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Abstract 
 

This work describes a study of the tolerant control of a hybrid wind-solar system. The 

thesis is divided into three main parts. The first part includes general concepts, definitions 

and the MPPT control of the solar system, using two types of controllers the perturb and 

observe (P&O) and the FUZZY logic, where each of these controllers search for the 

maximum output in the case of the irradiance-changing conditions. The second part includes 

general concepts, definitions and vector control of the wind power system, using three 

regulators for the rotor side the proportional-integral (PI), the linear quadratic LQR control 

based on the LMI approach and the RST regulator, as well as a controller for the grid side 

and a mechanical torque controller. In the third part, the performance of both models was 

validated in the event of a failure occurring in the transmission line and the converter. 

Finally, the results are compared and analyzed using Matlab software. The main objective of 

this study is to choose the best regulator for optimum performance for both solar and wind 

systems with or without failure occurring on the system. 
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Résumé 
 

Ce travail décrit une étude de la commande tolérante aux défauts d'un système 

hybride éolienne-solaire. La thèse est divisée en trois parties principales. La première partie 

comprend des concepts généraux, des définitions et la commande MPPT du système solaire, 

utilisant deux types de contrôleurs le perturbe et observation (P&O) et la logique flue où 

chacun recherche la sortie maximale dans le cas de changement des conditions de 

rayonnement. La deuxième partie comprend des concepts généraux, des définitions et la 

commande vectorielle du système éolienne, utilisant trois régulateurs pour le coté rotor le 

proportionnel-intégral (PI), la commande linéaire quadratique LQR basé sur l'approche LMI 

et le régulateur RST, ainsi qu'un contrôleur pour le côté réseaux et un contrôleur du couple 

mécanique. Dans la troisième partie, les performances des deux modèles ont été validées en 

cas de panne survenant dans la ligne de transmission et le convertisseur. Enfin, les résultats 

sont comparés et analysés à l'aide du logiciel Matlab. L'objectif principal de cette étude est 

de choisir le meilleur régulateur pour des performances optimales pour les systèmes solaires 

et éoliens avec ou sans panne survenant sur le système. 
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 ملخص 
 

ي في الحالة العادية و في حالة حدوث عطل أو خلل في  شمسي ورياحفي نظام هجين    التحكم  يدرس  العملهدا  

 لتحكمبالإضافة إلى االمفاهيم العامة والتعريفات    يتضمن  الجزء الأول  .رئيسية. الأطروحة مقسمة إلى ثلاثة أجزاء  النظام

عن   هماالتدفق حيث يبحث كل من  قومنط  ,والمراقبةوذلك باستخدام نوعين من أجهزة التحكم التعطيل    الشمسي،للنظام   في

الأقصى   إشعاع  لأداءلالحد  ظروف  تغير  حالة  الشمسية  في  الثانيالخلايا  الجزء  والتعريفات    يتضمن  .  العامة  المفاهيم 

إلى   فيبالإضافة  ثلاثة    التحكم  باستخدام  وذلك   ، الرياح  طاقة  التحكم  نظام  أجهزة  من  الدوار  أنواع  : للمحرك  للجانب 

. في الجزء الثالث الشبكات، وكذلك وحدة تحكم لجانب  المتحكم متعدد الحدود    و ، والتحكم الخطي التربيعي التكامل النسبي

تمت مقارنة النتائج   و في الأخير  ، تم التحقق من صحة أداء كلا النموذجين في حالة حدوث عطل في خط النقل والمحول.  

للأداء لأنظمة الطاقة  تحكممالهدف الرئيسي من هذه الدراسة هو اختيار أفضل  .المحاكاة ماتلاب وتحليلها باستخدام برنامج

 .ياح مع أو بدون حدوث أعطال في النظامالشمسية وطاقة الر
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Table of symbols 
  Mechanical speed  

ref         Mechanical refrence speed  

G Slip 

rC  Resistant Torque  

emT , eT  Electromagnitical torque  

s  Stator Pulsation  

r  Rotor Pulsation  

  Angular phase between stator and rotor   

θs, θr Stator and rotor angle   

vsabc, vrabc Stator and rotor voltages 

isabc, irabc Stator and rotor currents 

Φsabc, Φrabc Rotor and stator Fluxes  

Rs, Rr Rotor and stator Resistances 

fR  Fault resistance 

Ts ,   Tr Rotor and rotor Time gain 

ls, lr Propre Inductances of the rotor and stator 

ms, mr Inductance mutuelle statorique et rotorique  

Ls , Lr Mutual  Inductances of the rotor and stator 

srM  Cyclique Inductance  stator and  rotor 

Lso, Lro Homopolar stator and rotor rotor inductance 

srM
 

Maximum value of stator rotor mutual inductance coefficients 

Cc short circuit 

sdv , sqv  Stator and rotor voltages in the park reference 

sdi , rqi  Stator and rotor currents  in the park reference 

0sv , 0rv  Homopolar component of the stator and rotor voltage in the park reference  

0si , 0ri  Zero sequence component of the stator and rotor current in the park frame 

  Coefficient of dispersion 

Vp , fp frequency Amplitude  

_sd mes _sq mes  Estimted stator Fluxes  

r

rdv , 
r

rqv  Regulated voltage  

fK  Coefficient of friction 

n  Electric pulsation 

piK , , qiK , , pK  Proportional Regulator gains  

iiK , iK   Integrator regulator gains radius of the wind turbine rotor (m) 

Cp turbine performance coefficient  

 V wind speed.  

Λ the tip speed ratio,  

𝛽 the pitch angle of the rotor blades,.  
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Jr rotor moment of inertia.  

Wt rotor angular speed.  

Br rotor damping effect.  

Ta applied torque on the rotor.  

Tls low speed shaft torque. 

Jls driver moment of inertia (cancelled).  

wls angular speed of the low speed shaft.  

Bls low speed damping effect.  

Kls stiffness of low speed shaft.  

Qt rotor angular displacement.  

Qls low speed angular displacement 

Jls generator moment of inertia.  

wg angular speed of the high speed shaft.  

Bg high speed damping effect. 

Ths high speed shaft torque.  

Tgen generator electromagnetic torque. 

Kgear gearbox ratio 

Vs, Vr Supplied stator and rotor voltage 

Is, Ir Stator and Rotor current 

Es, Er Induced emf in the stator and rotor 

Rs, Rr Stator and rotor resistance (Ω) 

Lm Mutual inductance (H) 

Lσs Stator leakage inductance (H) 

L′σr Rotor leakage inductance (H) 

Ns,Nr Stator, rotor windings, number of turns per phase 

Iph light generated current 

IS reverse saturation current 

RS series resistances of the cell.  

Rsh parallel inherent resistances of the cell. 

q the electron charge 1.60217646×10−19  

C Boltzmann’s constant 1.3806503×10−23 J/K 

ISC
 Short Circuit current  

VOC Open circuit voltage  

Pm Maximum power point  

FF Fill Factor  

η Efficiency   

Eg Semiconductor band gap energy (Electron Volt) 

Eg0 Band gap energy at T = 0 Kelvin (Electron Volt) 

I Cell output current (Ampere) 

I0 Dark saturation current (Ampere) 

I0,final Final value of I0 (Ampere) 

Id Diode current (Ampere) 

Imp Current at the maximum-power point (Ampere) 

I0,r Short circuit current  

Iph Photocurrent (Ampere) 

Iph,final Final value of photocurrent (Ampere) 
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General introduction 
our environment is affected by all energy sources .however by most measures, fossil 

fuels—coal, oil, and natural gas—do  markedly more harm than renewable energy sources, 

including air and water pollution, damage to public health, wildlife and habitat loss, water 

use, land use, and global warming emissions. Human activity is overloading our atmosphere 

with carbon dioxide and other global warming emissions. These gases act like a blanket, 

trapping heat. The result is a web of significant and harmful impacts, from stronger, more 

frequent storms, to drought, sea level rise, and extinction. In the United States, about 29 

percent of global warming emissions come from the electricity sector. Most of those 

emissions come from fossil fuels like coal and natural gas [73].  

In contrast, most renewable energy sources produce little to no global warming 

emissions.Over the last two decades, the EU’s renewable energy share has increased 

continuously .In China, where air quality remains an important issue, the COVID-19 

outbreak has led to lower pollution levels. According to data released by China's Ministry of 

Ecology and Environment, PM2.5 levels decreased by more than 20 percent during January 

and April in 337 cities compared to previous months [72].  Experts say decreased industrial 

activity and reduced vehicular emissions are the major reasons behind the temporarily 

cleaned air. Hybrid energy systems are the most efficient way for electrical power 

generation. It solves the issue behind the unpredicted climate and intermittency .By combing 

two or more power resources each one completes the other’s weaknesses. Hybrid wind-solar 

energy system is the most usable hybrid systems however the performance of the system can 

be easily interrupted by possible faults and failures .In this context, this work describes a 

study of a fault tolerant hybrid wind-solar energy control system 

The first chapter provides a brief introduction of renewable power systems, wind 

power system and solar power system and basic definitions and classifications concepts. The 

second chapter presents a study on the complete model of the hybrid energy system where a 

basic mathematical model of the Solar Photovoltaic System is developed, that includes 

modeling the fundamental components such as a solar cell, power inverter and a boost 

chopper. And a mathematical modeling of a doubly-fed induction generator (DFIG) for a 

wind turbine is proposed, that includes the aerodynamics, the Electrical system and 

mechanical system of the wind turbine. 

https://www.ucsusa.org/energy/fossil-fuels
https://www.ucsusa.org/energy/fossil-fuels
https://www.ucsusa.org/node/2960
https://www.ucsusa.org/climate/impacts
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 The third chapter presents the synthesis of regulators necessary for the control of the 

hybrid wind solar system, where the wind turbine system controller is developed, including 

pitch angle and mechanical torque controller, grid side controller and rotor side controller, 

three types of regulator are used. The synthesis of a Proportional - Integral regulator is 

carried out. In order to compare its performance to other regulators, we also synthesize an 

RST regulator calculated by placing robust poles and an LQR regulator, based on the linear 

matrix inequality (LMI).Then, the solar turbine system controller is developed, by 

controlling the boost converter. The synthesis of a MPPT P & O method regulator is carried 

out. In order to compare its performance to other regulators, we also synthesize an MPPT 

FUZZY logic controller. 

The fourth chapter provides a brief introduction of power system faults, fault tolerant 

control (FTC) and fault detection and isolation (FDI) and defined basic definitions and 

classifications concepts. Starting with some definitions and describing different types of 

faults and failures that can occur in actuators, sensors or transmission line in wind system, 

and in the boost converter for the solar system.  

The fifth chapter consists of simulation results using MATLAB/SIMULINK platform 

and conclusions,where a comparison of three regulators (PI, RST and LQR) is developed on 

wind turbine generator. A series of tests are also carried out when the transmission line fault 

occurs on the wind turbine system. Then the fuzzy logic (FL) based MPPT controller is 

simulated and compared with the conventional perturbation and observation (P&O) based 

MPPT controller. A series of tests are also carried out when the open or short circuit fault 

occurs on the boost converter of the solar system. 
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I Chapter I: Hybrid wind and solar electric systems 
 

I.1 Introduction 

Renewable energy resources are the most efficient, easy, and more importantly 

constantly replenished method to minimize both global pollution and electricity bills. 

However, the issue behind its under-use appears in the environment and climate unpredicted 

and intermittency. Wind power is only generated when it’s windy, solar power is only 

generated when it’s sunny To solve this issue there are many options, such as net metering 

policies to counting on energy storage. One more beneficial new way is through hybrid 

energy systems: by combing wind and solar systems which we will be deeply getting 

through out in this chapter. 

I.2 Renewable Energy 

Renewable energy, often known as clean energy, is a constantly replenished and 

permanent natural power sources. Although their availability depends on time and weather 

sunlight keeps shining and wind keeps blowing. 

Even thou the uses of renewable energy are boundless such as heating, transportation, 

lighting, and more, humans constantly turned to coal and  gas and many other cheaper, 

dirtier energy sources over the past 500 years or so. [1] 

I.2.1 Types of Renewable Energy Sources 

Us we mentioned earlier energy can be extracted from renewable sources such as   

sun, wind, geothermal, wave—tidal and ocean thermal energy, and water. These power 

sources are mainly transformed in electricity depending on their geographical location, 

distance from main networks, and the operating period that usually does not exceed 2,500 

h/year. [1] 

I.2.1.1 Solar Energy 

The solar energy arriving at earth surface can be used for hitting hot water or for 

producing electricity by using photovoltaic cells. Depending on the latitude, time of day, and 

atmospheric conditions typical values of the rate of the solar energy are 300–1,000 W/m2. 

[2] 

I.2.1.2 Wind Energy 

Wind turbines are blown round by the wind and produce power to generate 

electricity. Wind energy has been usually used at sites where wind velocities are high and 

almost steady all the year round. [3] 

https://www.nrdc.org/issues/clean-energy
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I.2.1.3 Geothermal Energy 

Geothermal energy is the natural heat within the earth’s crust. Natural-occurring 

water from aquifer with a temperature range of 50–150 _C (122–302 _F) can be used for 

building heating, district heating, agriculture, and spas. [1] 

I.2.1.4 Wave, Tidal, and Ocean Thermal Energy 

Another way to produce electricity is by using wave motion and tidal power. While 

wave energy is attached to water height, from hollow to crest, and to the kinetic energy due 

to the water motion, tidal energy is attached to the exploitation of the oscillatory motion of 

the water level that occurs periodically and in a predictable way. In order to produce 

electricity ocean thermal energy conversion uses the heat energy stored in the Earth’s ocean.  

