Figure 2.10 shows the block diagram of bi-logic/tri-logic modulation technique. 

 

Figure 2.10 Diagram of bi-logic/tri-logic modulation technique 

2.4.1.2 Trapezoidal PWM 

The principle of TPWM is similar to PWM applied in VSIs, where the gate signals for one 

switch are generated by comparing the trapezoidal modulator with a defined triangular carrier. 

[2.8]. The gate signals of the rest of switches are derived by phase shifting by the gate 

signals of the previous switch as shown in Figure 2.8. 

 

Figure 2.11 Trapezoidal PWM pattern 
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2.4.1.3 Space vector modulation (SVM) 

Similar to VSIs, CSIs can also be controlled using SVM technique. To satisfy the 

aforementioned CSI switching constraints, the CSI can output nine current vectors in the 

stationary reference frame αβ, of which six are active vectors and three are null vectors. Table 

2.1.  

Table 2.2 CSI switching states and space vectors 

 Switches 

Current Vectors 

S1 S2 S3 S4 S5 S6 

A
c
ti

v
e
 S

ta
te

s 

1 1 0 0 0 0 
2/1)6/(

1 3/2 j
dceIi   

0 1 1 0 0 0 
2/1)2/(

2 3/2 j
dceIi   

0 0 1 1 0 0 
2/1)6/5(

3 3/2 j

dceIi   

0 0 0 1 1 0 
2/1)6/7(

4 3/2 j

dceIi   

0 0 0 0 1 1 
2/1)2/3(

5 3/2 j

dceIi   

1 0 0 0 0 1 
2/1)6/11(

6 3/2 j

dceIi   

Z
e
r
o
 s

ta
te

s 1 0 0 1 0 0 
07 i  

0 1 0 0 1 0 
08 i  

0 0 1 0 0 1 
09 i  

 

A typical space vector diagram for the CSI is shown in Figure 2.9 (a), where 𝐼1⃗⃗   to 𝐼6⃗⃗⃗   are active 

vectors, and 𝐼7⃗⃗⃗   to 𝐼9⃗⃗   are zero vectors symbolized for simplification as 𝐼0⃗⃗⃗  . The active vectors 

form a regular hexagon with six equal sectors, whereas the zero vector lies in the center of the 

hexagon.   

For a given length and position, 𝐼𝑟𝑒𝑓⃗⃗⃗⃗⃗⃗  ⃗  can be synthesized by two adjacent vectors and one zero 

vector based on the ampere-second balance principle, that is, the product of the reference vector 

𝐼𝑟𝑒𝑓⃗⃗⃗⃗⃗⃗  ⃗ and the sampling period Ts equals the sum of the current vectors by the time interval of 

chosen space vectors [2.8]-[2.10]. Figure 2.9 (b). The ratio between the magnitudes of output 

current and the DC link current determines the modulation index ma, and is defined as the 

phase displacement between the reference vector and α-axis of the stationary reference frame. 
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(a)                                                                      (b) 

 

Figure 2.9 CSI SVM scheme: (a) space vector diagram (b) Synthesis of reference vector in sector 1 

The ampere-second balancing equation is thus given by 
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The vector dwelling times can be derived by solving equations in (4) 
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Once the vector dwelling times are calculated, the vector sequence in a sampling period needs 

to be determined for the generation of PWM pulses. Different sequence patterns can be 

generated in function of zero vector used for each sampling time and its placement to achieve 

the desired switching frequency and harmonic profile. 

2.4.1.4 Selective harmonic elimination 

The SHE technique is an offline modulation scheme that can eliminate a number of unwanted 

low-order harmonics with a limited number of pulses. In this technique, the switching angles 

are pre-calculated and then imported into a digital controller for implementation [2.10]. In order 

to achieve a better harmonic profile and to reduce the complexity in finding switching pattern 
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solutions, the calculated pulses are normally arranged in such a way that the derived PWM 

waveform has a quarter-wave symmetrical shape. In high power applications, where the SHE 

is usually preferable, low switching frequency is needed to reduce the losses. Therefore, three, 

five or seven switching angles per quarter of cycle are preferred [2.9]. In the case shown in 

Figure 2.10, five pulses are employed. This figure shows a typical SHE pattern that satisfies the 

CSI switching constraint. There are five pulses per half cycle with five switching angles in the 

first /2 period. However, only two out of the five angles, i.e., 1 and 2 are independent. Given 

these two angles, all other switching angles can be derived [2.8]. 

The two switching angles provide the ability to eliminate two harmonics such as the 5th and 7th 

harmonic from the inverter output current. This can be considered as the main advantage of this 

technique, since this is hardly possible by using other modulation techniques to remove these 

low order harmonics. Nevertheless, the main disadvantage of this technique is the lack of 

flexibility for control as the offline calculated set of angles is valid at only a certain modulation 

index. Moreover, the calculation of SHE angles with a large number of pulses per fundamental 

cycle sometimes involves transcendental equations that have no solutions, which prevents the 

SHE from being applied to a full frequency range.[2.10] 

 

Figure 2.10 Selective harmonic elimination (SHE) PWM pattern 

Table 2.2 Comparison of most common CSI modulation techniques [2.8] 

Item TPWM SVM SHE 

Modulation index 0.74 0.707 0.73-0.78 

Dynamic performance Medium High Low 

Digital implementation 
Real time/ 

Look-up table 
Real time Look-up table 

Harmonic performance Good Adequate Best 

DC current 

freewheeling 
No Yes Optional 
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The table above presents a comparison between the three most common modulation techniques 

which are TPWM, SVM, and SHE. It is obvious that SVM is the more adequate technique due 

the features it offers, especially the fast dynamic. However SHE is the best choice in terms of 

harmonics elimination. But, it has to be pointed out that TPWM is simplest technique for digital 

implementation. 

2.5 Literature review of CSI based stand-alone systems 

There exist numerous researches on stand-alone CSIs feeding linear and non-linear loads. Some 

of them address voltage regulation, whereas the rest consider current control only. Among the 

proposed current control strategies reported in the literature: In [2.14] SVM is utilized and 

analyzed in details, whilst in [2.15] a modified SVM named direct regular sampled SVM is 

proposed. It is based on the modification of the switching sequences of conventional SVM, in 

order to reduce the switching frequency. Authors in [2.16] proposed a predictive current control 

strategy and addressed the issue of reducing switching frequency also. A 7 switches (CSI7) 

topology with a new modulation technique have been proposed in [2.17]. The purpose was to 

achieve lower switching frequency and reduce the size of the inductor and attain high 

performances. In [2.18] it has been proposed a four leg CSI to overcome the problem of 

common-mode voltage. 

Though these control technique offer a suitable current control, voltage control is required for 

standalone systems, since the majority of loads need a defined voltage for their operation. The 

available researches on voltage control for stand-alone CSIs [2.19]-[2.24] are achieved through 

current control by employing controllers and voltage regulation loops that are designed and 

tuned for a predefined load types and values. Hence, their stability and accuracy are not 

guaranteed for change in load. This problem has been overcome in this thesis. 

2.6 Literature review of CSI based grid connected systems 

A fair amount of researches have been carried out for grid connected CSI systems. The available 

researches focused in general on the following points: 

 Modified CSI topologies: In [2.25] a PV grid connected CSI is introduced using a 

double-tuned parallel resonant circuit to attenuate the second- and fourth-order 

harmonics at the inverter DC side, and proportional-resonant (PR) current controller 

along with a modified carrier based modulation technique. In [2.26], a multi-level 

structure based on CSI topology is presented. Each inverter unit in the multi-level 
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structure is fed with a PV source and equipped with its own MPPT and DC-side current 

controller. On the AC-side, a combined dq-frame current controller is adopted using 

SHE. The same topology is investigated in [2.27] but by considering equal and unequal 

DC link currents. [2.28] presented a transformer-less grid connected PV systems using 

a four-leg CSI topology in order to overcome the problem of earth leakage current. To 

achieve high voltage gain and a steady AC output voltage in spite of the low DC input 

voltage, the article of [2.29] presents a novel single-stage high gain CSI. The topology 

of the proposed inverter is derived from conventional tri-state CSI by introducing an 

impedance network with two symmetrical inductors and diodes separately. [2.30] 

proposes a single-stage bidirectional CSI topology to deal with the issue of unbalanced 

grid voltages and the resulting oscillations on the DC link current. [2.31] analyzes the 

performance of a grid-tied, transformer-less, modified three phase CSI, named CSI7. 

The proposed CSI7 topology is made by installing an additional switch in parallel with 

the DC source for the purpose of elimination glitches during transitions between vectors 

of SVM.  

  Modified modulation techniques: [2.32] proposed a current control technique in dq-

frame using PI regulator to control the DC link current with a modified SVM as a 

modulator. The goal of the modified SVM is to attenuate the common-mode currents. 

In [2.33], a switching pattern based on the concept of the conventional space vector 

PWM technique is developed for single-stage, three-phase boost-inverters using the CSI 

topology. [2.34] proposed a novel switching algorithm applied to CSI topology to 

control the charging time and discharging interval of converters inductor. A new direct 

regular sampled PWM derived from SVM has been proposed in [2.35]. The proposed 

technique is achieved by changing the dwell times of the standard SVM and the 

placement of the zero vectors in order to reduce the switching frequency. The same issue 

has been investigated in [2.36] where a modified synchronous optimal PWM technique 

for CSI is proposed. 

 Control strategies: In [2.37] a PV grid connected CSI control is performed in the dq-

frame using SHE. Authors in [2.38] investigated the AC- and DC-instabilities and 

proposed an active compensator in order to robustly damp the CL filter dynamics. [2.39] 

presents a control structure for a CSI-based DG system, based on a multi-synchronous 

reference frame (MSRF) architecture that rejects the effect of utility voltage distortion 

and helps attain high-quality output current. Predictive control has been investigated 

only two times for grid connected CSI in the literature. In [2.40] a finite-set predictive 
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current control is proposed where an active resonance damping is done using a virtual 

resistor in the controller. Whereas in [2.41] authors have proposed an indirect predictive 

power control via the control of the grid currents in the dq-frame using a two-step 

prediction horizon. [2.42] proposed an indirect power control technique in the dq-frame 

through the use of hysteresis current controllers along with a look-up table. [2.43] 

proposed a power synchronization control for CSI-based PV generator in order to 

overcome the drawbacks of vector control techniques applied for CSI. This technique 

eliminates the PLL through the use PI based power control loop in order to regulate the 

grid active power and generate the synchronization angle. In [2.44] a non-linear adaptive 

backstepping controller is proposed, where the control structure is composed with an 

outer control loop responsible for controlling the DC-side inductor current and the inner 

current control loop responsible for controlling injected current into the utility grid. 

Authors in [2.45] have proposed a modified single phase CSI in order to reduce the 

leakage current, and a multi-loop control strategy is proposed with an incorporated 

virtual resistor active damping. 

