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Abstract  

Throughout decades, the electric power demand has been rising due to the growth 

of the industrial sector and transportation, and the development of new 

technologies that require more energy together with the increase of the global 

population have led to a higher fuel demand needed for the electric energy 

generation. The global energy consumption in 2010 was 153,000 TWh and it is 

expected an increment to 184,600 TWh by 2020, the majority provided by fossil 

fuels, although the future of these trend is uncertain. Besides, greenhouse effect is 

causing environmental changes that concern mankind and the creation of new 

energetic policies is a fact. 

An alternative for reducing the fossil fuel dependence and the reduction of the 

greenhouse gas emission is the use of clean and infinite renewable energy sources 

such as photovoltaic, wind, as well as fuel cells for energy storage, which have 

been installed in the energetic mix. In this context, new renewable agents are 

connected to the 3-phase utility grid and must be properly controlled according to 

power electrical legislations. 

For this, new and sophisticated control algorithms are to be designed in order to 

control properly the line currents of the grid-connected inverter when variations of 

the nominal frequency, voltage unbalances and low-order harmonics are present in 

the 3-phase utility grid voltage. 

This thesis is focused in the study of several control and synchronization 

algorithms used in grid-connected Voltage Source Inverters (VSI) working as the 

power conditioner circuits for renewable energy systems. The study of these 



 
 

algorithms is carried out using a grid-connected photovoltaic system, but they can 

be extended to any renewable agent in any distributed generation system. 
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Resumen  

La demanda de energía eléctrica se ha ido incrementando a través de los años 

debido al desarrollo que han tenido el sector industrial y de transporte, sumándose 

además el aumento de la población mundial y el desarrollo de nuevas tecnologías 

que requieren mayor cantidad de energía. Por ello, y con el propósito de generar la 

energía eléctrica necesaria para suplir a estos sectores, el consumo de combustible 

ha presentado un aumento significativo. Así, la energía consumida en el año 2010 

fue de unos 153,000 TWh y se prevé que para el año 2020 esta cifra ascienda a 

184,000 TWh, siendo la mayor parte de esta energía proveniente de combustibles 

fósiles, aunque el futuro de esta tendencia es incierto. Además, la población 

mundial se está concienciando cada vez más de los efectos negativos 

medioambientales que está provocando el llamado “efecto invernadero” y, como 

consecuencia, se están creando una serie de políticas energéticas con el fin de 

reducir la generación de gases y partículas contaminantes. 

Una alternativa para reducir la dependencia de los combustibles fósiles y, a la vez, 

reducir las emisiones de los gases tóxicos causantes del efecto invernadero, es el 

uso de fuentes de energías renovables como la solar fotovoltaica y la eólica, así 

como el uso de pilas de combustibles para almacenamiento de energía, todas ellas 

a instalar en el mix energético. En este sentido, los nuevos agentes renovables que 

se conecten a la red eléctrica trifásica de baja tensión deben controlarse 

adecuadamente y cumpliendo con las legislaciones energéticas vigentes.  

En este sentido, deben diseñarse nuevas y sofisticadas estrategias de control con el 

propósito de controlar adecuadamente las corrientes de línea de los inversores de 



 
 

conexión a red utilizados en los agentes renovables cuando existan perturbaciones 

en la red eléctrica de baja tensión, tales como las variaciones de su frecuencia 

nominal, los desequilibrios en las tensiones trifásicas y la presencia de 

contaminación armónica de baja frecuencia. 

Por todo lo anteriormente mencionado, esta tesis está enfocada en el estudio de 

varios algoritmos de control y sincronización utilizados en inversores en fuente de 

tensión (VSI) para conexión a red que operan como los acondicionadores de 

potencia para los sistemas renovables. Los estudios realizados se aplican a un 

sistema fotovoltaico, pero pueden extenderse a cualquier tipo de agente renovable 

utilizado en un sistema de Generación Distribuida. 
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,,r tsvv v : 3-phase utility grid voltages 

, ,u v ws ss : states of the power-switches of the inverter 

u: inverter voltage space vector 

i: inverter line current space vector 

uAC: utility grid voltage space vector 

L: line inductance 

R: resistance of the line inductance 

α β,v v : αβ components of space vector u 

α β,i i : αβ components of space vector i 

α β,ac acu u : αβ  components of space vector uAC 

p: instantaneous active power 

q: instantaneous reactive power 

id, iq: d-q components of space vector i 

,acd acqu u : d-q components of space vector uAC 

i*
d, i*

q : d-q  reference components of vector i* 

q* : instantaneous reactive power reference 

Fsw : switching frequency 

st : settling time 

τ : time constant of the first order system 

( )FLLst : settling time of the FLL 

Γ : gain to set ( )FLLst  

Btu: British thermal unit 

GW: gigawatt (1 Watt x 109) 

GWh: gigawatt-hour  

kW: kilowatt (1 Watt x 103) 

kWh: kilowatt-hour 

MW: megawatt (1 Watt x 106) 

MWh: megawatt-hour  

TW: terawatt (1 Watt x 1012) 

TWh: terawatt-hour 
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CHAPTER 1  
Introduction 
 

The constant increase of the generation of electrical energy from conventional 

sources, such as fossil and nuclear fuels, causes a high level of pollution due to 

CO2 emissions, which also produce the greenhouse effect and the recent climate 

change. In addition, the availability of conventional world fuel reserves is not 

guaranteed because they are running out. In this scenario, the concept of 

Distributed Generation (DG), where small electrical generators (also known as 

agents) based mainly on renewable energy sources, are connected to the 3-phase 

low-voltage utility grid in order to supply the shortage of electrical energy in the 

energetic mix. 
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1.1 Motivation  

Since renewable energy sources produce dc electric quantities and the industrial 

and residential loads consume ac electric currents, one of the main parts of a grid-

connected renewable agent is the inverter. A Voltage Source Inverters (VSI), built 

with semiconductor devices operating in switch-mode, is commonly used as the 

power conditioner unit to interface renewable resources to the utility grid in a 

Distributed Generation (DG) structure.  

The control of the grid-connected inverters is one of the main research lines in the 

field of the renewable energies in order to obtain the highest efficiency of the 

renewable installation. So, new and sophisticated control algorithms are to be 

designed in order to regulate properly its line currents when some perturbations 

such as variations of the nominal frequency, voltage unbalances and low-order 

harmonics arise in the low-voltage 3-phase utility grid, and for attaining a good 

power quality according to international standards. 

On the other hand, it is necessary an appropriated control of the power factor (PF) 

of the inverter-grid connection so as to regulate the needed instantaneous reactive 

power according to load demands, with the highest efficiency. For this, a 

synchronization algorithm module is needed for detecting the phase angle of the 

perturbed 3-phase utility grid voltages with optimal dynamic response.  

For these reasons, several synchronization and control algorithms for grid-

connected inverters used in photovoltaic renewable agents under some 

perturbations in the utility grid are studied in this thesis. 

1.2 The world energy scene 

Throughout decades, the global energy demand has been rising due to the growth 

of the industrial sector and transportation, and the development of new 
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technologies that require more energy sources together with the increase of the 

global population have led to a higher fuel demand needed for the electric energy 

generation. The global energy consumption in 2010 was 524 quadrillion British 

thermal units (Btu) and it is expected it will increased to 630 quadrillion of Btu by 

2020 and to 820 quadrillion of Btu in 2040 [1], being the majority of this energy 

provided by fossil fuels as it is shown in Figure 1.1. 

 

Figure 1.1. World energy consumption by fuel type, 1990-2040 (quadrillion Btu). Source: IEA 
(IEO2013). 
 

However, it can be seen in the same Figure that renewable and nuclear powers are 

the energy sources with higher growth, having an increase of 2.5% per year, 

meanwhile fossil fuels will remain the largest supplier of used world energy with 

almost 80% in 2040: natural gas is the fossil fuel with fastest growing with a 

global consumption increase of 1.7% per year, meanwhile the coal use will grow 

faster than petroleum and other liquid fuels until 2030 [1].  
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Figure 1.2. Renewable energy percentage points increase in the share of renewable in gross final 
energy consumption in the EU between 2004 and 2011. This favourable trend has put the EU on 
track to reach its 2020 target. Source: Eurostat. 
 
Regarding to the renewable consumption in the European Union (EU), the share 

of renewable energy has been in continuous growth where a share of 14.1% in the 

gross of the final consumption was reached in 2012 representing an increasing of 

4.9% compared to 2004 [2]. This increasing of the renewable consumption is due 

to the implementation of government subsidy policies and a decrease in the price 

of these technologies because they have achieved higher levels of maturity. This 

has led that the EU has become in the larger investor of renewable technologies. 

PV modules have presented the largest decrease in prices with a reduction of 76% 

between 2008 and 2012. In the second place are the wind turbines where a 

decrease in the price of 25% was presented between 2008 and 2012 [3]. 

Continuing with this trend, it is almost certainly that the EU will be able to fulfil 

its target for 2020 where a 20% of share is set for renewable energy [4] as can be 

observed in Figure 1.2 [2]. 



Chapter 1 Introduction 
 
 
 

 
5 
 

 

1.3 Global energy generation 

According to the International Energy Outlook 2013 (IEO2013), the world 

electricity generation in 2010 was 20.2 trillion kilowatt-hours (kWh) and this 

figure will increased to 39.0 trillion kWh in 2040 as can be observed in Figure 

1.3, which means an increase of 93% [1]. Renewable energy sources are the 

largest growing sources of electricity generation due to that the environmental 

consequences of greenhouse gas emissions is forcing to the creation of 

government policies to encourage the use of these renewable sources. In 

agreement with the IEO2013, the increasing will be of 2.8% per year from 2010 to 

2040. 

 

Figure 1.3. World electricity generation by energy source, 2010-2040 (trillion kilowatt-hours). 
Source: IEA (IEO2013). 
 
It is expected that 80% of the electricity generation supplied by renewable energy 

sources will be from hydropower and wind power. In the case of the wind energy, 

it has a faster growing when it is compared with the past decade: the installed 

capacity of wind energy at the end of 2000 was 18GW reaching an installed 



Study of new vector-control algorithms for 3-phase inverters used in renewable agents connected 
to the low-voltage utility grid disturbances 
 
 
 
 
 
 
 
 
 
 

 
6 

 
 
 

capacity of 183GW at the end of 2010 and is expected to continue with that trend 

[1].  

According to IEO2013 [1], the generation from renewable energy in 2040 will be 

5,400 billion kWh where 2,800 billion kWh will correspond to hydroelectric 

power and 1,500 billion kWh to wind (52% and 28%, respectively) as can be 

observed in Figure1.4. 

 

Figure 1.4. World electricity generation from renewables, 2010-2040 (billion kilowatt-hours). 
Source: IEA (IEO2013). 

1.4 The role of renewable energy in the electricity 

generation 

An overview of the main paths of energy available  in the earth that can be used to 

obtain sustainable energies is presented in [5] where the main source for 

renewable energy is coming from the sun. As was mentioned previously, the 

global energy consumption in 2010 was 524 quadrillion Btu that converting to 

Terawatt-hours (TWh) this figure will be 153,000TWh. Dividing this quantity of 

energy by the number of hours in the year gives 17.46TW as the average rate of 
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world power consumption in 2010. As can be observed in Figure 1.5, the solar 

radiation intercepted by the surface of the earth is about 7,000 times the average 

global energy consumption of 2010, this mean that renewable energies are capable 

to supply all the energy needed. Energy from the sun can be used directly by 

thermal electric and photovoltaic, or can be used indirectly in form of wind, 

hydropower and biofuels [5].  

 

Figure 1.5. Renewable energy flow paths. Source: Renewable Energy in Power Systems book. 

1.4.1 Installed Renewable energy  

From 2007 to 2012 the global installed capacity of renewable energy has shown a 

rapid increase, being the power sector the main one [6]. According to Figure 1.6 

from REN21, 19% of the global final energy consumption in 2011 was supplied 

by renewables. From this figure, 9.3% correspond to traditional biomass used in 

developing contries and 9.7% come  from modern renewable energy. 4.1% of the 

energy from modern renewable was used in the form of thermal energy, 3.7% 

come from hydropower, 1.1% was provided by wind, solar, biomass, geothermal, 

and 0.8% was provided by biofuels [6]. 
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In 2012 the global renewable power capacity was above 1,470GW [6], compared 

to 2011 this figure represents an increase of 8.5%.  

 

Figure 1.6. Estimated renewable energy share of global final energy consumption, 2011. Source: 
Renewables 2013, Global Status Report (REN21). 

1.4.1.1 PV global capacity 

In the particular case of photovoltaic, the total installed capacity in 2012 reached 

the figure of 100GW as can be observed in Figure 1.7 [6], being the main 

contributions from EU and Asia.  In addition to subsidies, this figure of 100GW 

has been achieved due to the decreasing price of the PV modules and that new 

markets have been found as is the case of Latin America and Africa.  

 

Figure 1.7. Solar PV Global Capacity, 1995–2012. Source: Renewables 2013, Global Status 
Report (REN21). 
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In 2012, several countries added more than 1GW of PV in their utility grids as it 

is shown in Table 1.1. Europe headed the global market where 17.7GW were 

installed, reaching the total capacity of almost 70GW (See Figure 1.8) [7], being 

Germany and Italy the leader countries with 7.6GW (reaching a total capacity of 

32.4GW) and 3.3GW (reaching a total capacity of 16.4GW), respectively. 

 

Figure 1.8. Evolution of PV capacity in EU 27 (in MWp). Source: EPIA 2013. 
 

Table 1.1. PV installed capacity by countries in 2012. 

Country PV installed in 
2012 (GW) 

Germany 7.6 
China 3.5 

USA 3.3 

Italy 3.3 

Japan 1.7 

France 1.1 

Australia 1 

India 1 

UK 0.9 
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1.4.1.2 Hydropower global capacity 

In 2012, 30GW of hydropower were installed, which means an increase of 3% 

reaching a global capacity of 990GW [6]. The leader country was China with 

15.5GW (total capacity around 229GW). This country, together with Brazil, the 

United States, Canada and Russia have the 53% of the global installed capacity. 

See Table Table 1.2 [8] for a summary of the installed capacity in 2012 by 

countries. 

1.4.1.3 Wind power global capacity 

As can be observed in Figure 1.9, 45GW of wind power were installed in 2012 

reaching the figure of 283GW [9]. China and the United States were the leader 

countries with almost 60% of the total power installed in this year, corresponding 

to 13.1GW and 13.GW, respectively. See Table 1.3 for a summary by countries 

[6]. 

 

Figure 1.9. Wind Power Global Capacity, 1996–2012. Source: Renewables 2013, Global Status 
Report (REN21). 
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Table 1.2. Hydropower installed capacity by countries in 2012. 