[1] 

I.2.1.5 Hydraulic Energy 

A hydraulic turbine converts the energy of gravitational energy of water into 

mechanical energy. A hydroelectric generator converts this mechanical energy into 

electricity.  [4] 

I.2.1.6  Energy from Waste 

Energy from Waste is generated by converting non-recyclable waste into usable 

forms of energy such us heat, fuels and electricity.  [1] 

I.2.2 Energy Storage 

Transforming energy from primary into various forms is only possible because of 

energy storage that comes in different forms [1] 

I.2.2.1 Thermal Storage 

Thermal energy storage (TES) is generally defined as the temporary storage of 

energy for heating, cooling applications and power generation. [1] 

I.2.2.2 Hydro Storage 

The principle of hydro storage is to store energy in the form of water in an upper 

reservoir, pumped from another reservoir at a lower high. Power is generated by releasing 

the stored water through turbines in the same manner as a conventional hydropower station.  

[1] 

I.2.2.3 Mechanical Storage 

Mechanical energy storage involves a physical connection between a flywheel and 

the driven wheels. The flywheel is a typical device for the storage of mechanical energy. The 
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quantity of stored energy depends on the shaft speed, the mass, and the radius of gyration of 

the flywheel. [1] 

I.2.2.4 Electric Storage 

Electric energy can be simply stored by using electric batteries, among which the 

most common type is lead-acid. The use of electric batteries for storage depends on many 

parameters such as charge and discharge cycle life, energy-mass and power-mass ratios, and 

of course energy-cost ratio. [1] 

I.2.2.5 Fuel Cells 

Fuel cells are electrochemical devices in which electric energy is produced by 

combining hydrogen and oxygen and by releasing water vapor into the atmosphere. 

Basically, the main components of a fuel cell are the anode, the cathode, and the electrolyte 

(liquid, solid, membrane) between them. [1] 

I.2.3 World Energy Demand  

The energy demand is expected to keep extending everywhere the globe because the 

population is growing as well as its need for goods and luxury. 

In its newly released International Energy Outlook 2019 (IEO2019) Reference case, 

the U.S. Energy Information Administration (EIA) projects that world energy consumption 

will grow by nearly 50% between 2018 and 2050. Most of this growth comes from countries 

that are not in the Organization for Economic Cooperation and Development (OECD), and 

this growth is focused in regions where strong economic growth is driving demand, 

particularly in Asia. Figure bellow shows Global power consumption by region (2010-2050) 

[5] 

 

Figure I.1: Global power consumption by region (2010-2050) 
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I.2.4 Energy Generation by source  

The world uses and produces many different types and sources of energy. In 2019,the 

share of world energy consumption for electricity generation by source was coal at 38%, 

natural gas at 23.3%, nuclear at 10.2%, renewable energy at 25.1 %( solar, wind, geothermal, 

biomass, etc.) .Coal and natural gas were the most used energy fuels and hydro was the most 

used renewable energy for generating electricity; Figure bellow shows global energy 

generation scenarios for the year 2019. [5] 

 

Figure I.2: Global energy generation scenarios 2019 

I.2.5 Environmental Pollution: Global Warming Problem 

Unfortunately, consuming energy leads to environmental pollution .Most of our 

energy comes from fossil fuels, and burning these fuels generates gases (SO2, CO, NOX, 

HC and CO2 ) that cause environmental pollution. The most principal effects are climate 

change or global warming problems, which is mainly caused by CO2 and other gases – 

called greenhouse gases (GHG). NASA satellite images (shown in the figure bellow) show 

a dramatic fall in pollution over China that is "partly related" to the economic slowdown 

due to the corona virus outbreak. Maps comparing NO2 concentrations showed a marked 

decline between January 1-20, before a sweeping quarantine was imposed on Wuhan and 

other cities, and February 10-25. [5] 
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Figure I.3: A handout photo by nasa and earth observatory of china before and after coronavirus outbreak 

I.2.6 The problem with renewable energy 
I.2.6.1 Intermittency 

The biggest problem with mainstream renewable energy is intermittency. Wind 

power is only generated when it’s windy, solar power is only generated when it’s sunny. [6] 

I.2.6.2 Space and efficiently 

Renewable energy resources are horribly inefficient. For example we need huge solar 

farms and hundreds of wind turbines to produce a normal amount of electricity.  [6] 

I.2.6.3 Cost 

One of the great things about renewable energy is that the sun, the wind, and water 

currents are all free. That means that, theoretically, these kinds of technologies are one-time 

costs. In reality, the initial outlay can be huge and the continued costs can be far more than 

you might expect.  [6] 

I.2.6.4 Environment and climate change 

By far the biggest argument for switching to renewable energy is the unpredicted 

climate change.  [6] 

I.3 SOLAR ENERGY 

Solar energy is radiant light and heat from the Sun .It is an essential and bountiful 

source of renewable energy. It has a lot of capabilities like producing heat, causing chemical 

reactions, or generating electricity. The sun has the potential to satisfy all future energy 

needs it provides about 120,000 terawatts to Earth’s surface, which is 6000 times more than 

the present rate of the world’s energy consumption; therefore, it is expected to become 

increasingly appealing as a renewable energy source . Solar energy is picked up in a variety 
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of ways, the most common of which is with solar cells that produce direct current electricity 

from sunlight. [7] 

I.3.1 A brief history of solar power 

Solar energy had been captured and converted into usable energy through various 

methods in ancient history but it only begin to become a viable source of electricity to power 

devices after 1954.In 1954, Bell Labs developed the first silicon photovoltaic cell. The first 

solar cells converted solar radiation to electricity at efficiency of 4 percent - for reference; 

however now a day’s many widely available solar panels can convert sunlight to solar power 

at above 20 percent efficiency, a number continually on the growth. [8] 

I.3.2 Solar panel system components  

▪ Solar PV systems are constituted of four main components [10]: 

▪ Solar photovoltaic panels ("solar panels") 

▪ Inverters 

▪ Racking and mounting system 

▪ Performance monitoring systems 

I.3.2.1 Solar panels 

A solar panel cell (solar module) consists of a layer of silicon cells, a metal frame, a 

glass casing unit, and wiring to transfer electric current from the silicon. It is a panel 

designed to absorb the sun's rays as a source of energy for heating and generating electricity 

that is estimated 34% conversion efficiency, however, only about 24% has been achieved in 

the majority of panels so far. This means that 70%–76% of solar energy is lost as heat. Solar 

cells are mostly made of silicon. That is the chemical element of atomic number 14, a non-

metal with semiconducting properties, used in making electronic circuits. [11] The 

photovoltaic process steps: 

▪ The silicon photovoltaic solar cell absorbs solar radiation. 

▪ When the sun’s rays interact with the silicon cell, electrons begin to move, 

creating a flow of electric current. 

▪ Wires capture and feed this direct current (DC) electricity to a solar inverter to 

be converted to alternating current (AC) electricity. Figure bellow clarifies the effect of 

combination of photon and electron 

 

                  

 

https://news.energysage.com/how-solar-photovoltaic-cells-work/
https://news.energysage.com/the-history-and-invention-of-solar-panel-technology/
https://news.energysage.com/the-history-and-invention-of-solar-panel-technology/
https://www.energysage.com/solar/101/about-solar-panels/?edit_off#panels
https://www.energysage.com/solar/101/about-solar-panels/?edit_off#inverters
https://www.energysage.com/solar/101/about-solar-panels/?edit_off#mounting-systems
https://www.energysage.com/solar/101/about-solar-panels/?edit_off#performance
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I.3.2.2 Inverters 

 

The cells in solar panels collect the sun’s energy and turn it into direct current (DC) 

electricity. A solar inverter takes the DC electricity from the solar array and uses it to create 

AC electricity [10]. 

I.3.2.3 Performance monitoring systems 

Performance monitoring systems provide detailed information about the performance 

of solar panel system. They are used to track trends in a single photovoltaic (PV) system, to 

identify faults in or damage to solar panels, to compare the performance of a system to 

design specifications. [10] 

I.3.3 Installing solar panels in series vs. parallel 
I.3.3.1   Wiring solar panels in series 

Wiring solar panels in a series (as shown in the figure bellow) means that each panel 

is connected to the next in a “string.” The total voltage of each solar panel is summed 

together, but the amps of electrical current stay the same, only one wire needed for each 

string of solar panels. [12] 

 

Figure I.5: Solar panels installation in series 

I.3.3.2 Wiring solar panels in parallel 

Wiring solar panels in parallel (as shown in the figure bellow) means that each 

panel’s wires are connected to a centralized wire leading from the roof. The amps of 

Figure I.5:   Effect of combination of photon and electron 
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electrical current for each solar panel are summed together, but the system voltage stays the 

same. More wires are needed.  [12] 

 

Figure I.6: Solar panels installation in parallel 

I.3.4 Types of solar panels  

According to the differences in appearance between each type of solar panels, they 

are classified to three major types:  monocrystalline, polycrystalline, and thin-film. Each 

type is deferent then another by appearance, performance, costs, and the installations .they 

each has their own unique advantages and disadvantages. [13] 

I.3.4.1 Monocrystalline solar panels 

Monocrystalline panel(as shown in the figure bellow)  is a solar panel with black 

cells. These cells appear black because of how light interacts with the pure silicon crystal.  

[13] 

 

Figure I.7: Monocrystalline solar panels 

I.3.4.2 Polycrystalline solar panels 

Polycrystalline panel(as shown in the figure bellow)  is a solar panel with bluish hue 

to them that appears because of how the light reflecting off the silicon fragments in the 

cell.  [13] 
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Figure I.8: Polycrystalline solar panels 

I.3.4.3 Thin-film solar panels 

As their name suggests, thin-film panels(as shown in the figure bellow)  are often 

thin and slim. They are roughly 350 times thinner than other panel types.  [13] 

 

Figure I.9: Thin-film solar panels 

I.3.5 Types of photovoltaic power systems 

According to their application, photovoltaic power systems are classified into two 

types grid connected as well as off grid. They can be designed to produce DC and/or AC 

voltage, can function independent of grid or with grid. [11] 

I.3.5.1   Grid connected PV system: 

A grid-interactive photovoltaic (PV) system (as shown in the figure bellow) uses 

solar energy to generate renewable power that charges batteries for use during power failures 

and feeds power into the electricity grid. As inverter convert DC power to AC power, only 
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AC power is fed into grid [11].

 

Figure I.10: Grid connected PV system 

I.3.5.2   Stand-Alone Photovoltaic Systems: 

Stand-alone PV systems (as shown in the figure bellow) are designed to operate 

independent of the electric utility grid they are generally used to supply certain DC and/or 

AC electrical loads. Electrical energy storing devices (batteries) are required to operate the 

load during sunlight hours as well as night hours fed by PV power. [11] 

 

Figure I.11: Standalone PV system 

I.3.6 Advantages [17] 

▪ Solar energy is a clean source of energy. 

▪ Solar energy will not be exhausted for a long time it is renewable for life. 

▪ Solar energy protects the environment .As solar energy does not cause any air 

pollution. 

▪ Solar energy systems are almost maintenance free and it need no cleaning 

what’s or ever. 

▪ If we don’t consider the costs of building and other equipment, solar energy is 

almost cost free. 

▪ solar energy devices can charge low power–consuming devices . 
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I.3.7  Disadvantages [17] 

▪ Solar energy depends on regional, seasonal, and daily fluctuations, as tt can 

be used only on sunny days  

▪ Solar energy require a large number of solar panels that use more space and 

are quite expensive. 

▪ Solar energy for sure needs batteries at night. These batteries are larger in 

▪ Size and heavy, so a space for storage is required, and these must be 

periodically replaced. 

▪ Nowadays, power generation from solar energy is quite expensive. 

I.4 Wind power 

Wind is the movement of the air in the form of a current of air blowing from a 

particular direction, caused by the uneven heating of the atmosphere by the sun, the 

differences of the earth's surface and the rotation of the earth.  Wind can be used to provide 

the mechanical power through wind turbines to turn on electric generators which produce 

electricity.  

I.4.1 A Brief History of Windmills 

The only source of power that human had controlled was wind even before the 

discovery of electricity. For the first time in history. A Greek engineer, Heron of Alexandria, 

creates a wind-driven wheel that is used to power a machine, in the 1st century AD.By 7th to 

9th century, in the Sistan region of Iran, near Afghanistan. Windmills wind wheels are used 

for practical uses such as grinding corn and flour, and pumping water.Windmills were used 

to make salt in China and Sicily,in the 1000 AD. In 1180s, Vertical windmills were used in 

Northwestern Europe for grinding flour.The first known wind turbine used to produce 

electricity is built in Scotland in 1887.Wind turbines kept developing ever since and the rest 

is history. [3]Figure bellow shows the first windmill from Hero of Alexandria. 
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Figure I.12: The first  windmill  from Hero of Alexandria 

I.4.2 Wind Turbines 

A wind turbine is a large tall structure with blades that are blown around by the wind. 

It is a machine which converts the power in the wind into electricity; it is simply the opposite 

of a fan(as shown in the figure bellow). Instead of using electricity to create wind, it uses 

wind to create electricity. Wind turbines are connected to some electrical network. These 

networks include battery-charging circuits, residential scale power systems, isolated or island 

networks, and large utility grids. [3] 

I.4.3 The principal components of a wind turbine 

Wind turbines are placed on a tower in order to grab the energy from the wind. The 

higher the blades are, the better they can capture the wind. A simple wind turbine consists of 

(as shown in the figure bellow): 

▪ The rotor, which consist of the blades and the supporting hub. 

▪ The drive train, which includes the rotating parts of the wind turbine that are 

shafts, gearbox, coupling, a mechanical brake, and the generator. 

▪ The nacelle and main frame, which includes wind turbine housing, bedplate, 

and the yaw system. 

▪ The tower and the foundation. 

▪ The machine controls. 

▪ The balance of the electrical system, which includes cables, switchgear, 

transformers, and possibly electronic power converters. [3] 
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Figure I.13: Major components of a horizontal axis wind turbine 

I.4.4 Types of wind turbine 
I.4.4.1 HAWT Wind Turbine  

Horizontal axe wind turbines (HAWT) are known with their parallel axis of rotation to 

the ground. They could be classified according to the rotor orientation (upwind or downwind 

of the tower), hub design (rigid or teetering), rotor control (pitch vs. stall), number of blades 

(usually two or three blades), and how they are aligned with the wind (free yaw or active yaw). 

