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 شبكة في ،PMSG على القائم الرياح طاقة و ،(PV) الشمسية والكهروضوئية ،(HRES) الهجينة المتجددة الطاقة مصادر دمج العمل هذا يناقش: ملخص 

 من للحد متزايدة أهمية ذا المتجددة الطاقة مصادر استخدام أصبح(. SRF) المتزامن المرجعي الإطار نهج عبر فيه التحكم يتم الطور ثلاثي عاكس امباستخد الطاقة

. وموثوقيتها الشبكة تقرارلاس تحديات تشكل الرياح وطاقة الشمسية الطاقة لمصادر المتقطعة الطبيعة فإن ذلك، ومع. المناخ تغير من والتخفيف الكربون انبعاثات

. للشبكة المرجعي الإطار مع وتزامنها الرياح وطاقة الشمسية الطاقة لمصادر الطاقة إنتاج تنسق تحكم استراتيجية المقترح النظام يستخدم التحديات، هذه لمواجهة

 المرجعي الإطار في للتحكم متزامنة استراتيجية باستخدام التحكم يةاستراتيج تنفيذ يتم. الجهد ومتطلبات الشبكة تردد مع يتطابق مستقر طاقة خرج ذلك عن ينتج

 النتائج تظُهر. MATLAB/SIMULINK باستخدام المحاكاة اختبارات خلال من المقترح النظام تقييم يتم. بالشبكة المتصل الوضع تشغيل بين سلسًا انتقالًا  تضمن

 الكهربائية الشبكة في بنجاح الهجين المتجددة الطاقة نظام دمج على قدرتها وتثبت المتزامن المرجعي الإطار استراتيجية وموثوقية فعالية

 ، الطور ثلاثي العاكس ، الطاقة شبكة ، PMSG على القائمة  الرياح طاقة ، الكهروضوئية الشمسية الطاقة ، الهجينة المتجددة الطاقة مصادر:  مفتاحية كلمات

 .المتزامن المرجعي الإطار

Abstract: This work discusses the integration of hybrid renewable energy sources(HRES), solar photovoltaic (PV), and 

wind energy-based PMSG, into the power grid using a three-phase inverter controlled via the synchronous reference frame 

(SRF) approach. The use of renewable energy sources is becoming increasingly important to reduce carbon emissions and 

mitigate climate change. However, the intermittent nature of solar and wind energy sources poses challenges to grid stability 

and reliability. To address these challenges, the proposed system utilizes a control strategy that coordinates the energy output 

of the solar and wind sources and synchronizes it with the grid reference frame. This results in a stable power output that 

matches the grid frequency and voltage requirements. The control strategy is implemented using a synchronous reference 

frame control strategy that ensures a smooth transition between the grid-connected mode operation. The proposed system is 

evaluated through simulation tests using MATLAB/SIMULINK. The results demonstrate the effectiveness and reliability of 

the synchronous reference frame strategy and prove its ability to integrate successfully the hybrid renewable energy system 

into the electrical grid. 

Keywords: Hybrid Renewable Energy Sources, Solar Photovoltaic, Wind Energy-Based PMSG, Power Grid, Three-Phase 

Inverter, Synchronous Reference Frame. 

Résumé : Ce travail traite de l’intégration des sources d’énergie renouvelables hybrides (HRES), du photovoltaïque solaire 

(PV) et du PMSG basé sur l’énergie éolienne, dans le réseau électrique à l’aide d’un onduleur triphasé contrôlé par l’approche 

du cadre de référence synchrone (SRF). L’utilisation de sources d’énergie renouvelables est de plus en plus importante pour 

réduire les émissions de carbone et atténuer les changements climatiques. Cependant, la nature intermittente des sources 

d’énergie solaire et éolienne pose des défis pour la stabilité et la fiabilité du réseau. Pour relever ces défis, le système proposé 

utilise une stratégie de contrôle qui coordonne la production d’énergie des sources solaire et éolienne et la synchronise avec 

le cadre de référence du réseau. Il en résulte une puissance de sortie stable qui correspond aux exigences de fréquence et de 

tension du réseau. La stratégie de contrôle est mise en œuvre à l’aide d’une stratégie de contrôle du cadre de référence 

synchrone qui assure une transition en douceur entre le mode connecté au réseau. Le système proposé est évalué au moyen 

d’essais de simulation au moyen de MATLAB/SIMULINK. Les résultats démontrent l’efficacité et la fiabilité de la stratégie 

de cadre de référence synchrone et prouvent sa capacité à intégrer avec succès le système d’énergie renouvelable hybride 

dans le réseau électrique. 

Mots-clés : Énergies Renouvelables Hybrides, Photovoltaïque Solaire, PMSG Eolien, Réseau Electrique, Onduleur 

Triphasé, Cadre De Référence Synchrone. 
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1 

General Introduction 

Algeria's need for electricity is rising quickly as a consequence of economic expansion and 

demographic changes, and in the next ten years, the country's electrical producing capacity may need to 

double. The Algerian government has understood the significance of renewable energy to protect fossil 

fuel reserves and develop sustainable solutions to lessen the effects of global climate change, 

particularly greenhouse gas emissions, as a result of the fast depletion of fossil fuels and the rise in the 

electricity demand. Algeria has started an ambitious initiative to promote energy efficiency and the 

development of renewable energies, which has helped to produce a green wave. This program relies on 

a strategy that is centered on growing and extending the use of non-depletable resources, such as solar 

and wind energy, to diversify the sources of power [1].  

Renewable power usage increased by more than 7% year on year in 2020, with renewables 

boosting their proportion of worldwide electricity consumption from 26.3 percent in 2019 to 28.2 

percent in 2020. This is the most yearly advancement made in the last three decades. Because of 

increased dependence on renewable energy and the stability of global power demand in 2020, 

nonrenewable electricity usage fell 2.8 percent year on year. Hydropower is by far the most important 

source of renewable energy worldwide, followed by wind and solar photovoltaic (PV). Nonetheless, 

wind and solar PV deployment are rising; they had the highest absolute yearly growth in 2020 and 

account for two-thirds of the worldwide rise in renewable power consumption seen since 2015 [2]. 

Solar and wind energy system is one of the most prominent sources of energy. The utilization of 

solar and wind energy systems has become increasingly popular due to their modular and environment-

friendly nature. Solar and wind energy system works normally in standalone or grid-connected mode, 

but the efficiency of these sources is less due to the stochastic nature of solar and wind resources. The 

significant characteristics of HRES are to combine two or more renewable power generation 

technologies to make proper use of their operating characteristics and to obtain efficiencies higher than 

that could be obtained from a single power source [3]. This memoir presents a review of solar–wind 

hybrid renewable energy system covering issues such as pre-feasibility study, modeling, controlling, 

optimization technique, reliability, and power quality of the system 

The PV array produces the dc power, and hence power electronics and control equipment points 

are required to convert dc to ac power. The control system consists of a current control strategy and a 

voltage control strategy. The current control strategy is used to achieve the dc voltage regulation at the 
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dc link and unity power factor at the grid and the voltage control strategy is applied to achieve maximum 

power point tracking. Maximum power point tracking (MPPT) can effectively improve the solar energy 

conversion efficiency of PV systems. In this work, Perturb-and-observe (P&O) method is used to 

achieve this function. 

Among the electric generators, the PMSG is preferred due to its high efficiency, reliability, 

power density, gearless construction, and light weight and self-excitation characteristics. Among 

various types of gear train coupling, the gearless or directly allied permanent magnet type wind 

generators are more popular nowadays in the wind energy market in on-shore applications. The control 

of the PMSG to achieve the maximum power point can be done by varying its load using an electronic 

power interface circuit [4]. 

Grid-connected PV-WIND hybrid system inverter control by SRF algorithm is a simple and 

robust control strategy to improve the quality of grid-connected renewable energy. This strategy is based 

on the maximum power delivered to the grid from wind and solar PV sources. The considered system 

is composed of a photovoltaic array and a wind energy conversion system (WECS) based on a 

permanent magnet synchronous generator (PMSG) [5]. 

The SRF control based on PI Anti-windup based on the estimation of AC reference currents by 

controlling the VSC is considered one of the most attractive techniques based on current regulation. 

The objective is to simulate this control strategy (SRF) based on the anti-windup proportional-

integral (PI) controller. To improve the power quality at the PCC point in the presence of linear and 

non-linear loads. In addition, the MPPT of wind and photovoltaic systems should be obtained to improve 

the overall system efficiency 

This memoir includes four chapters, in the 1st chapter an overview of hybrid renewable energy 

sources (Solar PV /Wind energy), in 2nd and 3rd modeling and simulation of photovoltaic and wind 

turbines, respectively. Finally, in chapter 4th application of the SRF technique for PV/Wind turbine 

grid-connected.  
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I.1. Introduction  

Solar energy and wind energy are two forms of renewable energy that are increasingly being 

connected to the electrical grid as a way to reduce reliance on fossil fuels and combat climate change. 

Solar energy is generated by capturing the energy from the sun using solar panels, which convert 

sunlight into direct current (DC) electricity. This DC electricity is then converted into alternating current 

(AC) electricity using an inverter, which is then fed into the electrical grid. Solar energy can be 

generated on a small scale, such as for individual homes, or on a large scale, such as for solar farms [6]. 

Wind energy, on the other hand, is generated by capturing the kinetic energy of the wind using 

wind turbines. The wind causes the blades of the turbine to rotate, which in turn generates electricity. 

Like solar energy, this electricity is converted from DC to AC using an inverter and then fed into the 

electrical grid. Wind energy can be generated onshore or offshore and on a small or large scale [8]. 

Both solar energy and wind energy are intermittent sources of energy, meaning that they are 

dependent on weather conditions and only generate electricity when the sun is shining or the wind is 

blowing. As a result, these sources of energy are often paired with energy storage systems, such as 

batteries, to ensure that electricity can be supplied even when there is no sunlight or wind. Additionally, 

they can be integrated into a larger grid system to balance the intermittency of the sources and to ensure 

that electricity demand is met [9]. 

Overall, solar energy and wind energy are two key renewable energy sources that are helping to 

transition the world toward a more sustainable and carbon-free future. 

I.2. Definition of solar energy 

Solar energy is the radiant energy that is emitted by the sun and harnessed by various 

technologies to produce electricity or heat. The energy is collected through the use of solar panels, which 

convert sunlight into electrical energy or thermal energy [6]. 

I.2.1. History of Photovoltaics 

The solar energy falling on Earth in a year is ten thousand times more than the existing fuel 

sources available on Earth. The elements such as silicon, germanium, etc. used in making the PV cell 

are also copiously available on Earth. The PV cells can be classified as pollution-free as they do not 

produce any by-products that may contribute towards air/water pollution and also do not contain any 
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moving parts that may cause noise pollution. The first PV cell introduced to the world was described in 

a paper dated back in 1877 [7].  

In 1883, Charles [5] constructed a selenium solar cell, which was as popular as the silicon PV 

cell used today. During the early days, the efficiency of a solar cell, which is defined as the percentage 

of the solar energy falling on the surface of the PV cell, which was converted into electricity, was almost 

1%. During the first half of the twentieth century, the Chaplin-Fuller-Pearson team developed a new PV 

cell made up of semiconductors. In the early 1950s, they utilized silicon slices in producing the PV cells 

and they succeeded in getting the efficiency up to 6%. After further research, the efficiency of the current 

PV cells available in the market went up to 17% [10]. 

I.2.2.  Photovoltaic solar energy 

  Photovoltaic solar energy is an electrical energy produced from solar radiation. The photovoltaic 

cell is an electronic component that is the base of the installations producing this energy. It works on 

the principle of the photoelectric effect. Several cells based on silicon are interconnected on a 

photovoltaic solar module or panel, and several panels are grouped to form a solar installation [6]. 

 

 Figure I.1.Architecture of a photovoltaic system [11]. 

I.3. Solar electricity by the photovoltaic effect 

 I.3.1. Principle of operation  

The photovoltaic effect was discovered by the French physicist BECQUEREL in 1839, the 

photovoltaic effect makes it possible to directly convert the light energy of the sun's rays (photon) into 

electricity (Volt), through the production and transport in a semiconductor material of positive and 



   Chapter I:      Overview of the Solar and Wind Energy System Connected to the Electrical Grid 

 

 

6 

negative electric charges under the effect of light. This material has two parts, one with an excess of 

electrons and the other with a deficit of electrons, called n-type doped and p-type doped respectively. 

When the first is brought into contact with the second, the excess electrons in the n material diffuse into 

the p material. 

The initially n-doped area becomes positively charged, and the initially p-doped area becomes 

negatively charged. An electric field is therefore created between them which tends to push back the 

electrons in the n zone and the holes towards the p zone [12]. 