Country Hydropower 
installed in 2012 

(GW) 
China 15.5 

Turkey 2 

Brazil 1.86 

Vietnam 1.8 

Mexico 0.75 

Russia 0.33 

 

Table 1.3. Wind power installed capacity by countries in 2012. 

Country Wind power 
installed in 2012 

(GW) 
China 13.1 
USA 13 

Germany 2.4 

India 2.3 

UK 1.9 

Italy 1.3 

Spain 1.1 

Canada 0.9 

Portugal 0.1 

1.5 Analysis and discussion about the world energy scene  

It is evident that the fast growth of the use of new renewable sources of energy in 

many countries is due to the creation of new energy policies focused on the 

reduction of CO2 emissions derived from the generation of electrical energy with 

conventional sources such as fossil and nuclear fuels, being one of the main 

reasons of the climate change. These new sources of energy have been supported 
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by large amounts of grants for promoting the use of these new energy sources and 

thus fulfill the targets set in the Kyoto Protocol. It is also evident that the 

availability of these fuels is not guaranteed due to its world reserves are running 

out. For this, the mankind is raising awareness that it is mandatory the use of new 

sources of energy to supply the energy needs, and, in this way, the installed 

capacity of renewable has reached values that few decades ago were unimaginable 

to achieve. Nevertheless, this trend is not enough, and it is necessary to continue 

with the promotion of the use of these renewable sources instead. 

An intelligent manner to provide the needed energy to the final customer is 

through the use of the Distributed Generation systems (DGs) which are composed 

by small producers of energy and, as a consequence, this lead to an increase of the 

number of grid-connected inverters which behaves as non-linear loads consuming 

reactive power and producing low-order harmonic pollution in the utility grid. The 

latter situation promotes the necessity of the creation of advanced control 

algorithms to overcome the non-desirable effect of these disturbances. 

1.6 Methodology  

MATLAB/SIMULINK [10] is used as the simulation tool on which the 

algorithms are developed. Inside this, SimPowerSystems Blockset contains a large 

number of electrical circuits, power electronic and measurement blocks, and is 

widely used for doing simulations. 

However, a control algorithm for grid-connected renewable agents must be tested 

in real grid-connected platforms, which are very expensive systems. Furthermore, 

some of them could be fragile, and even so, it is difficult to test new control 

algorithms used by the inverter controller in a real operative renewable agent. It is 

also possible that the first algorithm versions are not fully debugged which could 

lead to cause faults in the renewable installation, or damages in the worst case.  
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In addition to this, too many laboratories are not able to do tests with a real 3-

phase utility grid due to the lack of space or due to economic issues. Due to the 

above mentioned statements, the use of the Real-time Digital Simulation 

platforms [11-13], which also bring the opportunity to repeat a test under different 

scenarios making only small modifications and reducing the development time 

compared with non-real time simulations, play an important role in the 

experimentation for new control algorithms used in a wide variety of applications 

such as Power Electronics, test with Induction Machines, power flow control 

strategies, energy storage studies, configuration of Smart Grids, Electric Vehicles, 

Computer Architectures, Space Applications, Mechanical components for 

Automotive Industry, Wind Power Systems, among others [14,15].  

Throughout this thesis, the experimental implementation of the synchronization 

and control algorithms for a PV grid-connected renewable agent will be done 

using a DS1006 DSPACE platform [13] with several I/O block, high power 

processing capabilities and user-friendly interconnection with SIMULINK. The 

model blocks of the control and power subsystems are built in 

MATLAB/SIMULINK and then, the C-code of the algorithms are generated with 

Real Time Workshop and downloaded into the DSPACE platform. The platform 

is formed by a host PC, the DS1006 DSPACE and the DS5202 Electric Motor 

HIL Solution boards with digital-to-analog and analog-to-digital converters 

interface, as well as an oscilloscope for waveforms monitoring. The configuration 

of the real time platform setup is shown in Figure 1.10 and a photo of the 

experiment setup is shown in Figure 1.11.  

Finally, it must be pointed out that the possibility of using any other renewable 

agent source (wind, fuel cell, etc.) model is completely possible. 
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Figure 1.10. Configuration of the DSPACE platform for the real-time testing using a host PC, a 
DS1006 DSPACE board with a digital to analog converter interface and an oscilloscope for 
parameters monitoring. 
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Figure 1.11. Photo of the DSPACE platform for RTDS. 
 

1.7 Aim of the thesis 

The overall objective of this thesis is to make a study of several synchronization 

and control algorithms used in grid-connected inverters for renewable agents 

when the low-voltage 3-phase utility grid is affected by some disturbances, such 

as voltage unbalances, harmonic pollution and frequency variations.  

It is intended to make an evaluation and a classification of the synchronization 

algorithms under the influence of the disturbances in the utility grid taking into 

account their capability for the optimal estimation of its phase and frequency with 

good dynamics, high harmonic rejection and good performance under unbalance 

condition. In addition, the amount of hardware resources of each algorithm is also 
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taken into account so as to make it possible an intelligent choice according a 

tradeoff between all the aspects mentioned above and the computational burden 

achieved for a specific figure of merit. 

Finally, it is also intended to make an evaluation of the control algorithms 

according its capability of compensating the low-order harmonic pollution in the 

utility grid, as well as its capability of self-adaptation when the fundamental 

frequency varies from its nominal value, in order to attain a high power quality for 

the grid-connected renewable agent. 

1.8 Thesis outline  

The structure of this thesis is organized as follows:  

Chapter 1 has presented a general view of the world energy scene and the 

contributions of the renewable energies to the electrical system.  

Chapter 2 presents an overview of grid-connected renewable agents where the 

main components are explained and the global system is divided into the power 

and the control subsystems.  

Chapter 3 describes several synchronization algorithms for grid-connected 

renewable agents where the main advantages and drawbacks of each one are 

studied and stated.  

Chapter 4 analyzes two current control strategies for 3-phase grid-connected 

inverters: firstly, the well-known d-q control in the rotating synchronous reference 

frame (d-q axes) using PI regulators is described, and secondly, the PR controller 

in the stationary reference frame (αβ axes) using proportional and resonant 

regulators is deeply studied. Later and taking into account the PR controller 

structure, a harmonic compensator is also analyzed.   
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Chapter 5 presents, as an extension of the results obtained in Chapter 4, a new 

adaptive-frequency harmonic compensator. 

Chapter 6 shows the conclusions, the contributions of the thesis and the future 

and outlooks. 
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CHAPTER 2  
Overview of Grid-Connected Renewable 
Agents 
 

This Chapter shows an overview of grid-connected renewable agents and, for the 

sake of simplicity, the overall system is divided into the power and the control 

subsystems. Nevertheless, it must be pointed out that this thesis is mainly focused 

in the study of the synchronization and control algorithms and so, a general 

description of the power subsystem is described to the reader so as to make it 

possible the deep comprehension of the control subsystem that will be analyzed in 

more detail throughout this work. 
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An important aspect for a grid-connected renewable agent is to control the power 

flow between the primary renewable energy source and the utility grid [16], as 

well as the power factor of the inverter-grid connection with high power quality 

[17].  

 

Figure 2.1. Block diagram of the Power and Control Subsystems for the 3-phase grid-
connected renewable agent. 
 

The power conditioner must guarantee the highest efficiency by injecting the 

maximum available power at the renewable source, as well as by controlling the 

power factor of the inverter-grid connection in a four quadrant operation; the latter 
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makes use of the instantaneous reactive power theory [18] for 3-phase systems 

which allows the control of the instantaneous active and reactive powers in 

decoupled d-q axes [19]. The global 3-phase grid-connected system can be 

divided into the power and control subsystems [17], whose block diagrams are 

depicted in Figure 2.1.  

2.1 Power Subsystem  

The power subsystem is shown in the upper zone of Figure 2.1 and is formed by 

the renewable energy source, an inverter, the LCL filter, the transformer, the EMI 

filter and the utility grid. Depending of the requirements of the installation, an 

optional DC/DC boost converter must be used. Following, a brief description of 

each block is developed. 

2.1.1 Renewable sources: 

News sources of energy such as Photovoltaic, Wind, Fuel Cell, etc., can be 

connected to the utility grid with the aim of power injection with good quality as a 

collaborative effort towards the mitigation of the greenhouse effect. The function 

of the renewable agents is to supply the necessary power for the renewable grid-

connected system. Some renewable sources are mention below: 

Fuel Cell (FC): One of the main technologies with a higher impact in Distributed 

Generation (DG) as a source of power is the based on FCs [20]. FC is a device 

that converts the chemical energy of fuel directly into dc electrical energy [21,22] 

and has a wide variety of potential applications including micro power, 

transportation, airplane and cogeneration applications [20,23]. The most 

significant advantages are its low levels of greenhouse gas emissions and its high 

energetic density [24,25]. Fuel cells are generally classified according to the type 

of electrolyte that uses and the electrolyte type depends of the temperature range 
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of operation [25-27]. Although the voltage of a fuel cell is usually small, with a 

theoretical maximum being around 1.2 V, fuel cells may be connected in parallel 

and/or in series to obtain the required power and voltage [25]. Due to the final low 

dc voltage output characteristic of the arrange, a power conditioning system is 

necessary, which can include inverters and DC-DC converters in order to supply 

the normal customer load demand or send electricity to the utility grid [22,25]. 

Photovoltaic (PV): Photovoltaic cell is an electric device that produces electric 

energy when it is exposed to direct sunlight and connected to a load. The function 

of a PV module is to supply the necessary power for the renewable grid-connected 

system, and it will depend of the available solar irradiance [28] and the 

temperature, meanwhile its size (arrange of parallel-series PV cells) will depend 

of the required power of the PV system [29]. Like fuel cell systems, a power 

conditioning system is also necessary for PV.  

Wind Power: Wind energy is becoming one of the most important energy source 

[30] and it is one of the most development renewable agents [1]. In a wind 

renewable agent, the wind power is transformed into electricity through an 

electromechanical energy conversion [31]. The main components of a wind 

turbine are: the rotor of the turbine, the transmission box, the generator, the 

transformer and a power condition system based on power electronics [32]. Due 

to the variations of the wind velocity, a wind turbine must operate at variable 

speed which causes variations in the electric frequency of the wind generator. This 

could be a drawback because of the frequency incompatibility between the wind 

generator and the 3-phase utility grid, being necessary a power conditioner based 

on power electronics [32,33] to accommodate the frequency of the wind generator 

to that of the utility grid. 
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2.1.2 DC/DC boost converter 

The arrange of series cells is necessary for increasing the level of the dc voltage at 

the output of some renewable sources (e.g. PV and FC systems), but in many 

cases this is not enough in order to guarantee the proper operation of the inverter. 

For this, a DC/DC boost converter must be used instead, built with semi-

conductor electronic devices, an inductor and a capacitor in parallel with a resistor 

[24].  

2.1.3 The inverter 

The inverter is the main device of the grid-connected renewable agent and its 

mission is to convert the generated dc voltage into suitable ac currents to be fed 

into the 3-phase low-voltage utility grid [24,34]. Voltage Source Inverters (VSI) 

are commonly used as the power conditioner units to interface renewable 

resources to the utility grid in a Distributed Generation (DG) framework [34,35], 

and they are built with semiconductor devices operating in switch-mode. Pulse-

width modulation (PMW) and space vector modulation (SVM) [36] techniques 

are used to control the gate signals of the power switches according to the 

averaged voltage and current references. A review of several topologies for 

interfacing renewable resources to the utility grid can be found in [24].  

In order to obtain the higher efficiency of the renewable system, these units are 

usually controlled in a digital manner with up-to-date powerful microcontrollers 

and/or programmable logic devices such as FPGAs, allowing the automation of 

the power flow control with adaptive control algorithms, the reduction of the time 

response to grid perturbations and faults, and the monitoring of the main grid 

variables.  
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The power converter of the PV system shown in Figure 2.1 works in inverter-

mode (3-phase Voltage Source Inverter (VSI)) since it delivers all the incoming 

power from the PV generator into the 3-phase utility grid, although an opposite 

power flow is also possible (rectifier-mode), being able to feed local dc loads 

from the utility grid.        

2.1.4 LCL filter 

In addition of guaranteeing a constant power delivery to the 3-phase utility grid, 

renewable agents must fulfil the power quality regulations. The maximum total 

harmonic distortion (THD) for the 3-phase currents must be around 5% [37] 

according to several normative [38,39], whereas the normative for the low-order 

harmonic distortions is indeed more restrictive. A resume of different standards 

about power quality for photovoltaic systems can be found in [40]. Ripples are 

created in the output currents of the inverter due to the high frequency 

commutation of the IGBTs, meanwhile the low-order harmonics are produced by 

non-linear loads. The best solution for correcting the high frequency ripples is by 

using an LCL filter in the ac side of the inverter [41]. 

2.1.5 The transformer 

In DG a transformer can be used for two main reasons: one reason is to adequate 

the level of voltage at the output of the inverter to the nominal voltage of the 

utility grid, meanwhile the other reason is to exert a galvanic isolation between the 

renewable agent and the utility grid, energy consumers and loads.  

2.1.6 EMI filter 

In a grid-connected renewable agent, it is necessary to take into account the 

harmonic pollution due to the Electromagnetic Interference (EMI). These EMIs 
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are caused by the commutation of semiconductor electronic devices (IGBTs and 

diodes) [42] and an EMI filter is needed to reduce it. There are several 

methodologies to design an appropriate EMI filter, some of them are based on 

trial and error [42,43], and some novel methodologies are cited in several 

publications, including [43,44]. 

2.1.7 The 3-phase utility grid  

Since this thesis is focused in a DG environment, the renewable agents are 

connected to a 3-phase low-voltage utility grid with a nominal rms voltage of 

230V (phase-to-neutral) and a nominal frequency of 50Hz. However, some 

disturbances will affect the value of the nominal conditions mentioned above: the 

effect of nonlinear loads will produce low-order frequency harmonics pollution, 

ground faults will produce voltage unbalances, and the connection-disconnection 

of large loads can affect the utility grid stability or/and due to transient faults, the 

nominal frequency will vary around its nominal value. 

According to Figure 2.1, the dc side of the inverter can be described as follows: 

= ++

= ⋅ + ⋅ + ⋅

=

=

RS CCIGBT clink

CC u v wv wu

CC
clink link

RS RS RS

d
dt

i i ii
s si i i i
vCi

P i v

s
                                                      (Eq. 2.1)  

where RSv , RSi  are the voltage and the output current of the Renewable Source, 

respectively, RSP is the available power for a specific input condition, CCv  is the 

dc bus voltage, clinki is the current through the link capacitor linkC , IGBTi  is the 

current through the power switch of the DC/DC boost converter, and CCi  is the 

current delivered to the 3-phase VSI (which is a function of the line currents 
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,,u wvii i  and the states of the power-poles , ,v wu s ss  (1:‘on’, 0:‘off’, si-upper 

pole, si\-lower pole in the 3-phase VSI). 