Horizontal axis wind turbines currently have an average life span of 1.5 years. [3]The figure 

bellow shows the difference between upwind HAWT and  downwind . 

 

Figure I.14: upwind or downwind 

I.4.4.2 VAWT wind turbine 

Vertical axe wind turbines (VAWT) (as shown in the figure bellow)  are known with 

their perpendicular axis of rotation to the ground. They are classified into two types: a 

Darrieus vertical-axis wind turbine that require manual push and has two vertically oriented 
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blades revolving around a vertical shaft. And a Savonius vertical-axis wind turbines which 

are a slow rotating, high torque machines with two or more scoops and are used in high-

reliability low-efficiency power turbines. [3] 

 

Figure I.15: VAWT wind turbine 

           

I.4.5 Advantages of Wind Energy 

▪ Clean & Environment friendly Fuel source [3] 

▪ Renewable & Sustainable [3] 

▪ Cost Effective [3] 

▪ Industrial and Domestic Installation [3] 

▪ Job Creation [3] 

I.4.6  Disadvantages of Wind Energy 

▪ Fluctuation of Wind and Good wind sites [3] 

▪ Noise and aesthetic pollution [3] 

▪ Not a profitable use of land [3] 

▪ Threat to wildlife [3] 

I.5 Hybrid energy systems 

Hybrid energy systems are all kind of energy sources that are paired together to 

improve the weaknesses of electricity generation. Hybrid energy systems can take the form 

of solar panels paired with fossil fuel power plants the reason why is because fossil fuel 

plants require electricity to start off their generator and if the power goes out solar panels 

would make a great back up plan. Hybrid energy systems can also take the form of a wind 

turbine combined with solar panels, solar and wind make a natural pairing because they are 

basically the opposite(solar shines at morning while wind blows at night) which mains a 

better and more efficient  electricity production during the year. [21] 

I.6 Wind-solar systems 
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Wind & solar paired together are used for power generation and know as wind solar 

hybrid system. This system is designed combining the solar panels and wind turbines 

generators for generating electricity. There are four types of wind-solar systems such as [22]: 

▪ Wind-solar grid supply 

▪ Wind-solar building 

▪ Wind-solar lighting 

▪ Solar panels on turbines 

▪ Solar and wind combination advantage 

The times when solar and wind energy are at their best are the exact opposite of each 

other. Solar is best during daylight hours in the summer. Meanwhile, wind turbines tend to 

produce the most electricity during nighttime hours in the winter ,and that is the main reason 

why they work both very well together , output from both solar and wind energy systems is 

highly predictable and follows recognizable patterns, making it easy to plan for times when 

output decrease from solar panels or wind turbines. Each resource balances the other’s 

weaknesses [22]. 

I.7 Conclusion 

Hybrid energy systems are the most efficient way for electrical power generation. It 

solves the issue behind the unpredicted climate and intermittency .By combing two or more 

power resources each one completes the other’s weaknesses. 

Hybrid wind-solar energy system are the most usable hybrid systems, because they 

are both highly predictable and follow recognizable patterns which make it easy to control 

power output ;when they are combined together they provide more electricity during more 

hours, as well as ensure production during both summer and winter hours of peak electricity 

usage. 
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II Chapter II: modeling of a hybrid system                                                

(Wind-photovoltaic) 

II.1 Introduction 

In the aim of being capable of controlling the hybrid wind solar systems, optimizing 

their performances and studying their impact. It is necessary to provide the basic concepts of 

the wind solar energy generation system .therefore a complete model of the hybrid energy 

system have been developed in this chapter. First a basic mathematical model of the Solar 

Photovoltaic System has been developed, that includes modeling the fundamental 

components such as a solar cell, power inverter and a boost chopper. Then a mathematical 

modeling of a doubly-fed induction generator (DFIG) for a wind turbine has been proposed, 

that includes the aerodynamics, the Electrical system and mechanical system of the wind 

turbine. 

II.2 Solar system Modeling 

Solar energy is expected to become increasingly important as a renewable energy 

source .A solar electric system produces electricity from the sun energy arriving at earth 

surface. The four main components of a solar energy system are the panels, inverter(s), and 

racking and solar battery storage unit [23]. First the panels, which converts sunlight into DC 

electricity that is fed to the battery through a solar regulator which makes sure that the 

charging of the battery is proper and not flawed. DC loads can be connected directly to the 

battery, but AC loads needs an inverter to convert the DC into AC power.  

 

Figure II.1: Components of a basic solar power system 

II.2.1 Solar  System Mathematical Model 
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Mathematical models are used to estimate behavior of the system which makes it 

easier to control it. A basic mathematical model of the Solar Photovoltaic System is a set of 

mathematical equations that includes modeling the fundamental components such as a solar 

cell, power inverter and a boost chopper [23]. 

II.2.1.1 Solar Cell Model 

A basic solar cell can be modeled by using a current source, a diode and two 

resistors.A circuit equivalent model of a solar panel can be constructed using a resistance Rs 

that is connected in series with a parallel combination of a Current source consisting of 

single diode (or more) with a shunt resistance structure RSH [24],as it is shown in the figure 

below.  

 

Figure II.2: single diode solar cell model 

By Kirchhoff law from the current produced by the solar cell is given as 

 𝐼𝑙 = 𝐼𝑝ℎ. 𝑁𝑝 − 𝐼𝑑 − 𝐼𝑠ℎ (II.1) 

By Shockley’s equation diode current is given as: 

 𝐼𝑑 = 𝑁𝑝. 𝐼𝑠 [𝑒(𝑉
𝑁𝑠⁄ )+(𝐼𝑅𝑠

𝑁𝑠⁄ ) 𝑁.𝑉.𝐶⁄ − 1] (II. 2) 

By Ohm’s Law, the current through the shunt resistor is given as 

 𝐼𝑠ℎ =
𝑉𝑗

𝑅𝑠ℎ
 (II. 3) (II. 2) 

While 

 𝐼𝑠ℎ =
(𝑉 + 𝐼𝑅𝑠)

𝑅𝑠ℎ
 (II. 4) (II. 4) 
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By substituting these equations in one equation load current is given as [30] 

 𝐼𝑙 = 𝐼𝑝ℎ. 𝑁𝑝 −  𝑁𝑝. 𝐼𝑠 [𝑒(𝑉
𝑁𝑠⁄ )+(𝐼𝑅𝑠

𝑁𝑠⁄ ) 𝑁.𝑉.𝐶⁄ − 1] −
(𝑉 + 𝐼𝑅𝑠)

𝑅𝑠ℎ
 (II. 5) (II. 6) 

II.2.1.1.1 Parameters of Solar cell  

              The efficiency of converting sunlight to electricity is determined by the 

parameters of solar cells. The major parameters that have an impact on the performance of 

solar cells are the peak power Pmax, the short-circuit current density Isc, the open circuit 

voltage Voc, and the fill factor FF. [26] 

II.2.1.1.1.1 Short Circuit current (ISC):  

Short Circuit Current is is the maximum current from a solar cell .It is calculated by 

considering voltage equals to zero (at V=0) [27] 

II.2.1.1.1.2 Open circuit voltage (VOC ): 

 Open Circuit voltage is the maximum voltage from a solar cell .It is calculated by 

considering current equals to zero(at I=0)the equation for Voc become: [27] 

 𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼l

𝐼0
+ 1) (II. 6) 

II.2.1.1.1.3 Maximum power point (Pm): 

Maximum power point can be calculated by multiplying the maximum voltage with 

the maximum current. [27] 

 𝑃𝑚 = 𝑉𝑚𝐼𝑚 (II.7) 

II.2.1.1.1.4 Fill Factor (FF): 

The fill factor determines the maximum power from a solar cell. It is the ratio of 

maximum power to the theoretical power available at its output terminal. [27] 

 𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐𝐼𝑠𝑐
 (II.8) 

II.2.1.1.1.5 Efficiency (η): 

 It is the ratio of maximum power to the incident light power. [27] 

 𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
 (II.9) 

II.2.1.1.2 Solar cells characterization 
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A solar cell is characterized with two curves called PV and IV characteristics. 

Knowing the electrical I-V or P_V characteristics (more importantly Pmax) of a solar cell, or 

panel is critical in determining the device’s output performance and solar efficiency. The 

performance of a solar panel changes depending on environmental parameters (temperature 

and irradiance) and cell parameters (parasitic resistance and ideality factor). 

II.2.1.1.2.1 PV Curve of Solar cell     

A power (P) versus Voltage (V) Curve of a PV  Solar Module  shows the possible 

combinations of its power and voltage outputs which is shown in the figure bellow.The 

power produced will vary depending on the operating voltage the voltage at any point on the 

graph can still be calculated using the following equation [32] 

 𝑃 = 𝐼. 𝑉. 𝑃𝑚𝑎𝑥 (II.10) 

 

Figure II.3: PV Curve of Solar cell 

II.2.1.1.2.2 IV Curve of Solar cell    

Solar Cell I-V Characteristics Curves are basically a graphical representation of the 

possible combinations of the current and voltage outputs which is shown in the figure 

bellow.  The characteristic equation can be given as  [32] 

 𝑉 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝐼0
+ 1) (II.11) 
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Figure II.4: I-V curve of a solar panel 

II.2.1.1.2.2.1 Influence of Light on the Characteristic I(V) 

Solar cells are sensitive to sun light. Changing the light intensity changes all solar 

cell parameters. The light intensity on a solar cell is called the number of suns, where 1 sun 

corresponds to standard 1 kW/m2. The open-circuit voltage is directly proportional to the 

number of suns. The voltage variation is very small and usually ignored. The impact of 

increasing light intensity is shown in the figure below.  [32] 

 

Figure II.5: Influence of light on IV curve characteristics 

II.2.1.1.2.2.2 Influence Temperature on the Characteristic I(V) 

Solar cells are sensitive to temperature. Changing the temperature changes all solar 

cell parameters. the parameter most affected by an increase in temperature is the open-circuit 

voltage. The impact of increasing temperature is shown in the figure below.  [32] 
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Figure II.6: The effect of temperature on the IV characteristics of a solar cell. 

II.2.1.1.2.2.3 Influence of Ideality factor on the Characteristic I(V) 

The efficiency of the solar cell performance changes with the change of the ideality 

factor. The more the ideality factor increases the closer the I-V shape to a rectangle. The 

impact of increasing the ideality factor is shown in the figure below.  [32] 

 

Figure II.7: The effect of the fill factor on the IV characteristics of a solar cell. 

II.2.1.2 DC-DC BOOST CONVERTER 

A boost converter is a switch mode converter. It is used to boost or step up the DC 

input voltage by adjusting the duty ratio of the switch. The duty ration should be more than 

0.5 so the output voltage is more than the input voltage. The boost converter circuit as shown 

in the figure bellow consists of a inductor, a switching device, a diode and a capacitor. Also 

a voltage source and a load is necessary [53] 
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Figure II.8: DC-DC boost converter 

The operation of the boost converter goes through these following steps: 

• Step one the switch is turned ON which means the diode is not conducting. This 

step  is accomplished during   the following interval: 

 0  <   𝑡  <   𝐷𝑇𝑆 (II.12) 

 In this stage the following equations are given : 

 𝑉𝑖𝑛 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
 (II.13) 

 𝑖𝐿 = 𝑡
𝑉𝑖𝑛

𝐿
+ 𝑐 (II.14) 

 ∆𝑖𝐿(𝑂𝑁) =
𝑉𝑖𝑛

𝐿
𝐷𝑇 (II.15) 

• Step two the switch is turned OFF which means the diode is conducting. This step  

is accomplished during   the following interval: 

 𝐷𝑇𝑆  <  𝑡 <  𝑇𝑆  (II.16) 

In this stage the following equations are  given : 

 𝑉𝑖𝑛−𝑉𝑜𝑢𝑡 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
 (II.17) 

 𝑖𝐿 = 𝑡
𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝐿
+ 𝑐 (II.18) 
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 ∆𝑖𝐿(𝑂𝐹𝐹) =
𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝐿
(1 − 𝐷)𝑇 (II.19) 

By making the sum of the On and Off current equal to 0 the following equation is 

obtained: 

 ∆𝑖𝐿(𝑂𝑁) + ∆𝑖𝐿(𝑂𝐹𝐹) = 0 (II.20) 

 
𝑉𝑖𝑛

𝐿
𝐷𝑇 +

𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝐿
(1 − 𝐷)𝑇 = 0 (II.21) 

Where the duty cycle (D) is given as: 

  𝐷 =
𝑇𝑜𝑛

𝑇𝑜𝑓𝑓
 (II.22) 

From the previous equations we obtain the following equality: 

 𝑣𝑜𝑢𝑡 =
1

1 − 𝐷
𝑣𝑖𝑛 (II.23) 

II.3 Wind system modeling 

A wind turbine is device that generates electrical power from the wind. It works on a 

simple principle .Turbines catch the wind's energy with their blades, which spins the rotor 

then turns a shaft inside the nacelle, which goes into a gearbox. The gearbox increases the 

rotational speed so it fits the generator .the generator then uses magnetic fields to convert the 

mechanical energy into electricity. [33] A basic wind energy system is constructed with the 

following components: [34] 

▪ Turbine rotor and blade assembly (prime mover); 

▪ Shaft and gearbox unit (drive train and speed changer); 

▪ Induction generator; 

▪ Control system. 
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Figure II.9: Wind energy systems 

II.3.1 The aerodynamics of wind turbines 

Aerodynamics of wind turbines are the forces that act on a turbine blade. As wind 

moves around the blade, two aerodynamic forces are created: drag and lift.  Lift force acts 

perpendicular to the direction of wind flow; and drag force acts parallel to the direction of 

wind flow. So clearly drag and lift forces act perpendicularly to each other. The aerodynamic 

of the wind turbine consists of three major parameters: tip-speed ratio, rotor power 

coefficient (CP), and aerodynamic torque. The figure below shows lift and drag forces 

directions. [35] 

 