  

Figure I.2. The Photovoltaic Effect in a Solar Cell 

I.3.2.  Different types of photovoltaic cells 

a) Monocrystalline solar modules: They have the best efficiency per m² and are mainly 

used when space is limited. However, their higher cost compared with other installations 

of the same power thwarts the development of this technique. 

b) Polycrystalline solar module: Currently they have the best ratio (quality/price), which 

is why they are the most used. They have a good yield and a good lifetime (over 35 

years). 

c) The amorphous solar modules: will certainly have a good future because of their 

flexibility and good yield (better production in low light). However, the amorphous 

silicon has a yield divided by two compared to that of the lens, so this solution requires 

a larger area for the same installed power. In addition, the price per m² installed is lower 

than for solar panels composed of crystalline cells [13]. 
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Monocrystalline         Polycrystalline                    Thin-film 

Figure I.3.Types of Solar Panels 

Table I. 1  characteristics Types of Solar Panels 

Monocrystalline  Polycrystalline Thin-film 

 Pure silicon. 

 24.4 % efficiency 

 Moderate cost 

 Longest lifespan 

 Melted silicon 

crystals 

 19.9 % efficiency – 

 Least expensive 

 Moderate lifespan 

 Variety of materials. 

 18.9 % efficiency  

 Most expensive  

 Shortest lifespan  

I.3.3.  PV SYSTEM TYPES 

PV systems can be divided into two categories: Grid-connected PV Systems and Stand-alone 

PV Systems. Grid-connected PV Systems can further be separated into two categories: those that are 

Directly Connected to the utility and those that are classified as Bimodal PV Systems. 

Systems that are Directly Connected to the Utility are without a storage system, and systems that 

are classified as Bimodal PV Systems do have storage systems. 

Stand-alone PV Systems can be divided into three categories: Without Battery, With Battery, 

and Hybrid PV Systems. Without Battery systems are Direct-Coupled systems, and Battery systems 

may include Self-Regulating DC Systems or AC Systems with a charge controller for the battery and 

load. Hybrid PV Systems may include systems with wind turbines, hydro turbines, diesel generators, or 

with fuel cells, or other sources. 
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Figure I.4.Types of PV systems 

I.3.3.1 Stand-alone systems 

 Stand-alone systems rely on solar power only. These systems can consist of PV modules and a 

load only or they can include batteries for energy storage. When using batteries charge regulators are 

included, which switch off the PV modules when batteries are fully charged and may switch off the load 

to prevent the batteries from being discharged below a certain limit. The batteries must have enough 

capacity to store the energy produced during the day to be used at night and during periods of poor 

weather [14]. 

 Figure 1.5. shows schematically examples of stand-alone systems; (a) a simple DC PV system without 

a battery and (b) a large PV system with both DC and AC loads. 
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Figure I.5.Schematic representation of (a) a simple DC PV system to power a water pump 

with no energy storage and (b) a complex PV system including batteries, power 

conditioners, and both DC and AC loads [14].  

I.3.3.2. Grid-connected systems                                                                                  

Photovoltaic cells deliver direct current (DC) voltages. As the grid has alternating current (AC) 

voltage, the electricity from the PV cells must be converted to three-phase ac before being connected to 

the grid. This can be done using inverters. 

In a DC-AC converter, several control regimes are usually implemented. Firstly, to control the 

factors previously mentioned, the DC-AC converter itself comprises control regimes. There exist a large 

number of algorithms for the schemes, which are not discussed in further detail here. Secondly, for a 

PV plant, often a maximum power point tracking (MPPT) is employed. [15] 

There are several topologies for connecting PV modules to the grid in use today, and the most 

widely used are described below. The four first topologies are shown in Figure 1.6, and the last is shown 

in Figure 1.7: 

a) Central configuration: PV modules are connected in several series connections, where each 

series is connected in parallel forming an array which is then connected to one common 

DC/AC converter. This is used for large PV plants with a large number of panels. 

Disadvantages of this setup are that DC cables with high voltage must be used between the 

modules and inverters, mismatches between the modules will have large effects, and the 
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MPPT and inverter control regimes in the DC/AC converter control the whole plant 

simultaneously  

b) String configuration: Each series connection (string) of PV modules is connected to a 

separate DC-AC converter. this method decreases the impact of mismatch between modules 

and each string can be controlled separately  

c) Multi-string configuration: A mixture of the two first topologies. Each string is connected 

to a DC-DC converter, and then a centralized DC/AC converter is used to connect to the 

grid. The control regimes can here be applied separately to each string by the DC/DC 

converters. 

d) Individual or paired configuration: Similar to the multi-string configuration, there is a 

DC-DC converter connected either to each module or to two parallel connected modules. 

The solution with two modules on each DC-DC converter is used for modules that have high-

rated power (either higher than 405 W or higher than 800 W, depending on the converter 

model). The modules are typically series connected to an inverter [16]. 

The DC-DC converter inhibits an MPPT tracker. It is also possible to buy PV modules 

with an integrated DC-DC converter. In Figure 1.6, only the individual setup is shown, but 

the paired setup is easily achieved by replacing the single PV module with two connected in 

parallel with the DC-DC converter. Several strings can also be connected to the DC-AC 

inverter  

 Modular configuration: Each string is connected with a DC-DC converter to a common dc 

bus, where after AC-DC inverters connect the bus to the grid 
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Figure 1.6: Grid-Connected PV System Topologies: (a): Centralized inverter topology. 

(b): String inverter topology. (c): Multistring inverter topology. (d): AC module 

inverter topology [17]. 

 

Figure 1.7: Modular topology for connecting PV systems to the grid [18]. 

I.3.4. Advantages and disadvantages of the photovoltaic system 

I.3.4.1. Advantages of the photovoltaic system (VPS) 

Photovoltaic technology has several advantages among which we find [19]: 

 High reliability: The installation does not have moving parts that make it particularly suitable 

for isolated regions;  

 The module of photovoltaic panels, simple has installed, adaptable, and can be sized for power 

up to megawatts;  

 SPVs have a long lifespan and the cost of maintenance operations is very low; Photovoltaic 

systems have environmental benefits (non-polluting);  

 SPVs operate efficiently in the event of a stand-alone installation by supplying homes and 

shopping centers. 

 No transportation costs or risks compared to other energy sources. 

I.3.4.2. Disadvantages of the photovoltaic system 

The production of solar energy has some disadvantages [20]:  

 The production of the photovoltaic module requires a high investment cost 

 The actual conversion efficiency of a module is low, in the order of 5-25% with a Laboratory 

limit of 40% cell according to Guider Photovoltaic (http://photovoltaique.guidenr.fr). 
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 Photovoltaic generators are not competitive compared to diesel generators, but they become 

more profitable, especially in isolated areas where the transportation of fuel costs a fortune;  

 Dependent on weather conditions that cause yield decline;  

 The energy storage system is more expensive. 

I.4. wind turbine generation  

             I.4.1. Definition of wind turbine 

A wind turbine is a device that converts the kinetic energy from the wind into electrical energy. 

It typically consists of a tall tower with a rotor, which is comprised of two or three blades, that spins in 

response to the wind. The rotor is connected to a generator that produces electricity when the rotor spins. 

The electricity is then either used on-site or sent to the electrical grid to power homes and businesses. 

Wind turbines are a type of renewable energy technology that is used to generate clean, sustainable 

electricity. 

I.4.2.  History of Wind Uses  

Wind as a source of energy has been in use by humans for many centuries and energy purposes 

date back five thousand (5000) years ago by sailing ships and boats used by the ancient Egyptians. Its 

use occurs through the conversion of kinetic energy into translational kinetic energy of rotation, using 

wind turbines to generate electricity, or windmills for mechanical work to pump water from deep wells 

[16]. The first windmill machines were also used around 2000 years B.C., in ancient Babylon and China, 

evolving since then to the modern wind turbines. In the Western world, the first application of windmills 

was the grinding of grain and pumping of water from deep wells [22]. 

The first modern wind turbine designed especially for electricity generation, was constructed in 

Denmark in the early 1890 for supplying electricity to rural areas. In the same period, a 12kW of power 

windmill was constructed in the United States of America (USA). It was a large wind electric generator 

with 17 meters’ diameter of rotor and 144 wooden propellers [21]. 

The oil crisis in the 1970s sparked interest in wind energy in response to uncertainty about the 

price and availability of fossil fuels. The wind turbine technology research and development programs 

that followed this oil crisis during the last century, introduced significant improvements resulting in 

modern computer-controlled wind turbines, which brought new and more efficient ways of converting 

wind energy into useful mechanical or electrical power [23]. 
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I.4.3. Types of wind turbines 

 wind turbines come in two basic configurations based on the direction of the rotating shaft 

(axis): horizontal axis and vertical axis. They range in size from very small machines that produce a few 

tens or hundreds of watts to very large turbines producing as much as 5 megawatts of power. 

I.4.3.1. Horizontal axis wind turbines  

Most wind machines being used today are the horizontal-axis type. Horizontal-axis wind 

machines have blades like airplane propellers. Horizontal axis wind turbines (HAWTs) predominantly 

have 2 or 3 blades or a large number of blades. The latter is described as high-solidity devices and 

includes the multi-blade wind turbines used for water pumping on farms. In contrast, the swept area of 

wind turbines with 2 or 3 blades is largely void: only a small fraction of this area appears to be solid. 

These are referred to as low-solidity devices [24]. 

We can distinguish between wind turbines whose propeller is upstream about the wind, 

"propeller upwind" (Fig.1.7a), and those whose propeller is downstream concerning the wind, "propeller 

downwind". (Fig.1.7. b). 

 

Figure 1.8. (a) Upwind HAWT (b) Downwind HAWT  

Upwind turbines, on the other hand, require somewhat complex yaw control systems to keep the 

blades facing the wind. In exchange for that added complexity, however, upwind machines operate more 

smoothly and deliver more power. Most modern wind turbines are of the upwind type. 

Wind turbines with many blades operate at much lower rotational speeds than those with fewer 

blades. As the rpm of the turbine increases, the turbulence caused by one blade affects the efficiency of 
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the blade that follows. With fewer blades, the turbine can spin faster before this interference becomes 

excessive. And a faster spinning shaft means that generators can be physically smaller in size [25]. 

I.4.3.2 Vertical axis wind turbines 

 Vertical axis wind turbines (VAWTs) have blades that go from top to bottom. The most 

common types of these turbines are Savonius and one of the most popular in the world market, Darrius. 

These turbines can harness winds from any direction without the need to reposition the rotor when the 

wind direction changes [26].  

The blades of a Darrius VAWT have a curved shape and this likes a shape taken by a spinning 

rope. This shape is a structurally efficient one, but the unusually shaped blades are difficult to 

manufacture, transport and install. To overcome these problems, straight-bladed VAWTs have been 

developed: these include the H-type vertical axis and V-type vertical axis wind turbines [24]. 

 

Figures I.9. Darrius-type VAWTs and H-type VAWTs 

I.4.4. Main parts of a wind turbine 

  A wind turbine consists of the following four main parts: the base, tower, nacelle, and blades, as 

shown in figure.I.10. The blades capture the wind's energy and spin a generator in the nacelle. The tower 

contains the electrical circuits, supports the nacelle, and provides access to the nacelle for maintenance 

while the base is made of concrete and steel and supports the whole structure. 
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Figure.I.10: Main parts of a wind turbine [26].  

I.4.5. Advantages and disadvantages of wind turbines  

I.4.5.1. Advantages 

 Wind energy is a renewable energy, unlike fossil fuels. 

 Wind energy is clean energy. It has no harmful impact on the environment like other energy 

sources that have caused a drastic change in the climate through the enormous and direct 

production of CO2. 

 Wind energy does not present any risk and does not produce radioactive waste, unlike nuclear 

energy. 

 The mode of operation of wind turbines and the possibility of stopping them at any time gives 

them the advantage of having a good yield, unlike the continuous modes of operation of most 

thermal and nuclear power plants. 

I.4.5.2. Disadvantages  

 The stochastic nature of the wind influences the quality of the electrical power produced, which 

is a constraint for network managers.  

 The cost of wind energy remains higher than other conventional energy sources, especially on 

less windy sites.  

 Noise: It has been significantly reduced due to progress in Multipliers. 
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I.5. Topologies and development of wind turbine generators 

In the 1980s, wind turbine technology started with tens of kW but today it has undergone 

a significant evolution, and now wind turbines exceed 10 MW. This evolution leads to price 

variation and multiple choice for different types of generators [27]. 

In general, the turbines are divided into two types according to their axis of rotation 

(vertical or horizontal). Those with a vertical axis, do not need orientation following the 

direction of the wind and turn at a low speed with a high starting torque [28]. 