Neglecting the effect of the LCL filter to the fundamental and low-order 

frequencies of the utility grid voltages [17], the voltage in the filter capacitor is 

nearly the same that the voltage in the three phase utility grid. So, the dynamic in 

the ac side of the inverter can be expressed in a vector way and approximated as 

follows: 

− = + = +
dR L
dtAC R L

iu iu u u                                               (Eq. 2.2)   

where u, i, uAC are the inverter voltage, the inverter line current and the utility 

grid voltage space vectors, respectively, L is the line inductance and R its 

resistance. 

In a three-wire configuration 3-phase grid-connected system with no zero-

sequence component for the 3-phase currents (as the one used in this thesis), it has 

two degree of freedom and can be analyzed in the ℜ2 plane, allowing the control 

of the instantaneous active and reactive powers in decoupled orthonormal axes. 

For this, two frames are mainly used: the stationary reference frame [45] which 

uses the αβ fixed axes, and the rotating synchronous reference frame which uses 

the d-q rotating axes [46].  

For a 3-phase system described by vector x=[xa xb xc]´, where xa, xb, and xc are 
instantaneous 3-phase variables, the Clarke transformation [45] is defined as 
follows: 
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deduced by using the instantaneous reactive power theory [48]. So, the 

instantaneous active power (p) and the instantaneous reactive power (q) can be 

expressed as follows [18,49]:  

  
α α β β

β α α β

= +

= −

AC AC

AC AC

p u i u i

q u i u i                                                                        (Eq. 2.6) 

where αACu , βACu , αi and βi  are the αβ components of 3-phase voltages and 

currents, respectively. In this case, Proportional-Resonant (PR) controllers must 
be used in order to achieve zero error at steady state due to the sinusoidal nature 
of the αβ components. 

2.2 Control Subsystem 

The control subsystem is shown in the bottom zone of Figure 2.1. It is formed by 

the following blocks: 3-phase VSI control, the DC/DC control, the Maximum 

Power Point Tracking (MPPT), and Monitoring. 

2.2.1 The 3-phase VSI control block  

The 3-phase VSI control block is formed by a cascaded control and the 

synchronization algorithm modules. In this, the Clarke and Park vector 

transformations are needed for these modules, and the output is the status of the 3-

phase power switches using the Space Vector Modulation (SVM) block. 

2.2.1.1 Cascaded Control 

The control strategy uses a cascaded control: Proportional-Integral (PI) regulators 

or Proportional-Resonant (PR) regulators are used for the inner line currents loop, 

whereas a PI regulator is used for the outer dc bus voltage loop. 
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2.2.1.1.1 Outer loop 

The outer loop regulator compares the dc bus voltage in the link capacitor with a 

voltage reference which comes from the MPPT algorithm block, keeping a 

constant dc voltage and assuring the power flow balance between the Renewable 

source and the utility grid. This control loop is performed by using a PI controller. 

The tuning of the PI controller will define its dynamic response according to the 

crossover frequency (fcV), the phase margin (PMV), and the damping factor ( cζ ) 

specified for a rated power and the link capacitor (Clink), and neglecting the 

influence of the faster inner loop, whose transfer function is approximated to 

unity.  

The detailed explanation of the outer loop regulator is beyond the scope of this 

thesis, but the interested reader may follow the steps described in [17,50] so as to 

calculate the constants of the PI regulator. 

2.2.1.1.2 Inner loop 

The inner control loop uses two controllers to regulate the d-q or the αβ 

components of the line currents allowing the synchronization of the 3-phase 

inverter line currents with the 3-phase utility grid voltages. In the case of that a d-

q control is performed PI regulators are used to regulate the d-q components of the 

inverter currents, whereas PR controller are used to regulate de αβ components of 

the inverter currents. 

2.2.1.2 Synchronization Algorithm 

The synchronization algorithm for attaining a controllable power factor in the 

connection must detect the phase angle of the 3-phase utility grid voltages with 

optimal dynamic response and reliability in order to obtain the synchronization of 

the controlled 3-phase inverter currents and ensure the proper behaviour of the 
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inverter control strategy. There are several studies, which show different 

structures to estimate the utility-grid voltage phase angle in order to obtain the 

synchronization of the current inverter with the 3-phase utility grid voltages [51-

54]. 

2.2.2 DC/DC control block  

The DC/DC control block for the DC/DC boost converter computes the duty cycle 

and decides the status of its power switch with a Pulse Width Modulation (PWM) 

strategy. 

2.2.3 MPPT block 

The MPPT block is used to extract the maximum available power of the 

renewable source to increase the efficiency of the system.  

As an example, the voltage characteristic of PV systems is not lineal and it is also 

time-variant, due to a series of atmospheric variations [55]. In PV grid-connected 

renewable agents it is necessary to extract its maximum available power to 

increase the efficiency of the system [19] and an algorithm-module named MPPT 

is used for this task [56]. The MPPT is an essential part of a PV system and 

several methods for MPPT algorithms have been designed, among them, 

Perturbation and Observation, Incremental Conductance  and Ripple Correlation 

Control [57].  

In the case of wind power, the speed of the wind is not constant and it is necessary 

to extract the maximum power possible in order to obtain the higher efficiency of 

the system. For this, the turbine must operate at optimum speed and a MPPT is 

used to find this point of the maximum efficiency [58].  
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2.2.4 Monitoring module  

In order to track the main parameters concerning to the power features of the 

renewable agent, a monitoring block can be added to the control subsystem as can 

be observed in Figure 2.1. Several parameters, among others, can be monitored: 

the active (p) and reactive (q) powers, the angle phase (θ) and the frequency (ω) 

of the 3-phase utility grid voltage, the power factor (PF) and a flag (G) for 

detecting when the renewable agent is working in generation or consumption-

mode. 

2.3 Conclusions  

An overview of the main parts of grid-connected renewable agents has been 

shown in this Chapter as an introduction to the renewable agents connected to the 

3-phase low-voltage utility grid in a Distributed Generation environment. For the 

sake of simplicity, the global system has been divided into the control and the 

power subsystems. 

The main equations of the power subsystem have been proposed so as to study the 

power balance between the renewable source and the utility grid. The Clarke and 

Park transformations are introduced as the tool for doing the vector analysis for 

three-wire configuration 3-phase grid-connected system, and be able to exert a 

decoupled control of the instantaneous active and reactive powers. 

The control subsystem is also described as an overview, though a more deep 

analysis will be carried out in the next chapters of this thesis. 
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CHAPTER 3 
Synchronization Algorithms used in Grid-
Connected Inverters 
 

This Chapter presents five synchronization algorithms that are commonly used in 

Grid-Connected Renewable Agents. The algorithm structures are studied and their 

corresponding block diagram are shown and explained in detail. The behaviour of 

the algorithms is studied according of their response under voltage unbalances, 

frequency variations and low-order voltage harmonics. The advantages and 

disadvantages of the algorithms are discussed by analyzing some simulations done 

with MATLAB/SIMULINK tool from The MathWorks, Inc. Later on, the final 

validation is done by doing real-time digital tests of the synchronization 

algorithms with a Real-Time Digital Simulator (RTDS) platform. 
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In a Distributed Generation (DG) environment it is necessary an appropriated 

control of the power factor of the inverter-grid connection to obtain the maximum 

efficiency in the renewable agent, and the synchronization algorithm is the 

module used for detecting the phase angle of the 3-phase utility grid voltages with 

optimal dynamic response. 

There are several studies, which show different structures to estimate the utility-

grid voltage phase angle in order to obtain the synchronization of the current 

inverter with the 3-phase utility grid voltages. Some of the main synchronization 

methods that can be mention are the following ones: Synchronous Reference 

Frame Phase-Locked Loop (dqPLL) [51], Positive Sequence Detector plus a 

dqPLL (PSD+dqPLL) [52,59], Dual Second Order Generalized Integrator Phase-

Locked Loop (DSOGI-PLL) [53,60], Dual Second Order Generalized Integrator 

Frequency-Locked Loop (DSOGI-FLL) [61,62] and Multiple Second Order 

Generalized Integrator Frequency-Locked Loop (MSOGI-FLL) [54].  

The algorithms mentioned above have their advantages and disadvantages, being 

the dqPLL the simplest one, and the Multiple Second Order Generalized 

Integrator Frequency-Locked Loop (MSOGI-FLL) technique the most 

sophisticated. All these algorithms can be used in different renewable agents, and 

the selection will depend on the requirements and/or regulations to be fulfilled. A 

detail explanation of the above algorithms will be carried out in this Chapter 

where their structures, design and operation are discussed.  

3.1 Synchronous Reference Frame Phase-Locked Loop 

(dqPLL) 

There are several studies which show different structures for synchronization 

algorithms, being the Phase-Locked Loop (PLL) the classical one. A 3-phase PLL 

structure is shown in Figure 3.1, which is made by the Clarke and Park 
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transformations (also known as abc→d-q transformation) [63], the PI regulator 

[64] as the loop filter, and an integrator as the voltage-controlled oscillator 

(VCO). This PLL structure is also known as Synchronous Reference Frame PLL 

or dqPLL: the input variables are the 3-phase utility grid voltages (ua,ub,uc), and       

the output variable is the phase angle (θobs). 

 

Figure 3.1. Block diagram of the dqPLL synchronization algorithm. 
 

The design of the PLL gain is a critical point within this process. From the point 

of view of dynamic systems, high gains will imply higher dynamics [65], but 

stability may become unacceptable. The closed loop transfer function of the 

dqPLL of Figure 3.1 is giving by Eq. 3.1 [66]:  

p i
(S) 2

p   i

K s + KH =
s +K s +K                                                             (Eq. 3.1) 

 

where Kp and Ki are the proportional and integral gains, respectively, of the 

employed PI regulator. Eq. 3.1 is a second order transfer function, similar to Eq. 

3.2. 

ζω ω
ζω ω

2
0 0

2
0 0

2
2

(S) 2

s + G =
s + s +    (Eq. 3.2) 

 
where: ω0  is the natural angular frequency, andζ is the damping factor. 
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Equating Eq. 3.1 and Eq. 3.2:  

                           =
9.2

p
s

K
t                                                             (Eq. 3.3) 

 

                                          ω ζ
=0 2

Kp
                                                             (Eq. 3.4)    

 

                         ω= 2
0iK                                                                            (Eq. 3.5) 

 
where st is the settling time [66].  

As a design example of a dqPLL, gains are computed so as to obtain a st = 50ms 

allowing a fast response of the algorithm when a variation of the nominal 

frequency occur, and a damping factor ζ = 0.707 is chosen. Equating Eq. 3.3, Eq. 

3.4, and Eq. 3.5, the other variables can be computed: KP=184, ω0 =130rad/s and 

KI=16928. The obtained value of ω0  guarantees a trade-off between the dynamic, 

harmonic rejection capability, and the stability of the dqPLL algorithm. It must be 

pointed out that a normalization of the PI gains in function of the peak voltage of 

the utility grid is necessary in order to obtain the proper performance of de dqPLL 

algorithm. 

The step response and the Bode plot of the design dqPLL algorithm are shown in 

Figure 3.2a, where an overshoot of 20% is obtained, and Figure 3.2b, respectively.  

The dqPLL method has the advantage that its implementation is relatively easy; in 

addition to this, under the influence of some low-order harmonic distortions and 

frequency variations of the 3-phase utility grid voltages, the dqPLL could have an 

acceptable operation. The major disadvantage of the dqPLL is its high sensibility 

to voltage unbalances [52,54].  
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(a) 

 
(b) 

Figure 3.2. (a) Step response of the design dqPLL algorithm. (b) Bode plot of the design dqPLL 
algorithm. 
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3.2 Positive Sequence Detector plus a dqPLL 

(PSD+dqPLL) 

The dqPLL method is very sensible to grid voltage unbalances [52], which also 

produces second order harmonics in d-q synchronous reference frame (rotating at 

the angular speed ω) due to the effect of the inverse sequence (rotating at the 

angular speed –ω); indeed, the sensors to be used can introduce second order 

harmonics due to accuracy errors. In addition, the voltages of the utility grid could 

be contaminated with harmonics and affected by variations of the fundamental 

frequency. A solution to the problems caused by the unbalance 3-phase utility grid 

voltages is adding a Positive Sequence Detector (PSD) block, which is based on 

the symmetrical components method or Fortescue theorem [67]. Applying this 

theorem, it is possible to decompose the unbalanced 3-phase utility grid voltages 

into its positive, negative and zero sequences, allowing a better performance of 

the PLL algorithm. In time domain, the instantaneous positive sequences 

component +
abcv  of a voltage vector is given by [52]: 

( ) ( )+
b c b ca a 90(t) + (t) (t) - (t)(t) (t)

1 11

63 2 3
S- v v - v vv = v  (Eq. 3.6) 

 

( )+
+ + +

b a c(t) (t) (t)v = - v v    (Eq. 3.7) 

( ) ( )+
a b a bc c 90(t) + (t) (t) (t)(t) (t)

1 11

63 2 3
Sv v - v -vv = v -  (Eq. 3.8) 

where S90 is a 90-degree phase-shift operator which can be designed with the 

following transfer function [52]: 
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                                                              (Eq. 3.9) 

where: ω0  is the natural angular frequency. 

By adding the PSD block with Eqs. 3.6, 3.7 and 3.8 to the dqPLL structure shown 

in Figure 3.1, a PSD+dqPLL synchronization algorithm able to extract the 

positive sequence of the 3-phase utility grid voltages is obtained, and then, a 

reliable detection of the positive sequence of the frequency and phase will be 

achieved when voltage unbalances occur [59]. The overall structure of the 

PSD+dqPLL is shown in Figure. 3.3.  

 
 

Figure 3.3. Block diagram of the PSD+dqPLL Synchronization algorithm. 
 

A possible drawback of the PSD can be observed in Eq. 3.9. The S90 phase-shift 

operator has been implemented using a non-adaptive nominal angular frequency

ωo , making this filter sensible to frequency variations of the utility grid voltages, 

which will lead to a small degradation of the power factor of the inverter-grid 

connection.  
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3.3 Dual Second Order Generalized Integrator Phase-

Locked Loop (DSOGI-PLL) 

Another solution to overcome the problems caused by the voltage unbalance to 

the detection of the phase is presented in [53,60], where a Dual Second Order 

Generalized Integrator PLL (DSOGI-PLL) is proposed. In this, the in-quadrature 

signals (90o shifted) for αβv  are computed by two Second Order Generalized 

Integrator [68] with a Quadrature Signal Generation (SOGI-QSG) [61], one of 

them shown in Figure 3.4. The block diagram of the SOGI, which behaves as an 

integrator with infinite gain, is depicted in blue and its transfer functions is 

described by Eq. 3.10.  