 

2.7 Conclusion 

In this chapter, a brief analysis and description of DG systems has been achieved, and it 

has been reported that conventional power grids present many drawbacks. Therefore, DGs 

should have more interest in the coming years. PV generators operation principle and their grid 

interfacing configuration were investigated, where it has been clarified that single-stage can 

fulfill all the objectives with better efficiency. A classification and description of the most 

common inverter topologies are reported in the third section of this chapter. The existing 

modulation techniques for CSI have been explained and analyzed as well, and comparison 

between them is carried out. Finally a literature review on stand-alone and grid-connected CSI 

based systems is performed to evaluate the state of the art of available control strategies. 
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Chapter 3  

Design and modeling of systems 

components  
 

3.1 Introduction 

 This chapter presents the design and modeling for stand-alone and PV grid-connected 

CSI system components. Starting by the PV source, where the single diode equivalent circuit is 

adopted. First, the model of an ideal PV cell is derived, then, in order to get a practical model 

the non-idealities represented by the series and parallel resistances are introduced into the ideal 

model. However, a PV array is composed of multiple series and parallel connected cells, 

therefore, the number of series and parallel connected cells is included, and the PV array model 

is deduced.  The effects of solar irradiance and ambient temperature on the PV array 

characteristics have been exhibited also. The chapter also provides the operation principle, and 

model of CSI. The possible states and output vectors are presented as well by taking into 

account the CSI switching constraints. In the last part of the chapter, the filter model and design 

for stand-alone and grid-connected CSI are studied. For stand-alone CSI only a capacitor filter 

is required for the attenuation of high-frequency harmonics generated by the PWM. 

Nevertheless, in grid-connected CSI an inductor is introduced with the capacitor to form a CL 

filter. The inductor is required to increase the attenuation capabilities, which results in better 

quality of the injected currents. The filter model is derived in the natural frame abc, the 

stationary reference frame αβ, and in the SRF dq. However, the presence of CL filter could 

generate possible resonance if the frequency of one of the generated harmonics meets the 

resonance frequency. Therefore, damping is necessary to reduce the resonance behavior. 

Passive damping is the most popular method, where a resistor is connected in series or in 

parallel with the filter inductor or capacitor. The different configurations of the damping 

resistors are studied and analyzed in details this chapter.  

3.2 PV model  

PV system directly converts sunlight into electricity. The basic device of a PV system is the PV 

cell. Cells may be grouped to form panels or arrays [3.1]. The voltage and current available at 
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the terminals of a PV device may directly feed small loads such as lighting systems and DC 

motors [3.2]. More sophisticated applications require electronic converters to process the 

electricity from the PV device. These converters may be used to regulate the voltage and current 

at the load, to control the power flow in grid-connected systems, and mainly to track the 

maximum power point (MPP) of the device. [3.2],[3.3] 

The basic building block of the PV generator is the PV cell, which is basically a semiconductor 

diode whose p–n junction is exposed to light. It typically produces 1 to 2 W of electrical power 

[3.2]. The equivalent circuit of a photovoltaic cell is shown in Figure 3.1, where the simplest 

ideal model can be represented by a current source in parallel with a diode. [3.1]-[3.7] 

 

Figure 3.1 Single diode model of theoretical and practical equivalent circuit of a PV cell 

The output current of an ideal PV cell can be written as [3.1]-[3.7] 
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Where, Vpv,cell is the PV cell output voltage, and Iph,cell, Io,cell, Vt,cell are the cell photovoltaic 

current, diode saturation current, and temperature voltage, respectively, given by [3.1]-[3.7]  
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Where G, Gn are the operational and nominal irradiations in W/m2, respectively; T, Tn are the 

operational and nominal temperatures in °K, respectively; KI is temperature coefficient in A/°K, 

Io,cell_n is the nominal saturation current; Eg is the band gap of energy of the semiconductor; a is 

the ideality factor of the diode; q is the unit charge; and k is the Boltzmann’s constant. 
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In practical PV cell equivalent electrical circuit the presence of the series and parallel 

resistances is considered -Figure 3.1- [3.1]-[3.7], hence, the practical PV cell output current is  

cellp
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The basic equation (6) of the elementary PV cell does not represent the characteristic of a 

practical PV array. Practical arrays are composed of several series (Ns) and parallel (Np) 

connected PV cells, and the observation of the characteristics at the terminals of the PV requires 

the inclusion of these two parameters as Iph=Np.Iph,cell, Io=Np.Io,cell, Vpv=Np.Vpv,cell, Vt=Np.Vt,cell, 

Rp=Np.Rp,cell, Rs=Ns.Rs,cell. [3.1]-[3.7] 

Which yields to the practical PV array output current equation 
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The effects of temperature and sun irradiance on the (I-V) and (P-V) characteristics of PV array 

(whose parameters are given in Appendix-A) are depicted in the following figures, where 

Ppv=Vpv.Ipv is the PV array output power 

 

Figure 3.2 Effect temperature on PV characteristics 

 

Figure 3.3 Effect of irradiance on PV characteristics 
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3.3 CSI model 

The PWM CSI shown in Figure 3.4 is a six-pulse inverter employing six unidirectional switches 

(IGBT in series with a diode, or a RB-IGBT). The DC side is composed of a current source 

(Idc), which is practically built using a voltage source in series with a DC choke (Ldc) to maintain 

and smooth the DC link current. An AC capacitor filter (Cf) is directly connected at the CSI 

terminals in order to significantly reduce the high frequency harmonics of the output current 

(Io) generated by the switching actions of the inverter [3.7]-[3.12]. 

Two constraints for CSI switching must be always met. The DC link of CSI acts as a current 

source and cannot be open-circuited. Thus, at least one top switch and one bottom switch must 

be ON at any instant of time. On the other hand, in order to produce defined three-phase current 

waveforms at the AC side, at most one top switch and one bottom switch must be conducting 

at any given instant of time. In other words, one and only one top switch and one and only one 

bottom switch must be ON at any instant of time [3.8]-[3.11]. 

 

 

Figure 3.4 Three phase CSI  

These restrictions can be summarized as follows 

1642531  SSSSSS                                                                                                   (6) 

The output currents can be defined according to the switching signals and the DC current Idc by 
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dcoa ISSI )( 41                                                                                                                                  (7)

dcob ISSI )( 63                                                                                                                       (8)

dcoc ISSI )( 25                                                                                                                       (9) 

Using the coordinate transformation from the natural frame to the stationary reference frame 

αβ, the output current vector 𝐼𝑜⃗⃗⃗   can written as follows 




j

mooo eIjIII                                                                                                                                      (11) 

Where Im, and θ are the magnitude and angle of the output current vector. 

Based on the aforementioned constraints, the valid switching states with the corresponding 

output currents and output current vectors are presented in table.3.1. There are nine valid 

switching states in the operation of CSI, states 1 to 6 are active states, where current flows from 

DC-side to the load. On the other hand, states 7 to 9 are zero states, where the DC link current 

is short-circuited by one of the CSI legs. Thus, no power transfer from DC-side to load during 

these states. They are also known as shoot-through or freewheeling states. 

Table. 3.1 CSI possible states and corresponding output currents and vectors  

 
Switches 

output 

currents Current Vectors 

S1 S2 S3 S4 S5 S6 Ioa Iob Ioc 

A
c
ti

v
e
 S

ta
te

s 

1 1 0 0 0 0 Idc 0 -Idc 
2/1)6/(

1 3/2 j
dceIi   

0 1 1 0 0 0 0 Idc -Idc 
2/1)2/(

2 3/2 j
dceIi   

0 0 1 1 0 0 -Idc Idc 0 
2/1)6/5(

3 3/2 j

dceIi   

0 0 0 1 1 0 -Idc 0 Idc 
2/1)6/7(

4 3/2 j

dceIi   

0 0 0 0 1 1 0 -Idc Idc 
2/1)2/3(

5 3/2 j

dceIi   

1 0 0 0 0 1 Idc -Idc 0 
2/1)6/11(

6 3/2 j

dceIi   

Z
e
r
o
 s

ta
te

s 1 0 0 1 0 0 0 0 0 07 i  

0 1 0 0 1 0 0 0 0 08 i  

0 0 1 0 0 1 0 0 0 09 i  

 

The nine possible output current vectors of CSI are shown in figure 3.5 
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Figure 3.5 CSI output current vectors 

3.4 filter modeling and design 

3.4.1 Stand-alone CSI 

As reported previously, a CSI requires a capacitor filter to assist the current commutations 

among the phases and to absorb the high frequency harmonics associated with the PWM CSI 

output currents. For stand-alone voltage controlled CSI, the capacitor value is chosen in order 

to have good quality voltages with low harmonic distortion, since undesirable harmonics may 

disturb other sensitive loads/equipment and may also result in extra power losses [3.13]. 

Moreover, the problem of resonance may not occur because the majority of loads contain 

resistors, so the resonance is inherently damped. 

In the other hand, the stand-alone CSI can be modeled by the equation that governs the 

interaction between CSI output current, capacitor voltage and load current given by  

dt

dV
CII

c

oL

),(

),(),(



                                                                                                                                        (12)                                                                                                                   

3.4.2 Grid-connected CSI 

Though for stand-alone CSI a capacitor filter is sufficient, for grid-connected CSI a coupling 

inductor (Lf) with internal resistance (Rf) is connected between the capacitor filter and the grid. 

This results in a CL filter that provides higher attenuation capabilities [3.14], hence, reaching 

best quality of the injected current. Figure 3.6 shows a typical grid-connected CSI using CL 

filter. 

α

β

,
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Figure 3.6 Grid-connected CSI scheme 

3.4.2.1 CL Filter modeling 

The application of Kirchhoff laws on the single wire circuit of grid-connected CSI through CL 

filter of Figure 3.6. yields to the following natural abc-frame grid-side model  

 

Figure 3.7 CSI connected to grid through CL filter 
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The transformation of the previous model to the stationary reference frame αβ using Concordia 

matrix gives the following αβ state-space model 
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Which can be further represented by following matrix form 
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Where, Igα, Igβ, Vcα, Vcβ are state variables and Ioα, Ioβ, Vgα, Vgβ are inputs. 

In the other side, the dq frame model can be derived using the Park transformation as 
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And can represented by the following matrix form 
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                  (24) 

Where, Igd, Igq, Vcd, Vcq are state variables and Iod, Ioq, Vgd, Vgq are inputs. 

In the dq-frame, the d and q differential equations for the grid current and the capacitor voltage 

are dependent due to the cross-coupling terms. 

3.4.2.2 Design criteria 

The aim of a grid-connected inverter CSI is to supply good quality power with low distorted 

current to the grid while meeting the required power factor. The primary aim of the low-pass 

filter design is that the CSI is able to comply with the specified grid requirements while 

producing a negligibly small power loss of damping resistance [3.13]-[3.16]. 

Two steps for the design of the CL filter are considered [3.13]:  

 First, the inductor’s value is chosen in order to attenuate the current harmonics, and let 

its ripple within a limit, to maintain a particular THD. 

 The second step is choosing the value of the capacitor in such a way to have a suitable 

cross-over frequency, to achieve a desired attenuation of the dominant harmonics. 

3.4.2.3 Filter resonance and damping 

The grid current is subjected to two disturbances: the CSI output current Io and the grid voltage 

Vg. Therefore, neglecting the internal resistance of the inductor, the transfer from Io to Ig is done 

by the CL filter’s transfer function (TF) given by  

1

1
)(

2 


ff LCs
sH                                                                                                                  (25) 

A bode plot of this TF is given in Figure 3.8. 
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The filter cut-off frequency fc is commonly referred as the resonant frequency fR, as the filter 

has an infinite gain at that frequency if there is no damping resistance as shown in the bode 

plot. [3.14] 

The resonant behavior induced by the CL filter can be attenuated with passive or active damping 

methods. The output filter must be accurately damped to avoid any large amplification at the 

resonant frequency. There is already some damping naturally due to series losses in the 

capacitor and the inductor. However, it is generally the case that more damping is required. The 

most elementary method to damp the resonance is to add a resistor in series or in parallel with 

the inductor or the capacitor of the filter, which is commonly known as passive damping. [3.14]-

[3.19].  The resonant frequency can be given by 

ff

R
CL

f
2

1
                                                                                                                       (26) 

Quality factor Q is the inverse of damping and it is related to the filter gain at the resonant 

frequency. Note that the filter gain defines the ratio of output to input current Ig/Io. The 

expression for Q is related to the filter topology and the type of damping used. An analysis of 

various practical filter topologies is given below in Table 3.2. 