Horizontal axis turbines, having two or three blades, generate more power. The 

orientation of their mechanical system is not necessary. 

The change in the direction of the wind causes oscillations that influence their generator. 

There are several electric generators such as (IG, DFIG, PMSG, and SG) [29]. 

 Doubly Fed Induction Generator (DFIG): the latter has a stator connected directly to the 

electrical grid via an isolation transformer and converter control. Rotor resistance can 

influence the voltage stability of the system [30]. Wind variation causes a reduction in energy 

production. Its rotor is connected to a converter of voltage source type power and has 

decoupling capability. This converter is controlled by controlling the active and reactive 

powers to facilitate the flow to the grid [31]. 

 Synchronous generator: this generator has a magnetic field that can be generated by magnets 

or by an excitation circuit, which imposes a synchronism field. However, the existing types of 

rotors are wound rotors with smooth poles, salient poles, and permanent magnets. These are 

the most popular in offshore parks.  

 

Figure.I.11. DFIG wind turbine connected to the grid 
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        Figure.I.12. Different offshore wind turbine machines [32] 

I.5.1. Synchronous machine (SM) 

This machine has variable speeds that range from 0 to 100% nominal speed. The machines are listed 

below: 

I.5.1.1. Wound rotor machine (WRSG):  

contains high numbers of poles and the rotor rotates at low speeds. It requires installing the excitation 

circuit and this will reduce efficiency, increase manufacturing and operating costs, and also make 

modeling and its study very complicated. 

Two types of excitation circuits are used: 

 The excitation circuit with static converters (addition converters) 

 The excitation circuit of the inverted synchronous machine (eliminates rings/brushes). 
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Figure.I.13. Wind turbine diagram and system structure power conversion WRSG 

 I.5.1.2. The permanent magnet synchronous generator:  

This machine has become a very interesting solution in recent years for small and large wind turbine 

applications. It is important to use a high number of pole pairs to avoid gear boxing to reduce mechanical 

losses [33]. Moreover, the disadvantage of this machine is the variation of the magnetic characteristics 

of the rotor and the very high cost of the magnets.  

 

Figure.I.14:  Diagram of wind turbine and power conversion system structure of PMSG 

I.5.2. Induction Generator 

The Induction Generator must be supplied with current to create the magnetic field. It is 

necessary for the operation of the generator. However, it is possible to operate an Induction Generator 

in an autonomous system if it has been connected to the capacitors which supply the current necessary 

for the magnetization. Otherwise, you need a battery and electronics power or a small diesel generator 

to start the system. The different machines are listed below[32]. 
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I.5.2.1.Squirrel Cage Induction Generator (SCIG)  

Figure I.14. shows the generator which operates at a low-speed range and can be accommodated by using a 

gearbox between the turbine and the generator to provide rated power.  

 

Figure I.15: diagram representation of the squirrel cage induction generator (SCIG)-based 

wind energy conversion (WEC) system. 

I.5.2.2.  Doubly Fed Induction Generator (DFIG): 

 Allows variable-speed operation by adjusting the rotor speed of the generator according to that of the 

wind. The power factor can reach 30% of the rated power. 

I.6. Fixed and Variable Speed Wind Turbine 

The wind turbine can operate in two modes: fixed speed or variable speed. Both types of operation can 

be used onshore and offshore. The paragraphs below summarize the operation, the advantage, and the 

disadvantage of each mode 

I.6.1. Fixed-speed wind turbine directly connected to the offshore station  

The generator in Figure I.16 is connected to the converter at the offshore station through a 

transformer. The wind turbine uses an automatic control system to ensure that it is almost constantly 

rotating, regardless of the wind speed. In addition, it automatically locks in case of strong wind speed. 

 

Figurer.I.16:  Principle diagram of wind turbine connected to the offshore station 
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I.6.2. Variable speed wind turbine 

Variable speed has some attractions but also brings cost and reliability concerns. The turbine 

was seen as a way of the future, with cost reductions and performance improvements expected in 

variable speed drive technology. The current trend towards variable speed in new large wind turbines is 

related to greater operational flexibility and power quality concerns. To optimize the power according 

to the wind speed, it is possible to adjust the speed of rotation in the wind. The main idea is to choose a 

generator with a fixed frequency and variable speed. 

The variable speed generator allows operation over a wide range of winds, to recover the 

maximum power. At present, electromagnetic conversion in wind power plants is mainly carried out by 

synchronous or asynchronous generators. 

Recently, wind power stations are closely dependent on wind speed. Considering the instability 

of the wind, the main advantage of speed variation is to produce power independent of wind speed with 

MPPT capture by controlling the power delivered with very high efficiency, but the disadvantage of this 

mode is the need for a power converter. 

I.7. Standards for the interconnection of electrical energy sources on the Grid 

One of the major challenges that hinder the development of renewable energies is related to the 

integration of the energy produced within the electrical networks. The interconnection of different 

energy sources on electrical networks is, therefore, a matter of concern, because the electrical networks 

were designed beforehand without taking into consideration that there could be the installation of 

renewable energies. 

To maintain the reliability of electrical networks, there is a set of standards governing the 

interconnection of different energy sources on electrical networks. These standards were drafted by 

organizations related to the quality of distributed electrical current and the performance of the grid, as 

well as the safety of people [34]. 

 We will present below the norms and standards to which energy producers must comply to meet 

the requirements that may allow them to integrate the electrical networks. 

Because of the multiplicity of standards on the interconnection of the electricity grid, In this 

section, we will present those drafted by international organizations, while describing the content that 
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mainly presents the standards of interconnections to the network, as well as the standards related to the 

quality of energy in terms of harmonic content. 

I.7.1    Interconnection Standards 

The IEEE (Institute of Electrical and Electronics Engineers), NFPA (National Fire Protection 

Association), and UL (Underwriters Laboratories) are three interconnecting organizations [34] 

All of the standards drafted by these organizations refer to network performance, security, and the 

quality of the energy that must circulate in the networks. They can therefore be presented as follows: 

 IEEE 1547 standards 

This series of standards contains technical requirements that guarantee the performance of 

electrical networks by setting requirements related to the use, testing, safety, and maintenance 

of connection points (IEEE 1547, 2003). It is made up of the draft standards presented below: 

 PIEEE 1547.3:Draft guide for monitoring, information exchange, and control of alternative 

energy sources interconnected to power grids. It describes the functionalities, the variables as 

well as the methodologies for the monitoring, the exchange of information as well as the control 

of the alternative energy sources connected. to the distribution network (IEEE 1547.3). 

 PIEEE 1547.4: Draft guide for the design, operation, and integration of alternative energy 

sources. It is mainly used by designers of electrical networks, operators, and equipment 

manufacturers. This document presents an overview and the problem of integrating 

decentralized energy sources (IEEE 1547.4)[32]. 

I.7.2. UL standards (Underwriters Laboratories) 

UL has published standards for the use of alternative sources connected to electrical grids. They 

mainly regulate converters and interconnection equipment.in"Integration of Alternative Sources 

of Energy, 2006", presents a summary of the UL standard series [34]. 

I.7.3. Standards related to power quality in terms of harmonic content 

There are mainly two international standards that are related to power quality in terms of 

harmonic content. The IEC 61000-4-7 (IEC, 2002) standard establishes standard techniques for the 

evaluation of harmonics and inter-harmonics to facilitate interpretation independently of the instruments 

used to evaluate them[32]. 
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I.8. Conclusion 

The chapter provided insights into different types of hybrid systems, including grid-connected 

hybrids and standalone hybrids. Grid-connected hybrid systems enable the seamless integration of 

solar and wind energy into existing power grids, leveraging their combined benefits to meet electricity 

demand and contribute to a greener energy mix. The historical background showcased the evolution of 

hybrid systems, highlighting significant advancements in technology, increased efficiency, and cost 

reductions over time. Since their inception, hybrid systems of solar energy and wind energy have 

demonstrated their potential to contribute to a cleaner and more sustainable energy future. 
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II.1. Introduction 

 An essential aspect of PV systems is their ability to efficiently convert sunlight into usable electrical 

energy. Achieving high conversion efficiency requires not only advanced solar panel technologies but 

also effective system design and control strategies. This is where modeling and analysis play a crucial 

role in understanding and optimizing the performance of PV systems. 

In this chapter, we will focus on the modeling and analysis of a PV system and a specific component 

known as the boost converter. The PV system model encompasses various elements, including solar 

panels, inverters, MPPTs, and energy storage, and it is essential to accurately represent their behavior 

in mathematical equations and simulations 

II.2.  PV SYSTEM MODELING 

The PV system is a set of regularly installed equipment for the exploitation of solar energy under 

changes the atmospheric conditions (ambient temperature, sunshine). It consists of a PV generator 

connected to a load via a DC-DC Boost converter mediator controlled by an MPPT controller, which 

follows straight the maximum power point (MPP) conformable to the maximum efficiency. Fig II.1 

represents the synoptic structure of a photovoltaic energy production system 

 

Figure II.1 Synoptic structure of a photovoltaic energy production system. 

II.2.1.  PV Generator (GPV)  

The PV generator is the fundamental element in a photovoltaic system which consists of 

several PV cells connected in series and parallel format to provide the desired output voltage 

and current. The PV cell is the basic element of a PV generator which converts solar 

irradiation into electrical energy. The most widely used model for its simplicity and accuracy 

is that of a diode, this is illustrated in Figure II.2 [35].  
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A cell series resistance 𝑅𝑠 is attached in series with a parallel combination of cell photocurrent 

𝐼𝑝ℎ, the exponential diode D, and shunt resistance 𝑅𝑠ℎ. 𝐼𝑝𝑣, and 𝑉𝑝𝑣 are the PV cell’s current 

and voltage respectively [36].  

 

Figure II.2 Equivalent model of the PV cell. 

In general, the output current of a photovoltaic cell is put in the following mathematical form: 

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ                                                                                                      (𝐼𝐼. 1  

With: 

 𝐼𝑝𝑣: represents the output current provided by the solar cell. 

 𝐼𝑝ℎ: represents the current generated by the solar cell when exposed to the light 

of the sun. 

 𝐼sh: represents the current flowing through resistance Rsh. 

 𝐼𝑑: represents the current of the diode,  

 

Module photo-current, Iph 

Iph = [Isc + Ki(T − 298)] ∗
Ir

1000
                                                                                    (𝐼𝐼. 2) 

Where: 

 Iph: photo-current (A) 

 Isc: short circuit current (A): a current obtained when array terminals are short-

circuited 

Ki: short-circuit current temperature coefficient of the cell at 25 ∘C and 
1000 W

m2  

T: operating temperature (K) 

 Ir: solar irradiation (W/m2) 
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Module the current of the diode: 

Id = I0 ⌈exp (
q(VPV + RsIPV)

AKT
) − 1⌉                                                                               (𝐼𝐼. 3) 

Module reverse saturation current, Irs: 

𝐼𝑟𝑠 =
𝐼𝑠𝑐

𝑒(𝑞𝑉𝑜𝑐/𝑁𝑠𝑘𝐴𝑇) − 1
                                                                                                         (𝐼𝐼. 4)         

Where: 

 q: electron charge =1,6.10-19 C 

Voc: open circuit voltage (V) 

Ns: number of cells connected in series; 

A: the ideality factor of the diode =1.6;  

K: Boltzmann's constant = 1.3805 × 10−23 J/K 

T: is the temperature of the cell (in kelvin). 

The module saturation current, I0 

     It varies with the cell temperature, which is given by: 

𝐼𝑜 = 𝐼𝑟𝑠 (
𝑇

𝑇𝑟
)
3

[𝑒
𝑞𝐸𝑔𝑜

𝐴𝑘
(
1
𝑇
−

1
𝑇𝑟

)
]                                                                                             (𝐼𝐼. 5) 

Where:  

Tr: nominal temperature = 298 K  

Eg0: band gap energy of the semiconductor = 1.1eV 

The current of the PV cell can then be written in the form: 

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼0 ⌈𝑒𝑥𝑝 (
𝑞(𝑉𝑃𝑉 + 𝑅𝑠𝐼𝑃𝑉)

𝑛𝐾𝑇
) − 1⌉ −

(𝑉𝑃𝑉+𝑅𝑠𝐼𝑃𝑉)

𝑅𝑠ℎ
                                                 (𝐼𝐼. 6)     
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In general, a photovoltaic generator is composed of several PV cells connected in series and 

parallel. Moreover, the “current-voltage” characteristic equation of the equivalent circuit for a 

photovoltaic panel, arranged in parallel cells 𝑁𝑝 and series 𝑁𝑠𝑠, can be defined using the following 

two equations 

𝐼𝑃 = 𝑁𝑃𝐼𝑝𝑣                                                                                                                   (𝐼𝐼. 7) 

𝑉𝑃 = 𝑁𝑆𝑉𝑝𝑣                                                                                                                       (𝐼𝐼. 8) 

With 𝐼𝑃 and 𝑉𝑃 are, respectively, the output current and the output voltage supplied by the solar 

panel. So the current equation becomes as follows: 

IPV = NPIph − NpI0 ⌈exp (

q (VPV +
Ns

Np
RsIPV)

NsAKT
) − 1⌉ −

(
Ns

Np
  VPV+RsIPV)

Rsh
                            (𝐼𝐼. 9) 

II.2.2.  Design the PV array solar 

 To produce high power capacity in the PV system, a series and parallel combinations of a PV 

module will be used [32].  