E

ω
ω

= =
+2 2( ) (

' '
)

'
SOGI

v

v
s s

s
k s

                                                            (Eq. 3.10) 

 
whereas the transfer functions of the in-quadrature signals DQ are described by 

Eqs. 3.11 and 3.12. 

ω
ω ω

= =
+ +2 2

'
' '

'( )( )D
k

k
v ss
v s s

s                                                    (Eq. 3.11) 

 
ω
ω ω

= =
+ +

2

2 2
'

' '
'(( ))Q

k
k

qv s
v s s

s                                                   (Eq. 3.12) 

 
ω '  is the centre angular frequency of the adaptive filter, and k is the gain of the 

SOGI block. The transfer functions described by Eq. 3.11 and Eq. 3.12 suggest a 

band-pass and a low-pass filter behaviour, respectively, and Eq. 3.12 imply a 

constant lag of 90º between the 'qv  and v which will not be a function of the 

variation of ω '  and k [61], yielding also to an insensitive system for frequency 

variations at the input signal v  when ω =ω '  (ω  is the angular frequency of v ). 
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Equations 3.11 and 3.12 are second order transfer functions, and its dynamic 

response will depend on the localization of the poles in the complex plane. In 

addition, the band-pass and low-pass filter behaviour described above suggest the 

harmonic rejection capability of these filters. So, a trade-off between the proper 

bandwidth for harmonic rejection, and the proper settling time (ts) with the 

corresponding overshoot for the dynamic response, must be imposed for the 

calculation of k for a specificω ' .  

 
Figure 3.4. Block diagram of a SOGI-QSG. 

 
Figure 3.5a shows the Bode plot of the transfer functions of the SOGI-QSG 

described by Eq. 3.11 and Eq. 3.12: the upper zone of Figure 3.5a shows the 

magnitude of the Bode plot, meanwhile the bottom zone shows the phase angle, 

both for several values of k . The trace of the phase depicts a perfect 90o shifting 

between the in-quadrature signals for all k . In addition, Figure 3.5b depicts the 

time evolution of the in-quadrature signals and the corresponding settling times 

for all k . 

Table 3.1 shows the influence of gain k  in the SOGI-QSG behavior according to 

the settling time, overshoot, damping factor, and harmonic rejection of Q(s): when 

k  increases, the settling time and the harmonic rejection decreases, but the 

overshoot increases instead. It must be observed that when k =1.414, a good 

trade-off between the harmonic rejection (for the 5th and 7th harmonics) and the 
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dynamic response is achieved, corresponding to a damping factor ζ −SOGI QSG =0.707 

for second order systems [69]. 

 
(a) 

 

(b) 
 

Figure 3.5. (a) Bode plot of a SOGI-QSG using the transfer functions of Equations 3.11 and 
3.12 for several values of k . (b) Time evolution of the in-quadrature signals of the SOGI-QSG 

for several values of k . 
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It must be pointed out that the SOGI-QSG synchronization algorithm is tuned to 

the centre angular frequencyω ' , which is an input signal to this block (see Figure 

3.4), and can behave as an adaptive filter scheme if an external circuit or 

algorithm is able to measure or detect this frequency. Clarke transformation [45] 

is applied to the input 3-phase voltages in order to obtain its αβ voltage 

components ( αβv ), and two SOGI-QSG blocks are used to obtain its in-quadrature 

signals. A DSOGI-QSG structure for 3-phase systems [61] is shown in Figure 3.6.  

Table 3.1. DSOGI-QSG behaviour according gain k . 
k  ζ −SOGI QSG

 
 

Overshot 
(%) 

Settling time  
   (ms) 

Harmonic Rejection of Q(s) 
(dB) 

5th 7th 
1 1 0 29.3 -27.72 -33.7 

1.25 0.8 1.5 23.4 -25.89 -31.81 

1.414 0.707 4.3 20.7 -24.9 -30.78 

2 0.5 16.3 14.6 -22.23 -27.94 

 

 
 

Figure 3.6. Block diagram of a DSOGI-QSG. 
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Knowing that the instantaneous positive sequence component ( αβ
+v ) of a voltage 

vector described by αβv  is given by [70]: 

                                 
αβ αβ

+ − 
=  

 

11
2 1

v
q

v
q

                                                                  (Eq. 3.13)                                     

where 
π

−
= 2

j
q e  is a phase-shift operator to obtain the in-quadrature version of an 

original wave form, a Positive Sequence Calculator (PSC) must be designed and 

applied to the in-quadrature output signals so as to compute the positive sequence 

of the input 3-phase unbalanced voltages αβ
+ 'v . 

Finally, the positive sequences of the αβ voltage components (Vαβ+) are used to 

estimate the frequency with a Phase-Locked Loop (PLL) block. The final diagram 

of the DSOGI-PLL is shown in Figure 3.7.  

 

Figure 3.7. Block diagram of a DSOGI-PLL synchronization algorithm. 
 

In order to obtain the proper performance of the DSOGI-PLL algorithm, an 

important aspect that must be taken into consideration when designing the KP and 

KI gains of the PLL block: the natural angular frequency (ω0 ) of the transfer 

function of the PI regulator should be smaller than the centre angular frequency (

ω ' ) of the adaptive filter of the SOGI blocks. 
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3.4 Dual Second Order Generalized Integrator 

Frequency-Locked Loop (DSOGI- FLL) 

A good alternative for the frequency and phase detections when voltage 

unbalances and frequency variations occur in the 3-phase utility grid voltages is 

described in [61,62], where a Dual Second Order Generalized Integrator 

Frequency-Locked Loop (DSOGI-FLL) is proposed. In the same manner of 

DSOGI-PLL this is based on the use of Quadrature Signal Generation (SOGI-

QSG) but instead of using a Phase-Locked Loop (PLL) a Frequency-Locked Loop 

(FLL) is used. 

The Frequency-Locked Loop (FLL) structure, shown in Figure 3.8 [61], can be 

used to measure the angular frequencyω  of the input signal v (in this case, ω '  is 

the output or estimated angular frequency of the input signal v ) without using 

trigonometric functions [61], and making easier its implementation in 

conventional microcontrollers. The nominal angular frequency ωc is feed-forward 

to this block in order to improve the dynamic response of the algorithm. 

 

Figure 3.8. Block diagram of a Frequency-Locked Loop (FLL) with gain normalization. 
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FLL gain normalization is exerted so as to make this independent of the gain k of 

the SOGI-QSG block and of the amplitude of the utility grid voltage. In this case, 

the FLL algorithm can be approximated by a first order system with one integrator 

for steady state operation and linearized around the nominal output variables of 

the SOGI-QSG block. So, the settling time st  can be set approximately by 5τ  (

τ =
Γ
1  is the time constant of the first order system and Γ is the gain to set ( )FLLst ): 

                                          ≈
Γ

( )
5

FLLst                                                                     (Eq. 3.14) 

Finally, the measurement of ω ' implies the feedback of the 'qv signal from the 

SOGI-QSG block. This signal will have a small amount of harmonic 

contamination due to the attenuation imposed by the low-pass filter nature of the 

transfer function Q(s) described by Eq. 3.12. 

The preliminary analysis can be extended to 3-phase systems, and Figure 3.9 

shows the DSOGI-FLL structure proposed in [61]. Clarke transformation [45] is 

applied to the input 3-phase voltages in order to obtain its αβ voltage components 

( αβv ), and two SOGI-QSG blocks are used to obtain its in-quadrature signals. 

Knowing that the instantaneous positive sequence component ( αβ
+v ) of a voltage 

vector described by αβv  is given by Eq. 3.13, a Positive Sequence Calculator 

(PSC) must be designed and applied to the in-quadrature output signals so as to 

compute the positive sequence of the input 3-phase unbalanced voltages αβ
+ 'v . 

In order to evaluate the performance of the DSOGI-FLL structure, some 

simulations depict the time evolution of the detected frequency in Figure 3.10. A 

step of 50-60Hz is exerted in the nominal frequency of the 3-phase utility grid 

voltages and several gains (Γ ) are imposed to study the dynamic response. Using 

a relatively low Γ  (50 and 70) a slow settling time of the FLL is attained (trace in 
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red and blue). On the contrary, for Γ  = 100 (trace in black), a suitable settling 

time around two cycles and a half is achieved. 

 
 

Figure 3.9.  Block diagram of a DSOGI-FLL synchronization algorithm. 
 

 

Figure 3.10. Time response of the DSOGI-FLL for severalΓ . 
 

Table 3.2 shows the relation between the gain Γ and the corresponding settling 

time ( )FLLst when a step of frequency of 50Hz to 60Hz is exerted on the utility grid 

frequency. 
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Table 3.2. Relation between the gain Γ and ( )FLLst  in the FLL block. 
                 Γ  ( )FLLst  

(ms) 
50 100 
70 70 

100 50 

 
Finally, the phase angle for the positive sequence of the 3-phase utility grid 

voltages can be computed as follows: 

                β
θ

α

+ 
 + −=  + 
 

'
' 1tan '

v

v
                                                                                         (Eq. 3.15) 

The DSOGI-FLL synchronization algorithm has a good behaviour for detecting 

the phase and frequency when unbalance voltages and frequency variations occur 

in the utility grid, but no good behaviour is attained when low-order harmonics 

close to the fundamental frequency are present in the utility grid [54]. 

3.5 Multiple Second Order Generalized Integrator 

Frequency-Locked Loop (MSOGI-FLL) 

The drawback of the DSOGI-FLL synchronization algorithm regarding harmonic 

rejection can be overcome by introducing a set of adaptive filters, based on the 

Quadrature Signal Generation (SOGI-QSG), tuned at different low-order 

harmonic frequencies and working in parallel, together with the Harmonic 

Decoupling Network (HDN) and the Positive Sequence Calculator (PSC) for each 

detected harmonic component. This new structure, which is proposed in [54], is 

named the Multiple Second Order Generalized Integrator Frequency-Locked Loop 

(MSOGI-FLL) synchronization algorithm.  
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This thesis deals with the calculation of the fundamental (1), the second (2), the 

fifth (5) and the seventh (7) voltage harmonic components, as can be seen in 

Figure 3.11, but the further extension to other harmonic components is completely 

and easily possible by extrapolation. 

 

Figure 3.11. Block diagram of a MSOGI-FLL structure. 
 

The Frequency-Locked Loop (FLL) block is used by the MSOGI-FLL structure to 

measure the fundamental angular frequency of the input signals αβv  and is 

described in detail in Figure 3.12: the semi-sum of the product of the error Ev and 

'qv  in each axis is processed by an integrator with gain − Γ , beingωC the feed-

forward of the nominal angular frequency for improving its dynamic response. 

The measured angular frequency ω '  is used to set the frequency of each DSOGI-

QSGi block (shown in the red area of Figure 3.11) for the voltage harmonic 

component to be detected [54]. 
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The FLL gain normalization is exerted so as to make this block independent of the 

gain k of the DSOGI-QSG block and of the amplitude of the utility grid voltage. 

It must be pointed out that the HDN block (shown in the blue area of Figure 3.11) 

is added to the MSOGI-FLL synchronization algorithm in order to decouple the 

effect of the several utility grid low-order harmonics from the one involved in the 

calculation with its corresponding DSOGI-QSGi block. The outputs of the HDN 

block are sent to the DSOGI-QSGs and the decouple action is achieved by the 

feedback of the corresponding αβ( )´kV  DSOGI-QSG outputs (k≠i) into the HDN 

block, as can be seen in Figure 3.11. As a consequence, the MSOGI-FLL 

synchronization algorithm is able to detect the separated voltage harmonic 

components of the 3-phase utility grid voltages. 

 

Figure 3.12. Block diagram of a Frequency-Locked Loop (FLL) with normalized gain used in a 
DSOGI-FLL. 

Using Eq. 3.13, Positive Sequence Calculator (PSC) structures (shown in the 

green area of Figure 3.11) can be used at the output of each DSOGI-QSG block in 

order to obtain the positive sequence of each harmonic component of the 3-phase 

utility grid voltages when unbalances occur. The phase angle of the positive 
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Table 3.4. Control subsystem and the synchronization algorithms characteristics. 
 

Control subsystem parameters 
 

• KINV or KPWM=400V (VCC=600V) (Gain of the inverter) 
• Clink=2300µF (∆VCCmáx=60V) 
• fcI=1220.8 (open loop cross-over frequency for the inner current loop) 
• fcV=12.2Hz (open loop cross-over frequency for the outer dc bus voltage  

loop) 
• PMV =63.5°=PMI (phase margin for the outer and inner open loop transfer 

functions) 

• =ζ c
2

2
 (damping factor for the closed loop outer voltage loop) 

• ∆I=16.7A (S=10KVA) (equivalent step of irradiance for the rated nominal 
power) 

• PK =0.019  
• IK =10 
• 5IhK = 7IhK = 10 
• ω0 = 314.16rad/s 
• ωc =1rad/s 
• ω 5c h =1rad/s, fifth harmonic  
• ω 7c h =1rad/s, seventh harmonic  

 
Synchronization algorithms parameters 
 
 dqPLL and PSD+dqPLL 

 
• ω0 =130rad/s (dqPLL natural angular frequency) 
• sT = 50ms (settling time) 

• ζ = 2
2

 (damping factor for the dqPLL) 

DSOGI-PLL 
 

• k = 2  (gain of the SOGI) 
• sT = 50ms (settling time) 
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• ζ −SOGI QSG =0.707 (damping factor for the DSOGI) 
•  ω '= 314rad/s (centre angular frequency for the DSOGI) 
• ω0 =130rad/s (PLL natural angular frequency) 

 

DSOGI-FLL and MSOGI-FLL 
 

• Γ=100 (gain to the settling time of the FLL block) 
• k = 2  (gain of the SOGI) 
• sT = 50ms (settling time) 

 
3.6.1 Testing the influence of the nominal frequency variation 

Since transient faults can produce frequency variations, a step of frequency from 

50Hz to 60Hz is exerted at 0.5s. The peak values of the 3-phase utility grid 

voltage is UPeak=187.9V (phase-to-neutral) as can be observed in Figure 3.13a.  

The upper zone of the Figure 3.13b shows the simulation of the time evolution of 

the detected frequencies for each algorithm. The dqPLL frequency detection is 

traced in blue colour; in order to attain a trade-off between the dynamic, stability  

and proper harmonic attenuation, a crossover frequency of 130rad/s is set, which 

leads to the constants of the PI regulator (KI=16928 and KP=184). Adding the 

PSD block, the frequency detection of the PSD+dqPLL is shown in green colour 

in Figure 3.13b; the S90 filter has been designed for a nominal frequency of 50Hz 

and an acceptable response is achieved. The frequency detection by the DSOGI-

PLL is show in red colour; the DSOGI gain k =1.41 and the same constants used 

in the dqPLL are used for the PI regulator of the DSOGI-PLL. The orange trace 

shows the frequency detection by the DSOGI-FLL using a SOGI gain of k =1.41 

and a gain Γ=100 yielding to a settling time of the FLL ( ( )FLLst ) =50ms.  