Table 3.2 shows four different CL filter configurations which differ in the location of the 

damping resistor. The table also provides the transfer functions H(s), quality factor Q and the 

high frequency attenuation or roll-off rate for each configuration.   

Where, 
f

f

C

L
Z 0  is the characteristic impedance of the filter.                                                                                   

The first configuration uses a resistor in series with the capacitor of the CL filter. This causes 

the filter to have a first-order high frequency roll-off. The high frequency impedance of the 

filter is also increased. The damping resistor in this arrangement mainly sees the high-frequency 

current components and has a moderate power dissipation. 

A resistor in parallel with the capacitor in second configuration acts essentially as a resistive 

load which damps the filter. As it can be seen in the circuit this resistor has the full fundamental 

output voltage across it, and hence the high power dissipation will make it impractical. 

The third configuration in table 3.2 has a resistor in parallel with the filter inductor which gives 

it a first-order high frequency roll-off. The power dissipation in Rd would be expected to be 
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much smaller compared to the other types as the fundamental voltage drop across the inductor 

is small. 

The last configuration however has a resistor in series with the filter inductor. This 

configuration has two problems: a resistive output impedance at low frequencies and high 

losses. At low frequencies, the impedance of the filter is equal to the damping resistor. The 

series resistor in the fourth configuration sees the full grid current and thus has high losses, but 

has a second-order roll-off at high frequencies which is a positive feature. [3.14],[3.19] 

The bode plot of the undamped CL filter and the four configurations is depicted in Figure 3.8. 

Table 3.2 Resistive damping configurations [3.14] 
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According to this analysis, among these four configurations, parallel damping resistor with the 

filter inductor (configuration 3) seems to be the most suitable passive damping method. 

Furthermore, it is still considered as the most popular technique in the literature. One constraint 

for the value of the damping resistor for this configuration is that it should be higher enough 

than the impedance of the inductor. [3.20] 

fd LR                                                                                                                                    (27) 

Rd

Lf

Cf

Rd

Lf

Cf

Rd

Lf

Cf

Rd
Lf

Cf



CHAPTER 3                                                                                                         DESIGN AND MODELING OF SYSTEM COMPONENTS 

 

43 
 

 

Figure 3.8 bode plot of the different CL filter configurations 

Although, the passive damping provides desired resonance damping, it also causes reduction in 

the attenuation capability and power losses reducing the conversion efficiency by up to 1%. 

[3.18]. Moreover, the system costs are increased due to additional components and possible 

cooling elements (especially in high-power applications) [3.13]. 

Active damping, on the other hand, is performed with different control algorithms, which are 

used to attenuate the resonant behavior and, due to the absence of resistive elements, power 

losses are negligible in the filter. Moreover, the attenuation capability of the filter is unaffected 

[3.16]-[3.19]. Therefore, active damping is adopted and compared with passive damping 

(configuration 3) for grid-connected CSI in Chapter 5. 
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3.5 Conclusion 

This chapter has presented the design and modeling for stand-alone and grid connected 

CSI system components. First, a detailed ideal PV cell model has been carried out using the 

single diode equivalent circuit model. Then, the practical PV cell and PV array models are 

derived by adding to the model other key parameters. It has been shown also the effect of sun 

irradiance and ambient temperature on the PV characteristics. The CSI working principle is 

explained, and its model, possible states and current vectors are derived based on the switching 

constraints. Finally, the chapter has provided the model and design for the output filter for both 

stand-alone and grid-connected CSI systems. It has been explained that for stand-alone only a 

capacitor filter is used, whereas in grid-connected CSI a CL filter is necessary to enhance the 

quality of the injected current to the utility. However, resonance may occur in this filter due to 

the switching harmonics. For this reason, resonance damping is mandatory. Though passive 

damping using resistors is sufficient to avoid resonance in the filter, it also reduces the 

efficiency and the filtering capabilities. Therefore, it has been concluded that active damping is 

the better choice. 
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Chapter 4   

Stand-alone current source inverter 
 

4.1 Introduction 

 CSIs offer many important features when compared with the well-known topology of 

VSIs. Nevertheless, CSI control strategies are less developed than those of VSI. Available 

voltage regulation schemes for stand-alone CSIs commonly use controllers such like 

proportional–integral (PI) controllers, or proportional-resonant (PR) controllers, etc., but this 

approach is known to suffer from significant steady-state error, slow dynamics, and overshoots. 

Besides that, the design and tuning of the regulators are always performed in function of the 

types and values of the connected loads. This leads to lose of stability and accuracy of voltage 

control during load variations. In order to get over these issues, this chapter proposes new 

voltage control strategies for stand-alone CSIs, or for the supply of local loads disconnected 

from the grid during islanding operation of CSI based DG systems. The developed techniques 

can ensure a fast and accurate voltage control independently of the connected loads. Moreover, 

they can perform without neither regulations loops, nor modulators. Simulation results using 

Matlab/Simulink of the proposed techniques have been carried out for different loads and 

during different tests. In the last part of this chapter, experimental results for a low power CSI 

prototype controlled by a digital signal processor (DSP) are exposed in order to demonstrate 

the effectiveness and the feasibility of the developed voltage control strategies for stand-alone 

CSI. 

4.2 Finite-set model predictive voltage control (FS-MPVC) 

Model predictive control (MPC) is currently one of the most appropriate approaches for the 

control of complex systems. MPC has a series of characteristics that make it very attractive: it 

is simple, intuitive, easy to implement, and can include nonlinearities, limitations, etc. MPC is 

an advanced method that explicitly uses the system’s model to predict future changes in the 

process. The basic idea is to calculate, at each sampling instant, a sequence of optimal control 

of a prediction horizon to minimize a cost function, which expresses the objective of the control. 

For the control of power converters, a type of MPC called finite-set model predictive control 

(FS-MPC) represents one of the best options. FS-MPC is a model-based optimization algorithm 
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that performs a set of calculations during each sampling period. The number of iterations in the 

optimization algorithm are determined according to the possible number of converter switching 

states. The power semiconductor switch in any converter possesses two discrete states: ON (‘1’) 

or OFF (‘0’). Thus the number of switching combinations (switching states) in any converter 

are limited to a finite set. [4.1]-[4.5] 

In this chapter, a Finite-set model predictive voltage control for CSI is proposed. FS-MPVC for 

CSI is a new and simple control strategy that uses the system model including the inverter and 

the output filter for the prediction of the future behavior of the load voltages, then using a cost 

function, the optimal control is generated and applied during the whole next sampling period. 

Figure 4.1 depicts the block diagram of FS-MPVC control scheme for stand-alone CSI. 

 

Figure 4.1 Block diagram of FS-MPVC control scheme 

4.2.1 Predictive controller 

In this structure, the DC current, the load currents, and voltages, are measured. These measures 

are necessary to predict the behavior of the controlled variables, which are the load voltages. 

Then, based on these predictions, a cost function is minimized and the appropriate current 

vector is selected. Thus, the selection generates pulses to control the power switches of the 

inverter. 
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4.2.1.1 Prediction model 

The essence of predictive control is the system prediction model. In general the performance of 

the predictive controller depends highly on the prediction model [4.1]. 

Considering that the continuous-time load side model of CSI including the capacitor filter in 

the stationary reference frame is given by 

),(

),(

),( 
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c

fo I
dt

dV
CI                                                                                                                            (1) 

The continuous-time model of equation (1) needs to be converted to discrete-time. Several 

discretization methods can be used in order to obtain a discrete-time model suitable for the 

calculation of predictions, such as: forward difference, backward difference, bilinear 

transformations (combination of forward and backward difference), impulse-invariant and 

zero-order hold [4.2]. 

Due to the first order nature of the model in (1), a first-order approximation for the derivative 

can be obtained by forward Euler method. Such as for a generic variable x [4.1]-[4.5] 
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The application of the approximation in (2) gives 
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Thus, the nine possible load voltage predictions can be obtained from the previous equation as 

follows 

  ][][][]1[ ),(),(),(),( kVkIkI
C

T
kV cLo

f

s
c                                                                    (4) 

It is obvious that in (4) the prediction needs measurement of load currents and voltages. 

However, only load currents are measured, whereas the capacitor voltages are estimated using 

the backward Euler formula which leads to the following equation 

  ]1[]1[]1[][ ),(),(),(),(  kVkIkI
C

T
kV cLo

f

s
c                                                                 (5) 

Where, the output currents Ioα, Ioβ can be reconstructed using the measured DC current, and the 

switching signals as follows 
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3

1
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3

1
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4.2.1.2 Cost function optimization 

Once all predicted variables are obtained, the different values are used to evaluate a cost 

function which deals with all control objectives. Since the control objective in this system is to 

make the load voltages pursue their references, the cost function is defined as the absolute error 

between the predicted references and the predicted load voltages. [4.3] 

    ]1[1]1[1 **  kVkVkVkVg ccccj 
                                                                      (8) 

Where j denotes the index of the inverter current vector used in the prediction of the load 

voltages. 

In (8), the future load voltage reference vector can be estimated using fourth-order Lagrange 

extrapolation, given by [4.5] 

         3241641
*****

 kVkVkVkVkV ccccc                                                            (9) 

However, no extrapolation is needed if the sampling time is short enough. [4.1],[4.2],[4.5] 

The load voltage vector equals its reference when g = 0. Therefore, the goal of the cost function 

optimization is to achieve a g value as close to zero as possible. Hence, the switching state that 

minimizes the cost function is chosen and then applied at the next sampling instant.  

The flowchart of the algorithm used to implement the predictive voltage controller is shown in 

Figure 4.2. and the predictive controller scheme is depicted in Figure 4.3.  

In Figure 4.3 gop denotes the optimal value of cost function g, and jop is its index.  
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Figure 4.2 FS-MPVC algorithm flowchart 

 

Figure 4.3 FS-MPVC controller scheme 

4.3 Proposed CSI switching algorithm 

 A new voltage control strategy is presented in this part. It is based on a simple algorithm which 

evaluates the error between load voltages and their corresponding references and makes the 

decision by generating the suitable switching signals to the power switches of the inverter in 

order to reduce the voltages’ errors. The block diagram of proposed switching algorithm control 

scheme for stand-alone CSI is shown in Figure 4.4. 
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Figure 4.4 Proposed switching algorithm control scheme 

4.3.1 Principle of operation  

The proposed method consists in reducing the gap between the actual and the reference 

voltages. Since in the control of CSIs, only one of the upper switches and one of the lower 

switches can conduct simultaneously, the selection of the two ON switches is done in such a 

way to correct the two out of three largest errors. The control pulses are generated to make the 

DC current circulate in the two phases and reduce their errors. The third phase will be controlled 

only when its error will be dominating against one of the previously controlled phases. 