 1Soltech (1STH-215-P) module will be used in this work. This module has the specifications 

as presented in Table:  

Table II. 2  PV Module Parameters 

Parameters Value 

Rated Power (W) 213.15 

The voltage at maximum power point Vmp     (V) 29V 

Current at maximum power point Imp (A) 7.35A 

Open circuit voltage Voc (V) 36.3V 

Short-circuit current Isc (A) 7.84A 

Number of cells 60 

Series resistance(Rs) 0.39383Ω 

Parallel resistance (Rsh) 313.399Ω 
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 To produce 100 kW power capacity, 47 series, and 10 parallel modules will be required. 

Rated power (𝑃𝑉 array ) = 𝑃 = 47∗10∗𝑃𝑚𝑝 = 47∗10∗213.13 = 100.2 kW. 

Output voltage (𝑃𝑉 array ) = 𝑉𝑚𝑝 ∗ Number of parallel module = 29 ∗ 10 = 290 V 

II.2.3. characteristics of the PV module 

Therefore, the I-V and P-V characteristics of this module at a fixed temperature of 25°C and an 

irradiation of 1000 W/m2 are illustrated in Figure II.7. 

 

 

Figure II.3. I_V and P_V characteristics of the PV module offered at 25°C and 1000W/m2 

To generate photovoltaic power suitable for injection into the electrical grid, the modules will 

simply be connected in series and in parallel to form a photovoltaic panel, which will increase the open 

circuit voltage of the string. So, to obtain a power of 100KW, 47 strings are connected in parallel and 

each string contains 10 modules connected in series.  
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Figure II.4.I-V and P-V characteristics of PV panel at 25°C and 1000W/m2 

To study the sensitivity of the panel against the variation of solar irradiation and temperature, the PV 

panel model is simulated under a constant temperature and different values of irradiation, then, at 

constant irradiation and different values of temperature.  

II.2.4. Influence of irradiation and temperature on the I(V) and P(V) characteristics of (PVG) 

II.2.4.1. The effect of irradiation 

Figures (II.5) and (II.6) respectively represent the characteristics (I-V) and (P V) of an Array type: 

1Soltech 1STH-215-P;10 series modules; 47 parallel strings, for different values of irradiation, at a 

constant temperature of 25°C. 

 

Figure II.5. Influence of irradiation variation on the I-V characteristic at a constant temperature  
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Figure II.6. Influence of irradiance variation on the P-V characteristic at a constant 

temperature. 

The photocurrent created in the PV module is proportional to the incident solar flux, which explains the 

strong influence of illumination on the current delivered by the PV module. This influence increases the 

power available in the PV modules. Each time the illumination increases. and to each of the luminous 

flux values corresponds the maximum electrical power that a PV module could supply. 

II.2.4.2 The effect of temperature 

Figures (I.15) and (I.16) respectively represent the (I-V) and (P V) characteristics of an Array type: 

1Soltech 1STH-215-P;10 series modules; 47 parallel strings, for different temperature values, at a 

constant illumination equal to 1000KW/m2 

 

Figure II.7. Influence of temperature on I_V characteristic 
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Figure II.8. Influence of temperature on P_V characteristic 

An increase in temperature causes a decrease in the open circuit voltage and also results in a 

decrease in the maximum power available in the PV module. 

II.3. “Boost Converter” step-up chopper 

A 'Boost' converter, or parallel chopper, is a switching power supply that converts a DC voltage 

into another DC voltage of a higher value. This type of converter can be used as a source-load adapter 

when the operating point in direct coupling is to the right of the MPPT 

Figure II.9. Circuit diagram of a Boost chopper 

Figure (II.9) shows the electrical circuit diagram of a Boost converter. Its typical application is 

to convert its input voltage to a higher output voltage [38]. 

II.3.1. Operation Boost converter: 

  When the switch is closed for the duration, the current in the inductor increases linearly. The 

voltage across K is zero. During this time, the switch opens and the energy stored in the inductance 

controls the current flow in the diode-free wheel D. By writing that the voltage across the terminals of 

the inductor is zero, we arrive at V0 (1 - α) = Vi   
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Figure (II.10): Current and voltage timing diagrams of a boost chopper. 

II.3.2. Equivalent mathematical model: 

 To be able to synthesize the functions of the boost chopper in the steady state, it is necessary 

to present the equivalent diagrams of the circuit at each position of the switch K. of the figure (II.11) 

presents the equivalent circuit of the boost when K is the operating point in direct coupling is on the 

right of the closed MPPT i.e. of [0, DTe] [38]. 

Figure II.11. Circuit diagram of a closed Boost chopper 

The application of Kirchhoff's laws on equivalent circuits gives the following calculations:  

Ic1(𝑡) = 𝐶1

𝑑𝑣𝑖(𝑡)

𝑑𝑡
= 𝐼𝑖(𝑡) − 𝐼𝐿(𝑡)                                                                 (II. 10) 

Ic2(𝑡) = 𝐶2

𝑑𝑣0(𝑡)

𝑑𝑡
= −𝐼0(𝑡)                                                                            (𝐼𝐼. 11) 

VL(𝑡) = 𝐿
𝑑𝐼𝐿(𝑡)

𝑑𝑡
= 𝑉𝑖(𝑡)                                                                                      (𝐼𝐼. 12) 
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The open state of the switch K, the circuit equivalent to the operation of the Boost is as follows:  

Figure II.12. Circuit diagram of an open Boost chopper 

Ic1(𝑡) = 𝐶1

𝑑𝑉𝑖(𝑡)

𝑑𝑡
= 𝐼𝑖(𝑡) − 𝐼𝐿(𝑡)                                                                 (II. 13) 

𝐼𝑐2(𝑡) = 𝐶2

𝑑𝑉0(𝑡)

𝑑𝑡
= 𝐼𝑖(𝑡) − 𝐼0(𝑡)                                                                   (𝐼𝐼. 14) 

VL(𝑡) = 𝐿
𝑑𝐼𝐿(𝑡)

𝑑𝑡
= 𝑉𝑖(𝑡) − 𝑉0(𝑡)                                                                      (𝐼𝐼. 15) 

The input and output voltages and currents of the boost converter can be written as: 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝐼𝑖𝑛

𝐼𝑜𝑢𝑡
=

1

(1−𝐷)
                                                                                                         (𝐼𝐼. 16) 

Where: 

𝑉𝑜𝑢𝑡 : is the output voltage, 

 𝑉𝑖𝑛 : is the input voltage  

D: is the duty cycle which is the ratio between the time within which the IGBT. 

II.3.3. Calculation of Boost Converter: 

II.3.3.1. Selection of inductor (L):  

The value of the inductor is chosen based on the estimated inductor ripple current at the maximum  

the input voltage, presented by equation (7) [39]: 

𝐿 =
𝑉in (𝑉𝑜𝑢𝑡 − 𝑉in )

Δ𝐼𝐿 ∗ 𝑓𝑠 ∗ 𝑉𝑜𝑢𝑡
                                                                                                (II. 17)          
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Where: 

Vout: DC-DC converters output 

fs:  The switching frequency 

∆IL: input current ripple =I0ripple*Io*(Vout/Vin)  

Io=Po/Vout 

II.3.3.2. Selection of capacitor (C):  

The capacitor value is calculated by the variation in output voltage or ripple given in equation [39]: 

𝐶 =
𝐼𝑜(𝑉𝑜 − 𝑉in )

𝑓𝑠
∗𝛥𝑉𝑜 ∗ 𝑉𝑜

                                                                             (𝐼𝐼. 18)                

Where: 

∆V: Output voltage ripple=Vout*0.5/100 

 

Figure II.13. Boost chopper simulation scheme 

II.4. Maximum Power Point Tracking (MPPT) 

Photovoltaic systems require control algorithms to extract the maximum power MPPT 

(Maximum Power Point Tracking) available. This power varies with the irradiation rate and the 

temperature [32]. 

The purpose of the MPPT is to constantly maintain the operation of the PV system around the 

maximum point of instantaneous power even under changing atmospheric conditions. 

II.4.1. Principle of MPPT 

By definition, an MPPT control, associated with an intermediate adaptation stage, makes it 

possible to operate a PV generator to permanently produce the maximum of its power. Thus, whatever 
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the meteorological conditions (temperature and illumination), the control of the converter places the 

system at the maximum operating point (Vmpp, Impp) [40]. 

 

Figure II.14 Solar energy conversion chain including MPPT control 

 Maximum power point (Pmax): is the point M (Vopt, I opt) of the figure (II.11) where the 

power dissipated in the load is maximum 

PMax = Iopt × Vopt                                                                                               (II. 19) 

With: 

Vopt: The optimal voltage. 

Iopt: The optimal current. 

 Maximum efficiency: the ratio between the maximum power and the power at the input of the 

solar cell 

𝜇 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑜𝑝𝑡 × 𝐼𝑜𝑝𝑡

𝐴𝑝𝑣 × 𝐼𝑟
                                                                                          (𝐼𝐼. 20) 

With: 

Ir: irradiation which represents the light power received per unit area (W/m2). 

Apv: Effective cell area. 

The standardized test conditions for solar panels are characterized by instantaneous radiation 

of 1000W/m2 at an ambient temperature of 25°C and a spectrum AM of 1.5. AM represents the Air 
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Mass which is the thickness of the atmosphere that the light must penetrate. These conditions are 

called STC. 

 

Figure II.15 Principe de la commande MPPT 

II.4.2. Classification of commonly used MPPT Technique 

There are many algorithms used to find the maximum power point. Ideally, power tracking is done 

automatically to adapt to varying weather conditions [32]. 

  

Figure II.16. Classification of commonly used MPPT 

 

 

Classification of MPPT 
Technique 

Offline Technique 

Open circuit 
voltage

Short circuit 
current

Online Technique

Perturb&observe

Incremental 
conductance

Slide mode control

Intelligent 
Technique

Fuzzy logic 
control

Artificial neural 
network

Particle swarm 
optimization



  Chapter II:                                                                    Modeling and control of photovoltaic systems 

 

 

37 

II.4.2.1. Perturb & Observe (P&O) algorithm 

P&O is the most well-established and widely used method to track the maximum power point 

of a PV system [40].  

This method is based on perturbing the output voltage of the PV system to produce a perturbed 

power which is further analyzed to calculate the maximum power point. The flowchart shown in 

(Figure II.17) depicts the P&O MPPT algorithm in detail and the method is briefly explained 

below: 

 The output voltage and current from the PV array are first measured and multiplied to obtain 

the output power. 

 Change in power (ΔP) is then measured. If ΔP=0, then the PV array is operating at the 

maximum power point. 

 If ΔP<0, then it means that the increasing voltage is causing the power reduction. Hence, the 

voltage must be increased to increase the power 

 On the other hand, if the change in power is positive, i.e. ΔP>0, and the algorithm verifies that 

ΔV0 and ΔV>0, then the algorithm continues to increase the voltage for the power to increase.  

 The algorithm repeats the process continuously to ensure that the operating point of the PV 

array achieves and continues to stay on the maximum power point. 

To summarize, if perturbed power perturbation is less than the initial value, then the direction 

of perturbation of operating voltage is reversed to find the maximum power and if it is more than 

the initial value then voltage perturbation is continued in the same direction until we reach the 

maximum power point [40]. (Figure II.18) depicts the P-V characteristics curve of the P&O 

algorithm, as explained above. 
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Figure II.17. P&O Algorithm 

 

Figure II.18. P-V characteristics of the P&O algorithm 

The P&O algorithm was adapted for this model due to its cost-effectiveness, uncomplicated 

structure, involvement of fewer parameters, and ease of implementation [42].  
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The P&O algorithm code, based on Figure II.16, was written in Matlab to obtain the maximum power 

point. The algorithm was embedded into the Simulink model of P&O MPPT as shown in Figure II.19. 