Finally, the frequency detection by the MSOGI-FLL is shown in black colour 

using the same values of the gains of the DSOGI-FLL algorithm. Some overshoot 
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can be observed when the dqPLL, the PSD+dqPLL and the DSOGI-PLL 

algorithms are used; on the contrary when the DSOGI-FLL and the MSOGI-FLL 

are used to estimate the frequency, no overshoot is observed. The above 

demonstrates the better dynamics attained when a FLL is used to estimate the 

frequency of the 3-phase utility grid.  

In the case of the phase estimation, a similar behaviour can be observed for all the 

synchronization algorithms as can be seen in the bottom zone of the Figure 3.13b. 

 

(a) 

 
(b) 

Figure 3.13. (a) Utility grid voltages during a step of the nominal frequency. (b) Time 
evolution of the detected frequency and phase using the five synchronization algorithms when 
a step of frequency is exerted.   
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An important issue to evaluate the vulnerability of the PSD+dqPLL 

synchronization algorithm is the study of the degradation of the power factor in 

the inverter-grid connection when frequency variations occur, regarding the 

international regulations. In Europe, the utility grid frequency is 50Hz and very 

seldom might have a variation of 49-50.3 [71]. In addition, a maximum frequency 

oscillation of 50±1 is established by the European Standard EN 50160 [72].  

In order to study the degradation of the Power Factor (PF) when variations of 

frequencies are exerted and the PSD+dqPLL is used as synchronization algorithm, 

the following test is performed. The synchronizations attained by the PSD+dqPLL 

synchronization algorithm when frequency variations occur at 0.5s are shown in 

Figure 3.14.  

 

Figure 3.14. Voltage and current at phase 1 during a step of the nominal frequency. (a) No step 
of frequency is exerted. (b) Step of 5Hz. (c) Step of 10Hz. (d) Step of 20Hz.  (e) Step of 30Hz. 
(f) Step of 50Hz. 
 

The synchronization of the voltage and current at phase 1 before and after the step 

of frequency of 50Hz to 55Hz and 50Hz to 60Hz is perfectly attained and a FP of 

0.99 is obtained. Certain degradation of the PF occur when the steps of 50Hz to 

70Hz, 50Hz to 80Hz and 50Hz to 100Hz occur with the corresponding decrease of 
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the power factor to 0.98, 0.97 and 0.96, respectively.  Note that the power factors 

are higher than the specifications in the standards where a PF for PV system of at 

least 0.85 is suggested [73]. In addition, these frequency variations cannot occur 

in the real utility grid, but they have been exerted in order to evaluate the 

degradation of the power factor of the system when a PSD+dqPPL is used.  

A summary of the power factors attained by the PSD+dqPLL synchronization 

algorithm when frequency variations occur is shown in Table 3.5, and they are 

compared with the suggested by the IEEE Std 929-2000 Standard [73].  

Table 3.5. Power Factor degradation due to frequency variations for a 
PSD+dqPLL synchronization algorithm. 

        Step of 
       frequency (Hz) 

     Power Factor 
            (PF) 

        Power Factor 
    IEEE Std 929-2000 

0 0.9995 >0.85 
5 0.9994 >0.85 

10 0.9993  >0.85 

20 0.9846 >0.85 

30 0.9799 >0.85 

50 0.9686 >0.85 

 

3.6.2 Testing the influence of Harmonic Distortion 

The 5th and 7th harmonics are introduced in the 3-phase utility grid voltages with 

an amplitude distortion of 25% as can be observed in Figure 3.15a. The frequency 

and phase detection by the synchronization algorithms are shown in Figure 3.15b: 

by one hand, a poor frequency and phase detection can be observed when the 

dqPLL (trace in blue), the PSD+dqPLL (trace in green), the DSOGI-PLL (trace in 

red), and the DSOGI-FLL (trace in orange) are used to estimate the frequency; on 

the other hand, a significant difference can be observed when the MSOGI-FLL 

(trace in black) is used. This good performance of the MSOGI-FLL algorithm 
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when the utility grid is affected by harmonic pollution is due to the use of a 

Harmonic Decoupled Network (HDN) and that a DSOGI is used for each 

harmonic. The drawback of the MSOGI-FLL is that a sophisticated structure is 

necessary to implement it yielding to a high computational burden.  

 
(a) 

 
(b) 

 
Figure 3.15. (a) Utility grid voltages (U_r=187.79 = Vpeak = U_s = U_t) affected with 25% 
pollution in magnitude of the 5th and 7th harmonics. (b) Time evolution of the angular 
frequency and phase detection when a magnitude distortion of 25% in the 5th and 7th harmonics 
in the 3-phase utility grid voltages is present. 
 

3.6.3 Testing the influence of the Voltage Unbalances 

In order to analyze the response of the synchronization algorithms when voltage 

unbalances occur in the low-voltage 3-phase utility grid a voltage unbalance for a 
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ground fault in phase 3 is performed on the 3-phase utility grid as can be observed 

in Figure 3.16a.  

 
(a) 

 
(b) 

 
Figure 3.16. (a) Utility grid voltages (U_r=187.9Vpeak U_s=187.9Vpeak U_t=0V, respectively). 
(b) Time evolution of the detected frequency and phase when voltage unbalances occur in the 
3-phase utility grid. 
 
Figure 3.16b shows the time evolution of the detected frequencies and phases 

by the five synchronization algorithms for a ground fault in phase 3. When 

using the dqPLL method, it can be observed the presence of the 2nd order 

harmonic in the detected frequency with blue trace in Figure 3.16b, being this 

issue the main drawback of the dqPLL synchronization algorithm. This 
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situation has been overcome by adding a PSD block in the case of the 

PSD+dqPLL or a PSC in the case of the DSOGI-PLL, the DSOGI-FLL and the 

MSOGI-FLL algorithms, where optimal frequency detection is attained (2nd 

order harmonic free) as can be seen in Figure 3.16b. 

3.7  Real-time digital simulation  

In order to support the results obtained with simulations, a series of real-time 

digital simulations have been carried out using the configuration of the real-time 

platform shown in Figures 1.10 and 1.11. 

3.7.1 Real-Time Test of the influence of the nominal frequency 

variation 

The first Real-Time digital test that is performed is a step of frequency from 50Hz 

to 60Hz. The responses of the synchronization algorithms are shown in Figure 

3.17a. Acceptable frequency detection is attained by the dqPLL when a frequency 

step of 50 to 60Hz is exerted (Figure 3.17a1). In the case of the PSD+dqPLL it is 

possible to observe that its response is similar to the response of the dqPLL, but 

the PSD block has a discrete filter which is very sensitive to the variation of the 

nominal frequency of the utility grid, and may lead to the power factor 

degradation of the inverter-grid connection (Figure 3.17a2). The frequency 

detection by the DSOGI-PLL is attained but it can be seen an overshoot and 

certain fluctuations when the step of frequency is exerted as can be seen in Figure 

3.17a3. Perfect frequency detection is attained when the DSOGI-FLL (Figure 

3.17a4) and the MSOGI-FLL (Figure 3.17a5) are used due to the use of a 

Frequency-Locked Loop (FLL), allowing good dynamics. 
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1 (dqPLL) 

 

 
1 (dqPLL) 

 
2 (PSD+dqPLL) 

 

 
2 (PSD+dqPLL) 

 
3 (DSOGI-PLL) 

 
3 (DSOGI-PLL) 
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4 (DSOGI-FLL) 

 
4 (DSOGI-FLL) 

 

 
5 (MSOGI-FLL) 

 
(a) 

 
5 (MSOGI-FLL) 

 
(b) 

 
Figure 3.17. (a) Real-time evolution of the voltage at phase 1 and frequency detection by the 
synchronization algorithms when a step of frequency from 50Hz to 60Hz is exerted. (b) Real-
time evolution of the voltage at phase 1and real-time phase detection when a step of frequency 
from 50Hz to 60Hz is exerted. 
 

The phase detection by the synchronization algorithms are shown in Figure 3.17b 

and as can be observed all synchronization algorithms are capable to detect the 

phase when a step of frequency from 50Hz to 60Hz is exerted. 
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3.7.2 Real-Time Test of the influence of the Harmonic Distortions 

In this second test, the 5th and 7th harmonics are introduced in the 3-phase utility 

grid voltages with an amplitude distortion of 25%. The frequency and phase 

detection by the synchronization algorithms are shown in Figure 3.18. 

The frequency detection by the synchronization algorithms is shown in Figure 

3.18a. A poor harmonic attenuation can be observed in the detected frequency 

when using the dqPLL, the PSD+dqPLL, the DSOGI-PLL and the DSOGI-FLL 

synchronization algorithms.  When using only the dqPLL (Figure 3.18a1), the 6th 

harmonic in the detected frequency can be observed due to the application of the 

Park transformation of the 3-phase voltages, which transforms the 5th (negative 

sequence) and the 7th (positive sequence) harmonics into the 6th harmonic in d-q 

components (rotating at the fundamental angular speed). When using the PSD 

block together with the dqPLL, a certain attenuation of the 6th harmonic is 

observed in Figure 3.18a2 because of the contribution of the negative sequence 5th 

harmonic is removed by the PSD block, only allowing the contribution of the 

positive sequence 7th harmonic. Similar attenuation can be observed when the 

DSOGI-PLL and the DSOGI-FLL are used due to the use of the PSC block.  

Finally, when using the MSOGI-FLL, almost perfect frequency detection can be 

observed in Figure 3.18a5: this good detection under harmonics influence is 

achieved because of the use of a Harmonic Decoupled Network (HDN).  

The phase detection by the synchronization algorithms is shown in Figure 3.18b: 

the synchronization algorithms capable of obtaining good phase estimation when 

low-order harmonics are present in the low-voltage 3-phase utility grid are the 

DSOGI-PLL (Figure 3.18b3) and the MSOGI-FLL (Figure 3.18b5) algorithms 

due to the use of the Harmonic Decoupled Network (HDN) and that a DSOGI for 

each one of the harmonics present in utility voltage is used, in the case of the 
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MSOGI-FLL. In the case of the DSOGI-PLL, this good phase detection under 

harmonic pollution is due to the combination of the SOGI filters used in the 

DSOGI part and the PI filter used in the PLL part. 

 
1 (dqPLL) 

 

 
1 (dqPLL) 

 
2 (PSD+dqPLL) 

 

 
2 (PSD+dqPLL) 

 
3 (DSOGI-PLL) 

 
3 (DSOGI-PLL) 
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4 (DSOGI-FLL) 

 

 
4 (DSOGI-FLL) 

 
5 (MSOGI-FLL) 

 
(a) 

 
5 (MSOGI-FLL) 

 
(b) 

 
Figure 3.18. (a) Real-time evolution of the voltage at phase 1 and frequency detection by the 
synchronization algorithms when a magnitude distortion of 25% in the 5th and 7th harmonics in 
the 3-phase utility grid voltages is present. (b) Real-time evolution of the voltage at phase 1 
and real-time phase detection when a magnitude distortion of 25% in the 5th and 7th harmonics 
in the 3-phase utility grid voltages is present. 
 

3.7.3 Real-Time Test of the influence of the Voltage Unbalances 

In order to analyze the response of the synchronization algorithms when voltage 

unbalances occur in the low-voltage 3-phase utility grid, Figure 3.19 shows the 

time evolution of the real-time frequencies and phases detection obtained by the 

synchronization algorithms when voltage unbalances (modeled as U_r=187.9Vpeak 

U_s=187.9Vpeak U_t=0V, respectively) occur in the 3-phase utility grid. When 
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using the dqPLL method, it can be observed the presence of the 2nd order 

harmonic in the detected frequency and phase (See Figures 3.19a1 and 3.19b1), 

being the main drawback of the dqPLL. This is solved by adding the PSD block, 

in which acceptable frequency detection is attained (2nd order harmonic free). In 

the case of the DSOGI-PLL, the DSOGI-FLL and the MSOGI-FLL, the positive 

sequence component of the frequency and the phase are detected due to the use of 

the PSC block. 

 
1 (dqPLL) 

 

 
1 (dqPLL) 

 
2 (PSD+dqPLL) 

 
2 (PSD+dqPLL) 
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3 (DSOGI-PLL) 

 

 
3 (DSOGI-PLL) 

 
4 (DSOGI-FLL) 

 

 
4 (DSOGI-FLL) 

 
5 (MSOGI-FLL) 

 
(a) 

 
5 (MSOGI-FLL) 

 
(b) 

 

Figure 3.19. (a) Real-time evolution of the voltage at phase 1 and frequency detection by the 
synchronization algorithms when a voltage unbalances occur. (b) Real-time evolution of the 
voltage at phase 1and real-time phase detection when a voltage unbalances occur. 
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Finally, a summary with a comparative study of the synchronization algorithms is 

shown in Table 3.6. 

Table 3.6. Comparative studies of the Synchronization Algorithms. 
NAME STRONG POINT WEAK POINT 
dqPLL Simplicity, Frequency 

Variations 
Harmonic, Voltage 

Unbalances 
PSD+dqPLL Voltage Unbalances Frequency variations, 

Harmonics 

DSOGI-PLL Frequency Variations, 
Voltage Unbalances 

Harmonics 

DSOGI-FLL Frequency Variations, 
Voltage Unbalances 

Harmonics 

MSOGI-FLL Harmonics, Frequency 
Variations, Voltage 

Unbalances 

Sophisticated 
structure 

 
 
3.8 Conclusions  

 
This Chapter has shown several synchronization algorithms that are used in grid-

connected renewable agents. The algorithms were studied using 

MATLAB/SIMULINK simulation techniques and by using a Real Time Digital 

Simulator Platform.  

The behaviours of the synchronization algorithms were analyzed when the 3-

phase utility grid voltage was affected by the influence of a frequency variation 

where a step from 50Hz to 60Hz was exerted, harmonic distortions by introducing 

25% pollution in the magnitude of the 5th and 7th harmonics of the utility grid 

voltages and finally when voltage unbalances occur in the 3-phase utility grid due 

to a ground fault in phase 3.  
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An important aim was to make a comparative summary where the strong and 

weak points of each synchronization algorithm are shown. After a detail analysis 

carried out to the five synchronization algorithms, it can be said that the most 

complete and reliable synchronization algorithm is the MSOGI-FLL, although a 

sophisticated structure is necessary yielding to a higher computational burden. 
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CHAPTER 4 
Current-Control Strategies for Grid-
Connected Inverters 
 

Since the control algorithm is an essential part of a grid-connected inverter, two 

current-control strategies are deeply studied in this Chapter. The first control 

strategy to be treated is the Synchronous Reference Frame Control (d-q control) 

which makes use of Proportional Integral (PI) regulators. Then the Stationary 

Reference Frame Control (αβ control) is analyzed. Unlike the d-q control which 

uses PI regulator, in the αβ control the control strategy is performed by using PR 

controllers.  