Figure II.10: Wind Turbine Aerodynamics 
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Wind energy is the kinetic energy of the moving air. The kinetic energy of of an air 

mass moving at a wind speed is given by  

 𝐸 =
1

2
𝑚𝑉𝑤𝑖𝑛𝑑2 (II.24) 

Where mass flow through an area A is given by 

 𝑚 = 𝜌𝐴𝑉𝑤𝑖𝑛𝑑 (II.25) 

Wind power (Pwind)  is the power available in the wind that provides the mechanical 

power through wind turbines to turn electric generators  [39].It is given by: 

 𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝐴𝑉𝑤𝑖𝑛𝑑3 (II.26) 

 

And the rotor power (Protor) is the power produced from the rotation of the rotor due 

to the interaction between the windings and magnetic fields [39] .it is given as: 

  

 
𝑃𝑟𝑜𝑡𝑜𝑟 =

1

2
𝜌𝐶𝑝𝐴𝑉𝑤𝑖𝑛𝑑3 (II.27) 

The aerodynamic torque is defined as the torque produced by the rotor blades it is 

calculated by [39]: 

 𝛤𝑟𝑜𝑡𝑜𝑡 =
𝑃𝑟𝑜𝑡𝑜𝑟

𝜔𝑟𝑜𝑡𝑜𝑟
 (II.28) 

It could be also given as: 

 𝛤𝑟𝑜𝑡𝑜𝑡 =
1

2
𝜌𝐴𝐶𝑝𝑉 𝜆⁄  (II.29) 

II.3.2 The Electrical system of the wind turbine 

The main components of the electrical system of wind turbine (as shown in the figure 

bellow) [41] are: 

https://en.wikipedia.org/wiki/Mechanical_power
https://en.wikipedia.org/wiki/Mechanical_power
https://en.wikipedia.org/wiki/Wind_turbine
https://en.wikipedia.org/wiki/Electric_generator
https://en.wikipedia.org/wiki/Wind_power%20.It
https://en.wikipedia.org/wiki/Wind_power%20.It
https://en.wikipedia.org/wiki/Rotor_(electric).it
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▪ Double Fed Induction Generator: It is an electrical generator in which both 

the field magnet windings and armature windings are separately connected to 

equipment outside the machine.  

▪ Grid Side Converter: It is an AC-DC converter circuit which is used to supply 

a regulated DC voltage to the inverter. 

▪ Rotor Side Converter: It is a DC-AC converter which is used to supply 

regulated AC voltage to the rotor 

.  

Figure II.11: Electrical system of wind turbine components 

II.3.2.1 Reasons of using DFIG for wind systems 

The reasons why doubly fed induction machines (DFIG) are preferably used in wind 

energy systems are [42]: 

▪ Constant frequency output signal whatever the rotor speed is. 

▪ Low power rating required for the power electronic devices  

▪ Power factor is controlled. 

▪ Electric power generation at low wind speed.These properties make the cost of 

DFIG lower and the power losses less than the other types of generators.  

II.3.2.2 Modeling of DFIG 

A Doubly Fed Induction generator It is an electrical generator in which both the rotor 

and stator windings are fed with 3 phase AC signal. Also, the field magnet windings and 

armature windings are separately connected to equipment outside the machine  [42]. The 

DFIG electric circuit can be presented by only one phase of the stator and because of the 

symmetry in the machine, the other two phases are modeled as essentially equal as shown 

below 

https://en.wikipedia.org/wiki/Field_magnet
https://en.wikipedia.org/wiki/Armature_(electrical_engineering)
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Figure II.12: One-phase steady-state equivalent electric circuit of the DFIM 

The DFIG is described in the Park d–q frame can be given by the following set of 

equations  [5] 

The stator dq voltage equations are given as bellow 

 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜑𝑑𝑠

𝑑𝑡
− 𝜔𝑠𝜑𝑞𝑠 (II.30) 

 𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜑𝑞𝑠

𝑑𝑡
+ 𝜔𝑠𝜑𝑑𝑠 (II.31) 

The rotor dq voltage equations are given as bellow 

 𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜑𝑑𝑟

𝑑𝑡
− 𝜔𝑟𝜑𝑞𝑟 (II.32) 

 𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜑𝑞𝑟

𝑑𝑡
+ 𝜔𝑟𝜑𝑑𝑟 (II.33) 

The stator dq flux equations are given as bellow 

 𝜑𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟 (II.34) 

 𝜑𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟 (II.35) 

The rotor dq flux equations are given as bellow 

 𝜑𝑑𝑟 = 𝐿𝑚𝑖𝑑𝑠 + 𝐿𝑟𝑖𝑑𝑟 (II.36) 

 𝜑𝑞𝑟 = 𝐿𝑚𝑖𝑞𝑠 + 𝐿𝑟𝑖𝑞𝑟 (II.37) 
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The mechanical power in the shaft Pm minus the cupper losses in the stator and rotor 

is equal to the sum of the stator active power Ps and the rotor active power Pr as follows 

 𝑃𝑠 + 𝑃𝑟 = 𝑃𝑚 + 𝑃𝑐𝑢_𝑟 + 𝑃𝑐𝑢_𝑠 (II.38) 

While 

 𝑃𝑐𝑢𝑠 = 3𝑅𝑠|𝐼𝑠|2 (II.39) 

And 

 𝑃𝑐𝑢𝑟 = 3𝑅𝑟|𝐼𝑟|2 (II.40) 

The efficiency of the machine particular to motor or generator operation can be given 

as: 

 𝜂 =
𝑃𝑚

𝑃𝑠 + 𝑃𝑟
               , 𝑃𝑚 > 0 (II.41) 

 𝜂 =
𝑃𝑠 + 𝑃𝑟

𝑃𝑚
                 , 𝑃𝑚 < 0 (II.42) 

By neglecting the power losses in the stator and rotor resistances  the stator active and  

reactive powers can be given as follows:  

 𝑃𝑠 =
3

2
(𝑉𝑑𝑠𝐼𝑑𝑠 + 𝑉𝑞𝑠𝐼𝑞𝑠) (II.43) 

 𝑄𝑠 =
3

2
(𝑉𝑞𝑠𝐼𝑑𝑠 + 𝑉𝑑𝑠𝐼𝑞𝑠) (II.44) 

The rotor active and  reactive powers can be given as follows: 

 𝑃𝑟 =
3

2
(𝑉𝑑𝑟𝐼𝑑𝑟 + 𝑉𝑞𝑟𝐼𝑞𝑟) (II.45) 

 𝑄𝑟 =
3

2
(𝑉𝑞𝑟𝐼𝑑𝑟 + 𝑉𝑑𝑟𝐼𝑞𝑟) (II.46) 

II.3.3 The mechanical system of the wind turbine 

The mechanical system of the wind turbines mainly consists of wind turbine gear box 

which contains two main shafts, the low speed shaft which is basically connected with the 
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wind turbine blades, and the high speed shaft which connected directly to the generator [35] 

as it is shown in the figure bellow  

 

Figure II.13: Two mass mechanical model. 

The turbine rotational speed in the fast shaft is given by 

 𝛺𝑡𝑎𝑟 = 𝑁𝛺𝑡 (II.47) 

The driving torque in the fast shaft is given by 

 𝑇𝑡𝑎𝑟 =
𝑇𝑡

𝑁
 (II.48) 

The mechanical speed evolution equation in the fast shaft is given by 

  𝐽𝑡
𝑑𝛺𝑡_𝑎𝑟

𝑑𝑡
= 𝑇𝑡𝑎𝑟 − 𝐷𝑡𝛺𝑡𝑎𝑟 − 𝑇𝑒𝑚 (II.49) 

The mechanical speed evolution equation in the low speed shaft is given by 

 𝐽𝑚
𝑑𝛺𝑚

𝑑𝑡
= 𝑇𝑒𝑚 − 𝐷𝑚𝛺𝑚 − 𝑇𝑡_𝑎𝑟  (II.50) 

The driving torque in the low speed shaft evolution equation Is given by 

 
𝑑𝑇𝑒𝑚

𝑑𝑡
= 𝐾𝑡𝑚(𝛺𝑡𝑎𝑟 − 𝛺𝑚) + 𝐷𝑡𝑚 (

𝑑𝛺𝑡_𝑎𝑟

𝑑𝑡
−

𝑑𝛺𝑚

𝑑𝑡
) (II.51) 
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by neglecting the damping coefficients (Dt, Dm, and Dtm).The resulting transfer 

function relating the generator torque and speed presents a pole at w01 pulsation and a zero 

w02 pulsation as follows : 

 𝜔01 = √𝐾𝑡𝑚
𝐽𝑡 + 𝐽𝑚

𝐽𝑡𝐽𝑚
 (II.52) 

 𝜔02 = √
𝐾𝑡𝑚

𝐽𝑡
 (II.53) 

II.4 Conclusion 

This chapter presented a detailed modeling of a hybrid system based on PV and Wind 

energy. The chapter systematically outlined an electrical characteristic modeling of a DFIG 

unit for wind turbine designing. And an electrical characteristic of a solar cell for Solar 

Photovoltaic System design. The models described in this chapter will be employed next in 

the next chapter in order to simplify the control methods.  
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III Chapter III: control of a hybrid system                                                                                                 

(Wind-photovoltaic) 

III.1 Introduction 

The equations of the hybrid wind solar system necessary for voltage control were 

represented in the previous chapter. In this chapter, the synthesis of regulators necessary for 

the realization of this command has been developed.First, the wind turbine system controller 

is developed, including pitch angle and mechanical torque controller, grid side controller and 

rotor side controller, three types of regulator are used. The synthesis of a Proportional - 

Integral regulator is carried out. In order to compare its performance to other regulators, we 

also synthesize an RST regulator calculated by placing robust poles and an LQR regulator, 

based on the linear matrix inequality (LMI).Then, the solar turbine system controller is 

developed, by controlling the boost converter. The synthesis of a MPPT P & O method 

regulator is carried out. In order to compare its performance to other regulators, we also 

synthesize an MPPT FUZZY logic controller. The figure below presents a hybrid wind solar 

system control strategy. 

 

Figure III.1: hybrid wind solar control strategy. 

III.2 Wind system control 

This part covers the fundamental control methods of wind turbine control system. In 

order to optimize power output and ensure long efficient performance in a low wind speed 

the pitch of the blade and speed of the DFIG controlling is necessary. Controlling the 

synchronous DFIG speed can be achieved by the control of the electrical subsystem using 



 

53 

power electronics or electronic converters that are coupled to the generator. The two types of 

DFIG control are stator side and rotor side control. In our case we controlled the rotor side of 

the DFIG to change the synchronous speed. [44]The Figure 1 shown bellow presents wind 

energy control system, which uses DFIG. The two main components of the system which 

will be separately controlled are the wind turbine and the DFIG. 

 

Figure III.2: wind energy control system 

III.2.1 Variable pitch wind turbine control 

As we have seen in chapter 1 wind turbines produce electricity from the wind through 

an electrical generator. A turning power is generated when wind passes over the blades. in 

order to optimize turbine performance in low wind speeds and limit it in the strong ones, the 

pitch angle of the blades can be adjusted using an electric pitch servos .Therefore the blade 

control strategy considered in this section is all about sending the error between the 

generator rotor speed and its set point to the controller to produce a reference value for the 

pitch angle.  

III.2.1.1 Mechanical torque control 

The Mechanical torque control model is based on the steady-state power 

characteristics of the turbine, the power output of the wind turbine can be optimized by 

controlling the torque which is given as [45]: 

 𝑇𝑒(𝑟𝑒𝑓) =
𝑃𝑚(𝑚𝑎𝑥)

𝜔𝑚
 (III.1) 

From the power equation (mentioned in chapter 2), 𝑇𝑒(𝑟𝑒𝑓) can be written as: 



 

54 

 
𝑇𝑒(𝑟𝑒𝑓) =

𝑐𝑝(𝑚𝑎𝑥)𝑅2𝜌0.5𝜋 (
𝑅𝜔𝑚𝑓

𝜆𝑜𝑝𝑡
)

3

𝜔𝑚
 

(III.2) 

Knowing the steady-state power characteristics of the turbine gives us the following 

equality: 

 𝜔𝑚 = 𝑛𝑔𝜔𝑚𝑓 
(III.3) 

Which give us the optimal gain, written by: 

 𝐾𝑜𝑝𝑡 =
𝑐𝑝(𝑚𝑎𝑥)𝑅2𝜌0.5𝜋

𝜆𝑜𝑝𝑡
3𝑛𝑔

3
 

(III.4) 

Thus, the control law can be given as: 

 𝑇𝑒(𝑟𝑒𝑓) = 𝐾𝑜𝑝𝑡𝜔𝑚
2 

(III.5) 

III.2.1.2 PITICH CONTROL 

The blades are turned by the pitch actuator which describes the dynamic behavior 

between a demand pitch angle from the controller and the measured one . The change in the 

pitch angle is given as [45]: 

 
𝑑𝛽

𝑑𝑡
=

𝛽𝑑 − 𝛽

𝜏𝛽
 

(III.6) 

Applying Laplace transform, the transfer function for the actuator becomes: 

 
𝛽

𝛽𝑑
=

1

𝜏𝛽𝑠 + 1
 

(III.7) 

The PI controller and desired pitch angle can be given as: 

 𝛽𝑑 = 𝐾𝑝𝑒 + 𝐾𝑖 ∫ 𝑒 𝑑𝑡 
(III.8) 
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 Considering the variation range of e is very small for an adjustable-slip 

asynchronous generator, 𝐾𝑝  is far greater than 𝐾𝑖  .Therefore the equation above can be 

simplified as follows. 

 𝐾𝑝 =
𝑑𝛽𝑑

𝑑𝑒
 

(III.9) 

 𝐾𝑖 = 0 
(III.10) 

III.2.2 Control of the DFIG 

The control strategy of the DFIM used in this part is designed to capture optimum 

power from the wind at its low speed through closed loop current and rotor speed control of 

the machine. Firstly a vector control of the DFIM is introduced. Then active and reactive 

power decoupling control is adopted from the principle of stator oriented field control. 