 

Figure II.19. Simulink Model of P&O MPPT 

A PWM signal generator was implemented to generate pulses that were used as an input to the 

switching- IGBT of the boost converter. PWM generator generates pulses for carrier-based pulse width 

modulated converters by using two signals - reference signal and carrier signal. For the designed system, 

the input dc signal was used as reference and a repeating sequence block was used to obtain the 

triangular carrier signal. As shown in (figure II.20) a PI compensator is commonly implemented within 

the PWM control with the primary objective of reducing the steady-state error. In addition to the low 

steady-state error, the PI compensators are widely used because they are easy to configure, easy to 

implement, and relatively inexpensive [43]. 

 

Figure II.20. Simulink Model of PWM signal generator 

 

 

 



  Chapter II:                                                                    Modeling and control of photovoltaic systems 

 

 

40 

Ii.5.   Simulation Results 

 

The Simulink block of PV and boost converter was illustrated in Figure II.21 

 

figure II.21. the block diagram in MATLAB SIMULINK PV system 

The simulation results of the PV system under standard climatic conditions (1000W/m2, 25C°) were 

presented below including the out voltage, current, and power, respectively in (Figure II.22, II.23, and  

II.24) 

 

figure II.22. The photovoltaic output voltage 



  Chapter II:                                                                    Modeling and control of photovoltaic systems 

 

 

41 

 

Figure II.23. The photovoltaic output current 

 

Figure II.24. The photovoltaic output power 

The simulation results of the PV system under variation of irradiance (600 W/m2, 800 W/m2, and 

1000W/m2, 25C°) were presented below including the out voltage, current, and power, respectively in 

(Figure II.25,  II.26, and II. 27) the result appear the MPPT technique operate successfully. 

 

Figure. II.25. The photovoltaic output voltage with the variation of irradiation 
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Figure II.26. The photovoltaic current with the variation of irradiation 

 

Figure II.27. The photovoltaic power with the variation of irradiation 

II.6.   Conclusion 

This chapter discussed the importance of accurate modeling in understanding the behavior and 

performance of the PV system. A typical PV system model includes components such as solar 

panels, Boost, and a maximum power point tracker (MPPT). By developing mathematical equations 

and using simulation tools, we can simulate the PV system's performance under different conditions 

and optimize its design. Furthermore, we explored the boost converter, which plays a crucial role in 

maximizing the power output of the PV system. The boost converter increases the low DC voltage 

generated by the solar panels to a higher level suitable for the load.  
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We examined the operating principles of the boost converter and its control strategies, such as 

pulse-width modulation (PWM), to achieve efficient voltage regulation.  

globally, modeling and analyzing a PV system and a boost converter is essential for 

understanding their behavior, optimizing their performance, and ensuring their efficient and reliable 

operation. 
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III.1.  Introduction 

The utilization of wind energy through turbines has gained significant attention as a sustainable and 

clean method of electricity generation. The design of an efficient and reliable wind energy system 

requires careful consideration of various components and control strategies.  

In this chapter, our primary focus will be on the turbine, PMSG, and the control system employing 

Direct Power Control with a rectifier converter. 

III.2. Wind turbine modeling 

III.2.1. Modeling of a horizontal axis wind turbine 

The wind turbine captures the kinetic energy of the wind and converts it into torque that spins the rotor 

blades. Three factors determine the ratio of wind energy to mechanical energy harvested by the rotor: 

air density, area swept by the rotor, and wind speed. Air density and wind speed are site-dependent 

climatological parameters [44]. The turbine model consists of three blades of length R driving a 

generator through a gain speed multiplier G, as shown in Figure III.1 [45]. 

We then obtain a global model composed of three subsystems: 

 The turbine. 

 The multiplier. 

 The shaft 

 

Figure. III.1. Simplified mechanical model of the turbine 

III.2.1.1. Modeling of the Wind Turbine 

The wind turbine captures the kinetic energy of the wind and converts it into torque that turns the rotor 

blades. Three factors determine the relationship between wind energy and mechanical energy recovered 
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by the rotor: air density , the surface swept by the rotor A and wind speed Vw. Air density and wind 

speed are climatological parameters that depend on the site [46]. Incidental power (theoretical power of 

the wind), due to the wind exerted on the blades of a wind turbine is expressed as follows: 

𝑃𝑡 =
1

2
𝜌𝐴𝑉𝑤3                                                                                                                      (𝐼𝐼𝐼. 1)  

In a wind system, and because of the different losses, the wind turbine can only recover one  

part of the wind power:  

𝑃𝑡 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑉𝑤3                                                                                                      (𝐼𝐼𝐼. 2)  

Where: 

ρ: air density; 

A = πR2: Area swept by the rotor blades; 

R: Radius of the turbine blade; 

Cp: Power coefficient of the wind turbine; 

β: Blade pitch angle; 

Vw: Wind speed 

λ: The speed ratio is defined as the ratio between the linear speed of the turbine and the wind 

speed, its expression is given as follows: 

𝜆 =
𝑅 ∗ 𝜔𝑚

𝑉𝑤
                                                                                                                            (𝐼𝐼𝐼. 3)  

where ωm: (rad/s) is the mechanical speed of the turbine shaft. 

   The torque exerted by the wind on the turbine shaft (or mechanical torque at the turbine outlet) is 

defined by: 

𝑇𝑡 =
𝑃𝑡

𝜔𝑡
=

1

2
𝜌 𝜋𝑅3𝑉𝑤2𝐶𝑡𝑜𝑟𝑞𝑢𝑒(𝜆, 𝛽)                                                                             (𝐼𝐼𝐼. 4)     

Where Torque represents the torque coefficient: 

𝐶𝑡𝑜𝑟𝑞𝑢𝑒 =
𝐶𝑝

𝜆
                                                                                                                            (𝐼𝐼𝐼. 5) 

III.2.1.2. Analytical model of the power coefficient 

The power coefficient Cp depends on the number of rotor blades and their geometric and 

aerodynamic shapes (length and profile of sections). These are designed according to the characteristics 
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of the site, the desired nominal power, the type of regulation (pitch or stall), and the type of operation 

(fixed or variable speed). 

The power coefficient Cp represents the aerodynamic efficiency of the wind turbine. Numerical 

approximations have been developed in the literature to model the coefficient, the model given above 

corresponds to the turbine proposed by the manufacturer German ENERCON [ 47]: 

𝐶𝑝(𝜆, 𝛽) = ∁1 (
∁2

𝜆𝑖
− ∁3𝛽 − 𝐶4) ∗ 𝑒

−
𝐶5
𝜆𝑖 + 𝐶6𝜆                                                                        (𝐼𝐼𝐼. 6) 

𝜆𝑖 = (
1

𝜆 + 0.008𝛽
+

0.035

𝛽3 + 1
)
−1

                                                                                                (𝐼𝐼𝐼. 7) 

where:  

C1 to C6 represent coefficients of wind turbine characteristics (C1 =0,5176, C2 = 116, C3 = 0.4, 

C4 = 5, C5 = 21, C6 =0,0068) and β is the blade pitch angle expressed in degrees. Figure III.2. shows 

the simulation results under MATLAB/SIMULINK of the evolution of the power coefficient Cp as a 

function of the relative speed λ for some pitch angles β.When the wind turbine is stationary (𝜔𝑡= 0), the 

speed ratio λ vanishes. The power of the turbine must also be zero since Pt = Tt. 𝜔𝑡 (where Ct is the 

mechanical torque of the turbine). This does not mean that the torque Ct exerted by the wind on the 

turbine is zero. When the rotational speed increases concerning the wind speed (λ increases), Cp 

increases to a maximum value. If λ becomes too large, the power coefficient Cp can take a negative 

value which causes a reversal of the power flow on the turbine shaft (figure III.2). This means that from 

a certain rotational speed of the turbine, and for a given wind speed, the turbine finds itself in 

"propulsion" mode and functions as a fan.  
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Figure.III.2. Power coefficient curves of and Cp tip speed ratio λ for different pitch blade angles β 

From Figure III.2., it can be seen that for each pitch angle β, there is an optimal speed ratio λ 

which maximizes the coefficient Cp. We can also see in Figure (III.2). that this coefficient Cp passes 

through a maximum (Cp-max = 0.41) for a pitch angle (β = 0°) and a particular value of the speed 

ratio which is designated λopt (where λopt = 8.1). 

Equation (II.27) shows that to maintain λ at its optimal value, and therefore maximize the power of the 

wind turbine, the rotational speed 𝜔𝑡 must be varied linearly with the wind speed 𝑉𝑤 . In this case, the 

optimum rotation speed 𝜔𝑡𝑜𝑝𝑡 for the maximum mechanical transmission of the wind turbine is given 

by: 

𝜔𝑡𝑜𝑝𝑡 =
𝜆𝑜𝑝𝑡

𝑅
𝑉𝑤                                                                                                                            (𝐼𝐼𝐼. 8)  

III.2.1.3. Speed Multiplier Model 

The speed multiplier is the connection between the turbine and the generator. Aims to adapt the 

speed of the turbine wt, the multiplier is assumed to be rigid and defined by a simple gain. Energy losses 

in the multiplier are considered zero. 

This is a very complex device that we modeled very simply using the following two equations [48]:  

𝜔𝑡 =
𝜔𝑚

𝐺
                                                                                                                                      (𝐼𝐼𝐼. 9 )     

𝑇𝑚 =
𝑇𝑡

𝐺
                                                                                                                                  (𝐼𝐼𝐼. 10 )     



 Chapter III:                                                                   Modeling and control of wind turbine systems 

 

 

49 

Where: 

G: The speed multiplier gains 

Tm: The mechanical torque available on the generator shaft 

Tt: The torque of the turbine 

wm: The mechanical speed of the generator 

wt: The speed of the turbine 

wm: The rotation speed of the generator shaft 

III.2.1.4. Mechanical shaft model 

The mass of the wind turbine is transferred to the turbine shaft in the form of inertia Jt and 

includes the mass of the blades and the mass of the turbine rotor. The proposed mechanical model 

considers the total inertia J consisting of the inertia of the turbine transferred to the rotor of the generator 

and the inertia of the generator [49]. 

J = 𝐽𝑡𝐺
2 + 𝐽𝑔                                                                                                                                (𝐼𝐼𝐼. 11)  

It should be noted that the generator rotor inertia is very low compared to the turbine inertia 

reported by this axis. The fundamental equation of dynamics is used to determine the evolution of 

mechanical speed from mechanical torque Tm applied to the rotor  

Σ 𝑇 = 𝑇𝑚 = 𝐽
𝑑𝜔𝑚

𝑑𝑡
                                                                                                                  (𝐼𝐼𝐼. 12)         

      The mechanical torque is a function of the electromagnetic torque produced by the generator, the 

torque of viscous friction, and the torque from the multiplier  

Τ𝑚 = Τ𝑠ℎ𝑎𝑓𝑡 − 𝑇𝑒𝑚 − T𝑣𝑖𝑠𝑐                                                                                                      (𝐼𝐼𝐼. 13)      

      The friction of the blades, of the hub, as well as of the shaft, are grouped in a single coefficient of 

friction brought back to the shaft of the generator and called Bf.  

𝛵𝑣𝑖𝑠𝑐 = 𝛣𝑓 ∗ 𝜔𝑚                                                                                                                              (𝐼𝐼𝐼. 14)   
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The dynamic equation of mechanical motion of wind turbine system is given by [50]: 

Τ𝑡 + Τ𝑒𝑚 = 𝐽
𝜔𝑚

𝑑𝑡
+ Β𝑓 ∗ 𝜔𝑚                                                                                                   (𝐼𝐼𝐼. 15)     

where: 

;: The mechanical torque of wind turbinetT 

;generatorthe The electromagnetic torque of : emT 

J: The total inertia of the system; 

.: The coefficient of viscous frictionfB 

The block diagram corresponding to the modeling of the wind turbine is easily deduced from the 

equations above and is represented by Figure III.3 

 

Figure III.3. Schematic diagram of the turbine model [44] 

This figure shows that the turbine produces an aerodynamic torque Tw from the kinetic power of wind 

Pw. The speed multiplier transforms the torque aerodynamic Tw of the turbine in the torque of the 

multiplier. The mechanical speed of the generator shaft Wm results from the application of the engine 

torque available at the output of the Tshaft multiplier as opposed to the electromagnetic torque Tem.   The 

control of the mechanical speed of the generator can therefore be performed through the electromagnetic 

torque of the generator. 
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III.3. PMSG Modeling 

The PMSG electrical equation is expressed below [51]: 

𝑢𝑎𝑏𝑐𝑠
=

𝑑𝜓𝑎𝑏𝑐𝑠

𝑑𝑡
+ 𝑅𝑠𝑖𝑎𝑏𝑐𝑠                                                                                                  (𝐼𝐼𝐼. 16)      

where, 𝒖𝒂𝒃𝒄𝒔
 are the instantaneous a, b, and c  three-phase stator voltages, and 𝑖𝑎𝑏𝑐𝑠       are the 

instantaneous three-phase stator currents. 𝑅𝑠 being the stator winding resistance per phase. 𝜓𝑎𝑏𝑐𝑠
are 

the instantaneous flux linkages induced by the three-phase AC currents and the PM. 