In addition to study the d-q and the αβ control strategies, a Harmonic-

Compensator structure is discussed in this Chapter.  

In order to validate the control strategies and the Harmonic-Compensator 

structure, some simulations using MATLAB/SIMULINK from The MathWorks, 

Inc. are shown firstly, and secondly, some real-time digital simulations are carried 

out. 
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4.1 Synchronous Reference Frame Control (d-q control) 

The configuration of a d-q control strategy is shown in Figure 4.1. This is formed 

by the power and the control subsystm where PI regulators are used in the inner 

control loop. Following this control loop is explained. 

 

Figure 4.1. Block diagram of the Power and Control Subsystems for the 3-phase grid-
connected PV system using a d-q control strategy. 

The inner control loop uses two PI controllers to regulate the d-q components of 

the line currents allowing the synchronization of the 3-phase inverter line currents 
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where ωcI is the crossover angular natural frequency of the inner loop and under 

the suggestion of [17] should be one order of magnitude smaller than the 

switching frequency 
sw

F , IPM is the phase margin, τ = /L R is the time constant, 

FSR  is the full scale range of the ADC which for simulation is set to 1, =
2
3 ccINV

VK

is the gain of the inverter, 
TI

G is the gain of the current transducer which for 

simulations is set to 1[17]. 

A block diagram of the continuous equivalent small-signal model of the cascaded 

control for the 3-phase VSI used for PV systems is depicted in Figure 4.2 and, as 

can be observed, the effect of the computing delays is not taking into account 

because the tests of the algorithms are carried out in a simulation environment, 

being ω qLi and ω− dLi the cross-term perturbations, and ACdu the utility grid 

perturbation [49].  

 

Figure 4.2. Block diagram of the continuous equivalent small-signal model of the cascaded 
control for the 3- phase VSI for PV systems. 
 

Figure 4.3 shows a Bode plot of the open loop gain for the inner current loop and 

the used plant with the parameters shown in table 3.3. As can be seen, the chose 
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crossover frequency of 1220.8Hz leads to a stable control system with a Phase 

Margin of 63.5º. 

 

Figure 4.3. Bode plot of the open loop gain of the PI regulator + the plant. 
 

4.2 Stationary Reference Frame Control (PR control) 

A grid-connected configuration for a PV generator is shown in Figure 4.4, the 

control strategy is based on the use of Proportional-Resonant (PR) controllers and 

its cascaded control block diagram for the small-signal model is shown in Figure 

4.5. 

Classical PI regulators produce zero steady-state error for dc signals due to its 

integral part. In a similar way, when sinusoidal signals are to be regulated, 

Proportional-Resonant (PR) regulators must be used for zero steady-state error 

behaviour instead.  

In the Stationary Refrence Frame Control (PR control), a Clarke transformation 

(abc->αβ) of the 3-phase line currents is carried out and sinusoidal αβ 

components are obtained. Then, two Proportional-Resonant (PR) controllers are 
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used for both in the inner control loop, allowing the synchronization of the 3-

phase inverter line currents with the 3-phase utility grid voltages, and avoiding the 

non-zero stady-state error if PI controllers were used. 

The ideal Proportional-Resonant transfer function is described by Eq. 4.2 which 

has an infinite gain at the frequency ω0  and no gain or phase shift at other 

frequencies [74]: 

 
ω

=
+

+ 2 2
0

2( ) IP PRG K
K s

s
s                                                                  (Eq. 4.2) 

where PK  is the Proportional gain, IK  is the integral gain, and ω0  is the resonance 

angular frequency of the controller.  

 
 
Figure 4.4. Block diagram of the Power and Control Subsystems for the 3-phase grid-
connected PV system using PR controllers. 
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Figure 4.5. Block diagram of the small-signal model of the cascaded control. 
 

The ideal PR has an infinite gain within a narrow bandwidth around the resonance 

frequencyω0 , which may lead to stability and digital implementation problems. 

Adding the cut-off frequency ωc , as a new term to Eq. 4.2, leads to a non-ideal PR 

with finite gain and an improved transient response [74], solving the stability 

problems and making easier the digital implementation. The transfer function of 

the non-ideal PR Controller is shown in Eq. 4.3. 

ω
ω ω

=
+

+
+2 2

02
) 2( I c

P
c

PRG K
K s

s s
s                                                                    (Eq. 4.3) 

The dynamic of the system in terms of bandwidth, phase and gain margin will 

depend of the proportional gain PK [75] which is adjusted in a similar way as it is 

tuned in a PI controller; the stady-state error will depend of the integral gain IK

whose value will be selected comparatively high, but holding the limits for 

stability [74]. The second term of Eq. 4.2 can be viewed as a Generalized 

Integrator (GI) [68]. 

A bode plot of Eq. 4.2 is shown in Figure 4.6 for PK = 0.019, ω0 = 314.16rad/s and 

IK = 10. It can be seen the very high gain aroundω0 . 

In order to assure a good transient response with minimum steady-state error, an 

adequate cut-off frequency ωc  must be chosen for the non-ideal PR controller. For 

this, several Bode plots of Eq. 4.3 are shown in Figure 4.7 for PK = 0.019, ω0 = 

314.16rad/s, IK =10 and ωc =1rad/s, 10rad/s and 20rad/s.  The upper zone of 
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Figure 4.7 shows that finite gain is achieved for allωc , meanwhile the increment 

of ωc  increases the bandwidth which can help to obtain a certain tolerance in 

order to support a small variation of the nominal frequency, but at the same time, 

avoiding the negative influence of the low-order harmonics not involved in the PR 

controller behaviour if a high value of ωc  were used. Then, ωc =1rad/s is chosen 

because the resonant filter will be more selective in frequency with a high 

harmonic rejection. 

 

Figure 4.6.  Bode plot of an ideal PR controller. 
 

 

Figure 4.7. Bode plot of non-ideal PR controller using several values forωc . 
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4.3 Harmonic-Compensator 

When the low-order frequency harmonics (5th, 7th, 11th, 13th, 17th, 19th, etc.=6n±1, 

n=1,2,3,…) distortions perturb the utility grid voltage, the controlled line currents 

of the inverter will also be distorted as well, reducing the power quality of the 

inverter-grid connection, unless a harmonic compensation strategy were used.  

In [76] [77], a Voltage Source Inverter (VSI) working as a shunt active filter is 

proposed as a harmonic compensator scheme at the point of common coupling 

(PCC) of the distribution 3-phase line voltages and nonlinear loads: in this, the 3-

phase line currents of the inverter are controlled in the Synchronous Reference 

frame (SRF) (abc->dq transformation needed) so as to feed 3-phase “pure” 

sinusoidal currents into the utility grid; however, this type of harmonic 

compensator behaves as a feedforward open-loop control which is affected, 

essentially, by the line currents control delay and the harmonic cancellation 

cannot be done completely. If some low-pass filter, with a cutoff frequency that 

produces a leading phase equal to the currents delay, is employed to sense the 

currents, the delay effect can be reduced [78]. The same idea is exposed in [79], 

where a Stationary Reference frame approach is used. 

In order to overcome the effect of the delay effect, a closed-loop harmonic 

compensation (HC) structure in the SRF is described in [78], allowing a total 

compensation of selected harmonic currents. However, this approach involves an 

extremely complex structure needed for the positive and negative sequence of 

each harmonic to be compensated and, consequently, a high computational burden 

is required, unless the control of the 3-phase currents and the harmonic 

compensation were exerted in the Stationary Reference frame (abc->αβ 

transformation needed) [45]. 
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The use of the Proportional-Resonant (PR) controller in the inner current loop 

opens the possibility of performing a harmonic compensator procedure with 

minimal computational burden in order to deliver a good power quality to the 

utility grid due to the absence of the cross coupling terms in the inner loop. This 

harmonic compensation is achieved by cascading  multiple Genaralized 

Integrators (GI) which are tunned to resonate at specific low order frequencies 

[33]. In this thesis, as an example of this explanation, the 5th and 7th voltage 

harmonics will be introduced in the utility grid voltages, meanwhile, a harmonic- 

compensator structure for the 5th and 7th harmonics (shown in Figure 4.8) will be 

added to the inner current controller. The transfer function of a harmonic 

compensator [74] is described by Eq. 4.4. 

ω
ω ω=

=
+ +∑ 2 2

05,7 2 (
( ) 2

)
ih

h
h ch

ch

G
K

s h
s s

s                                                         (Eq. 4.4) 

where h  is the harmonic to be compensated, ω0  is the fundamental angular 

frequency and ihK  is the integral gain for harmonic h . 

     

Figure 4.8. PR Controller + Harmonic Compensator structure. 
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It must be pointed out that the harmonic-compensator (HC) shown in Figure 4.8 

does not affect the dynamics of the PR controller, because each filter block will 

work at its own resonance frequency. 

The configuration of a PR-controller plus a HC structure is shown in Figure 4.9, 

in the same manner of Figure 4.4, but in this case the HC structures are added to 

the PR regulators. The cascaded control block diagram for the small-signal model 

is shown in Figure 4.10. 

 

Figure 4.9. Block diagram of the Power and Control Subsystems for the 3-phase grid-
connected PV system using a PR controller strategy plus a HC structure. 
 

 

Figure 4.10. Block diagram of the small-signal model of the cascaded control used for the 
PR+HC control. 
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Adding the effect of the Harmonic Compensator (trace in red) described in Eq. 

4.4, to the PR controller (trace in blue) described in Eq. 4.3, an extension of the 

previous analysis can be done for the influence of the low-order harmonics of the 

3-phase utility grid voltages. In addition, the dynamic of the inner current loop 

(block diagram described in Figure 4.9 and the parameters shown in Tables 3.3 

and 3.4) can be studied by taking into account the behaviour of its open loop Bode 

depicted in Figure 4.11, in which PMI=63.5o and a crossover frequency 

fcI=1220.8Hz is set. The harmonic compensation is carried out by the effect of the 

resonant filters at 05 f  = 250Hz, and 07 f =350Hz. 

 

Figure 4.11. Open loop Bode plot of the PR Controller + Harmonic Compensator + Plant. 
 

4.4 Simulations  

Following, several MATLAB/SIMULINK simulations are carrying out in order to 

test the behaviors of the control algorithms studied in this Chapter. 
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4.4.1 d-q control 

Figure 4.12a shows the SIMULINK [10] model of the PV system, where a 

discrete model is used for the Plant with a sample time of 2.56µs. The model is 

composed by the power and control subsystems shown in Figure 4.1 and using the 

parameters associated with the d-q control strategy shown in Table 3.3 and Table 

3.4.  

The vector controller block includes the synchronization algorithms and the 

cascaded control. The SIMULINK implementation of the cascaded control is 

shown in Figure 4.12b which is formed by the outer loop regulator that compares 

the dc bus voltage in the link capacitor with the reference which comes from the 

MPPT algorithm block. This control loop has been performed using a PI 

regulator. The inner control loop uses two PI controllers to regulate the d-q 

components of the line currents. 

Several tests have been carried out in order to study the behaviour of the d-q 

control strategy applied to a grid-connected PV system. The cascaded control has 

been evaluated by introducing variations in the solar irradiance, changes in the 

MPPT of the PV generator I-V curve, and by injecting reactive power to the 

utility grid. 

The response to a change in the MPPT of the I-V curve of the PV generator is 

simulated with a corresponding step from 500V to 600V (its nominal value, see 

Table 3.4) in the dc bus voltage reference VCC_ref  at 1s and keeping constant the 

incoming output current from the PV generator for a specific irradiance, as can be 

seen in Figure 4.13: the proper time evolution of the dc bus voltage is shown in 

green. 
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 (a) 

 
(b) 

Figure 4.12. (a) SIMULINK model of the grid-connected PV system. (b) SIMULINK 
implementation of the cascaded control. 
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Figure 4.13. dc bus voltage during a step in VCC_ref  with constant output current in PV modules. 
 

A typical situation in PV systems is a variation of the solar irradiance over the PV 

modules due to clouds or a sunny day: Figure 4.14a and Figure 4.14b show the 

time simulation of a variation in the incoming irradiance. For this, a step in the 

output current of the PV generator Ig is exerted at 1s from a 50% up to nominal 

conditions with constant dc bus voltage reference: in this case, the time evolution 

of the utility grid current at phase 1 is depicted in Figure 4.14a and an increasing 

of the current can be observed; consequently, the instantaneous active power 

increases from 5kW to 10kW approximately (trace in green in the Figure 4.14b).  

 
(a) 

 
(b) 

Figure 4.14. Time simulations for a step in irradiance with a constant dc bus voltage. (a) Time 
evolution of the utility grid voltage and current at phase 1. (b) Time evolution of the 
instantaneous active and reactive powers. 
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 A time simulation of the power factor control is depicted in Figures 4.15a and 

4.15b: the time evolution of the utility grid voltage and current at phase 1 is 

displayed in Figure 4.15a: prior 1s, the grid voltage and current are synchronized 

in phase and frequency for unitary power factor operation; when the step in the 

reference reactive power current is exerted at 1s, with constant output current at 

the PV Generator and the dc bus voltage, the unitary power factor operation is not 

achieved in this condition and the utility grid current lags the grid voltage. The 

step of 4.4kVar in the instantaneous reactive power can also be noticed in Figure 

4.15b (trace in black), meanwhile the instantaneous active power is almost 

constant at 10kW (trace in green) due to the decoupled control exerted. 

 
(a) 

 
(b) 

Figure 4.15. Time simulations for a step in reactive power with constant output current at the 
PV Generator and constant dc bus voltage. (a) Time evolution of the utility grid voltage and 
current at phase 1. (b) Time evolution of the instantaneous active and reactive powers. 
 

4.4.2 PR control 

Some simulations in MATLAB/SIMULINK environment are shown to validate 

the operation of the PV Generator grid-connected system using the parameters of 

the power and control subsystems shown in Table 3.3 and 3.4, respectively. 

Figure 4.16a shows the SIMULINK model of the system, where a discrete model 

is used for the Plant with a sample time of 2.56µs. The controller block includes 

the MSOGI-FLL synchronization algorithm and the cascaded control exerted. The 

SIMULINK implementation of the cascaded control used is shown in Figure 

4.16b.   
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(a) 

 

 
(b) 

 
Figure 4.16. (a) SIMULINK model of the PV Generator grid-connected system. (b) 
SIMULINK implementation of the cascaded control. 
 
 
 

In order to simulate the response of the 3-phase grid-connected VSI to different 

input conditions, some time simulations are shown in Figures 4.17, 4.18 and 4.19. 

The time response to a change in the MPPT of the I-V curve of the PV Generator, 
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is simulated with a corresponding step in the dc bus voltage reference V*
CC at 1s. 