When in an inverter leg, an upper switch is ON, the change in the corresponding load voltage 

(capacitor voltage) is positive, because the output current is positive (Io=Idc), and higher than 

the load current as described in the following equation. 

0)(
1

0 ),,(),,(

),,(

),,(  cbaLcbao

f

cbac

cbao II
Cdt

dV
I                                                                               (10) 

Thus, the capacitor voltage will have a positive ramp (capacitor charging). 

When, a lower switch in one of the inverter legs is ON, the corresponding output current Io, is 

negative (Io=-Idc), hence, the change in the load voltage is negative also, as 
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Thus, the capacitor voltage have a negative ramp (capacitor discharging). 

Whereas, in the third leg, both switches are OFF (Io=0), the corresponding capacitor discharges 

slowly through the load, so the change in the capacitor voltage is lower than the capacitor 

connected to the active lower switch. 

00
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dt
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The phase voltage error is obtained by  

),,(

*

),,(,, cbaccbaccba VV                                                                                                             (13) 

So, the selection of the two conducting switches is done by searching the maximum and the 

minimum voltage errors. The upper switch of the phase with maximum error, and the lower 

switch of the phase with minimum error will be switched ON at the actual sampling time. 

Figure 4.5 gives an example to describe the working principle of the proposed algorithm. At 

instant (1) of Figure 4.5(a), the phase with the maximum error is phase (a), thus, its 

corresponding upper switch (S1) is turned ON to increase the capacitor voltage by charging the 

capacitor to reduce error εa. In the other hand, the minimum voltage error is in phase (c), hence, 

the corresponding lower switch (S2) is turned ON, to correct this error by discharging the 

capacitor as shown in Figure 4.5(b). The voltage error in this phase (b) does not represent 

neither the maximum nor the minimum. So, this leg of the inverter is not connected to the load, 

and the corresponding capacitor discharges slowly through the load. However, in the following 

sampling instant (2), error in phase (b) is dominating against the other phase errors and 

represents the maximum of them, so, the corresponding upper switch will be turned ON to 

reduce this error by rising the capacitor voltage. Figure 4.5 (b) show the flow paths for the three 

phases currents during the first sampling interval. 
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(a)                                                                       (b) 

 

Figure 4.5 Description of switching algorithm operation principle: (a) load voltages along with their 

references, (b) three phase currents flow paths during first sampling intervalle 

The flowchart of the proposed algorithm is shown in Figure 4.6 

 

Figure 4.6 Proposed switching algorithm flowchart 

The algorithm in Figure 4.6 can also be implemented using logical ports as depicted in the 

following figure. 
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Figure 4.7 Generator of triggering signals of the proposed controller using logical ports 

4.4 Simulation results  

The control schemes of the proposed FS-MPVC (Figure 4.1) and the proposed switching 

algorithm (Figure 4.4) have been simulated using Matlab/Simulink® software, using the system 

parameters listed in table A.1 (Appendix A) for different types of linear and non-linear loads. 

Robustness tests have been accomplished also, to assess the performance of the proposed CSI 

voltage controllers. The simulation type is discrete with a sampling time of 40µs. 

4.4.1 Resistive load 

(a) 
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(b) 

 

(c) 

 

Figure 4.8 FS-MPVC responses of: (a) load voltages, (b) load currents, (c) phase (a) load voltage 

along with its reference 

(a) 
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(b) 

 

(c) 

 

Figure 4.9 Proposed switching algorithm responses of: (a) load voltages, (b) load currents, (c) phase 

(a) load voltage along with its reference 

Figure 4.8 and Figure 4.9 show the responses of load voltages, load currents, and phase (a) load 

voltage along with its reference, for FS-MPVC and the proposed switching algorithm, 

respectively. It can be seen that the load voltages and currents are practically sinusoidal and 

low distorted. The THD was computed as 1.42% for FS-MPVC and 1.66% for the switching 

algorithm. It is shown also that the load voltages track their references quasi-perfectly for both 

proposed methods. 
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4.4.2 Resistive-inductive load 

(a) 

 

(b) 

 

Figure 4.10 FS-MPVC responses of: (a) load voltages, (b) load currents for RL type load 

(a) 
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(b) 

 

Figure 4.11 Proposed switching algorithm responses of: (a) load voltages, (b) load currents for RL 

type load 

For a resistive-inductive load, the obtained waveforms of load voltages and load currents are 

sinusoidal, and lowly distorted. However, it is obvious that load currents are smoother than 

those using a pure resistive load due to the presence of inductor. 

4.4.3 Non-linear load 

To test the proposed voltage controllers with a non-linear load, the diode rectifier feeding a 

resistor in parallel with a capacitor (Figure 4.12) is used. 

 

 

Figure 4.12 Diode rectifier used as a non-linear load (Rrec=100Ω, Crec=4.7µF) 
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(a) 

 

(b) 

 

Figure 4.13 FS-MPVC responses of: (a) load voltages, (b) load current for non-linear load 

(a) 
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(b) 

 

Figure 4.14 Proposed switching algorithm responses of: (a) load voltages, (b) load currents for non-

linear load  

Figure 4.13 and 4.14 show the load voltages and currents for non-linear load using the proposed 

FS-MPVC and switching algorithm, respectively. During this test, the controllers have 

succeeded in providing the same performances as for a linear loads, where sinusoidal and lowly 

distorted load voltage waveforms are obtained using both techniques even though the high 

distortion of the load currents.  

4.4.4 Robustness tests 

To evaluate the robustness of the proposed voltage controllers, two test has been carried out. 

The first one is a sudden change in the load, whereas the second one is a change in voltage 

reference. 

4.4.4.1 Sudden load variation 

In the first test, the load resistance varies from 44Ω to 22Ω in 0.3s, then, in 0.7s it takes back 

its original value. 

Figures 4.15 and 4.16 show the responses of load voltages, and load currents using FS-MPVC 

and the proposed switching algorithm, respectively. The obtained results demonstrate the 

robustness of the controller against sudden load change. The load currents vary rapidly at the 

instant of load variation to keep the voltages at their references, where no variation can be 

observed at that instant. 
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(a) 

 

(b) 

 

Figure 4.15 FS-MPVC responses of: (a) load voltages, (b) load currents for sudden load change 
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(a) 

 

(b) 

 

Figure 4.16 Proposed switching algorithm responses of: (a) load voltages, (b) load currents for sudden 

load change  

4.4.4.2 Sudden reference voltage variation 

In this second test, a voltage reference variation is carried out. The reference varies from 110 

VRMS to 60 VRMS in 0.3s and from 60 VRMS to 110 VRMS in 0.7s.  
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(a) 

 

(b) 

 

Figure 4.17 FS-MPVC responses of: (a) load voltages, (b) load currents for sudden load change 
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(a) 

 

(b) 

 

Figure 4.18 Proposed switching algorithm responses of: (a) load voltages, (b) load currents for sudden 

load change 

The obtained results demonstrate the fast dynamics of the proposed voltage control strategies. 

It is obvious that the load voltages track their references rapidly while keeping the same quality 

of waveforms. 
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4.4.5 Comparative study 

Table 4.1 gives a comparative evaluation of available and proposed voltage controlled stand-

alone CSIs. The comparison involves complexity of the controllers, type of used regulators, 

type of modulator, and quality of voltage waveform and computed THD if available. 

Table 4.1 Comparison between available and proposed voltage controlled stand-alone CSIs 

 Complexity Regulation loops Modulators Waveform quality 

Strategy of 

[4.6] 
High PI/PR controllers 

VSI to CSI 

state map 
Moderate 

Strategy of 

[4.7] 
High 

Bang-bang 

controllers 
No Bad (4.7%) 

Strategy of 

[4.8] 
Very high PI regulator 

PWM (bi-

logic/tri-

logic) 

Moderate 

Strategy of 

[4.8] 
High PR controllers SVM Good (1.9%) 

Strategy of 

[4.9] 
Very high PI regulator 

VSI to CSI 

state map 
Moderate 

Proposed FS-

MPVC 
Moderate No No Best (1.42%) 

Proposed 

switching 

algorithm 

Low No No Very good (1.66%) 

 

From the table, it is clear that the proposed techniques provide the best waveform quality 

without the use of regulation loops and modulators, which results in low complexity of the 

control techniques as compared with those in literature. 

4.5 Experimental results 

The performance of the proposed controllers have been verified experimentally using a CSI 

prototype (Appendix B) controlled with a DSP of Texas instruments (TI-F28M36) for resistive 

and resistive-inductive loads using the same parameters as those used for numerical 

simulations. The controllers have been implemented with sampling time of 40µs. 
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4.5.1 Resistive load 

                                     (a)                                                                       (b) 

 

Figure 4.19 Obtained FS-MPVC experimental results for resistive load: (a) Load voltages (80V/div), 

(b) Load currents (2A/div) 

                                     (a)                                                                       (b) 

                                                                      

Figure 4.20 Obtained switching algorithm experimental results for resistive load: (a) Load voltages 

(80V/div), (b) Load currents (2A/div) 
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4.4.1 Resistive-inductive load 

                                     (a)                                                                       (b) 

 

Figure 4.21 Obtained FS-MPVC experimental results for resistive-inductive load: (a) Load voltages 

(80V/div), (b) Load currents (2A/div) 

                                     (a)                                                                       (b) 

 

Figure 4.22 Obtained switching algorithm experimental results for resistive-inductive load: (a) Load 

voltages (80V/div), (b) Load currents (2A/div) 

The obtained experimental voltage, and current waveforms are sinusoidal, and lowly distorted 

for both load types. However, load currents for RL type load are smoother than those obtained 

with a resistive load, this is due to the presence of the inductor. In the other hand. It can be 

noticed also that FS-MPVC performance is slightly better than this of the switching algorithm. 

Moreover, the obtained experimental results are in agreement with the previously obtained 

simulation results, which demonstrates the effectiveness and the feasibility of the proposed 

controllers for the stand-alone CSI system. 
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4.6 Conclusion 

Stand-alone CSI systems require voltage control, since the majority of loads need a defined 

voltage for their operation. This chapter has proposed new voltage control strategies for stand-

alone CSIs. The developed techniques ensure a fast and accurate voltage control independently 

of the connected loads. Moreover, they are able to perform without neither regulations loops, 

nor modulators. These features allow the system to be robust, stable, and accurate. The first 

technique is based on the theory of FS-MPC, where the prediction model is derived for CSI 

including its capacitor filter, whereas a cost function is designed in order to minimize the error 

of the output load voltages. The second proposed technique is a switching algorithm that have 

as inputs the three phase voltage errors. The proposed technique correct at each sampling instant 

two out of three voltage errors, whereas the third one is corrected only when it will be 

dominating against other phase errors. It has been described how the algorithm selects the 

phases to be corrected and how to the correction is achieved. Numerical simulations using 

Matlab/Simulink® for the proposed techniques have been carried out for different loads and 

during different robustness tests. In the last part of this chapter, experimental results of a stand-

alone CSI for the two proposed techniques using a low power CSI prototype controlled by a 

DSP were exposed. The obtained simulation and experimental results are in agreement, and 

demonstrate the effectiveness, robustness, and feasibility of the proposed techniques. 
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Chapter 5   

Single-stage grid connected 

photovoltaic current source inverter 

 
5.1 Introduction 

This chapter develops two control techniques for single-stage configuration of grid-

connected PV system based on CSI. The proposed strategies are both based on FS-MPC theory. 