Applying Park transform, (II.1) becomes: 

[
𝑢𝑑𝑠

𝑢𝑞𝑠

] = [𝑃(𝜃𝑚)][𝑅𝑠][𝑃(𝜃𝑚)]−1𝑖𝑑𝑞𝑠
+ [𝑃(𝜃𝑚)][𝑃(𝜃𝑚)]−1

𝑑

𝑑𝑡
[𝜓𝑑𝑞𝑠

]              

+  [𝑃(𝜃𝑚)] (
𝑑

𝑑𝑡
[𝑃(𝜃𝑚)]−1) [𝜓𝑑𝑞𝑠

]                                                                              (𝐼𝐼𝐼. 17) 

Where: 

 𝑃(𝜃𝑚) : is park transformation expressed as follows [47]: 

𝑃(𝜃𝑚) =
2

3

[
 
 
 
 
 𝑐𝑜𝑠(𝜃𝑚)                 𝑐𝑜𝑠 (𝜃𝑚 −

2𝜋

3
)               𝑐𝑜𝑠 (𝜃𝑚 +

2𝜋

3
)

−𝑠𝑖𝑛(𝜃𝑚)           − 𝑠𝑖𝑛 (𝜃𝑚 −
2𝜋

3
)         − 𝑠𝑖𝑛 (𝜃𝑚 +

2𝜋

3
)

    
1

2
                                         

1

2
                                      

1

2 ]
 
 
 
 
 

                                (𝐼𝐼𝐼. 18) 

  𝜃𝑚: is the angle between the q-axis and the main stator axis with:  

[  
𝜓𝑑𝑠

𝜓𝑞𝑠

  ] = [  
𝐿𝑑   0
0     𝐿𝑞

] [ 
𝑖𝑑𝑠

𝑖𝑞𝑠

  ] = [  
𝜓𝑓 

0
]                                                                                          (𝐼𝐼𝐼. 19) 

  𝜓𝑓 : represents the constant permanent magnet flux linkage. 

 On the other hand, and as is expressed in (III.20) 

[𝑃(𝜃𝑚)][𝑃(𝜃𝑚)]−1  
𝑑

𝑑𝑡
[𝜓𝑑𝑞𝑠

] =
𝑑

𝑑𝑡
(𝜃𝑚) ∗ 𝑃 (

𝜋

2
) ∗ [  𝜓𝑑𝑞𝑠

] = 𝜔𝑠[  𝜓𝑑𝑞𝑠
 ]

′
                              (𝐼𝐼𝐼. 20) 
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where:  

[𝜓𝑑𝑞𝑠
]
′
= [   

−𝐿𝑞      0   

0          𝐿𝑑
] [  

𝑖𝑞𝑠

𝑖𝑑𝑠

   ] + [   
0
𝜓𝑓

] = [   
−𝜓𝑞𝑠

   𝜓𝑑𝑠

  ]                                                            (𝐼𝐼𝐼. 21)  

In addition:  

[  𝑢𝑑𝑞𝑠
] = [ 𝑅𝑠 ][ 𝑖𝑑𝑞𝑠 ] +

𝑑

𝑑𝑡
[ 𝜓𝑑𝑞𝑠

] + 𝜔𝑠[ 𝜓𝑑𝑞𝑠 ]
′
                                                                   (𝐼𝐼𝐼. 22) 

Replacing (III.21) in (III.22), (III.23) is deduced: [48]  

{
   𝑢𝑑𝑠

= −𝜔𝑠 ⋅ 𝜓𝑞𝑠
+ (𝑅𝑠 + 𝑝𝐿𝑑)𝑖𝑑𝑠

𝑢𝑞𝑠
= 𝜔𝑠 ⋅ 𝜓𝑑𝑠

+ (𝑅𝑠 + 𝑝𝐿𝑞)𝑖𝑞𝑠

,                                                                                            (𝐼𝐼𝐼. 23) 

 ωs   : is the basic electrical angular frequency of the PMSG and can be deduced from Ωm as follow:  

𝜔𝑠 = 𝑛𝑝 ∗ 𝛺𝑚                                                                                                                                (𝐼𝐼𝐼. 24) 

Where:       𝑛𝑝 is the PMSG pole pair.  

  𝜓𝑑𝑠
  and 𝜓𝑞𝑠

 are the stator flux linkages corresponding to d-axis and q-axis, respectively. 

Substituting (III.19) in (III.23), (III.25) is obtained: 

{
𝑢𝑑𝑠

= −𝜔𝑠. 𝐿𝑞𝑠
𝑖𝑞𝑠

− 𝜔𝑠 ⋅ (𝑅𝑠 + 𝑝𝐿𝑑)𝑖𝑑𝑠

𝑢𝑞𝑠
= 𝜔𝑠. 𝐿𝑑𝑠

𝑖𝑑𝑠
+ (𝑅𝑠 + 𝑝𝐿𝑞)𝑖𝑞𝑠

+ 𝐸𝑠  
                                                                                  (𝐼𝐼𝐼. 25) 

with 𝐸𝑠 = 𝜔𝑠𝜓𝑓 , 𝐿𝑑𝑠
 and 𝐿𝑞𝑠

 are the two-phase stator windings self-inductances corresponding to d-

axis and q-axis. 𝑖𝑑𝑠
 and 𝑖𝑞𝑠

 are the armature currents for the d-axis and q-axis, respectively. (p) is the 

differential operator symbol. In the d − q axis rotation coordinate system, (III.26) expresses the 

electromagnetic torque of PMSG [54]. 

𝑇𝑒 =
3

2
𝑛𝑝[𝜓𝑑𝑖𝑞𝑠

+ (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑠
𝑖𝑞𝑠

]                                                                                            (𝐼𝐼𝐼. 26) 
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Figure III.4. Equivalent circuit, (a) in q axis and (b) in d axis. 

III.4. Three-phase PWM rectifier  

          III.4.1. Three-Phase PWM rectifier Principle 

The voltage rectifier works by keeping the DC bus voltage at a desired reference value, using 

closed-loop control. To accomplish this task, the DC bus voltage is measured and compared with a 

reference voltage, the error signal produced from this comparison is used to switch the six rectifier 

switches on and off. This way power can flow in either direction depending on the conditions on the 

measured DC bus voltage across capacitor C. When the current output rectifier is positive, capacitor C 

is discharged, and the error signal requests the control block for more power from the AC source. The 

control block takes power from the AC source producing an appropriate PWM signal for all six switches. 

This way, more current flows from the AC source to the DC side, and the capacitor voltage is recovered. 

Conversely, when the current output rectifier is negative, capacitor C is overcharged, and the error signal 

instructs the control block to discharge the capacitor, and power returns to the AC source [55]. 

The PWM control can not only control the active power, but also the reactive power, and 

therefore this type of rectifier allows the correction of the power factor. In addition, the waveforms of 

the source currents can be maintained as nearly sinusoidal, which reduces source distortion [56]. 
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Figure III.5. structure of a three-phase rectifier 

III.5.  Direct power control (DPC)  

          III.5.1. Definition  

      The general definition describes the (DPC) as the control technique which directly uses the 

instantaneous powers as control variables, without using current loops or modulation blocks because 

the rectifier switching states are chosen directly by a switching table [57]. 

         III.5.2. Principle of direct power control 

       The principle of DPC consists in selecting a sequence of switching orders (S𝑎 S𝑏 S𝑐) of the 

semiconductors constituting the PWM rectifier, from a switching table. The selection is made based on 

the digitized errors, S𝑝 and S𝑞 between the active and reactive power references (P* and q*) and the 

actual values (P and q), provided by two hysteresis comparators at two levels, as well as on the angular 

position of the network voltage vector; α, β. For the latter, the α-β plane is divided into twelve or six 

sectors. Each of the control sequences (S𝑎 S𝑏 S𝑐) corresponds to a voltage vector at the input of the 

rectifier, the whole of which is represented in Fig III.6 [58]. 
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Figure III.6: General configuration of the DPC command. 

       The overall structure of the DPC, applied to the three-phase PWM bridge rectifier is shown in 

Figure III.6. It is analogous to that of the direct torque control (DTC) of induction machines. Instead of 

torque and stator flux, it is the active and reactive instantaneous powers that are the controlled quantities. 

III.5.3. The voltage estimator 

         The working sector of the line voltage is necessary, to determine the switching commands. 

Moreover, it is important to estimate the line voltage correctly, even with the existence of harmonics, it 

gives a high power factor. The voltage drop across the inductor can be calculated by differentiating the 

current. So the voltage can be calculated by adding the reference voltage at the input of the converter 

with the already calculated voltage drop [59]. 

The following expression gives the line currents 𝑖𝑎, 𝑖𝑏, 𝑖𝑐 in stationary coordinates: 

[
𝑖𝛼
𝑖𝛽

] = √
2

3
[
 
 
 1 −

1

2
−

1

2

0 −
√3

2
−

√3

2 ]
 
 
 

[
𝑖𝑎
𝑖𝑏
𝑖𝑐

]                                                                                       (𝐼𝐼𝐼. 27) 

We can write the expressions of the active and reactive powers as follows:  

{
𝑝 = 𝑣‾𝑠(𝑎𝑏𝑐) ⋅ 𝑙‾(𝑎𝑏𝑐) = 𝑉𝑠𝛼 ⋅ 𝑖𝛼 + 𝑉𝑠𝛽 ⋅ 𝑖𝛽

𝑞 = 𝑣‾𝑠(𝑎𝑏𝑐). 𝑙‾(𝑎𝑏𝑐) = 𝑉𝑠𝛽⋅𝑖𝛼 − 𝑉𝑠𝛼 ⋅ 𝑖𝛽
                                                                               (𝐼𝐼𝐼. 28) 
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The matrix notation of expression active and reactive powers are: 

[
𝑝
𝑞] = [

𝑉𝑠𝛼 𝑉𝑠𝛽

𝑉𝑠𝛽 −𝑉𝑠𝛼
] ⋅ [

𝑖𝛼
𝑖𝛽

]                                                                                                              (𝐼𝐼𝐼. 29) 

The voltage can be estimated by the following equation: 

[
Vsα

Vsβ
] =

1

(iα2 + iβ
2)

[
iα −iβ
iβ iα

] [
p
𝑞]                                                                                                       (III. 30) 

The inverse Concordia transform of the line voltage is written: 

 

[
𝑉𝑠𝑎

𝑉𝑠𝑏

𝑉𝑠𝑐

] = √
2

3

[
 
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 
 

  [
𝑉𝑠𝛼

𝑉𝑠𝛽
]                                                                                                           (𝐼𝐼𝐼. 31) 

III.5.4. Estimated instantaneous power 

For a three-phase system, the instantaneous active power is defined by the scalar product of the line 

currents and voltages. Reactive power is defined by the modulus of their vector product. These powers 

are expressed respectively by the relation [60]:  

𝑆 = 𝑉 ⋅ 𝐼 = 𝑝 + 𝑗𝑞                                                                                                                         (𝐼𝐼𝐼. 32) 

𝑆 = 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐 + 𝑗
√3
1 [(𝑣𝑏 − 𝑣𝑐)𝑖𝑎 + (𝑣𝑐 − 𝑣𝑎)𝑖𝑏 + (𝑣𝑎 − 𝑣𝑏)𝑖𝑐]                     (𝐼𝐼𝐼. 33) 

However, expressions (III-53) and (III-54) require information on the line voltage, which must be 

eliminated for sensorless control. So that the instantaneous active and reactive powers can be estimated 

without measuring the line voltage. The expressions allowing this estimation are based on the 

measurement of the line currents of the DC bus voltage and the states of the switches, which are given 

as follows [57]:  

𝑃 = 𝐿 (
𝑑𝑖𝑎
𝑑𝑡

𝑖𝑎 +
𝑑𝑖𝑏
𝑑𝑡

𝑖𝑏 +
𝑑𝑖𝑐
𝑑𝑡

𝑖𝑐) + 𝑉𝑑𝑐(𝑆𝑎𝑖𝑎 + 𝑆𝑏𝑖𝑏 + 𝑆𝑐𝑖𝑐)                                                       (𝐼𝐼𝐼. 34)

𝑞 =
1

√3
[3𝐿 (

𝑑𝑖𝑎
𝑑𝑡

𝑖𝑐 −
𝑑𝑖𝑐
𝑑𝑡

𝑖𝑎) − 𝑉𝑑𝑐(𝑆𝑎(𝑖𝑎 − 𝑖𝑐) + 𝑆𝑏(𝑖𝑐 − 𝑖𝑏) + 𝑆𝑐(𝑖𝑎 − 𝑖𝑏))]                    (𝐼𝐼𝐼. 35)
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The first parts of the two expressions (III-34) and (III-35) represent the power in the line inductors. The 

active power dissipated in the internal resistances of the inductors is negligible compared to the power 

involved. This implies that the value of the resistance is much lower, the other parts represent the power 

of the converter [61]. According to expressions III.34 and III.35, the power changes instantaneously 

according to the switching commands of the converter. 