Finally mathematical model of DFIG with current speed control loop using PI, RST and LMI 

controller is designed to optimize the power captured from the wind. The results shown are 

obtained from simulation in Matlab/Simulink platform which shows the effectiveness of the 

strategy proposed. 

III.2.2.1 Structure and Configuration of the DFIM  

The typical configuration of the DFIM When it is connected to the grid shown in the 

figure bellow is established in these three main steps. The first step is the synchronization of 

the stator voltages with the grid voltages, which are the reference in our case. The second 

step is the stator is connected to the grid and the rotor is connected to the converter via a 

back-to-back converter. The third step is the power electronic interface controls the rotor 

current to capture optimum power from the wind [46]. The power electronics only process 

the rotor power, typically less than 25% of the overall output power. Thus the DFIG offers 

the advantage of speed control with low cost and optimum power.  

https://en.wikipedia.org/wiki/Doubly-fed_electric_machine.%20thus
https://en.wikipedia.org/wiki/Doubly-fed_electric_machine.%20thus
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Figure III.3: typical supply configuration of DFIM 

III.2.2.1.1 A back-to-back converter 

In this part, we will study the back-to-back converter which is a two IGBT-based 

three-phase two-level voltage source converters connected in series with the opposite 

polarity that are both operated through a controlled pulse width modulation. The back-to-

back converter connects the DFIG to the grid. Generator-side and grid-side converters as 

shown in the figure bellow. [47] 

 

Figure III.4: Back-to-back converter-based DFIG power system configuration 

The main components of the back-to-back converter are as follows: 

DC-link Voltage 

Both of the generator-side and grid-side converters has to produce an AC voltage at 

least equal 

https://en.wikipedia.org/wiki/Series_circuit
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to the AC-side nominal voltage in order to properly control the injected AC-side 

current. The AC-side line-to-line output is given as: 

 𝑉𝐿𝐿 =
√3

2√3
𝑚𝑣𝑑𝑐 

(III.11) 

DC-link Capacitor 

The selection of the DC-link capacitor of a back-to-back converter is given as: 

 𝐶 =
𝑆

4𝜋𝑓𝑚𝑖𝑛𝑣𝑑𝑐∆𝑣𝑑𝑐
 

(III.12) 

Line Reactor and Step-up Transformer 

The line reactor is used as protection and filter. In our case we used LC filters to 

reduce the harmonic content.  

III.2.2.1.2 Vector Control of DFIM  

This part presents vector control of grid-connected wind turbines with doubly-fed 

induction generators (DFIG) in which only the rotor-side converter control is studied .the 

vector control of the DFIM is performed in a synchronously rotating dq frame, in which the 

d-axis is aligned, in this case, with the stator flux space vector, as illustrated in Figure below.  

[5] 

 

Figure III.5: synchronous rotating dq reference frame aligned with the stator flux space vector 

III.2.2.1.3 Rotor side Control of the DFIM  

 

III.2.2.1.3.1 Rotor Current Control Loops 
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by substituting the stator dq flux equations and the rotor dq flux equations into the 

rotor voltage equation  we obtain the rotor voltage as a function of the rotor currents and 

stator flux  [5] 

 𝑉𝑑𝑟 = 𝜎𝐿𝑟

𝑑𝑖𝑑𝑟

𝑑𝑡
+ 𝑅𝑟𝑖𝑑𝑟 − 𝜎𝐿𝑟𝜔𝑟𝑖𝑞𝑟 +

𝐿𝑚

𝐿𝑠

𝑑𝜑𝑑𝑠

𝑑𝑡
 

(III.13) 

 𝑉𝑞𝑟 = 𝜎𝐿𝑟

𝑑𝑖𝑞𝑟

𝑑𝑡
+ 𝑅𝑟𝑖𝑞𝑟 + 𝜎𝐿𝑟𝜔𝑟𝑖𝑑𝑟 +

𝐿𝑚

𝐿𝑠
𝜔𝑟 . 𝜑𝑠 

(III.14) 

Note that    

 𝜑𝑠 = 𝜑𝑑𝑠 → 𝜑𝑞𝑠 = 0 
(III.15) 

 𝑉𝑞𝑠 = 𝑉𝑠 = 𝜔𝑠. 𝛷𝑠 → 𝑉𝑑𝑠 = 0 
(III.16) 

While 

The stator dq flux equations are given as  

 𝜑𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟 
(III.17) 

 𝜑𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟 
(III.18) 

The rotor dq flux equations are given as  

 𝜑𝑑𝑟 = 𝐿𝑚𝑖𝑑𝑠 + 𝐿𝑟𝑖𝑑𝑟 
(III.19) 

 𝜑𝑞𝑟 = 𝐿𝑚𝑖𝑞𝑠 + 𝐿𝑟𝑖𝑞𝑟 
(III.20) 

The rotor dq voltage equations are given as  

 𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜑𝑑𝑟

𝑑𝑡
− 𝜔𝑟𝜑𝑞𝑟 
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(III.21) 

 𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜑𝑞𝑟

𝑑𝑡
+ 𝜔𝑟𝜑𝑑𝑟 

(III.22) 

With the crosses coupling terms between the d and q axis given as: 

 −𝜎𝐿𝑟𝜔𝑟𝑖𝑞𝑟 
(III.23) 

 𝜎𝐿𝑟𝜔𝑟𝑖𝑑𝑟 +
𝐿𝑚

𝐿𝑠
𝜔𝑟 . 𝜑𝑠 

(III.24) 

The equation of the rotor voltage above is used to rewrite the rotor currents as:  

 𝑖𝑑𝑟 = (𝑣𝑑𝑟 + 𝜔𝑟𝜎𝐿𝑟𝑖𝑞𝑟) (
1

𝜎𝐿𝑟𝑠 + 𝑅𝑟
) 

(III.25) 

 𝑖𝑞𝑟 = (𝑣𝑞𝑟 − 𝜔𝑟𝜎𝐿𝑟𝑖𝑑𝑟 −
𝐿𝑚

𝐿𝑠
𝜔𝑟 . 𝜑𝑠) (

1

𝜎𝐿𝑟𝑠 + 𝑅𝑟
) 

 

(III.26) 

We can then represent the closed-loop current control as shown in the figure bellow:

  

Figure III.6: closed-loop current control 

III.2.2.1.3.2  Power and Speed Control Loops 

The torque expression in the dq frame is given as (mentioned in chapter 2):  [5] 

 𝑇𝑒𝑚 =
3

2
𝑝

𝐿𝑚

𝐿𝑠
(𝜑𝑞𝑠𝑖𝑑𝑟 − 𝜑𝑑𝑠𝑖𝑞𝑟)    →  𝑇𝑒𝑚 = −

3

2
𝑝

𝐿𝑚

𝐿𝑠
(𝜑𝑠𝑖𝑞𝑟)   

(III.27) 
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While 

 −
3

2
𝑝

𝐿𝑚

𝐿𝑠

(𝜑𝑠) = 𝑐𝑠𝑡 
(III.28) 

This means that the q rotor current component is proportional to the torque which can 

be then simplified as follows: 

   𝑇𝑒𝑚 = 𝐾𝑇 𝑖𝑞𝑟 
(III.29) 

 consequently, the speed of the machine can be written as: 

 𝜔𝑚 = 𝑝𝛺𝑚 = 𝑝 (
1

𝐽𝑠
) [𝑇𝑒𝑚 − 𝑇𝑙𝑜𝑎𝑑] 

(III.30) 

Supposedly that 

 𝑇𝑙𝑜𝑎𝑑 = 0 
(III.31) 

We can then represent the closed-loop speed control as shown in the figure bellow:

 

 

Figure III.7: closed_loop speed control 

In a similar way, by developing the stator reactive power expression in the dq frame, 

we obtain the following expression: 

 𝑄𝑠 =
3

2
(𝑉𝑞𝑠𝑖𝑑𝑠 − 𝑉𝑑𝑠𝑖𝑞𝑠)  

(III.32) 

 →  𝑄𝑠 = −
3

2
 𝜔𝑠

𝐿𝑚

𝐿𝑠
 𝜑𝑠 (𝑖𝑑𝑟 −

𝜑𝑠

𝐿𝑚
)   

(III.33) 
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 →  𝑄𝑠 = 𝐾𝑄 (𝑖𝑑𝑟 −
𝜑𝑠

𝐿𝑚
) 

(III.34) 

We can then represent the closed-loop stator reactive power expression control as 

shown in the figure bellow: 

 

Figure III.8: closed-loop stator reactive power expression control 

III.2.2.1.3.3 Synthesis of the Proportional regulator – integral 

This part presents a proportional-integral controller (PI controller) that is a control 

loop feedback controller commonly used in the industry. PI controller calculates the error 

between a measured grander and a desired set point 

III.2.2.1.3.3.1 Current control with PI regulators  

The current control strategy described above is been studied in the case of PI 

regulators (integral proportional). The Figure bellow shows the closed loop system regulated  

by a PI regulator. [48] 

 

Figure III.9: Functional diagram of an PI regulator. 

In our case the regulator’s values of A and B are: 

 𝐴 = 𝜎𝐿𝑟𝑠 + 𝑅𝑟 
(III.35) 

 𝐵 = 1 
(III.36) 
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The opened loop transfer function is given as 

 𝐹𝑇𝐵𝑂 = (𝑘𝑝 +
𝑘𝑖

𝑠
) (

1

𝜎𝐿𝑟𝑠 + 𝑅𝑟
) 

(III.37) 

The closed loop transfer function is then expressed by  

 

𝐹𝑇𝐵𝐹 =
𝑘𝑝 +

𝑘𝑖

𝑠 (
1

𝜎𝐿𝑟𝑠 + 𝑅𝑟
)

1 + (𝑘𝑝 +
𝑘𝑖

𝑠 (
1

𝜎𝐿𝑟𝑠 + 𝑅𝑟
))

=
𝑠𝑘𝑝 + 𝑘𝑖

𝜎𝐿𝑟𝑠2 + (𝑅𝑟 + 𝑘𝑝)𝑠 + 𝑘𝑖

 

(III.38) 

The figure below shows an equivalent second-order system of closed-loop current 

control with PI regulators: 

 

Figure III. 10: Equivalent second-order system of closed-loop current control with PI regulators 

We have chosen to set the response time of the system to this value  

 𝜏 =
𝜎𝐿𝑟

𝑅𝑟
= 0.059 

(III.39) 

Which means that 

 𝜔𝑛 =
100

𝜏
 

(III.40) 

Which leads us to the  following results: 
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 𝐾𝑝𝑖𝑑 = 𝐾𝑝𝑖𝑞 = 2𝜔𝑛𝜎𝐿𝑟 − 𝑅𝑟 
(III.41) 

 𝐾𝑖𝑖𝑑 = 𝐾𝑖𝑖𝑞 = 𝜔𝑛
2𝜎𝐿𝑟 − 𝑅𝑟 

(III.42) 

III.2.2.1.3.3.2 Power and Speed Control Loops 

The power and speed control strategy described above is been studied in the case of 

PI regulators (integral proportional). In this case the regulator’s values of A and B are: 

 𝐴 = 𝐽𝑠 
(III.43) 

 
 

𝐵 = 𝑃 (III.44) 

The opened loop transfer function is given as 

 𝐹𝑇𝐵𝑂 = (𝑘𝑝 +
𝑘𝑖

𝑠
) (

𝑃

𝐽𝑠
) 

(III.45) 

The closed loop transfer function is then expressed as follows: 

 𝐹𝑇𝐵𝐹 =
𝑘𝑝 +

𝑘𝑖

𝑠
(

𝑃
𝐽𝑠

)

1 + (𝑘𝑝 +
𝑘𝑖

𝑠 (
𝑃
𝐽𝑠))

=
𝑠𝑘𝑝 + 𝑘𝑖

𝐽
𝑃 𝑠2 + 𝑘𝑝𝑠 + 𝑘𝑖

 

(III.46) 

The figure below shows an equivalent second-order system of closed-loop speed 

control and a first order system of closed-loop reactive power control with PI regulators: 
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Figure III.11: Equivalent closed loop system of Q_s and ω_m loops control with PI regulators 

We have chosen to set the response time of the system to this value  

 𝜏 = 0.05 
(III.47) 

Which means that 

 𝜔𝑛 =
1

𝜏
 

(III.48) 

Which leads us to the  following results: 

 𝐾𝑝𝑁 =
2𝜔𝑛𝐽

𝑃
 

(III.49) 

 𝐾𝑖𝑁 =
𝜔𝑛

2𝐽

𝑃
 

(III.50) 

III.2.2.1.3.4 RST CONTROL OF A DFIM 

In this part we introduce the control of DFIM systems with an RST type regulator. 

This regulation technique is carried out in order to improve the performance of the 

control. An RST type regulator is a polynomial regulator which presents itself as an 

interesting alternative to PID type regulators . It is also called regulator with two degrees of 

freedom, because in addition to choosing the poles in closed loop the zeros are also selected. 

The principle is based on the resolution of the Diophantine equation which leads to the 

identification of the polynomials R, S and T, thus making it possible to largely limit the 
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problems of the regulation and to achieve excellent performance of compensation with a 

very good robustness. [49] 

 The RST structure is based on decomposition according to three polynomials 

R, S and T, the degree of which is fixed according to the degree of the transfer, tracking and 

regulation functions in open loop. They are calculated from a pole placement strategy for 

stable or unstable systems. The regulation loop representing this regulator can be described 

by the figure bellow.  [49] 

 

Figure III.12: Structure of the RST regulator. 

G (s) in our case is the opened loop rotor current control function given as: 

 𝐺(𝑠) =
𝐵(𝑠)

𝐴(𝑠)
=

1

𝜎𝐿𝑟 𝑠 +  𝑅𝑟
 

(III.51) 

                                                                  

While A and B can be also written by: 

 
B(s) = b0 

 (III.52) 

 
A(s) = a0+ a1*s 

 (III.53) 

The control signal is given by the following expression: 

 𝑢(𝑠) =
𝑇(𝑠)

𝑆(𝑠)
𝑟𝑒𝑓(𝑠) −

𝑅(𝑠)

𝑆(𝑠)
𝑦(𝑠) 

(III.54) 
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In general, the purpose of the command is to impose a desired closed loop transfer 

function between y (s) and ref (s). 