Holding a constant incoming output current from the PV Generator for a specific 

irradiance, a step from 500V to nominal value (600V) is exerted at 1s as can be 

seen in Figure 4.17: the proper time response of the dc bus voltage regulator is 

shown in blue. 

 

Figure 4.17. Time evolution of the dc bus voltage for a step in V*
CC with constant output 

current in PV Generator. 
 

Figure 4.18 shows the time simulation of a variation in the incoming irradiance. 

For this, a step in the output current of the PV Generator is exerted at 1s from a 

50% up to nominal conditions with constant dc bus voltage reference (V*
CC): in 

this case, the time evolution of the utility grid voltage and current at phase 1 is 

depicted at left side, meanwhile the instantaneous active power increases from 

5kW to 10kW (trace in red), as it is shown at the right side of the Figure 4.18, and 

the instantaneous reactive power is almost constant (trace in blue). 

An important aspect in grid-connected renewable agents is to select a suitable 

power factor according to the grid demand (active or reactive power) [80]. For 

this, a time simulation of the power factor control is depicted in Figure 4.19: the 

time evolution of the utility grid voltage and current at phase 1 is displayed at left 

side. Prior 1s, the grid voltage and current are synchronized in phase and 
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frequency for unitary power factor operation; a drop step in the reference reactive 

power current is exerted at 1s, with constant output current at the PV Generator 

and the dc bus voltage, and the unitary power factor operation is not achieved in 

this condition (the utility grid current lags the grid voltage). 

 
(a) 

 
(b) 

 
Figure 4.18. Time simulations for a step in irradiance with a constant dc bus voltage. (a) Time 
evolution of the utility grid voltage and current at phase 1. (b) Time evolution of the 
instantaneous active and reactive powers. 
 

 
(a) 

 
(b) 

 
Figure 4.19. Time simulations for a step in reactive power with constant output current at the 
PV Generator and constant dc bus voltage. (a) Time evolution of the utility grid voltage and 
current at phase 1. (b) Time evolution of the instantaneous active and reactive powers. 
 

It can be observed the response of the power subsystem with the corresponding 

step of 4.4kVar in the instantaneous reactive power at the right side of the Figure 

(trace in blue), meanwhile the instantaneous active power is almost constant 

around 10kW  (trace in red) due to the decoupled control exerted. The resonance 

effect of the PR controllers can be noticed when the step in reactive power is 

exerted at 1s as can be observed in Figure 4.19a. 
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4.4.3 HC structure 

Some simulations in MATLAB/SIMULINK environment are carry out to show 

the operation and the advantage of the harmonic-compensator structure when the 

utility grid is affected by low-order harmonic pollution. The SIMULINK model 

has been created from the block diagrams shown in Figure 4.8 and 4.9 and using 

the parameters of Table 3.3 and 3.4.  

In Figure 4.20, the 5th and 7th harmonics are introduced in the 3-phase utility grid 

voltage with a distortion in its amplitude of 50% for both. In Figure 4.20a no 

harmonic compensation is performed, and then, the time evolution of the utility 

grid current at phase 1 is distorted due to the harmonic pollution. On the other 

hand, the time evolution of the grid current at phase 1 is shown in Figure 4.20b 

when the harmonic compensator structure shown in Figure 4.8 is used. For the 

latter, a perfect sine-wave grid current without harmonic pollution is observed. 

 
(a) 

 
(b) 

 
Figure 4.20. Utility grid voltage and current at phase 1. The grid voltage is distorted in 
amplitude by 50% for the 5th and 7th harmonics. (a) No Harmonic compensation. (b) 
Harmonic compensation.  
 
 

4.5 Real-Time Digital Simulations 

In order to support the results obtained with simulations, a series of real-time 

digital simulations have been carried out using the configuration of the real time 

platform shown in Figures 1.10 and 1.11. 
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4.5.1 d-q control 

The real-time digital test is focused in the response of the control algorithm under 

different perturbations coming from the PV modules. Also a step of reactive 

power is exerted in order to evaluate the capability of the d-q control strategy to 

deal with this type of disturbances. 

The real-time response of the control to a change in the MPPT of the I-V curve of 

the PV generator is simulated with a corresponding step from 500V to 600V (its 

nominal value) in the dc bus voltage reference V*CC and keeping constant the 

incoming output current from the PV generator for a specific irradiance, as can be 

seen in Figure 4.21a: the proper real-time evolution of the dc bus voltage is 

attained. A common situation in PV systems is a variation of the solar irradiance 

over the PV modules and for this, a step in the output current of the PV generator 

Ig is exerted from a 50% up to nominal conditions with constant dc bus voltage 

reference; consequently, the instantaneous active power increases from 5kW to 

10kW approximately as can be observed in Figure 4.21b where the real-time 

evolution of the instantaneous active power is shown.  

Figure 4.22a shows the real-time evolution of the instantaneous active and 

reactive powers injected to the 3-phase utility grid when a step of 4.4kVar is 

exerted. In this case, the instantaneous active power is almost constant around 

10kW at steady state, due to the decoupled control exerted. The real-time 

evolution of the voltage and grid current at phase 1 is shown in Figure 4.22b for 

the same situation: after the reactive step there is a lag of the current yielding a 

decrement of the power factor of the inverter-grid connection from 1 to 0.92. 
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(a) 

 
(b) 

Figure 4.21. (a) dc voltage bus when a step in V*
CC from 500V to 600V occur. (b) 

Instantaneous Active power during step of irradiance from 50% to nominal conditions. 

 

(a) 
 

(b) 
Figure 4.22. (a) Real-time evolution of the instantaneous active and reactive powers during a 
step in reactive power. (b) Real-time evolution of the voltage and grid current at phase 1. 
 

4.5.2 PR control 

Figure 4.23a shows the real-time evolution of dc bus voltage when a step in the 

reference V*
CC from 500V to 600V is exerted, showing a good dynamic response 

of the outer dc bus regulator loop. The real-time behavior of the instantaneous 

active power during a variation in the incoming irradiance from a 50% to nominal 

conditions with constant dc bus voltage is shown in Figure 4.23b: in this case, the 

instantaneous active power increases from 5kW to 10kW approximately. 
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Figure 4.24a depicts the real-time evolution of the instantaneous active and 

reactive powers at steady state, injecting 10kW and 4.4kVar into the 3-phase 

utility grid, respectively. In addition, the real-time evolution of the voltage and 

grid current at phase 1 is shown in Figure 4.24b for the same situation: after the 

reactive step there is a lag of the current yielding a decrement of the power factor 

of the inverter-grid connection from 1 to 0.92. 

 
(a) 

 
(b) 

Figure 4.23. (a) dc voltage bus when a step in V*
CC from 500V to 600V occur. (b) 

Instantaneous Active power during step of irradiance from 50% to nominal conditions. 

 
(a) 

 
(b) 

 
Figure 4.24. (a) Real-time evolution of the instantaneous active and reactive powers during a 
step in reactive power. (b) Real-time evolution of the voltage and grid current at phase 1. 
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4.5.3 HC structure 

Figure 4.25a displays the real-time evolution of the utility grid voltage and current 

at phase 1: the 3-phase utility grid voltages are affected by 50% pollution in the 

magnitude of the low-order 5th and 7th harmonics, and no harmonic compensator 

is used. The frequency spectrum of the grid current at phase 1 is displayed in 

Figure 4.25b, where the fundamental component has a gain of 62dB, meanwhile 

the 5th and 7th harmonics have 39dB (7.94% pollution in the amplitude) and 41dB 

(11.22% pollution in the amplitude), respectively. In this case, the Total Harmonic 

Distortion (THD) is 13.64%. 

 
(a) 

 
(b) 

 
Figure 4.25. (a) Real-time evolution of the grid voltage (with a 50% pollution in the magnitude 
of the 5th and 7th harmonics) and current at phase 1. No harmonic compensator is used. (b) 
Frequency spectrum of the grid current at phase 1. 
 

On the contrary, Figure 4.26a displays the real-time evolution of the utility grid 

voltage (affected by the same 50% pollution in the magnitude of the low order 5th 

and 7th harmonics) and current at phase 1, but a harmonic compensation is 

performed. The frequency spectrum of the utility grid current at phase 1 is shown 

in Figure 4.26b: the fundamental frequency of the current at phase 1 (50Hz) has a 

magnitude of 62dB, and the 5th and 7th harmonics have a magnitude of 28dB 

(2.51% pollution in the amplitude) and 32dB (3.97% pollution in the amplitude), 

respectively, yielding a THD=4.69%. In this case, it must be pointed out that an 
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important attenuation of the harmonic contamination is attained when using the 

harmonic compensator.  

 
(a) 

 
(b) 

Figure 4.26. (a) Real-time evolution of the grid voltage (with a 50% pollution in the magnitude 
of the 5th and 7th harmonics) and current at phase 1. A Harmonic compensator structure is used. 
(b) Frequency spectrum of the grid current at phase 1. 
 

A summary of the distortions in the amplitude of 5th and 7th harmonics in the grid 

current at phase 1, the total harmonic distortion, as well as the comparison with 

the normative [38] is shown in Table 4.1. 

Table 4.1. Harmonic Distortions of the grid current at phase 1. 
Odd harmonics Grid Current 

Distortion (not using   
Harmonic Compensator) 

Distortion using 
Harmonic Compensator 

    Distortion limit 

5th   7.94% 2.51% < 4.0% 
7th  11.22% 3.97% < 4.0% 

    
 THDI THDI  THDI limit 
 13.64% 4.69% < 5.0% 

 

4.6 Conclusions 

In this Chapter, two control strategies have been analyzed; one of them is the d-q 

control that uses PI regulators in the inner control loop, the other one is the PR 

control where PR regulators are used in the inner control loop. After a major 
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study, it can be said that if there are not disturbances in the utility grid a similar 

behaviour of response for both strategies has been observed. In the case of the PR 

control strategy it must be pointed out that for a very short period of time an 

oscillatory behaviour appears in the grid current when a step of reactive power is 

exerted due to the use of resonant filters in the inner control loop. 

The remarkable difference between the two control strategies is that the PR 

controller provides a greater facility for carrying out the harmonic compensation 

process by cascading multiple Genaralized Integrators (GI) which are tunned to 

resonate at specific low order frequencies, as an easy extension of the PR 

structure.
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CHAPTER 5 
The Adaptive-Frequency Resonant 
Harmonic-Compensator 

 
In this Chapter, an adaptive-frequency harmonic-compensation structure for a 

Voltage Source Inverter used in a 3-phase grid-connected Photovoltaic system is 

presented. The main purpose is to show the frequency adaptation of the used 

control algorithm in order to improve the compensation of the low-order utility 

grid current harmonics when frequency variations occur, which can be seen as an 

outstanding feature when comparing to conventional non-adaptive harmonic-

compensator structures, and can be used in any country regardless its nominal 

frequency and maintaining its harmonic compensation capability without making 

any change in the control algorithm.   

The frequency spectrum of the utility grid current is analyzed for three different 

scenarios: Proportional Resonant Controller without harmonic compensation, 

Proportional Resonant Controller with harmonic compensation, and adaptive-

frequency Proportional Resonant Controller with harmonic compensation; a 

comparison with the normative of its individual and total harmonic amplitude 

distortions is carried out for the three situations. 
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5.1 Adaptive-Frequency Resonant Harmonic-

Compensator structure 

Several HC structures have been proposed in the scientific literature [76-79], and 

a remarkable and interesting one is found in [79], where the control of the 3-phase 

currents and the harmonic compensation is exerted in the Stationary Reference 

frame (abc->αβ transformation needed) [45]. This structure has been demonstrated 

as a reliable solution when harmonics distortions perturb the utility grid 

[33,74,81]. The HC structure proposed in [79] uses a Proportional-Resonant (PR) 

controller which is pre-designed to resonate at the fundamental frequency; so 

when frequency variations occur the operation of the PR controller could be 

affected. To overcome this issue, an adaptive-frequency PR controller is proposed 

in [82], in which a Phase-Locked Loop (PLL) is used to estimate the frequency of 

the 3-phase utility grid voltage. Nevertheless, when the low-voltage 3-phase 

utility grid is contaminated with harmonics and voltage unbalances, a classical 

PLL is not capable to estimate properly the frequency of the utility grid [54] and 

an improved strategy, such as proposed in [54,83], is necessary in order to fulfill 

the power quality standards [38,39,84]. 

When a variation of the nominal angular frequency occurs in the 3-phase utility 

grid voltages, the HC structure shown in Figure 5.1a will not operate properly, 

unless the measured angular frequency ω  and its corresponding low-order 

harmonics were fed back to the transfer functions described by Eqs. 4.3 and 4.4, 

respectively, as can be seen in Figure 5.1b, yielding the adaptive-frequency 

PR+HC structure for the 5th and 7th harmonics, which can be extended to other 

low-order harmonics by extrapolation. 
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(a) 

 
(b) 

 
Figure 5.1. (a) PR Controller + Harmonic Compensator structure. (b) Adaptive-frequency PR 
Controller + Harmonic Compensator structure. 

 
The adaptive-frequency of the HC structure described in Eq. 4.4 will be 

discretized with Tustin method (
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) for low-order harmonics, and 

considering very slow variation for the angular frequencyω . So, the transfer 

function in Z-domain can be stated as follows: 
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             (Eq. 5.1)                                

Applying inverse Z transform and considering zero initial conditions, the 

difference equation of the HC can be stated as follows: 

= − − − + − −1 2 3 3( ) ( 1) ( 2) ( ) ( 2)y n K y n K y n K x n K x n                                        (Eq. 5.2) 

where: 
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As can be seen, K1, K2, and K3 will be a function, in addition to the sampling 

period Ts, the cutoff frequency ωch  and the integral gain ihK , of the measured 

angular frequency and its harmonics ( ωh ), making the HC structure insensitive to 

frequency variations. 

The block diagram (also known as simulation diagram) for the implementation of 

the difference equation described by Eq. 5.2 is depicted in Figure 5.2, in which the 

adaptive K1, K2, and K3 gains are highlighted. 

 
Figure 5.2. Block diagram of the discrete HC described by Eq. 5.2. 

Figure 5.3 shows the grid-connected configuration for a PV renewable agent 

where the adaptive-frequency harmonic-compensator is used. It can be observed 

the use of the angular frequency from the synchronization algorithm in the 
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fundamental and the harmonic-compensator resonant filters in order to obtain an 

adaptive- frequency control. 

 

Figure 5.3. Block diagram of the Power and Control Subsystems for the 3-phase grid-
connected PV system using an adaptive-frequency PR controller plus an adaptive-frequency 
HC structure. 
 