III.5.5. Switching table 

The switching table can be considered the heart of direct power control. It selects an appropriate rectifier 

voltage vector to allow the instantaneous active and reactive power to move in the direction desired, 

also based on the position of the vector of the source voltage and the errors of the active and reactive 

powers [57]. Digitized error signals and angular position are entered into a commutation table in which 

all switching states S𝒑 and S𝒒 are stored in the converter which takes state "1" for an increase of the 

controlled variable (P or q) and the state "0" for a decrease.  Using this switching table; the optimum 

switching states of the converter can be uniquely selected at each specific instant depending on the 

combination of digitized input signals, as shown in Table.III.1 [63]. 

Table III. 3 Switching table twelve Sector of the DPC command 

𝑆𝑝 𝑆𝑞 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

1 0 V6

(101) 
 

V7

(111)
 

V1

(100)
 

V0

(000)
 

V2

(110)
 

V7

 (111) 
 

V3

(010)
 

V0

(000)
 

V4

(011)
 

 V7 

 (111) 
 

 V5 

(001)
 

 V0 

(000)
 

1 V2

(110)
 

V7

(111)
 

V3

(010)
 

V0

(000)
 

V4

(011)
 

V7

 (111) 
 

V5

(001)
 

𝑉0

(000)
 

V6

(101)
 

 V7 

 (111) 
 

 V1 

 (100) 
 

 V0 

(000)
 

0 0 V6

(101)
 

V1

(100)
 

V1

(100)
 

V2

(110)
 

V2

(110)
 

V3

(010)
 

V3

(010)
 

V4

(011)
 

V4

(100)
 

 V5 

(001)
 

 V5 

 (001) 
 

 V6 

 (101) 
 

1 V1

(100)
 

V2

(110)
 

V2

(110)
 

V3

(010)
 

V3

(010)
 

V4

(011)
 

V4

0110
 

V5

(001)
 

V5

(001)
 

 V6 

(101)
 

 V6 

 (101) 
 

 V1 

(100)
 

 

III.5.6. Sector determination 

Knowledge of the estimated voltage sector is necessary to determine the optimal switching states. For 

that, the work plan (α, β) is divided into twelve or six sectors. the latter can be determined by the 

following relation [64]:  
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(2n − 3)
π

6
< t̂n < (2n − 1)

π

6
n = 1,2……6                                          (III. 36)        

(n − 2)
π

6
< t̂n < (n − 1)

π

6
             n = 1,…12                                             (III. 37)      

 

Depending on the angle of the source voltage vector referenced on the (α) axis, the sector where the 

vector is located will be selected. The angle is calculated using the inverse trigonometric function, 

based on the vector components of the voltage in the frame (α, β), indicated by equation (III.38) [62]. 

t̂n = tan−1 (
Vsβ

Vsα
)                                                                                     (III. 38) 

 

Figure.III.7. Sectors in (α, β) plan 

       The sectors are used to optimize the switching of the converters, and this is by the choice of the 

adjacent vectors. We divide the plane into 12 sectors for more precision and also to avoid the problems 

encountered at the borders of each control vector [61]. 

III.5.7. DC bus voltage control using the conventional PI regulator: 

The role of the DC bus voltage regulation loop is to maintain this voltage at a constant reference value 

as shown in (Figure III.8) by controlling the charging and discharging process of the capacitor. 

To ensure a good quality of compensation for voltage disturbances in cases of extreme operation of the 

PMSG, conventional PI-type regulators were used. 

Thus, the multiplication of the maximum amplitude of the source currents (Imax) with the voltage of 

the capacitor (𝑉𝑑𝑐) gives the reference active power (P*) which was used as a control variable in 

classical DPC control [65].  
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Figure.III.8. DC-link control system structure 

{
ki = ∁dc ∗ ωο2   

 kp = 2 ∗ ∁dc ∗ ωο2 ∗ ξ    
                                                                                                                 (III. 39) 

With: 

  ki: Integrator gain  

kp: Proportional gain  

ξ: Damping factor  

ω0: Angular frequency 

III.5.8. Hysteresis controller: 

            The main idea of direct power control is to maintain the instantaneous active and reactive 

powers within a desired band. 

         This control is based on two hysteresis comparators which use as input the error signals between 

the reference and measured values of the active and reactive powers [66]. 

The outputs of the hysteresis controllers given by the Boolean variables S𝑝 and S𝑞 indicate the 

overshoots or undershoots of the errors of the powers according to the logic below [61]. 

 𝑆𝑝 {
1             𝑃 < 𝑃𝑟𝑒𝑓 − 𝐻𝑝

0          𝑃 > 𝑃𝑟𝑒𝑓 + 𝐻𝑝
                      𝑆𝑞 {

1               𝑞 < 𝑞ref − 𝐻𝑝

0               𝑞 > 𝑞𝑟𝑒𝑓 + 𝐻𝑝
                           (𝐼𝐼𝐼. 40) 

where Hp and Hq are the hysteresis bands. 
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III.6.   Simulation  Results  

  

Figure.III.9. The blok windturbin matlab simlink 

To verify the performance of the proposed control strategy of PMSG driven by WECS, Simulation tests 

have been carried out under these conditions: 

 The wind turbine is driven with variable speeds. 

 The DC bus voltage maintains constant at 600V whole simulation time.   

  

Figure.III.10. Mechanecal Speed and reference 
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Figure.III.11. PSMG output voltages 

 

Figure.III. 12. PSMG output currents 

 

Figure.III.13. Active power PMSG. 
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Figure.III.14. Reactive power PMSG. 

 

Figure.III.15. DC bus voltage. 

III.7. Discussion Results 

Figure.III.10.  while the value of the aerodynamic speed equal 332 (rad/s) 

Figure.III.11-12. shows the output voltage and currents of the generator according to the wind profile 

used in this simulation.  

Figure.III.13-14. show simulation results for the control of active and reactive powers from the curves. 

It can be noticed that, with the change of active power reference, the active power always follows the 

reference signal. Reactive power is maintained at zero.  
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The result of the DC link voltage control is represented in Figure.III.15, where the curve indicates the 

robust PI controller in the follow-up of reference with a short response time and an acceptable overrun 

(near zero). 

III.8. Conclusion 

This chapter has provided insights into the modeling, analysis, and design considerations for a wind 

turbine system incorporating a PMSG and a control system utilizing DPC with a rectifier converter. The 

PMSG was highlighted as a key component in converting the mechanical energy from the turbine into 

electrical energy. We examined its modeling and development, considering its construction, 

electromagnetic characteristics, and power generation capabilities. The inherent features of PMSG such 

as the absence of rotor windings and excitation systems, contribute to their efficiency and compactness. 

Additionally, we discussed the implementation of Direct Power Control (DPC) with a rectifier converter 

as the control system for the wind turbine-PMSG system. DPC enables precise control of power flow 

and rapid dynamic response in the PMSG, ensuring efficient and reliable operation of the system.  
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IV.1 Introduction 

Wind and solar energy are the most promising and abundant sources of renewable energy. 

WECS using PMSG has attractive features of high efficiency and minimal maintenance 

requirements, Maximum energy extraction from renewable energy sources, and DC bus voltage 

regulation further improving the overall efficiency, profitability, and reliability of the system [67]. 

In this chapter, a simple and robust control strategy is presented to improve the quality of grid-

connected renewable energy. This strategy is based on the maximum power delivered to the grid from 

wind and solar PV sources. The considered system is composed of a photovoltaic array and a wind 

energy conversion system (WECS) based on a permanent magnet synchronous generator (PMSG). 

The developed SRF control algorithm is modified by applying it to the grid-connected VSC 

inverter. It does improve the desired power quality and minimizes total harmonic distortion (THD) and 

fast DC bus voltage regulation. The efficiency and robustness of the proposed system is demonstrated 

by the nature of the performance of the simulated results. The proposed controller ensures a regulation 

action of the desired value, fast and without any adjustment in climatic conditions and load variations. 

IV.2. hybrid PV-PMSG wind turbine system connected to the grid 

The system studied and presented in (Figure IV.1) includes a PMSG wind turbine, a photovoltaic 

system, linear and non-linear loads, and an electrical grid.  

PMSG is most used for small, medium, and large variable-speed wind turbines to produce high 

efficiency and high reliability, with lower production costs. The wind turbine in this part is connected to 

a photovoltaic installation at the DC bus level avoiding a storage system. The energy supplied by the 

hybrid system is consumed by the linear and non-linear load, and the rest is transferred to the electrical 

grid. 

As we explained in Chapter II and Chapter III about how to control wind turbines and PV by 

using control, we used MPPT control for PV, and we used DPC control for PMSG. 

The diagram in Figure IV.1. illustrates the topology of a wind turbine and photovoltaic hybrid 

system, which is connected to the grid via two power electronics converters, AC/DC and DC/DC, which 

will have the role of controlling the generator to extract the maximum power. 
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Figure IV.1. Grid Connected Hybrid (Photovoltaic-PMSG) System Diagram 

IV.3. Invertre control on the electrical grid side  

The SRF control strategy based on the PI-anti-windup controller is used to control the grid-side 

inverter as shown in Figure IV.3 by estimating the AC grid reference currents [32]. 

The hybrid system is connected to the grid via a DC/AC inverter. The inverter assists power flow 

to the load and the utility grid and keeps the DC bus voltage stable, the latter remains constant and stable 

in the different operating states. 

  IV.3 .1. SRF algorithm 

PI Anti-windup-based SRF based on the estimation of AC reference currents by controlling VSC 

is considered one of the most attractive techniques. based on current regulations. This control system is 

shown in Figure IV.3. Load currents (iLa, iLb, iLc), grid voltages (Vga, Vgb, Vgc) and DC link voltage 

(Vdc) of VSC are the main measured signals. The transformation (dq0) can be used to convert the load 

currents in the plane (ABC) is given as [32]: 

[

𝑖𝐿𝑑

𝑖𝐿𝑞

𝑖𝐿𝑂

] =
2

3

[
 
 
 
 
 𝑐𝑜𝑠 (𝜃) 𝑐𝑜𝑠 (𝜃 −

2𝜋

3
) 𝑐𝑜𝑠 (𝜃 +

2𝜋

3
)

−𝑠𝑖𝑛 (𝜃) −𝑠𝑖𝑛 (𝜃 −
2𝜋

3
) −𝑠𝑖𝑛 (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

 [
𝑖𝐿𝑎

𝑖𝐿𝑏

𝑖𝐿𝐶

]                             (𝐼𝑉. 1)   
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Where the elements (sin(θ) and cos(θ)) of the equation are obtained from the PLL (Phase Locked 

Loop) circuit at the PCC measuring point of the voltage (Vga, Vgb, Vgc). Harmonics are eliminated by 

the low pass filter (LPF). The reference current in the dq axis which contains the fundamental and the 

harmonic current can be written as follows: 

The d-axis and q-axis currents consist of fundamental and harmonic currents. 

𝑖𝐿𝑑 = 𝑖𝑑𝑑𝑐 + 𝑖𝑑𝑎𝑐                                                                   (𝐼𝑉. 2) 

𝑖𝐿𝑞 = 𝑖𝑞𝑑𝑐 + 𝑖𝑞𝑎𝑐                                                                   (𝐼𝑉. 3) 

The DC and non-DC (harmonics) quantities are separated by the SRF controller using LPF. Now 

only DC quantities are in the reference signals. 

IV.3 .2. Unity power factor 

   For unity power factor using reactive power compensation, the control algorithm considers that 

AC mains must deliver a direct axis component of load currents along with an active power component 

of the current for regulating common DC bus voltage constant and for feeding the VSC losses (iw). The 

DC bus PI controller provides the active power transfer required to regulate DC link voltage and for 

compensation of VSC losses. The current component to meet losses is given as [68]. 