 

 

𝑦(𝑠) =  
𝐵𝑑(𝑠)

𝐴𝑑(𝑠)
𝑟𝑒𝑓(𝑠) (III.55) 

In our case given as: 

 
 

𝐵𝑑(𝑠) = 𝐵(𝑠) = 1 (III.56) 

       𝐴𝑑(𝑠) = 1 + 𝑠 
(III.57) 

While   

 

 

𝑃𝑎𝑑 = 𝑒𝑥𝑝(−𝑝𝑎 ∗ 𝑇𝑒) 

 

(III.58) 

 
 

𝑇𝑒 =  5.0000𝑒𝑥𝑝 − 06 (III.59) 

from the above equations ,the following equality is obtained : 

 
𝑦(𝑠)

𝑟𝑒𝑓(𝑠)
=

𝐵(𝑠)𝑇(𝑠)

𝐴(𝑠)𝑆(𝑠) + 𝐵(𝑠)𝑅(𝑠)
 

(III.60) 

This gives as these equations:  

 𝐴(𝑠)𝑆(𝑠) + 𝐵(𝑠)𝑅(𝑠) = 𝐴𝑑(𝑠) 
(III.61) 

 𝐵(𝑠)𝑇(𝑠) = 𝐵𝑑(𝑠)  
(III.62) 
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After multiplying and dividing the expression of the closed-loop transfer function by 

B (s), we obtain: 

   𝐴(𝑠)𝑆(𝑠) + 𝐵(𝑠)𝑅(𝑠) =  𝐵(𝑠)𝐴𝑑(𝑠) 
(III.63) 

And 

 
 

𝑇(𝑠) = 𝐵𝑑(𝑠) (III.64) 

To determine R (s) and S (s), we must solve the previous Diophantine equation given 

as:  

 
 

  𝐴(𝑠)𝑆(𝑠) + 𝐵(𝑠)𝑅(𝑠) = 𝐵(𝑠)𝐴𝑑(𝑠)  (III.65) 

This can be written as: 

 𝐴(𝑠)𝑆(𝑠) + 𝐵(𝑠)𝑅(𝑠) =   𝐶(𝑠) 
(III.66) 

The polynomials R (s) and S (s) must verify the following conditions: 

𝑑𝑒𝑔 𝑅(𝑠)  < 𝑑𝑒𝑔𝐴(𝑠)    → 𝑑𝑒𝑔 𝑅(𝑠) = 𝑑𝑒𝑔𝐴(𝑠) − 1  

𝑑𝑒𝑔 𝑆(𝑠) = 𝑑𝑒𝑔𝐴(𝑠) →   𝑑𝑒𝑔 𝑆(𝑠) = 𝑑𝑒𝑔𝑅(𝑠) + 1 

 𝑑𝑒𝑔 𝐶(𝑠) =  𝑑𝑒𝑔 𝑆(𝑠) + 𝑑𝑒𝑔 𝑅(𝑠) 

One way to solve the Diophantine equation is to write the Diaphontine equation in a 

matrix form called the Sylvester matrix which is a square matrix defined as follows: 

 [
𝒃𝟎 𝒂𝟏 𝟎
𝟎 𝒂𝟎 𝒂𝟏

𝟎 𝟎 𝒂𝟎

] [

𝒓𝟎

𝒔𝟏

𝒔𝟎

] = [
𝒄𝟏

𝒄𝟎

𝟎
] 

(III.67) 

It is noted that the zeros of the system to be adjusted G (s) are stable. 

The model to be pursued is generally very simple, low order, generally guaranteeing 

the desired characteristics in closed loop given as: 
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 𝑦(𝑠) =
𝐵𝑑(𝑠)

𝐴𝑑(𝑠)
 

(III.68) 

The arbitrary polynomial C (s) is specified by the pole placement method. 

As following: 

 𝐶(𝑠)  =  𝑐2𝑠2 + 𝑐1𝑠 =  (𝑃𝑎𝑑 − 𝑎1 + 𝑎0)𝑠2 + 𝑎1𝑠 
(III.69) 

Which leads us to the  following results: 

 

 

𝑅 = 0.9972 

 

(III.70) 

 

 

𝑆 =  1𝑠 +  0 

 

(III.71) 

 
 

𝑇 = 1 (III.72) 

 

III.2.2.1.3.5 The LMI-Based-LQR control 

This part presents LQR control based on the LMI calculation method of grid-

connected wind turbines with doubly-fed induction generators (DFIG) in which only the 

rotor-side converter control is considered.  

The structure of the LQR based on LMI control system is shown in the figure bellow. 

https://hal.archives-ouvertes.fr/hal-01348775/document
https://hal.archives-ouvertes.fr/hal-01348775/document
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Figure III.13: the LMI based LQR control system 

In our case the state space system’s values of A, B, C and D are: 

𝐴 = −16.95 

𝐵 = 64 

𝐶 = 91.33 

𝐷 = 0 

III.2.2.1.3.5.1 LQR control 

The linear–quadratic regulator (LQR) is a highly used feedback controller which, 

controls and optimizes the feedback gains in order to ensure a stable closed-loop system and 

an optimum performance. [50] 

the state-feedback law equality for a continuous time system is given as 

 

    
𝑢 = – 𝐾𝑥 

(III.73) 

Where k is given by: 

 
𝐾 = 𝑅

− 1(𝐵𝑇𝑆 + 𝑁𝑇). 

 (III.74) 

The quadratic cost function minimized by the state-feedback law is written as 

 
𝐽(𝑢) =  ∫ (𝑥𝑇𝑄𝑥 + 𝑢𝑇𝑅𝑢 + 2𝑥𝑇𝑁𝑢)

∞

0

𝑑𝑡 

 

(III.75) 

Where the system is defined as 
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𝑥̇ = 𝐴𝑥 + 𝐵𝑢 

 (III.76) 

In addition to that the S solution is found by solving the continuous time algebraic 

Riccati equation given as: 

 
𝐴𝑇𝑆 + 𝑆𝐴 − (𝑆𝐵 + 𝑁)𝑅−1(𝐵𝑇𝑆 + 𝑁𝑇) + 𝑄 = 0 

 (III.77) 

While  

 𝑄 = 𝑄 − 𝑁𝑅−1𝑁𝑇 
 

(III.78) 

And 

 
𝐴 = 𝐴 − 𝐵𝑅−1𝑁𝑇  

 (III.79) 

III.2.2.1.3.5.2 The LMI control 

The Linear matrix inequalities (LMI) are defined as a set of matrix linear variables 

Used to solve a convex optimization problem with LMI constraints. The LMIs are used in 

several application such as robust stability, optimal LQG control, estimation, and many 

others, in our case we will be using it to calculate the gain Kr of the LQR controller. The 

LMI expression has the following form: [51] 

 𝐹(𝑥) = 𝐹0 + 𝑥1𝐹1 + ⋯ + 𝑥𝑛𝐹𝑛 = 𝐹0 + ∑ 𝑥𝑖𝐹𝑖

𝑛

𝑖=0

> 0 
(III.80) 

In the case of nonlinear matrix inequalities a change of variables can be used to 

transform these nonlinear inequalities into suitable LMI forms. As  it  is  the  case in  the  

 State feedback LQR controller  

The objective is to determine a matrix F   and a positive definite matrix P that solve 

the following equation: 

https://en.wikipedia.org/wiki/Algebraic_Riccati_equation
https://en.wikipedia.org/wiki/Algebraic_Riccati_equation
https://en.wikipedia.org/wiki/Convex_optimization
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∈ 

 (𝐴 +  𝐵𝐹) 𝑇𝑃 +  𝑃(𝐴 +  𝐵𝐹) <  0, 
(III.81) 

Or 

 𝐴𝑇  𝑃 +  𝑃𝐴 +  𝐹𝑇 𝐵𝑇 𝑃 +  𝑃𝐵𝐹 <  0 
(III.82) 

By multiplying either side of the above equation by 𝑄 =  𝑃−1 we obtain: 

 𝑄𝐴𝑇  +  𝐴𝑄 +  𝑄𝐹𝑇 𝐵𝑇  +  𝐵𝐹𝑄 <  0. 
(III.83) 

In order to do the linearization the above equation, we define a second new variable 

𝐿 =  𝐹𝑄 which gives us 

 𝑄𝐴𝑇  +  𝐴𝑄 +  𝐿𝑇 𝐵𝑇  +  𝐵𝐿 <  0. 
(III.84) 

By solving this LMI, the F and P matrix can be given from the following equation  

 𝐹 = 𝐿𝑄−1 
(III.85) 

     𝑃 =  𝑄−1 
(III.86) 

. In our case and after all calculation we obtained the following results: 

 
𝑄 = [

1.0𝑒 + 07 ∗ 1.5408
0

] 

 
(III.87) 

 

 

𝑃 = 1.0𝑒 + 08 ∗ [0.0206  2.0738] 

 

(III.88) 

    𝑅 =    4.4348𝑒 + 08 
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(III.89) 

The LQR control gain can be calculated as follows: 

 

 

𝐾𝑟 = 𝐵′ ∗ 𝑃 ∗ 𝑖𝑛𝑣(𝑅) 

 

(III.90) 

This leads us to the following result: 

 𝐾𝑟  =    0.2969 
(III.91) 

III.2.2.1.4 Grid side converter control 

This part presents a PI controller of a Grid side converter that is defined as an IGBT-

based three-phase two-level voltage source converter which operates through a controlled 

pulse width modulation in the aim of maintaining a constant DC link voltage [52] 

The dynamic model of the grid side converter in dq-reference frame is written as: 

 𝐿𝑔

𝑑𝑖𝑑𝑔

𝑑𝑡
= 𝑉𝑑𝑔 − 𝑅𝑔𝑖𝑑𝑔 − 𝑉𝑑𝑐 + 𝜔𝑔𝐿𝑔𝑉𝑞𝑔 

(III.92) 

 𝐿𝑔

𝑑𝑖𝑞𝑔

𝑑𝑡
= 𝑉𝑞𝑔 − 𝑅𝑔𝑖𝑞𝑔 − 𝑉𝑑𝑐 − 𝜔𝑔𝐿𝑔𝑖𝑞𝑔 

(III.93) 

The active and reactive power associated with the grid side converter in the dq-

reference frame, are given as: 

 

 

𝑃𝑔 =
3

2
( 𝑉𝑑𝑔 ∗ 𝑖𝑑𝑔  +  𝑉𝑞𝑔 ∗ 𝑖𝑞𝑔) (III.94) 

 

 

𝑄𝑔 =  
3

2
 ( 𝑉𝑞𝑔 ∗ 𝑖𝑑𝑔  −  𝑉𝑑𝑔 ∗ 𝑖𝑞𝑔) 

 

(III.95) 
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To control the grid side converter we use vector control scheme. In which the rotating 

reference frame dq-axis will be rotated along the grid voltage which gives: 

 

𝑉𝑑𝑔 =  𝑉𝑔  

 (III.96) 

 𝑉𝑞𝑔  =  0 
(III.97) 

The power equations become as follows: 

 𝑃𝑔 =
3

2
( 𝑉𝑑𝑔 ∗ 𝑖𝑑𝑔 ) 

(III.98) 

 
𝑄𝑔 = − 

3

2
 (  𝑉𝑑𝑔 ∗ 𝑖𝑞𝑔) 

 
(III.99) 

The grid converter control controls the dq currents loops and the DC voltage loops as 

shown in the figure bellow: 

 

 

Figure III.14: Grid Converter Control Scheme 
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The grid dq voltage equations are given as : 

 𝑉𝑑𝑔(𝑟𝑒𝑓) = 𝑉𝑑𝑔 + 𝑅𝑟𝑖𝑑𝑟 − (𝜔 − 𝜔𝑟)[𝑖𝑞𝑟𝐿𝑟 + 𝑖𝑞𝑠𝐿𝑚] 
 

(III.100) 

 𝑉𝑞𝑔(𝑟𝑒𝑓) = 𝑉𝑞𝑔 + 𝑅𝑟𝑖𝑞𝑟 + (𝜔 − 𝜔𝑟)[𝑖𝑑𝑟𝐿𝑟 + 𝑖𝑑𝑠𝐿𝑚] 
 

(III.101) 

Where 𝑉𝑑𝑔 , 𝑉𝑞𝑔  , 𝑄  and  𝑃  are found from the current errors through standard PI 

controllers and the  reference current 𝑖𝑑𝑟 can be found from the reference torque as follows: 

 𝑖𝑑𝑟 =
𝑇𝑒𝐿𝑠

𝜑𝑠𝐿𝑚
 

 

(III.102) 

With the crosses coupling terms between the d axis and q axis given as: 

 (𝜔 − 𝜔𝑟)[𝑖𝑞𝑟𝐿𝑟 + 𝑖𝑞𝑠𝐿𝑚] 
  

(III.103) 

 

                                                          
          (𝜔 − 𝜔𝑟)[𝑖𝑑𝑟𝐿𝑟 + 𝑖𝑑𝑠𝐿𝑚] 

 

(III.104) 

We can then represent the closed-loop DC voltage control as shown in the figure 

bellow:  

 

Figure III.15: the closed-loop DC voltage control 

For the DC voltage control we used pi tune matlab tool and we obtained the  

following results: 

𝑘𝑝_𝑣 =  −1000 

𝑘𝑖_𝑣 = −300000 

And the closed-loop reactive power control as shown in the figure bellow: 
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Figure III.16: the closed-loop  reactive power control 

In our case we have chosen to set the response time of the system to this value  

 𝜏 =
𝐿𝑔

𝑅𝑔
= 20 

 

(III.105) 

Which means that 

 𝜔𝑛𝑔 = 60 ∗ 2 ∗ 𝑝𝑖 = 376.9911 
 

(III.106) 

Which leads us to the  following results: 

 𝐾𝑝𝑖𝑑 = 𝐾𝑝𝑖𝑞 = 2𝜔𝑛𝑔𝜎𝐿𝑔 − 𝑅𝑔 =  56.8489 
 

(III.107) 

 𝐾𝑖𝑖𝑑 = 𝐾𝑖𝑖𝑞 = 𝜔𝑔
2𝜎𝐿𝑔 =  56.8489 

 

(III.108) 

 

III.3 Solar system control   

because of its characteristics; solar panel systems are controllable using power 

electronics and advanced control strategies such as P&O and Fuzzy logic based MPPT 

control, the control strategy is based on adjusting the duty ratio of the boost converter, the 

system to be controlled in this part includes a solar array, DC/DC converter, resistive 

load and a control unit as it is shown in the figure bellow: 
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Figure III.17: the considered stand-alone PV system 

III.3.1 MPPT in PV systems 

As we have seen in chapter 2 the PV system is characterized by its V-P 

curve(shown in the figure bellow) in which the solar module operates with the 

maximum efficiency and produces the maximum power output at a maximum point that 

is called the maximum power point (MPP). A MPPT controller is designed  to obtain an 

operating point close to this MPP where a tracking algorithms is used that checks the 

compares the output to the previous values and chooses the best power that PV module 

can produce to supply it to the load. [54] 

 

Figure III.18: Power-voltage characteristic of a PV module 

III.3.1.1 Perturb-and-observe (p&O method) 

Perturb-and-observe (P&O) method is one of the common MPPT control methods as 

its name indicates the principle of this controller is to provoke perturbation by increasing or 

decreasing the PWM duty cycle and observing the effect on the output PV power.  
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Where the present values of PV voltage V(k) and current I(k) are measured ,the 

present power P(k) is calculated then Compared with the previous power P(k-1). If the 

power increases, keep the next voltage change in the same direction as the previous change. 