The first technique named finite-set model predictive voltage oriented control (FS-MPVOC) is 

achieved by combining voltage oriented control (VOC) technique along with FS-MPVC 

reported in the previous chapter. FS-MPVOC controls the grid injected powers indirectly via 

the control of the currents in the synchronously reference dq-frame through two regulation 

loops, where a grid synchronization angle is required for the frame transformations. The second 

proposed method is called finite-set model predictive direct power control (FS-MPDPC). It is 

a combination of FS-MPC and DPC strategies. FS-MPDPC contrarily to FS-MPVOC ensures 

a direct, natural decoupled control of the powers exchanged with the grid without a need to grid 

synchronization method. In order to harvest the maximum power from the PV array, a P&O 

based MPPT algorithm is chosen due to its simplicity and good performance. The P&O 

algorithm is responsible for generating the reference of the PV current, which is then adjusted 

using a PI regulator that provides the reference of the d-axis current or the active power for the 

FS-MPVOC or FS-MPDPC, respectively. A SMO is proposed for the grid-side variables 

estimation in order to reduce system’s cost and complexity and avoid sensors noise. 

Furthermore, due to presence of a CL filter at the output of CSI, resonance may occur. 

Therefore, an active damping method for each of the proposed control strategies is introduced 

instead of passive damping method. Active damping as compared with the conventional passive 

damping improves the system performance and efficiency, and enhances the quality of the 

injected power. Simulation results and real-time implementation results are presented and 

discussed in the last part of this chapter. 
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5.2 Maximum power point tracker (MPPT) 

The characteristics curves of PV arrays are highly non-linear and are affected by irradiance and 

temperature variations [5.1],[5.2]. Therefore, a MPPT is required to cater these issues and 

ensure that the PV system operates all the time at the MPP. Many MPPT techniques have been 

proposed in the literature, such as P&O, incremental conductance, parasitic capacitance, 

constant voltage, ripple correlation control, constant current, fuzzy logic controller, and 

artificial intelligence techniques. These techniques vary in simplicity, accuracy, time response, 

popularity, cost, and other technical aspects [5.2]. Among the aforementioned techniques, the 

most widely-used MPPT is P&O due to its good performance, low cost, and simplicity of 

implementation [5.1],[5.2]. For this reason it has been chosen to be the MPPT in this work. 

 

Figure 5.1 Flowchart of P&O algorithm  

P&O algorithm requires only measurements of PV voltage Vpv, and PV current Ipv. As its name 

indicates, the P&O method works by perturbing Vpv or Ipv and observing the impact of this 

change on the output power of the PV array Ppv. At each cycle Vpv and Ipv are measured to 

calculate Ppv(k). The value of Ppv(k) is compared to the value Ppv(k-1) calculated at the previous 

cycle. If the output power has increased, Ipv is adjusted further in the same direction as in the 

previous cycle. If the output power has decreased, Ipv is perturbed in the opposite direction of 

the previous cycle. Thus, Ipv is perturbed at every MPPT cycle. When the maximum power 

point is reached, Ipv oscillates around the optimal value. This causes a power loss that increases 

with the increase of perturbation step size. If this step width is large, the MPPT algorithm 
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responds quickly to sudden changes in operating condition but with high oscillations around 

the MPP. On the other hand, if the step size is small the losses under stable or slowly changing 

conditions will be lower but the system will not be able to respond quickly to rapid changes in 

temperature or irradiance [5.1],[5.2]. The flowchart of P&O algorithm is depicted in Figure 5.1 

5.3 Sliding mode observer (SMO) 

SMOs are mathematical systems that allow the reconstruction of the real system state variables. 

SMO observers are used for technical and economic reasons, by avoiding the noise of sensors, 

and reducing the system’s cost and complexity [5.3]. In this work, a SMO is proposed in order 

to estimate the grid-side variables. Using the system’s model in the stationary reference frame 

previously reported in Chapter 3, and adding two extra state variables which are the grid 

voltages yields to this new model 
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Which can be represented by the following state-space model 
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Where 
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Which leads to the following observability matrix 

 5432 CACACACACACO                                                                                   (13) 

Moreover the controllability matrix is given by 

 BABABABAABB 5432                                                                                  (14) 

Matrice O is of full-rank, (i.e. rank{O}= 6), so that the system is observable and can be observed 

only using the measured current Ig. 

Unlike other state observers, in SMOs, instead of feeding back the output error between the 

observer and the system linearly, the output error is fed back via a discontinuous switched signal 

[5.3]. 
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Thus, the proposed grid-side SMO can be defined as follows 
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Where K1, K1
’, K2, K2

’, K3, K3
’, are the SMO gains. 

In this SMO, it is obvious that sliding surface S is constructed using the error between the actual 

and observed grid currents in αβ reference frame. 

Furthermore, in order to reduce the undesirable problem of chattering, a saturation function is 

used instead of the Sign function [5.3]. The saturation function is defined by  
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Where Δ is a tuning parameter. 

 

Figure 5.2 SMO sign and saturation functions 
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5.4 Finite-set model predictive control  

FS-MPC is one the most appropriate techniques for the control of converters, due to its good 

performance, and simplicity of implementation [5.4],[5.5]. In this work two controllers based 

on FS-MPC theory are proposed for the control of photovoltaic grid connected CSI. The first 

employs VOC strategy, whereas the second one employs DPC technique.  

5.4.1 FS-MPVC based voltage oriented control (FS-MPVOC) 

Figure 5.3 shows the block diagram of the proposed FS-MPVOC. The PV voltage and current 

are measured and inputted to the MPPT block that generates PV current reference. The PV 

current is then adjusted using a PI regulator which generates in turn the d-axis reference for 

VOC, whereas the q-axis current reference is set according to the demand of reactive power. 

Afterward, the dq currents are controlled using two PI regulation loops, and decoupled via feed-

forward method. The resulting dq voltage references are modified using the active damping 

block and fed directly to FS-MPVC controller (FS-MPVC explained in details in chapter 4). 

 

Figure 5.3 Block diagram of proposed FS-MPVC control scheme 
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5.4.1.1 DC-link current control 

Assuming that the switching losses of the inverter are negligible, the DC-side power of the 

inverter, Pdc, is equal to the active power delivered on the AC-side, Pac. Since the d-axis current 

is an image of the active power, the DC link current can be controlled by acting on this current 

reference which is generated using a simple PI regulator. The following figure show the DC 

link regulation loop, where, G(s) is the system’s AC d-axis current to DC current transfer 

function that can be derived using small-signal modeling as in [5.6]. 

 

Figure 5.4 DC link PI regulation loop. 

5.4.1.2 Voltage oriented control (VOC) 

Typically the VOC is based on a dq-frame rotating at ω speed and oriented such that the d-axis 

is aligned on the grid voltage vector [5.7],[5.8] (Figure 5.5) 

 

Figure 5.5 Orientation of voltage vector on the d-axis. 

The dynamics of the dq-frame grid currents are given by the following equations 
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It can be noted from (22) and (23) that there exists a cross-coupling between the d and q 

components, this can affect the dynamic performance of the regulators. Therefore, it is very 

important to decouple the two axis for better performances. This can be accomplished with 

feed-forward decoupling method [5.7],[5.8]. Assuming that  

gdgdcdrd IVVV                                                                                                                (24) 

gqgqcqrq IVVV                                                                                                                                         (25) 

Then, the equations (22) and (23) are transformed to  
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The cross-coupling variables are eliminated in the aforementioned equations. Hence, the 

currents Id and Iq can be controlled independently by acting upon the capacitor voltages Vcd and 

Vcq, respectively. 

Furthermore, by using PI type regulators, a fast dynamic response and zero steady-state errors 

can be achieved. The diagram of the current regulator –which is suitable for both Id and Iq loops– 

is shown in Figure 5.6. 

 

Figure 5.6 Diagram of PI current regulation loops 



CHAPTER 5                                                  SINGLE STAGE GRID CONNECTED PHOTOVOLTAIC CURRENT SOURCE INVERTER 

 

79 
 

Moreover, the reactive power in SRF is given by [5.4]-[5.6] 

 gdgqgqgd VIVIQ 
2

3
                                                                                                              (28) 

Knowing that Vgq=0, since the grid voltage vector is aligned on the d-axis of SRF. The reactive 

power can be written as 

gqgdIVQ
2

3
                                                                                                                           (29) 

Consequently, the reactive power can be controlled by acting upon the q-axis grid current 

reference, because Vgd is constant. 

5.4.1.3 Proposed active damping method   

The proposed active damping method for FS-MPVOC is achieved by considering a virtual 

resistor Rvd1 in series with the capacitor as shown in figure 5.7. Therefore the reference of the 

capacitor voltage is changed by adding the voltage of this resistor such as  

 

Figure 5.7 Active damping virtual resistor placement. 
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Figure 5.8 Reference modification using active damping for FS-MPVOC 

5.4.1.4 Grid synchronization phase locked loop (PLL) 

There are two categories of methods for the purpose of synchronization: open-loop methods 

and close-loop methods. Typical open-loop methods include detecting the zero crossing of the 

grid voltage and directly filtering the grid voltage. Closed-loop methods introduce a mechanism 

to make sure that the information obtained is accurate. Typical examples of closed-loop 

methods include the conventional PLL, which is widely used in single-phase applications, and 

the synchronously rotating reference frame PLL (SRF-PLL), which is widely used in three-

phase applications. PLLs have been adopted as part of the controllers for most of the grid-

connected applications nowadays [5.8]. For FS-MPVOC the most common synchronization 

technique for three phase systems (SRF-PLL) is utilized (Figure 5.9) 

 

Figure 5.9 Three-phase PLL in the synchronously rotating reference frame (SRF-PLL) 

5.4.2 Finite-set model predictive direct power control (FS-MPDPC) 

The proposed FS-MPDPC is based on the combination of DPC with MPC techniques. It ensures 

a decoupled control of active and reactive powers rapidly and accurately. Similarly to the first 

technique, the MPPT generates the PV current reference, which is controlled by a PI regulator 

that provides the active power reference for FS-MPDPC controller. However, the active power 

reference must be modified to actively damp possible resonance. In the other hand, the reactive 

power reference is adjusted to have unity power factor or according the grid operator demand.  
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Figure 5.10 Block diagram of the proposed FS-MPDPC control scheme 

5.4.2.1 DC-link current control 

Assuming the switching losses of the inverter negligible, the DC-side power of the inverter, 

Pdc, is equal to the power delivered on the AC-side, Pac. Therefore, the DC link current can be 

controlled by acting upon the active power reference which is generated using a simple PI 

regulator. The diagram of regulation loop is depicted in the following figure. Where G’(s) is 

system’s AC power to DC current transfer function that can be derived using the system’s 

small-signal model [5.6].  

 

Figure 5.11 Diagram of DC link regulation loop 
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 5.4.2.2 Predictive power controller  

A. Prediction model 

The instantaneous active and reactive powers of the grid are expressed in terms of the grid 

currents and voltages, in the stationary reference frame αβ in the actual sampling instant (k) by  

 )().()().(
2

3
)( kVkIkVkIkP gggg                                                                                                      (32) 

 )().()().(
2

3
)( kVkIkVkIkQ gggg                                                                                                        (33)   

Thus, the predicted powers in the next sampling instant (k+1) can be written as follows 

 )1().1()1().1(
2

3
)1(  kVkIkVkIkP gggg                                                                                    (34) 

 )1().1()1().1(
2

3
)1(  kVkIkVkIkQ gggg                                                                                     (35) 

Therefore, to predict the grid exchanged active and reactive powers, it is necessary to predict 

the grid voltage and current. 