Figure 5.4 depicts the open loop Bode for nominal frequencies 0f  of 50Hz and 

60Hz, and its corresponding harmonic components as an example of the 

frequency adaptation procedure. It must be pointed out that in both cases, 

PMI=63.5o and the crossover frequency fcI=1220.8Hz are set, producing the same 

dynamic response and guaranteeing the stability limits because of the adaptive-

frequency achieved.  
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Figure 5.4. Open loop Bode plot of the PR Harmonic Compensator + Plant for 50Hz and 60Hz, 
respectively. 
 

5.2 Simulations 
In order to evaluate the adaptive-frequency control algorithm some simulations 

have been performed using a MATLAB/SIMULINK [10] model of the grid-

connected PV system shown in Figure 5.3. The Power Subsystem is update at 

Ts_Plant=2.56μs, meanwhile the control subsystem is updated at Ts_Controller= 

20.478μs, and is modeled inside a Triggered Subsystem which is driven by a 

signal emulating an Interrupt Request in the microcontroller. Analog PWM is 

used with a switching frequency FPWM=12.208 kHz = FSVM. 

The 5th and 7th harmonics are introduced in to the 3-phase utility grid voltages 

with an amplitude distortion of 25% for both harmonics as can be observed in 

Figure 5.5a.  

The response to a change in the MPPT of the I-V curve of the PV generator is 

simulated with a corresponding step at 0.6s from 500V to 600V in the dc bus 

voltage reference VCC_ref. In this, the incoming output current from the PV 

generator is kept constant for a specific irradiance and the proper time evolution 

of the dc bus voltage is shown in blue as depicted in Figure 5.5b. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 5.5. Evaluation the adaptive-frequency control algorithm. (a) Utility grid voltages 
(V_r=187.79 = Vpeak V_s = V_t) affected with 25% pollution in magnitude of the 5th and 7th 
harmonics. (b) dc bus voltage during a step in VCC_ref  with constant output current in PV 
modules. (c) Grid currents; step in irradiance with constant reference in dc bus voltage. (d) 
Increasing of the instantaneous active power delivered to the 3-phase utility grid due to a step 
in irradiance. (e) Instantaneous active and reactive powers when a step in reactive power is 
exerted (constant output current in PV generator and constant reference in dc bus voltage). (f) 
Time evolution of the utility grid voltage and current at phase 1. 
 

A typical situation in PV systems is a variation of the solar irradiance over the PV 

modules due to clouds or a sunny day: Figure 5.5c and Figure 5.5d show the time 

simulation of the 3-phase grid currents and the instantaneous active power 

according the variation in the incoming irradiance. For this, a step in the output 

current of the PV generator Ig is exerted at 0.7s from a 50% up to nominal 

conditions with constant dc bus voltage reference. 
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A time simulation of the power factor control is depicted in Figures 5.5e and 5.5f 

(the harmonics have been removed in order to have a better observation of the 

response of the decoupled control): a step of 4.4kVar in the instantaneous reactive 

power can also be noticed in Figure 5.5e (trace in green), meanwhile the 

instantaneous active power is almost constant at 10kW (trace in blue) due to the 

decoupled control exerted.  

The time evolution of the utility grid voltage and current at phase 1 is displayed in 

Figure 5.5f: prior 0.9s, the grid voltage and current are synchronized in phase and 

frequency for unitary power factor operation; when the step in the reference 

reactive power current is exerted at 0.9s, with constant output current at the PV 

Generator and the dc bus voltage, the unitary power factor operation is not 

achieved in this condition and the utility grid current lags the grid voltage.    

For the next simulations, the 5th and 7th harmonics are present in the 3-phase 

utility grid voltages with an amplitude distortion of 25% for both harmonics. In 

addition, a step of frequency from 50Hz to 60Hz is exerted in order to analyze the 

behaviour of the adaptive-frequency harmonic-compensator structure. 

The frequency and phase detection by the synchronization algorithm is shown in 

Figure 5.6a: when a step of frequency of 50Hz to 60Hz is exerted at 1s, a proper 

frequency and phase detection can be observed in spite of the presence of high 

harmonic pollution in the utility grid voltages. Consequently, the synchronization 

of the voltage and current at phase 1 is perfectly attained as shown in Figure 5.6b, 

producing a unitary power factor operation before and after the step of frequency. 
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(a) 

 
(b) 

 
Figure 5.6. (a) Time evolution of the detected frequency and phase when a step of frequency is 
exerted. (b) Voltage and current at phase 1 during a step of the nominal frequency. 
 

Figure 5.7 shows several simulations of the utility grid current at phase 1 when 5th 

and 7th harmonics are present in the 3-phase utility grid voltages with an 

amplitude distortion of 25% for both, and a frequency variation from 50Hz to 

60Hz is exerted as depicted in Figure 5.7a. In order to evaluate qualitatively the 

distortion of the 3-phase grid currents, three scenarios are studied: 

1. PR controller with no harmonic compensation  

Figure 5.7b shows the time evolution of the utility grid current at phase 

1(trace in green) and it can be observed the high distortion before and after 

the step of frequency. 

 
2. PR controller with harmonic compensation  

Figure 5.7c shows the time evolution of the grid current at phase 1 (trace in 

red): an important harmonic attenuation can be observed prior the step of 

frequency is exerted, but the harmonic attenuation is not obtained when the 

utility grid frequency is 60Hz due to the filters of the HC structure have been 

previously designed for a frequency of 50Hz. 

3. adaptive-frequency PR controller+ HC used 

By using the adaptive-frequency HC structure, a good attenuation of the grid 

current harmonics for both frequencies (50Hz and 60Hz) can be observed in 



Study of new vector-control algorithms for 3-phase inverters used in renewable agents connected to the 
low-voltage utility grid with disturbances 

 

 

 

 
104 

 
 
 

Figure 5.7d (trace in blue). This is due to the auto-adjusted frequency ω  and 

its harmonics in the resonant filters of the PR controller + HC structure.  

 
(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 5.7. a) Grid voltage at phase 1. The grid voltage is distorted in amplitude and a variation 
of frequency is exerted. (b) Grid current. No Harmonic-compensator. (c) Grid current. 
Harmonic-compensator. (d) Grid current.  Adaptive-frequency Harmonic-compensator.   
 

5.3 Real-Time Digital Simulations 

A series of real-time digital simulations have been carried out using the DS1006 

DSPACE platform shown in Figure 1.1.  

Following, a 25% pollution in the magnitude of the low-order 5th and 7th 

harmonics in the 3-phase utility grid voltages is exerted together with a step of 

frequency from 50Hz to 60Hz, in order to evaluate the behavior of the adaptive-

frequency PR+HC structure. 

Figure 5.8 shows the validation of the synchronization algorithm. The frequency 

detection is shown in Figure 5.8a and the time evolution of the voltage and grid 

current at phase 1 are depicted in Figure 5.8b: the optimal frequency detection by 
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this algorithm due to the use of adaptive-frequency filters for each harmonic can 

be seen in Figure 5.8a. No power factor degradation of the inverter-grid 

connection happens prior and after the step of frequency, as can be seen in Figure 

5.8b, attaining a unitary power factor operation. These results validate the proper 

behaviour of the synchronization algorithm, as an adaptive filter for the frequency 

variations and when harmonic pollution is present in the utility grid voltages. 

 
(a) 

 
(b) 

 
Figure 5.8. (a) Real-time frequency and phase detection by the MSOGI-FLL when a step of 
frequency from 50Hz to 60Hz is exerted and harmonic pollution is present in the utility grid. 
(b) Real-time evolution of the voltage and grid current at phase 1 when a step of frequency 
from 50Hz to 60Hz is exerted. 
 

Figure 5.9, 5.10, and 5.11 displays the real-time evolution of the utility grid 

voltage and current at phase 1 for the same three scenarios mentioned in Section 

5.2, together with its corresponding frequency spectrum for the utility grid 

current. 

 
1. PR controller with no harmonic compensation: The frequency spectrum of 

the grid current at phase 1 (60Hz) is displayed in Figure 5.9b, where the 

fundamental component has a magnitude of 57dB, meanwhile the 5th and 

7th harmonics have 38dB (7.94% pollution in the amplitude) and 39.5dB 

(9.41% pollution in the amplitude), respectively. In this case, the Total 

Harmonic Distortion (THD) is 12.31%. 
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2. PR controller with harmonic compensation: The frequency spectrum of the 

utility grid current at phase 1 is shown in Figure 5.10b, where the 

fundamental frequency of the current at phase 1 (60Hz) has a magnitude of 

57dB, and the 5th and 7th harmonics have a magnitude of 36dB (6.31% 

pollution in the amplitude) and 35dB (5.62% pollution in the amplitude), 

respectively, yielding a THD=8.44%. In this case, some attenuation of the 

harmonic contamination is attained, but the THD of the current is still 

high. 

 
3. Adaptive-frequency PR controller + HC: The frequency spectrum of the 

grid current at phase 1 displayed in Figure 5.11b, where the fundamental 

frequency of the current at phase 1 (60Hz) has a magnitude of 57dB, and 

an important attenuation of the harmonic contamination is attained: the 5th 

and 7th harmonics have a magnitude of 16dB (0.62% pollution in the 

amplitude) and 21dB (1.12% pollution in the amplitude), respectively, 

yielding to a THD=1.28%. 

A summary of the distortions achieved in the amplitude of 5th and 7th harmonics in 

the utility grid current at phase 1, the total harmonic distortion, as well as the 

comparison with the normative [38] is shown in Table 5.1. 

Table 5.1. Harmonic Distortions of the grid current (THDI) at phase 1. 
    Odd 
harmonics 

PR controller with no 
harmonic 

compensation 

PR controller with 
harmonic 

compensation 

Adaptive-frequency 
PR controller + HC 

Distortion 
limit 

5th   7.94% 6.31% 0.62% < 4.0% 
7th  9.41% 5.62% 1.12% < 4.0% 

     
 THDI THDI  THDI  THDI limit 

 12.31% 8.44% 1.28% < 5.0% 
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(a) 

 
(b) 

Figure 5.9. PR controller with no harmonic compensation. (a) Real-time evolution of the grid 
voltage and current at phase 1. (b) Frequency spectrum of the grid current at phase 1. 

       

 
(a) 

 
(b) 

Figure 5.10. PR controller with harmonic compensation. (a) Real-time evolution of the grid 
voltage and current at phase 1. (b) Frequency spectrum of the grid current at phase 1. 
 

 
(a) 

 
(b) 

Figure 5.11. Adaptive-frequency PR controller + harmonic compensation. (a) Real-time 
evolution of the grid voltage and current at phase 1. (b) Frequency spectrum of the grid current 
at phase 1. 
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5.4 Conclusions 
 
In this Chapter, an adaptive-frequency Harmonic-Compensator (HC) structure has 

been used to improve the quality of the grid currents of a grid-connected PV 

system when harmonic pollutions and frequency variations in the 3-phase utility 

grid voltage occur. 

The reliability of the adaptive-frequency Harmonic-Compensator has been tested 

by introducing 25% pollution in the magnitude of the 5th and 7th harmonics of the 

utility grid voltages and exerting a step of frequency from 50Hz to 60Hz. It must 

be mentioned that, in order to obtain a good performance of the adaptive-

frequency HC, a synchronization algorithm capable of accurately detecting the 

frequency of utility grid under any type of disturbance should be used.  

The power quality level is investigated by measuring the individual and total 

harmonic distortions of the amplitude of the utility grid current under different 

Harmonic-Compensator conditions, resulting the higher level when the adaptive-

frequency harmonic-compensator is used.   

Finally, the adaptive-frequency Harmonic-Compensator structure is a good 

alternative for grid-connected Photovoltaic systems when the utility grid is under 

extreme conditions of disturbances and, as an extension, it can be used as a 

plug&play option in any country regardless its nominal frequency.  
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CHAPTER 6 
Conclusions 
 

In this thesis a study of several synchronization and control algorithms used in 

grid-connected 3-phase inverters for renewable agents was carried out in the 

framework of a Distributed Generation (GD) environment. Special emphasis was 

considered when the utility grid was affected by several disturbances, such as 

harmonic pollution, voltage unbalances and frequency variations. 

An overview of grid-connected renewable agents was shown in Chapter 2 where 

the global system was divided into the power and control subsystems and its main 

parts were explained in order to make easier its global comprehension. 

Several synchronization algorithms for grid-connected inverters were studied in 

Chapter 3. The performance of these algorithms was analyzed when the 3-phase 

utility grid voltage was affected by frequency variations, harmonic distortions and 

when voltage unbalances occur and a comparative summary of the strong and 

weak points of each one was shown. After a detailed analysis it can be said that 

the most complete and reliable synchronization algorithm is the MSOGI-FLL, 

although a sophisticated structure is necessary yielding to a higher computational 

burden. 

In Chapter 4, two current-control strategies were analyzed: the d-q control and the 

PR control. Both strategies behave in a similar manner when the utility grid is not 

affected by any of the disturbances mentioned above. On the contrary, when low-
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frequency harmonic pollution appears in the 3-phase utility grid voltages, the PR 

current controller together with the Harmonic-Compensator structure avoids the 

introduction of these harmonics in the current loop, decreasing its individual and 

total harmonic distortions, helping to fulfil with the international standards. 

Finally, in Chapter 5 of this thesis, an adaptive-frequency HC structure was 

presented to improve the quality of the grid currents of a grid-connected PV 

system when harmonic pollutions and frequency variations occur. For this, a 

synchronization algorithm capable of accurately detecting the frequency of the 

utility grid under any type of disturbance must be used to obtain a good 

performance of the adaptive-frequency HC.  

After several investigations, it can be concluded that the adaptive-frequency HC 

structure is a good alternative for grid-connected renewable systems when the 

utility grid is under extreme conditions of disturbances and, as an extension, it can 

be used as a plug&play option in any country regardless its nominal frequency. 

Then, the highest power quality level according to the individual and the total 

harmonic distortions of the amplitude of the 3-phase utility grid currents is yield, 

fulfilling with the international standards. This achievement is the main 

contribution of this thesis. 
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Future and Outlook 
In this thesis, the main results have been validated doing real-time digital 

simulations, but due to technical drawbacks and the lack of financial resources, 

experimentation with a real platform was not possible. Nevertheless, the achieved 

results promise to be very robust when compared with international works in the 

same direction. 

Special care must be taken when dealing with delay computation and the PWM 

sampling period in the control of grid-connected inverters. So, discrete models 

must be used in future works so as to be able to adjust a little bit the control 

parameters. 

As a first step towards the final experimentation, Hardware-in-the-loop (HIL) 

simulation technique emerges as a promising tool for testing control algorithms in 

this field at a reduced cost. In addition, the utility grid perturbations can be easily 

performed in a real-time digital simulation platform, avoiding a real plant. 

So, the following tasks are suggested for future works: 

• Generation of the embedded algorithms code into a DSP or/and a FPGA in 

order to carry out the HIL simulation technique. 

• Implementation of the control and synchronization algorithms discussed in 

this thesis in a real grid-connected PV system. 
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