Otherwise, change the voltage in the opposite direction as the previous one. this can be 

detailed as follows [54]: 

- When 
𝑑𝑣

𝑑𝑝
> 0 , the voltage is increased, this is done through 𝐷(𝑘) = 𝐷(𝑘 − 1) + 𝐶 

( C : incrementation step), 

- When 
𝑑𝑣

𝑑𝑝
< 0, the voltage is decreased through 𝐷(𝑘) = 𝐷(𝑘 − 1) − 𝐶  

. The figure bellow shows the flow chart of the P&O method. 

 

Figure III.19: the flow chart of the P&O method 

III.3.1.2 MPPT by the fuzzy logic approach 
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A fuzzy control system is a non-linear control method based on fuzzy logic. It 

consists of the input variables that are in general mapped by sets of membership 

functions   (fuzzification), a processing stage(Fuzzy inference), and an output stage which is 

smooth despite a wide range of input variations (defuzzication) nonmembership is 

smooth  as it is shown in the figure bellow [55]: 

 

Figure III.20: The basic structure of fuzzy logic controller 

The output variable is the pulse width modulation (PWM) signal called D, which 

is transmitted to the boost DC/DC converter to drive the load. After the rules have been 

applied, the center of area as the defuzzication method is used to find the actual value of 

(D) as a crisp output [56]. 

The range of the power is and their linguistic variables are considered as negative 

big (NB), negative s mall (NS), zero (ZE), positive s mall (PS) and positive big (PB) 

where aschange of voltage  range is and its linguistic variables are selected as negative 

big (NB), negative small (NS), zero (ZE), positive small (PS) and positive big (PB). The 

output variable is the PWM signal driver whose range is   and its linguistic variables are 

chosen as negative big (NB), negative small (NS), zero (ZE), positive small (PS) and 

positive big (PB). 

the fuzzy input variables chosen are the variations of the solar cell power output 

(∆PPV ) ,where their linguistic variables are selected as negative big (NB), negative 

medium (NM), negative small (NS), zero (ZE), positive small (PS) , positive medium 

(PM) and positive big (PB). And variations of voltage ( ∆VPV ),where their linguistic 

variables are selected as negative big (NB), negative small (NS), zero (ZE), positive 

small (PS) and positive big (PB).The output variable is the PWM signal where its 

linguistic variables are given as negative big (NB), negative medium (NM), negative 

https://en.wikipedia.org/wiki/Control_system
https://en.wikipedia.org/wiki/Fuzzy_logic
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small (NS), zero (ZE), positive small (PS) , positive medium (PM) and positive big 

(PB).The table bellow shows the fuzzy rules of our algorithm. 

 

 

∆𝑃(𝑘)
∆𝑉(𝑘)⁄  NB NM NS ZE PS PM PB 

NB PB PB PM NM NM NB NB 

NS PB PM PS NS NS NM NB 

ZE NB NM NS ZE PS PM PB 

PS NB NM NS PS PS PM PB 

PB NB NB NM PM PM PB PB 

Figure III.21: Fuzzy rules 

Figure below shows the membership of the inputs and outputs. 

 

(a) 

 

(b) 
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(c) 

Figure III.22: Membership functions: (a) Membership function for changes of voltage; (b) Membership function for 

changes of power; (c) Membership function for increment of duty ratio command 

 

III.4 Conclusion 

This chapter has allowed us to develop the hybrid wind solar system controller .first 

the synthesis of three linear regulators for the control of the DFIM has been studied. A 

Proportional-Integral regulator which served as a reference for comparison, a polynomial 

RST regulator based on the theory of robust pole placement and an LQR regulator based on 

the LMI method. The purpose of these regulators is to control the exchange of active and 

reactive power between the stator of the machine and the network by modifying the 

amplitude and the frequency of the rotor voltages. We used the indirect control method 

where the rotor currents are measured and used to estimate the powers compared to the 

references.  

Then two controllers are developed for the MPP tracking and minimizing the error 

between the operating power and the reference maximum power which is variable according 

to the load and of the weather conditions. An intelligent method of maximum power point 

tracking (MPPT) using fuzzy logic control for stand-alone was used then a conventional 

perturbation and observation (P&O) technique. 
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IV Chapter IV: fault tolerant control 
 

IV.1 Introduction  

The performance of the system can be easily interrupted by possible faults and 

failures occurring because there is no fault-free system. Therefore, looking for fault-tolerant 

controller designs with early fault detection, isolation and successful controller 

reconfiguration would be very beneficial the system control. This chapter provides a brief 

introduction of power system faults, fault tolerant control (FTC) and fault detection and 

isolation (FDI) and defined basic definitions and classifications concepts. Starting with some 

definitions and describing different types of faults and failures that can occur in actuators, 

sensors or transmission line in wind system, and in the boost converter for the solar system.  

IV.2 FAULT-TOLERANT CONTROL  

In this part we will be seeing a brief review of fault-tolerant concepts including basic 

definitions, classifications, causes and consequences. The main objective of the FAULT-

TOLERANT CONTROL is to maintain the control aiming even when an occasional fault 

occurs. the FAULT-TOLERANT CONTROL are essentials and necessary  in any  system 

regulation because there is no fault-free system and all types of dynamic systems can be 

undergone to various faults which could be caused by actuators, sensor or component 

failures. A fault tolerant control system scheme is shown in the figure bellow 

 

Figure IV.1: Fault tolerant control system scheme 
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IV.3 Types of Faults in Electrical Power Systems 

Electrical power system faults occur because of the failure of the circuit equipment, 

insulation and conducting path which results short circuit and open circuit of conductors. 

The electrical fault conditions can be classified into open and short circuit faults which can 

be symmetrical or unsymmetrical faults. [57] 

IV.3.1 Symmetrical faults 

Symmetrical short circuit faults also called as balanced fault are defined as the fault 

that occurs in symmetrical fault currents. Where all the three-phase faults are short circuited 

with or without involving the ground .These faults rarely occur in practice in the range of 2 

to 5% of the total system faults. But they can cause high damage to the equipments but the 

system remains in balanced condition.  

IV.3.2 unsymmetrical faults 

Unsymmetrical short circuit faults also called unbalanced faults defined as the fault 

that occurs in unsymmetrical fault currents in the system. Where only one or two of the three 

phases get short-circuited with or without involving the ground .it is necessary to analyze 

these kind of faults in order to determine the size of a circuit breaker for largest short circuit 

current. In comparaison  to symmetrical faults, unsymmetrical faults are more difficult to 

analyze  [57]  

IV.3.3 Short Circuit Faults 

short circuit fault  is defined as an unusual connection of very low impedance 

between two points of different potential that happens either between two phases of wires or 

between a phase of wire and ground. The bigger short circuit is, the more heat is produced 

and burns are caused. It can also cause failure of one or more components of the circuit for 

instance generators, Transformers, converters others that operate at given voltage level. [58] 

 

IV.3.3.1 Causes OF SHORT CIRCUITS 

Short circuit faults can occur either because  of breakdown of transmission lines or 

equipment, aging of insulation, deterioration of insulation in generator, transformer and other 

electrical equipments, improper installations and inadequate design, which can be classified 

as  Internal effects .or overloading of equipments, insulation failure due to lighting surges 

and mechanical damage by public, which can be classified as  external effects [59].  

IV.3.3.2 Effects OF SHORT CIRCUITS 

▪ It can lead to fire and explosion  

▪ It can lead to overheat equipments 
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▪ It can lead to the restriction of the power flow  

▪ It also present a great risk to human life and the economy.As was the case    

on 28 September 2016 where almost  the entire state of South Australia 

suffered a widespread outage that plunged 1.7 million people into darkness 

for several days. Or  on 4 January 2018, a short circuit caused by faulty 

wiring triggered an arc flash and ignited a fire that gutted a shopping mall in 

the southern province of Davao in the Philippines, killing 38 people.  

In order to keep the grid safe and operating a short circuit fault analysis must be 

provided in which the amount of short circuit current from a system in calculated, then 

compared with the interrupting rate of the devices that protect sections of the grid. [60] 

 

IV.3.4 Open circuit: 

Open circuit fault also called as series faults is defined as a break or interruption in 

the current flow path in a circuit. 

It occurs because of the failure of one or more conductors, cables , lines, or   circuit 

breaking .it can also occurs  because of the fuse or conductor melting in one or more phases. 

[61] 

IV.3.4.1 Causes of the Open Circuit Faults  

▪ Broken conductor that occurs when one or more phases of conductor break. 

[62] 

▪ Malfunctioning of circuit breaker or isolators in one or more phases. [62] 

▪ unbalanced current flows [62] 

IV.3.4.2 Effects of the Open Circuit Faults 

single and two phase open conditions can produce the unbalance of the power system 

voltages and currents that causes great damage to the equipments, which can interrupt the 

operation of the system, that could become a danger to the persons, animals and environment 

.Although open circuit faults can be tolerated for longer periods they needs be removed as 

soon as possible to avoid big damage. [62] 

IV.3.5 Transmission Line fault  

A transmission line is  the most important part of power. Therefore it is necessary to 

protect transmission lines, that are defined as a system of conductors that transfers electrical 

signals from one place to another . transmission line  can be expose for failure. Some of 

https://www.abc.net.au/news/2016-09-28/sa-power-outage-explainer/7886090
https://news.abs-cbn.com/news/01/04/18/investigators-electrical-short-circuit-sparked-deadly-davao-mall-fire
https://news.abs-cbn.com/news/01/04/18/investigators-electrical-short-circuit-sparked-deadly-davao-mall-fire
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which, are because of short circuit and open circuit faults. This can happen in one phase, two 

or three phases.The figure bellow shows the single transmission line fault diagram. [63] 

 

Figure  IV. 2: transmission line fault 

IV.3.6 BOOST CONVERTER FAULT 

The boost converters are defined as an electronic device that increase and boost the 

input voltage. 

For an optimum performance converters must have zero lossless .But that is 

impossible, boost converters can be expose for failure. Some of which, are because of short 

circuit and open circuit faults. This can happen in the switch, diode, inductor, capacitor or 

load. 

IV.3.7 Different Type of Faults 

Fault tolerance as it was defined earlier is the continuous operation of the system even if its 

components fail. The three basic notions for fail are fault, failure, and error where [65]:  

IV.3.7.1 Failure 

   It is defined as an irrecoverable event, where the system is unable to do the service 

required. Note that a failure in a sub-system can be considered as a fault in the global 

system. Failures are classified by their domain as failures on values and/or timing failures; 

by their perception by the user; and by their consequences on the environment. 

IV.3.7.2 Fault 

it is defined as a recoverable event, where a component of the system gets defected 

which leads to a deviation of parameters from the nominal situation. Faults could 

be latent then effective then cause failure. In a general aspect there are three different types 

of faults as shown in Figure bellow. 

 

https://www.sciencedirect.com/science/article/pii/S2314717217300065#fig0015
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Figure  IV.3: Different types of faults 

IV.3.7.2.1 Sensor faults 

              They are defined as substantial faults that occur on sensor readings, but 

don’t impact the system properties. 

IV.3.7.2.2 Actuator faults 

              They are substantial faults that occur on actuator, but don’t impact the 

system properties. It only affects the controller performance. 

IV.3.7.2.3 Plant (system) faults 

They are substantial faults that occur on the system, which impact its properties.  

Faults can be also classified by their nature as: accidental or intentional. By their 

origin as: physical, human, internal, external, conception, operational. And by their 

persistence as: transient or permanent.         

IV.3.7.3 Error 

Is an   action that shows when a fault occurs in order to treat errors. redundancy is 

necessary to be used in which two main forms exist physical and analytical redundancies.  