For a small sampling time, with respect to the grid fundamental frequency, it can be assumed 

that Vg(k+1) ≈Vg(k). However, if the sampling time is not small enough to consider the grid 

voltage as constant between two sampling intervals, the future grid voltage Vg(k+1) can be 

calculated by compensating the angle of the voltage vector for one sampling time [5.4] 

 j

gg eVkV )1(                                                                                                                                              (36) 

Where Δθ=ω.Ts is the angle advance of the grid voltage vector in one sampling interval. 

For the grid currents prediction, the grid-side inverter model in stationary reference frame αβ -

presented previously- is considered  
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The application of the aforementioned forward Euler formula on equation (37) and (38), gives 

after a mathematical analysis the nine possible predictions for the grid currents in stationary 

reference frame as 
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B. Cost function optimization 

The nine predicted active and reactive powers are compared with their references using a cost 

function g given by 

    ]1[1]1[1 **  kQkQkPkPg j                                                                            (40) 

Where j denotes the index of the inverter current vector used in the predictions. 

In (40), the future active and reactive power references can be gotten by linear extrapolation 

as follows [5.4],[5.5] 

     121 ***  kPkPkP                                                                                                      (41) 

     121 ***  kQkQkQ                                                                                                     (42) 

However, no extrapolation is needed for small enough sampling time. [5.4],[5.5] 

The purpose of the controller is to achieve the smallest error between actual and reference 

powers. Therefore, the current vector that minimizes the cost function is chosen and applied to 

the inverter in the whole next sampling period. The predictive controller scheme and algorithm 

flowchart of proposed FS-MPDPC are shown in Figure 5.12, and Figure 5.13, respectively. 

 

Figure 5.12 FS-MPDPC controller scheme 
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Figure 5.13 FS-MPDPC control algorithm 

In Figure 5.13 gop denotes the optimal value of cost function g, and jop is its index.  

5.4.2.3 Proposed active damping method 

In order to eliminate the resonance phenomena of the CL filter of the grid connected CSI, a 

virtual resistor damping method is proposed for FS-MPDPC. The star-connected resistors Rvd2 

are virtually installed in parallel with the capacitor filter (Figure 5.14). Thus, the power 

reference is changed by adding the power consumed by the virtual resistors which can be written 

as follows  
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Which yields to the new active power reference 
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Figure 5.14 Active damping resistor location 

 

Figure 5.15 FS-MPDPC proposed active damping method 

5.5 Simulation results   

In order to evaluate the preceding theoretical analysis and validate the performance and the 

effectiveness of the proposed techniques, the system under study has been built using 

SimPowerSystems of Matlab/Simulink® software. To reach the desired power level, twelve PV 

strings are connected in parallel, while each PV string is a combination of three series connected 

PV modules (which parameters are listed in Table A.2 of Appendix A) operating at the nominal 

temperature of 25°C. The system’s electrical circuit parameters are listed in Table A.3 

(Appendix A). The simulation type is discrete with a sample time of 40 µs. 

5.5.1 SMO performance assessment  

The proposed SMO has been tested with both FS-MPVOC and FS-MPDPC. It is obvious from 

Figure 5.16 that SMO have succeeded in providing accurately the observed variables, where it 
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can be noticed that there exist negligible observation error for the three state variables. This 

proves the good performance of the proposed SMO that uses only measurements of grid 

currents. 

(a) 

 

(b) 

 

(c) 

 

Figure 5.16 Performance of SMO: (a) grid current, (b) capacitor voltage, (c) grid voltage 
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5.5.2 Unity power factor operation  

This section shows the system responses using the two proposed techniques for unity power 

factor operation i.e. no reactive power injected to the grid. To challenge the proposed FS-

MPVOC and FS-MPDPC the time varying sun irradiance profile shown below is considered. 

 

Figure 5.17 Solar irradiance level 

(a) 

 

(b) 
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(c) 

 

Figure 5.18 FS-MPVOC responses of: (a) PV output voltage, (b) PV output current, (c) PV output 

power 

(a) 

 

(b) 
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(c) 

 

Figure 5.19 FS-MPDPC responses of: (a) PV output voltage, (b) PV output current, (c) PV output 

power 

Figures 5.18 and 5.19 show the responses of the output PV voltage, current, and power for FS-

MPVOC and FS-MPDPC, respectively. From Figures 5.18(a) and 5.19(b), the PV voltage at 

the MPP is around 100 V which is lower than the grid voltage. This confirms the boosting 

ability of CSI using a single-stage configuration. In Figures 5.18(b) and 5.19(b), it is obvious 

that PV current tracks perfectly the reference generated by the P&O algorithm which proves 

the rapidity and good performance of the DC link regulation loops and the fast dynamics of 

both proposed techniques. This has allowed the PV power to be maximized during all irradiance 

level as shown in Figure 5.18(c) and 5.19(c), where the MPP is reached within the order of 

milliseconds. 

(a) 

 

(b) 
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Figure 5.20 FS-MPVOC responses of: (a) grid d-axis current, (b) grid q-axis current 

Figure 5.20 show the d-axis and q-axis grid currents, where it can be noted that they pursue 

their references rapidly and accurately. The q-axis current is practically null with small 

oscillations because its reference is set to 0 to attain unity power factor operation.  

(a) 

 

(b) 

 

Figure 5.21 FS-MPVOC responses of: (a) grid active power, (b) grid reactive power 
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This is reflected in the responses of active and reactive powers (Figure 5.21), since the d-axis 

and q-axis currents represent the images of active power and reactive power, respectively. 

From Figure 5.22, it can be seen that the grid current and voltage are in phase practically, 

consequently unity power factor is achieved. 

 

Figure 5.22 FS-MPVOC responses of phase (a) grid current and voltage  

Figure 5.23 shows the responses of active and reactive powers using FS-MPDPC. It is obvious 

that the powers track their references swiftly, with small oscillations, and negligible over- and 

undershoots. This proves the good performance of the proposed power control technique. It can 

be noticed also that the reactive power reference is practically null. Thus, unity power factor is 

attained, as it can be seen in Figure 5.24, where it is clear that the grid current and voltage are 

practically in phase. 

(a) 
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(b) 

 

Figure 5.23 FS-MPDPC responses of: (a) grid active power, (b) grid reactive power 

 

Figure 5.24 FS-MPDPC Response of phase (a) grid current and voltage  

 

Figure 5.25 FS-MPVOC responses of three phase grid currents 
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The three phase grid currents exhibited in Figures 5.20(c) and 5.21 for FS-MPVOC, and FS-

MPDPC, respectively, are practically sinusoidal and lowly distorted, and in agreement with 

grid standards. The computed THD values during different irradiance levels for the proposed 

techniques are listed in Table 5.1. 

 

Figure 5.26 FS-MPDPC responses of three phase grid currents.  

Table 5.1 Grid currents THD for unity power factor operation during different irradiance levels 

Time 0-0.4s 0.4-0.8s 0.8-1.2s 1.2-1.6s 

G
r
id

 c
u

r
re

n
ts

 

T
H

D
 (

%
) FS-MPVOC 1.73 1.97 2.14 2.25 

FS-MPDPC 2.08 1.84 1.82 2.61 

 

Figures 5.27 and 5.28 show the efficiency of the single-stage conversion chain for FS-MPVOC 

and FS-MPDPC, respectively. The obtained efficiency is relatively high, where the mean 

efficiency for both technique is about 92%.  
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Figure 5.27 System’s efficiency using FS-MPVOC 

 

Figure 5.28 System’s efficiency using FS-MPDPC 

5.5.3 Reactive power injection  

To assess the ability of the controllers to provide reactive power to the utility grid, a time 

changing reactive power reference is considered. The irradiance profile remains the same used 

for unity power factor operation (Figure 5.17). 

 (a) 
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(b) 

 

(c) 

 

Figure 5.29 FS-MPVOC responses of: (a) PV output voltage, (b) PV output current, (c) PV output 

power 

 (a) 
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(b) 

 

(c) 

 

Figure 5.30 FS-MPDPC responses: (a) PV output voltage, (b) PV output current, (c) PV output power 

Similarly to the first case, the PV output power track its reference rapidly for both techniques, 

this is due to the MPPT algorithm that provided PV current reference accurately, and the DC 

link regulators that have permitted a fast tracking of this reference. 

 (a) 

 



CHAPTER 5                                                  SINGLE STAGE GRID CONNECTED PHOTOVOLTAIC CURRENT SOURCE INVERTER 

 

97 
 

(b) 

 

Figure 5.31 FS-MPVOC responses of: (a) d-axis grid current, (b) q-axis grid current 

(a) 

 

(b) 

 

Figure 5.32 FS-MPVOC response of: (a) grid active power, (b) grid reactive power 

Figure 5.31 and 5.32 show the dq grid currents, and grid powers, respectively. It can be seen 

that the currents pursue their references rapidly and accurately. The same remark can be made 
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about the grid powers. Moreover, reactive power is injected into the grid in this case without 

perturbing the PV power, or the grid active power. This demonstrates the decoupled control 

ensured by the proposed FS-MPVOC. Furthermore, in Figure 5.33, it is shown that the currents 

respond rapidly by changing their phases at the instant of sudden change in the reactive power 

reference. 

                                           (a)                                                                                     (b) 

 

Figure 5.33 FS-MPVOC responses of phase (a) grid current and voltage during step change in reactive 

power reference: (a) zoom on first step change, (b) zoom on second step change. 

Figure 5.34 shows the responses of active and reactive powers using FS-MPDPC. It can be seen 

that reactive power tracks its reference even during step change without affecting the 

performance of the system. This can be noted in the response of the grid current and voltage 

exhibited in Figure 5.35, where it is obvious that the grid currents respond rapidly to sudden 

changes in reactive power reference by shifting their phases. 

(a) 
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(b) 

 

Figure 5.34 FS-MPDPC responses of: (a) grid active power, (b) grid reactive power  

(a)                                                                                     (b) 

 

Figure 5.35 FS-MPDPC Responses of phase (a) grid current and voltage during step change in 

reactive power reference: (a) zoom on first step change, (b) zoom on second step change. 

Figure 5.36 and 5.37 depict the responses of grid currents using FS-MPVOC, and FS-MPDPC, 

respectively. Similarly to the first case, it is clear that the current waveforms are sinusoidal and 

lowly distorted, and in agreement with grid standards. 
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Figure 5.36 FS-MPVOC responses of three phase grid currents 

 

Figure 5.37 FS-MPDPC responses of three phase grid currents  

Figures 5.38, and 5.39 depict the conversion chain efficiencies using FS-MPVOC, and FS-

MPDPC, respectively. It can be noticed that reactive power injection have not affected the 

system’s efficiency, where the mean efficiency was the same as the case of unity power factor 

operation (about 92%). 
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Figure 5.38 System’s efficiency using FS-MPVOC 

 

Figure 5.39 System’s efficiency using FS-MPDPC 

5.5.4 Comparison between proposed active damping methods and passive damping 

                                       (a)                                                                              (b) 

 

Figure 5.40 efficiency comparison between active and passive damping methods using: (a) FS-

MPVOC, (b) FS-MPDPC 



CHAPTER 5                                                  SINGLE STAGE GRID CONNECTED PHOTOVOLTAIC CURRENT SOURCE INVERTER 

 

102 
 

Table 5.2 Comparison table of active and passive damping methods 

 Active damping method Passive damping 

Mean efficiency 92% 91% 

Grid currents THD (%) <2.6 >3 

Active power oscillations ±50 W ±70 W 

Reactive power oscillations ±70 W ±85 W 

PV power oscillations 5 W 9 W 

 

It is obvious from Figure 5.38 that active damping is better in terms of efficiency of the 

conversion chain, where it can be noted that the efficiency using active damping is superior by 

1% as compared with this using passive damping. Furthermore, active damping methods have 

improved the quality of PV power, grid currents and grid powers (Table 5.2). 