𝑖𝑤(𝑘) = 𝑖𝑤(𝑘 − 1) + 𝐾𝑝𝑑(𝑣𝑑𝑒(𝑘) − 𝑣𝑑𝑒(𝑘−1)) + 𝐾𝑖𝑑(𝑣𝑑𝑒(𝑘))                                                (𝐼𝑉. 4)   

where Vde (k) is, Vde (k) =V* (k)-V(k) is a voltage error between a reference voltage (Vdc*) 

and sensed voltage (Vdc) of a common DC bus at Kth sampling instant. Kpd and Kid are the gains for 

the DC bus voltage PI controller. 

The amplitude of the reference AC mains current is given as 

𝑖𝑑
∗ = 𝑖𝑑𝑑𝑐 + 𝑖𝑤                                                                                                                          (𝐼𝑉. 5)  

The active power component of reference AC main currents must be in the phase of PCC 

voltages. It is obtained by reversing Park's transformation: 

[
𝑖 ∗𝑎

𝑖 ∗𝑏

𝑖 ∗0

] =

[
 
 
 
 

cos (𝜃) sin (𝜃) 1

cos (𝜃 −
2𝜋

3
) sin (𝜃 −

2𝜋

3
) 1

cos (𝜃 +
2𝜋

3
) sin (𝜃 +

2𝜋

3
) 1]

 
 
 
 

[

𝑖𝑑
∗

𝑖𝑞
∗

𝑖0
∗

]                                                          (𝐼𝑉. 6)     
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From reverse Park's transformation with id* as in (IV.5) and iq* and i0* as zero from (IV.6) 

reference AC mains currents (i*a, i*b, i*c) are estimated for control of VSC. 

IV.3 .3. AC voltage regulation 

The voltage regulation (VR) at PCC of the proposed system considers that AC mains must deliver 

the same direct axis component id* along with the same quadrature-axis current (iqdc) and PI voltage 

controller output (iqr) to regulate the voltage at PCC. The voltage error from the amplitude of AC 

terminal voltage (Vg) and its reference (Vg*) is regulated using a PI voltage controller. The output of 

the PI PCC voltage controller is a reactive power component of AC mains current. 

The amplitude of the terminal voltage is calculated as [32]. 

𝑉𝑔 = √
2

3
(𝑣𝑔𝑎

2 + 𝑣𝑔𝑏
2 + 𝑣𝑔𝑐

2 )                                                                                                        (𝐼𝑉. 7)  

The voltage is regulated by the voltage error between Vg and Vg* by using a PI voltage controller 

and the reactive power component current is given as 

𝑖𝑞𝑟𝑒𝑓(𝑘) = 𝑖𝑞𝑟𝑒𝑓(𝑘 − 1) + 𝐾𝑝𝑞(𝑣𝑡𝑒(𝑘) − 𝑣𝑡𝑒(𝑘−1)) + 𝐾𝑖𝑞(𝑣𝑡𝑒(𝑘))                                 (𝐼𝑉. 8) 

where: 

Vte(k) is, Vte(k) = V g*(k)-Vg(k) is a voltage error between reference (Vg*) and sensed (Vg) 

PCC voltage at a kth sampling instant. Kpq and Kiq are the gains of the PCC voltage PI controller. 

The amplitude of the reference quadrature current is given as: 

𝑖𝑞
∗ = 𝑖𝑞𝑟𝑒𝑓 − 𝑖𝐿𝑞_𝑑𝑐                                                                                                            (𝐼𝑉. 9) 

The reference AC mains currents (i*ga, i*gb, i*gc) are estimated by reverse Park's transformation 

using (IV.6) with i*d from (IV.5), i*q from (IV.9) and i0 =0. 

IV.3 .4. DC voltage control by PI anti-windup 

Figure IV.2 shows that the circuit voltage is regulated using the anti-windup PI regulator. 

It is a smart controller with a better response. The objective of using this controller is to set the Vdc 

value to its V*dc reference value and not to exceed the current limit using the saturation block in the 

event of system disturbances. 
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The error (Vdcer = ɛ) is the difference between the reference (V*dc) and the measured voltage 

(Vdc) of VSC is given as: 

ℰ(k) = vdcer(k) = vdc
∗ (k) − vdc(k)                                                      (IV. 10) 

{

𝑑𝑦

𝑑𝑡
= 𝑘𝑖(𝜀 − 𝑘𝑙(𝑖 − 𝑖𝑚𝑎𝑥))

𝑖 = 𝑦 + 𝜀𝑘𝑝

                                                                  (𝐼𝑉. 11) 

In consequence. 

𝑑𝑦

𝑑𝑡
+ 𝑘𝑖𝑘𝑙

∗𝑦 = 𝑘𝑖𝜀(1 − 𝑘𝑝𝑘𝑙) + 𝑘𝑖𝑘𝑙𝑖𝑚𝑎𝑥                                                         (𝐼𝑉. 12) 

The answer to this differential equation is provided below. 

𝑦(𝑡) =
𝜀(1 − 𝑘𝑝𝑘𝑙) + 𝑘𝑙𝑖𝑚𝑎𝑥

𝑘𝑙
+

𝑘𝑙𝑦0 − 𝜀(1 − 𝑘𝑝𝑘𝑙) − 𝑘𝑙𝑖𝑚𝑎𝑥

𝑘𝑙
𝑒−𝑘𝑖𝑘𝑙𝑡             (𝐼𝑉. 13) 

y(t) =
𝜀(1 − 𝑘𝑝k𝑙) + k𝑙𝑖𝑚𝑎𝑥

k𝑙
+

k𝑙𝑦0 − 𝜀(1 − 𝑘𝑝k𝑙) − k𝑙𝑖𝑚𝑎𝑥

k𝑙
𝑒−𝑘𝑖k𝑙𝑡                     (𝐼𝑉. 14) 

Where y0 is y's initial value.  

We can infer the subsequent information based on relationships (5) and (32). 

𝑖(t) = (
𝜀

k𝑙
+ 𝑖𝑚𝑎𝑥) +

k𝑙𝑦0 − 𝜀(1 − 𝑘𝑝k𝑙) − k𝑙𝑖𝑚𝑎𝑥

k𝑙
𝑒−𝑘𝑙k𝑙𝑡                                        (𝐼𝑉. 15) 

In a steady state, the second term of the equation tends to zero. 

𝑖 =
𝜀

k𝑙
+ 𝑖𝑚𝑎𝑥                                                                                                                               (𝐼𝑉. 16) 

We can schematize the previous equations by the following block: 
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Figure IV.2.  Structure of a PI anti-windup controller [32] 

Finally, the control system (SRF) is represented by the following figure. 

 

Figure IV.3. Structure SRF-controlled inverter of a hybrid system 
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Figure IV.4: General model simulink of the Matlab hybrid system. 

IV.4. Simulation Results  

 

Figure IV.5.  DC bus voltage and reference 
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Figure. IV.6. The output current of the inverter 

 

Figure. IV.7.  The current of the Nonlinear Load 

 

Figure. IV.8. The current of the grid 
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Figure IV.9. The output voltage of the inverter 

 

Figure IV.10. The voltage of the Nonlinear Load 

 

Figure IV.11. The voltage of the grid 

 

Figure. IV.12. The current of the load 
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Figure. IV.13. THD output Current of the inverter 

 

Figure. IV.14. THD Current of the nonlinear load R1 

  

Figure. IV.15. THD Current of the nonlinear load R2 
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Figure. IV. 16. THD Current of the grid 

IV.5. Discussion results 

Figure IV.5: Show the DC bus voltage and its reference it is clear that the DC bus voltage follows its 

reference rapidly with a short time response of less than 0.1s and is more stable in a steady state. 

Figure IV.6, Figure IV.7, and Figure IV.8 show the waveforms of the inverter, load, and grid currents, 

respectively its clear, that the three-phase currents have a sinusoidal form with THDs=3.57%, 1.31%, 

and 3.82% as shown in figure IV.13, figure IV.15 and figure IV.16 respectively. 

while Figure IV (9,10 and 11) is the waveform's voltage of the inverter, load, and grid, respectively. 

In terms of the robustness of the SRF strategy, a variable load has been added in t=0.3s we note the fast 

response and adapted performance with the variable added load in t=0.3s as shown in figure IV.12, as a 

result of the inductive load the THD is also changed from THD=3.82 % to THD =1.31% that confirm 

that the load has a filtered be have could perform the quality of waveforms to be of ripple  

IV.6. Conclusion 

The simulation and detailed analysis of the performance of a new controller for a hybrid system 

based on wind turbine and photovoltaic power generation have been presented for a three-phase grid. 

The performance of the system is obtained under different operating conditions, such as the disturbance 

and the variation of the load.  The controller (SRF) of the VSC converter is used to correct harmonics. 

The results obtained demonstrate a THD of less than 5% (within the limits of IEEE standards) with 

sinusoidal waveforms of the currents at the PCC. The controller results show fast and efficient reference 

tracking, which validates the concept of the proposed hybrid system and the effectiveness of the SRF 

technique based on the anti-windup PI controller. 
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General Conclusion 

A hybrid renewable energy system is a combination of two or more different power sources, in 

this study renewable energy sources with wind and solar power have been employed. The importance 

of hybrid systems lies in their ability to provide more reliable and sustainable energy solutions. 

Renewable energy sources have been a significant topic and have had great attention throughout the last 

decades due to the major drawbacks related to non-renewable energy sources and fuel sources to realize 

sufficient sources of the word consummation of energy. To compensate for the decrease in PV or wind 

generation, the hybrid system has been achieved. 

This work is organized as follows:   In the 1st chapter is interested in the general overview of 

both renewable energy sources wind and PV systems to present the importance of renewable energy 

sources and their significant role in the industrial and literature fields.  And the different elements 

constituting them and their choice is presented. The different topologies and configurations of the hybrid 

system connected the VSC to the grid. 

The 2nd chapter presented a detailed study of the modeling of the PV system to know the different 

parameters of the solar system that distinguish the performance during atmospheric conditions such as 

temperature and irradiance.in addition, it shew the final simulation results of the boost converter that 

allows extracting the maximum of power that product from the solar panel via the MPPT strategy based 

on the perturbation and observation method.  

The 3rd chapter is concerned with the modeling and control of the wind turbine system. therefore, 

the MPPT technique is presented to maximize the power generated by wind turbines. Also, Direct power 

control has been used to control the active and reactive power. 

The 4th chapter represents the major attention of our study because gathers and concludes the 

previous PV and wind generation. A three-phase inverter is controlled via the synchronous reference 

frame strategy. 

After the simulation results, the results findings proved the effectiveness and robustness of the 

embedded control method SRF, this technique of control is a powerful tool for controlling the power 

flow and output voltage of DC-AC converters in power electronics applications. 
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We can note after the obtained results that the SRF technique improved the sign waves of the 

grid’s current and decreased the broadband oscillations and mitigated the ripples that could be generated 

via the external perturbations of internal turbulences. Furthermore, the SRF technique was adapted and 

robust in the different scenarios of the system 
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ANNEX 

Table 4: PV Module Parameters 

Parameters Value 

Rated Power (W) 213.15 

The voltage at maximum power point Vmp 

(V) 

29V 

Current at maximum power point Imp (A) 7.35A 

Open circuit voltage Voc (V) 36.3V 

Short-circuit current Isc (A) 7.84A 

Number of cells 60 

Series resistance(Rs) 0.39383Ω 

Parallel resistance (Rsh) 313.399Ω 

 

 

Table 5: Parameters of the boost converter 

Capacitance C1 1000µF 

Inductance (H): 1.45mH 

Switching frequency 5kHz 

Capacitance C2 3227 µF 
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Table 6: parameters of the wind turbine 

Parameters Value 

Blade radius R=3m 

Number of blades 3 

Nominal wind speed Vw=14m/s 

Gearbox ratio G=7.7 

Moment of inertia J= 0.3126 Kg.m2 

Viscous friction coefficient fr= 0.00681 N.m.s-1 

Table 7: Parameters of the PMSG 

Parameters Value 

Direct stator inductances Ld =3.95mH 

Quadrature stator inductances Lq =3.95mH 

Stator  phase resistance Rs =0.425Ω 

Inertia J = 0.00072 Kg.m² 

Number of pole pairs N=5 

Rated power 2.5kw 

Table 8: Parameters of the load 

Parameters Value 

Non-linear load L1=20mH, R1=10Ω 

L2= 20mH,   R2=40Ω 

Linear load L=2mH, R=40Ω 
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Table 9: Parameters of the inverter 

Parameters Value 

Voltage  dc (V) 600V 

Integral gain  Ki 300 

Proportional gain  Kp 0.25 

 

Table 10 Parameters of the Grid 

Parameters Value 

Phase-to-phase voltage (V) 400V 

Frequency (Hz) 50Hz 

 

 