5.6 Real-time implementation results 

Hardware in the loop (HIL) implementation is a type of real-time (RT) simulation, which is 

used to test and validate the controller design. The reason the use of a HIL process is 

becoming more prevalent is driven by three major factors: cost, time, safety. HIL can easily run 

through thousands of possible scenarios to properly exercise the controller without the cost and 

time associated with actual physical tests [5.8]. It also takes into account the communication 

problems and controller computational limitations. Consequently, the obtained results are more 

practical, and close to reality as compared with numerical simulations. Figure 5.41 shows a 

typical HIL implementation setup. 

 

Figure 5.41 Typical HIL implementation setup. 
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In this study, the proposed techniques for the grid-connected photovoltaic CSI have been 

verified through RT-HIL implementation. The system parameters are similar to those used in 

numerical simulations. The actual HIL system uses a dSPACE platform for the implementation 

of the controller model, whereas, a real-time central processing unit (CPU) contains code for 

the physical system that is generated from the plant model. The obtained results are plotted and 

recorded using an oscilloscope. The controllers have been implemented with a sampling time 

of 40 µs. 

5.6.1 Unity power factor operation 

5.6.1.1 FS-MPVOC 

 

Figure 5.42 FS-MPVOC HIL responses of PV output: voltage (25V/div), current (10A/div), and 

power (2kW/div) 

 

Figure 5.43 FS-MPVOC HIL responses of grid: active power (1kW/div) and reactive power 

(1kVAr/div) 
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Figure 5.44 FS-MPVOC HIL responses of grid currents (10A/div) 

 

Figure 5.45 FS-MPVOC HIL responses of phase (a): grid current (20A/div) and grid voltage 

(80V/div) 

5.6.1.2 FS-MPDPC 

 

Figure 5.46 FS-MPDPC HIL responses of PV output: voltage (25V/div), current (10A/div), and power 

(2kW/div) 
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Figure 5.47 FS-MPDPC HIL responses of grid: active power (1kW/div) and reactive power 

(1kVAr/div) 

 

Figure 5.48 FS-MPDPC HIL responses of grid currents (10A/div) 

 

Figure 5.49 FS-MPDPC HIL responses of phase (a): grid current (20A/div) and grid voltage (80V/div) 
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5.6.2 Reactive power injection 

5.6.2.1 FS-MPVOC 

 

Figure 5.50 FS-MPVOC HIL responses of PV output: voltage (25V/div), current (10A/div), and 

power (2kW/div) 

 

Figure 5.51 FS-MPVOC HIL responses of grid: active power (1kW/div) and reactive power 

(1kVAr/div) 

 

Figure 5.52 FS-MPVOC HIL responses of grid currents (20A/div) 
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Figure 5.53 FS-MPVOC HIL responses of phase (a): grid current (20A/div) and grid voltage 

(80V/div) 

5.6.2.2 FS-MPDPC 

 

Figure 5.54 FS-MPDPC HIL responses of PV output: voltage (25V/div), current (10A/div), and power 

(2kW/div) 

 

Figure 5.55 FS-MPDPC HIL responses of grid: active power (1kW/div) and reactive power 

(1kVAr/div) 
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Figure 5.56 FS-MPDPC HIL responses of grid currents (20A/div) 

 

Figure 5.57 FS-MPDPC HIL responses of phase (a): grid current (20A/div) and grid voltage (80V/div) 

The obtained RT-HIL implementation results prove the correctness and good performances of 

the proposed FS-MPVOC and FS-MPDPC techniques. The MPPT is achieved rapidly and 

accurately with low ripple at the MPP due to the effectiveness and fast dynamics of the 

controllers and the DC link regulators. Moreover, the PV power and grid active power are not 

affected by the grid reactive power, this is due to the decoupled control of grid active and 

reactive powers for both unity power factor operation, and reactive power injection cases. The 

grid current waveforms are sinusoidal and lowly distorted, and respond swiftly to irradiance 

variations and reactive power injection. As a conclusion, the obtained RT implementation 

results are in agreement with the previously exhibited simulation results, which demonstrates 

the correctness and effectiveness of the proposed control techniques, and proves the feasibility 

of implementation of the proposed techniques for the control of a real CSI based grid-connected 

photovoltaic system. 
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5.7 Conclusion 

 In this chapter two control strategies have been presented for single-stage configuration 

of grid-connected PV system based on CSI. The proposed techniques are both based on FS-

MPC theory. The first studied technique named FS-MPVOC is achieved by combining VOC 

technique along with FS-MPVC reported in the previous chapter. It has been explained that FS-

MPVOC controls the grid injected powers indirectly through the control of the currents in the 

synchronously reference dq-frame through two regulation loops, where the synchronization is 

ensured using a SRF-PLL. The second technique called FS-MPDPC is a combination of FS-

MPC and DPC strategies. FS-MPDPC ensures a direct, natural decoupled control of the powers 

exchanged with the grid without the need of a PLL. To keep the PV array operating at the MPP, 

a P&O based MPPT algorithm is chosen due to the features it offers such like good performance 

and simplicity of implementation. The P&O algorithm is responsible for generating the 

reference of the PV current, which is then adjusted using a PI regulator that provides the 

reference of the d-axis current or the active power for the FS-MPVOC or FS-MPDPC, 

respectively. Moreover, in order to reduce system’s cost and complexity and avoid sensors 

noise, a SMO is proposed to estimate the grid-side variables. Furthermore, due to presence of 

a CL filter at the output of CSI, resonance may occur. Therefore, an active damping method for 

each of the proposed control strategies is introduced instead of passive damping methods. 

Active damping increases the efficiency by eliminating the dissipative damping elements of the 

conventional passive damping, and enhances the quality of PV and grid powers. The obtained 

simulation and RT-HIL implementation results demonstrate the effectiveness of SMO, and 

exhibit the high performances of the proposed techniques in terms of fast dynamics, MPPT, and 

quality of grid powers for unity power factor operation, a reactive power injection cases. 
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Chapter 6   

Conclusion 

 
6.1 General conclusion 

After the energy crisis and environmental issues such as global warming and pollution, 

the development of renewable energy sources has attracted research attention. The penetration 

into the power grid of renewable power from resources such as solar, and wind energies has 

significantly increased. PV systems are considered to be one of the most efficient and well 

accepted renewable energy sources for small and large scale power generation, because of their 

suitability in distributed generation. 

The main objective of this thesis is to make quality contributions in the field of power 

electronic interface for stand-alone and grid-connected PV systems. For this purpose, the less-

investigated inverter topology, i.e., CSI was chosen. To make sure about the originality of the 

work and to avoid repetition of the past work, an extensive literature survey was carried out 

first. The literature survey covers a range of topologies employed for interfacing PVs. A part 

of literature survey focusses on existing control strategies and modulation techniques. Whereas 

the last part addresses grid-connected PV systems that incorporate CSI as their power 

conditioning unit. The survey was a useful way to determine the research gap in the field of 

CSIs for PV applications. In the third part of this work, the different components of the systems 

under study were designed and modeled. The PV array has been modeled using the well-known 

single diode equivalent electrical circuit. CSI working principles have been explained. Then, 

the possible switching states, space current vectors, and model of CSI have been presented. The 

design and modeling of the output filter for stand-alone mode and for grid-connected mode 

have been achieved as well. 

In chapter four, stand-alone CSI is addressed. It has been proposed for this purpose two 

new voltage control techniques that control directly the voltage of CSI, i.e., they do not employ 

regulation loops and modulators as compared with the other techniques in the literature. 

Furthermore, they do not have need for information about the type of the load connected at the 
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terminals of the inverter. The performance of the two voltage control strategies were verified 

through Matlab/Simulink numerical simulations, and practical results. 

Chapter five focused on the design of controllers for a three phase single-stage grid 

connected PV fed CSI. The design involved developing a DC-link current controller, which 

allowed MPPT. The MPPT is based on the widely-used Perturb & Observe algorithm and can 

track the MPP in the order of milliseconds. Two control techniques were proposed in this 

chapter as well. Firstly, FS-MPVOC technique is exhibited. This technique is based on VOC 

and MPC, where the control of currents or powers is done indirectly through two current loops 

in the rotating frame dq which is made to be aligned on the grid voltage vector, and rotating at 

the same angular frequency. Therefore, for converting the three phase state variables to their 

corresponding dq frame equivalents, the transformation angle is derived from the PLL. The grid 

current d-axis component is generated by the DC link PI regulator, whereas the q-axis current 

component can be kept equal to zero to achieve unity power factor operation, as it can have a 

value depending on the grid operator’s demand, and grid codes. The two current PI regulators 

generate the reference voltages that are fed to the predictive voltage controller which is the 

same used for stand-alone mode. Secondly, a DPC and MPC based technique called FS-

MPDPC is proposed. FS-MPDPC can ensure a direct decoupled control of active and reactive 

powers without the need of PLL. The active power reference is generated by the DC link PI 

regulator, and the reactive power is set to zero for unity power factor operation or to a defined 

value according to grid operator’s demand or grid codes. The control of the powers is done 

using a prediction model to predict their future behavior, and a cost function that selects the 

best inverter switching combination. In order to reduce the cost and complexity of the system, 

a SMO is introduced to estimate the grid-side variables.  Simulation results, and RT 

implementation results -using HIL technique- exhibit the effectiveness and the good 

performance of the proposed control strategies. 

 

6.2 Author’s contribution 

The main contributions of this thesis can be summarized as follows: 

 A comprehensive overview and study of CSI working principle, modeling, 

design, and existing modulation and control techniques have been carried out. 
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 Novel voltage control strategies for CSI have been proposed. Both can control 

the load voltage directly without any modulators or regulation loops and 

independently of the type of the load. The first strategy is based on MPC theory, 

where the model of the CSI including the output filter is derived and used for the 

predictions and a cost function for the selection of the optimal command. The 

second one is a control algorithm that uses the same model of the first technique 

but in other way in order to control the CSI. The proposed algorithm needs only 

the errors between the references and measured values of the three load voltages. 

 A three phase single-stage grid connected PV system has been analyzed, and two 

control techniques have been proposed to ensure all the control objectives of the 

system. Both techniques are based on MPC. The first one is an indirect power 

control strategy based on VOC, where the control of the currents was performed 

in the rotating frame dq using two PI regulation loops that generate the reference 

voltages which are imposed by the predictive voltage controller. A direct 

decoupled power control strategy was the second proposed technique named as 

FS-MPDCP. It is based -as mentioned before- on MPC, and DPC. This technique 

employs the system’s model to predict the powers exchanged with the grid, then 

through an optimization of a cost function the control signals are generated to 

the power switches of the inverter. 

 A fast and accurate SMO observer is also presented in order to reduce the 

complexity and the cost of the system and avoid sensors noise. The proposed 

SMO uses only grid current to estimate the other grid-side variables. 

 In order to increase the system efficiency and improve its performances, 

Resonance active damping methods have been also proposed instead of 

conventional passive damping methods. 

 

6.3 Recommendations for future research 

The following topics have not been covered and can serve as ideas for future work. 

 Addressing voltage support techniques, and reactive power injection methods 

using CSI during grid faults, and unbalanced grid conditions. 

 Development of improved MPPT algorithms that could increase the harvested 

energy from PV sources, and thus increasing the efficiency of the whole system. 
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The MPPT techniques that present a good way of research are those based on 

artificial intelligence method, like fuzzy logic, neuronal networks, genetic 

algorithms, and others.  

 Investigation of the effect of partial shading of PV arrays on the proposed 

techniques in this thesis. 

 Investigation of common-mode voltage of CSI that could be mitigated by the 

use of four legs topology of CSI. This concern has been well addressed for VSI-

based topologies. 

 Integration options of PVs using different current source inverter configurations 

could include parallel connection of CSIs (multi-level CSIs).  

 Investigation of stand-alone photovoltaic storage pumping systems using CSI 

for water supply applications. 
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Appendix A 

Systems’ Parameters 

A.1 Stand-alone system 

Table A.1 Stand-alone system electrical circuit parameters 

Quantity Value 

DC current Idc 10 A 

DC link inductor Ldc 50 mH 

Capacitor filter Cf 150 µF 

Load resistance R 22/44 Ω 

Load inductance L 10 mH 

Rectifier load resistance Rrec 100 Ω 

Rectifier load capacitance Crec 4.7 µF 

 

A.2 Grid connected PV system 

A.2.1 PV array parameters 

Table A.2 PV module parameters 

Quantity Value 

Power Rating Pmp  120 W 

Open Circuit Voltage Voc  42.1 V 

Short Circuit Current Isc  3.87 A 

Voltage at Maximum Power Vmp  33.7 V 

Current at Maximum Power Imp  3.56 A 

Maximum System Voltage Vmax  600 V 

Temperature Coefficient of Isc 0.065 %/ºC 

Temperature Coefficient of Voc -0.38 %/ºC 

Temperature Coefficient of Pmp -0.50 %/ºC 
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Number of series connected cells Nsc 72 

Number of parallel connected cells Npc 1 

Series resistance Rs 0.553 

Parallel Resistance Rp 850 

 

A.2.2 Grid connected CSI parameters 

Table A.3 Grid connected CSI electrical circuit parameters 

Quantity Value 

DC link inductor Ldc 50 mH 

DC link inductor internal resistance Rdc 0.2 Ω 

Capacitor filter Cf 150 µF 

Filter inductance Lf 10 mH 

Inductor filter internal resistance Rf 0.1 Ω  

Grid voltage Vg 110 Vrms 

Grid frequency f 50 Hz 

Passive damping resistor Rd 50 Ω 

Active damping virtual resistor used in FS-

MPVOC Rvd1 

5 Ω 

Active damping virtual resistor used in FS-

MPDPC Rvd2 

50 Ω 
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Appendix B 

Experimental hardware design 

B.1 Stand-alone CSI experimental test bench 

Figure B.1 show the stand-alone system test bench using a low power CSI prototype. The DC 

programmable power source is programmed to supply a constant DC current, and the DC link 

inductor is used to further smooth the DC link current. The DSP of Texas instruments (TI 

F28M36x) is programmed using Matlab® Embedded Coder at a sampling time of 40µs. 

 
Figure B.1 Experimental stand-alone CSI test bench 

B.2 CSI prototype design 

Figure B.2, and B.3 show the printed circuit board (PCB) design of CSI power circuit in 

ISIS/ARES platform, and the two sides of the PCB of the CSI prototype, respectively. The CSI 

prototype consists of six unidirectional switches (IGBT is series with a diode). The IGBTs are 

triggered through a gate resistor.  

The CSI driver board (Figure B.5) that ensures a galvanic isolation between the power circuit 

and the DSP is designed in ISIS/ARES software as shown if Figure B.4.  
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Figure B.2 CSI electrical circuit design in ISIS/ARES software 

 

Figure B.3 Both sides of CSI prototype 

The driver board consists of six optocoupler drivers supplied by four isolated DC voltages of 

15 V. Three of which, are used for the supply of the drivers connected with CSI upper switches. 

Whereas, the fourth is used for lower switches drivers, since they have same ground connection. 

 

Figure B.4 CSI driver board design in ISIS/ARES software 
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Figure B.5 Both sides of CSI driver board 

Table B.1 References of important components used in experiments   

Component Reference 

DSP TI f28M36x concerto 

 

IGBT IRG4PC30U 

 

Diode 15ETX06 

 

Optocoupler/Driver TLP250 
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Abstract 

Current Source Inverter (CSI) topology is gaining acceptance as a competitive alternative for grid interface of renewable energy 

systems due to its unique and advantageous features. Merits of CSI over the more popular voltage source inverter (VSI) topology 

have been elaborated on by a number of researchers. However, there is a lack of quality work in control strategies of CSI topology 

for both stand-alone and grid connected modes. Therefore this thesis contributes by proposing new voltage control techniques, 

and power control techniques for stand-alone and grid-connected modes, respectively. Existing voltage control techniques for 

stand-alone CSI are conventional, and complex. They employ usually modulators and regulation loops which are designed 

depending on the connected load, this reduces the accuracy and stability of the controllers. For this reason, two direct voltage 

control methods have been proposed in this work. The proposed methods overcome the aforementioned drawbacks of conventional 

methods. In the other side, PV grid connected CSI systems available in the literature suffer from many problems such like 

complexity of control strategies, poor power control, filter resonance, and low efficiency. Therefore, new high-performance 

control strategies are introduced to get over these problems. The proposed techniques can fulfill all the control objectives of the 

system, i.e. fast and accurate maximum power point tracking, decoupled control of active and reactive powers exchanged with the 

grid, low distorted grid currents, unity power factor operation or reactive power injection, depending on grid operator demand, 

and high efficiency through the use of active damping methods. Moreover, system cost and complexity are reduced, and better 

performances are reached by the use of a sliding mode observer (SMO) instead of hardware sensors. Simulation results using 

Matlab/Simulink, experimental results, and real-time (RT) implementation results have been carried out to assess the different 

control techniques proposed in this thesis. 

Keywords: Renewable energies, PV systems, CSI, stand-alone mode, grid connected mode, active resonance damping, SMO. 

Résumé 

La topologie de l’onduleur de courant est de plus en plus acceptée comme une alternative compétitive pour l'interface au réseau 

des systèmes d'énergie renouvelable en raison de ses caractéristiques uniques et avantageuses. Les avantages de l’onduleur de 

courant face à l’onduleur de tension qui présente la topologie la plus connu, ont été élaborés par un nombre de chercheurs. 

Cependant il existe un manque de travail de qualité concernant les stratégies de commande de ce type d’onduleur. Pour cela,  cette 

thèse contribue en proposant de nouvelles techniques de contrôle de tension, et contrôle de puissance ou de courant pour les 

onduleurs de courant autonome, et ceux connecté au réseau, respectivement. Les techniques de contrôle de tension pour les 

onduleurs de courant  sont conventionnelles, et complexes. Ils emploient généralement des boucles de régulation et des 

modulateurs qui sont conçus en fonction de la charge connectée. Cela réduit la précision et la stabilité des contrôleurs. Pour cette 

raison, deux méthodes de contrôle de tension sont proposées dans ce travail. Les méthodes proposées surmontent les inconvénients 

précédemment cités des méthodes classiques. D'autre côté, les systèmes photovoltaïque connectés au réseau à base de l’onduleur 

de courant qui sont disponibles dans la littérature souffrent de nombreux problèmes tels que la complexité des stratégies de 

contrôle, la mauvaise maitrise des puissances, la résonance du filtre, et la faible efficacité. Pour cette raison, de nouvelles stratégies 

de commande de haute performance sont introduites surpasser ces problèmes. Les techniques proposées peuvent s'acquitter de 

toutes les objectifs de contrôle du système, c.-à-d. rapidité et précision lors de la poursuite du point maximale de puissance, 

contrôle découplé des puissances active et réactive échangées avec le réseau, faible distorsion des courants du réseau, facteur de 

puissance unitaire ou injection de puissance réactive, en fonction de la demande de l'opérateur du réseau, une grande efficacité 

grâce à l'utilisation de méthodes d'amortissement actif de résonance. De plus, le coût du système et la complexité sont réduits, et 

de meilleures performances sont obtenues par l'utilisation d'un observateur en mode de glissement au lieu des capteurs. Des 

résultats de simulation à l'aide de la plate-forme Matlab/Simulink, des résultats expérimentaux, et des résultats de simulation en 

temps réel ont été effectués afin d'évaluer les différentes techniques de contrôle proposées dans cette thèse. 

Mots clés: Energies renouvelables, systèmes photovoltaïques, onduleur de courant, onduleur autonome, onduleur connecté au 

réseau, amortissement actif de résonance, observateur à mode de glissement 

 ملخص

وتر ليكون كواجهة وصل بين مصادر الطاقات المتجددة و الشبكة الكهربائية نظرا ت بمصدر المغذى الموجة عاكسعاكس الموجة المغذى بمصدر تيار يحظى بقبول كبديل ل

ن أجل لهذا النوع من العواكس. ملمميزاته المفيدة و الفريدة. مميزات هذا العاكس تم التطرق إليها من عدد من الباحثين. لكن رغم ذلك هنالك نقص في إستراتجيات التحكم 

العواكس المستقلة أو المربوطة مع الشبكة. طرق التحكم الموجودة حاليا قديمة و معقدة نظرا لإستعمالها , فيما يخص ةراح تقنيات تحكم جديدهذا, هذه الأطروحة تساهم بإقت

ة خرى أنظمة الطاقة أمغيرات و حلقات تنظيم, لتصميم هذه الأخيرة يجب معرفة نوع الحمولة الموصولة. الطرق المقترحة تتميز بكونها تلغي هذه السلبيات. من جه

, الرنين في لجيد في الطاقاتالشمسية المتصلة بالشبكة عن طريق عواكس التيارالموجودة في المراجع تعاني من عدة مشاكل أبرزها التعقيد في طرق التحكم, عدم التحكم ا

 للتغلب على هذه المشاكل. هذه الإستراتجيات تحقق كل أهداف النظام, كتتبع, تم إقتراح نوعين جديدين من إستراتجيات التحكم الفلتر, و المردودية الضعيفة. لهذا السبب

حقن تيارات حسنة سواء بمعامل جودة أحادي أو بحقن طاقة مفاعلة إعتمادا على الطلب, و تخميد  القيمة الأعظمية للطاقة, تأمين تحكم منفصل للطاقتين النشيطة و المفاعلة,

ا هإلى هذا تم تصميم مراقب إنزلاقي بدلا من المستشعرات المادية وهذا من أجل تقليص ثمن و تعقيد النظام. كل التقنيات المقترحة تم تقييم نشيط للرنين في الفلتر, بالإضافة

 عن طريق المحاكاة ببرنامج ماتلاب, و نتائج تطبيقة و محاكاة في الوقت الحقيقي.

 قي.الشبكة, تخميد نشيط للرنين, مراقب إنزلا مع المربوطة المستقلة, العواكس الشمسية, عاكس التيار,  العواكس الطاقة المتجددة, أنظمة الطاقات مصادر كلمات مفتاحية:

 