IV.3.7.3.1 Physical redundancy:  

    Also known as hardware redundancy is defined as a technique that 

consists on disposing in parallel of identical subsystems or components to diminish the 

probability of their overall failure. Redundant actuators will allow continuing to act on a 

process while redundant sensors will allow detecting the failure of one of them and adopting 

the correct signal. [43]  

IV.3.7.3.2 Analytical redundancy:  

Also known as software redundancy is defined as the use of a mathematical model of 

the controlled system to displays analytical relationships between different physical 

parameters. It is mainly used for fault detection and identification. A software system is 
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considered  redundant when it performs the same functionality through the execution of 

different elements.  [43] 

IV.3.8 Structure of Fault Tolerant Control 

Fault Tolerant Control system consists of fault detection and identification module, a 

reconfigurable control module designed to activate fault free redundant components and a 

flight control law reconfiguration module to adapt the control law to the new control 

situation, as shown in the figure bellow.  [43] 

 

Figure  IV.4: Structure of Fault Tolerant Control 

IV.3.9 Fault Detection and Identification 

Fault Detection and Identification is defined as detecting the fault and allowing the 

activation of automatic protections and reconfiguration mechanisms resulting in fault 

tolerance in the objective of keeping the system safe. It is composed of three main activities:  

[43] 

IV.3.9.1 Detection  

A fault is detected in the system when a nominal model of the fault free system 

exists, a fault will be characterized by comparing the nominal system with the actual system. 

IV.3.9.2  Location 

A fault is located in the system when the origin of the fault is traced. In general an 

original fault may generate a sequence of failures in a system and these cascading failures 

may mask their real cause. 

IV.3.9.3  Identification 
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A fault is identified ed in the system when the time of the fault occurring, the 

duration and the amplitude is determined 

IV.3.10 Fault tolerant performance  

The main technical performance criteria for fault detection and identification are 

detectability , insolability, sensibility and robustness. 

IV.3.10.1 The detectability 

It is defined as the ability to detect the presence of a failure in the process. It is 

closely related to the notion of fault indicators (residuals). 

IV.3.10.2 The isolability 

It is defined as the ability to directly trace back the origin of the fault.The degree of 

fault isolation is related to the structure of the generated residuals and to the detection 

technique. 

IV.3.10.3  The sensitivity 

It is defined as the ability to detect faults of certain amplitude. It depends not only on 

the structure of the residuals but also of the relationship between the measuring noise and the 

fault. 

IV.3.10.4 The robustness  

It is defined as the ability to detect faults regardless of modeling errors. 

It relies on analytical redundancy which allows probabilistic tests to decide about the 

presence of a fault or not. 

IV.3.11 Building in Fault Tolerance 

Building in Fault Tolerance have the meaning of creating fault tolerance that keeps 

the system going when a fault occurs and eliminate as possible the failure of the system. 

IV.3.11.1 Redundancy 

The redundancy is a concept of equipping the system with extra components which 

are redundant in the aim of not being required to power the system when one of the primary 

components is functioning abnormally. 

Unfortunately in practice this is usually too expensive. For that reason only the most 

important component of the system and the less expensive one will be made redundant. 

IV.3.11.2 Diversity 

The diversity is the concept of  getting an electricity supply from another source 

entirely – most likely a backup electricity generator which kicks in automatically in case of a 

main power failure. it is used when it is not be possible to provide redundancy .note that  the 
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diverse  option may not be as efficient as  the primary option, which means it can be used 

temporary until the primary option can be restored. 

IV.3.11.3 Replication 

Replication is the concept of running multiple identical versions of a system or 

subsystem, and checking that their functioning always results in identical results. If results 

differ then some procedure is called up to decide which system is faulty. 

IV.3.12 Elements of Fault Tolerant Systems 

Fault-tolerant systems use backup components that automatically take the place of failed 

components, ensuring no loss or break in the service. These include: [67] 

IV.3.12.1 Hardware systems 

Hardware systems are defined as systems that are backed up by identical or equivalent 

systems. By eliminating single points of failure, hardware fault tolerance in the form of 

redundancy can make any component or system far safer and more reliable. 

To provide fault tolerance, the fault tolerant computer system or fault tolerant data 

storage system may use various elements. This includes replication for the CPU, redundancy 

for the PSU and RAM, hard drives configured in some form of RAID array which involves 

both redundancy and replication, and diversity of power supply with the provision of a 

backup generator. 

Fault tolerant networking may be provided by redundant network interface cards 

(NICs), and/or a variety of diverse networking options such as a wired LAN NIC and a 

wireless LAN adapter. 

IV.3.12.2 Software systems 

Software systems are defined as systems that are backed up by other software instances. It 

can be designed to be fault tolerant so that it can continue to operate even when it encounters 

an error, exception, or invalid input as long as it has been designed to handle such errors 

rather than defaulting to reporting an error and halting. 

In particular, networking protocols such as TCP/IP have been developed expressly to 

enable the creation of fault tolerant networks. TCP/IP can continue to function in an 

environment where individual network links or nodes may become unavailable 

unexpectedly. It can adapt to the varying conditions in order to get packets to their 

destinations via whatever routes are available whenever possible. 
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Software systems can also use replication to provide fault tolerance: a critically 

important database can be continuously replicated to another server, so that if the server 

hosting the primary database goes down then operations can instantly be redirected to the 

replica database. 

Alternatively, some services, notably web servers, can be placed behind a load 

balancer so that multiple servers all provide the same service. If one server develops a fault 

then the load balancer simply sends all web requests to the other ones until the faulty one is 

repaired. 

IV.3.12.3 Power sources 

Power sources are defined as systems that are made fault tolerant using alternative sources. As 

mentioned earlier, many fault tolerant systems include multiple PSUs to provide redundancy 

in case of a PSU failure. And since it is usually not possible to obtain redundant main power 

supplies, most organizations rely in diversity in the form of power from an alternative 

source. This is typically a generator that starts up automatically in the event of a main power 

failure to ensure that hardware, storage, HVAC and other systems have the power they 

require. Redundant power sources can help avoid a system fault if alternative sources can 

take over automatically during power failures, ensuring no loss of service. 

IV.3.13 Factors to Consider in Fault Tolerance 
IV.3.13.1 Cost  

Fault tolerance control systems are considered to be very costly, the reason why is 

that it requires multiple versions of the same components, extra equipment such as 

generators and the hardware parts. 

IV.3.13.2 Quality Degradation 

Due to the high cost of fault tolerance, lower cost and inferior quality redundant 

components are much used. This can lead to an increase in support and maintenance costs. 

IV.3.13.3 Testing and Fault Detection Difficulties 

Testing fault and detecting is not that easy, in fact it is considered to be hard to spot 

faults because it could be latent  which doesn’t lead to the failure of the system.That means 

that more resources is often required to test and monitor the health of a system built for fault 

tolerance. [68] 
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IV.3.14 Conclusion 

This chapter has presented a brief introduction to the fields of the fault tolerant 

control. It has included basic definitions and classifications of terms mostly used in fault 

tolerant control such as faults and failures. This chapter also briefly discussed the possible 

types of faults and failures of the transmission line and the boost chopper  that can occur in 

the hybrid wind solar systems, also  redundancy and its importance to the fault tolerant 

control has been discussed.  
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V Chapter V: Simulation Results and Conclusion 

 

V.1 Introduction 

In order to obtain the closest possible results of the experimental device, simulations 

are used in this chapter using MATLAB/SIMULINK platform. First for the wind system 

part, a comparison of three regulators (PI, RST and LQR) is developed in terms of pursuit of 

trajectory, sensitivity to disturbances and robustness with respect to parameter variations, 

taking into consideration rotor side and grid side converter control. A series of tests are also 

carried out when the transmission line fault occurs on the wind turbine system. 

Then for the solar system part, the fuzzy logic (FL) based MPPT controller is 

simulated and compared with the conventional perturbation and observation (P&O) based 

MPPT controller. A series of tests are also carried out when the open or short circuit fault 

occurs on the boost converter of the solar system. 

V.2 Wind turbine system control 

In this part a complete control model of a wind turbine system has been developed 

and implemented in MATLAB/SIMULINK platform. This model includes the mechanical 

control system part, consisting of pitch angle and mechanical torque controllers. And the 

electrical control system part, consisting of a DFIM rotor side controller and a grid side 

controller which are connected with each other via a back to back converter, an output low-

pass filter (RC) to interface with the grid is also implanted. The performance of the model 

and its dynamic response has been then evaluated. Figure below shows the complete model 

implemented in SIMULINK. It is connected to a programmable voltage source that in our 

case represents the grid through a step-up transformer. 
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Figure V.1: SIMULINK complete control model of a wind turbine system 

V.2.1 Mechanical torque control 

The output of the turbine is the mechanical torque which it is applied to the generator 

to produce an electrical power .Thus the Simulink model used in this part is based on the 

steady-state power characteristics of the turbine. The three inputs are the generator speed, the 

pitch angle in degrees and the wind speed in m/s. The Simulink block of the turbine shown 

bellow is found in the Simscape library  

 

 

 

 

 

 

By looking under the mask the model is illustrated in the following figure.  

Figure V.57: Simscape Wind turbine 

block 
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Figure V.3: Simulink control model of mechanical torque of the wind turbine 

V.2.2 Pitch angle control 

Adjusting the pitch angle of the blades provides an effective means of limiting 

turbine performance in strong wind speeds. The actuator model that consists of a mechanical 

and a hydraulic system describes the dynamic behavior between a pitch demand from the 

pitch controller and the measurement of a pitch angle .The dynamics of the blades are non-

linear with saturation limits on both pitch angle and pitch rate. The error between the 

generator rotor speed and its set point is sent to the controller to produce a reference value 

for the pitch angle. Simulink model of the  pitch angle control is shown bellow  

 

Figure V.4: Simulink model of the  pitch angle control 

 

V.2.3 DFIM control 

The model of the DFIM control used in this part is designed to capture optimum 

power from the wind at its low speed through a rotor side and a grid side control. Firstly a 

vector speed and current control of the DFIG using PI, RST and LMI controllers. The results 

shown are obtained from simulation in Matlab/Simulink platform which shows the 

effectiveness of the strategy proposed. 
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V.2.3.1 Grid side control 

The figure bellow shows the grid voltage oriented vector control simulation results. 

The DC link voltage used is around 900 Volts. 

 

Figure V.5: Grid side control simulation results 

The figures above shows the DC link voltage when implementing the grid voltage 

oriented vector control scheme. Here the by proper control of converter the oscillations are 

very low and measurement follows the set point.  

V.2.3.2 Rotor side control 

In this part we represented the closed-loop current and speed control model and 

simulation with three types of controllers: PI, RST and LMI. 

V.2.3.2.1 Pi controller 

The figure bellow shows the Pi vector control simulation results. Generator speed 

reference used is around 141.4269 (wm). 
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Figure V.6: Rotor side PI control simulation results 

V.2.3.2.2 Rst controller 

The figure bellow shows the RST vector control simulation results. Generator speed 

reference used is around 141.4269 (wm). 
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Figure V.7: Rotor side RST control simulation results 

V.2.3.2.3 LMI based LQR controller 

The figure bellow shows the LMI based LQR vector control simulation results. 

Generator speed reference used is around 141.4269 (wm). 
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Figure V.8: Rotor side LQR control simulation results 

V.2.3.2.4 Comparison 

Figures above show the superiority and the good regularity of power signals of the 

LQR regulator which minimizes the amplitude of the oscillations. Note, however, that the 

RST and PI regulators are very sensitive to even small variations in the adjustment. This is 

why, in the context of this test, the performance of these regulators can be considered 

equivalent.  

V.3 Solar system control 
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In this part a complete control model of a solar system has been developed and 

implemented in MATLAB/SIMULINK platform. This model includes a P&O and Fuzzy 

logic based MPPT control, the control strategy is based on adjusting the duty ratio of the 

boost converter, the system to be controlled in this part includes a solar array, DC/DC 

converter, resistive load and a control unit. 

 

Figure V.9: SIMULINK complete control model of a solar system 

V.3.1 P&O MPPT CONTROLLER 

Figure bellow shows the simulation results of PV output power, voltage and current 

for the MPPT P&O control. This control tracks the maximum power point with a variable 

irradiation and a fixed temperature around 25 degrees. 
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Figure V.10: the simulation results of PV output power P&O control 

V.3.2 FUZZY LOGIC CONTROLLER 

Figure bellow shows the simulation results of PV output power, voltage and current 

for the MPPT FUZZY logic control. This control tracks the maximum power point with a 

variable irradiation and a fixed temperature around 25 degrees. 

 

 

Figure V.11: the simulation results of PV output power FUUZY logic control 
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V.3.3 Comparison 

Figures above show the simulation results of the PV generator output power, 

operating voltage, operating current, and the efficiency using a boost converter. By 

comparing Fuzzy Logic based MPPT and conventional P&O MPPT. It has been clearly 

noticed continues oscillation of operation point for the FL technique. Whereas the oscillation 

is not observed in P&O based MPPT technique, where signals of power, voltage, current, 

and efficiency remain almost constant 

V.3.4 Fault tolerant control of wind system 

This part presents the performance of the wind system model and its dynamic 

response in the occurring of a fault in the transmission line where the faulty phases are 

selected. Three selections are studied in this suction, one phase to the ground, two phases to 

the ground and three phases to the ground. Simulation results are shown for these faults next. 

All faults are applied between 1.5 to 2 sec in Mat-lab/Simulink and simulation runs for total 

of 4 sec. 

 

Figure V.12:  the wind system model with a fault in the transmission line 

V.3.4.1 Single Phase to Ground (L-G) Fault 

The faulty phases of the transmission line block parameters, has been selected as 

phase A to the ground. With a fault resistance of 0.001Ohm,a ground resistance of 0.01Ohm, 

a snubber resistance of 1e6Ohm and an infinite snubber capacitance. 

V.3.4.1.1 Pi controller  
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The figure bellow shows the Pi vector control simulation results with a one phase to 

the ground transmission line fault. 

 

Figure V.13: the Pi vector control simulation results with a one phase to the ground transmission line fault 

V.3.4.1.2 Rst controller  

The figure bellow shows the RST vector control simulation results with a one phase 

to the ground transmission line fault. 
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Figure V.14: the RST vector control simulation results with a one phase to the ground transmission line fault 

V.3.4.1.3 Lmi based lqr controller  

The figure bellow shows the LMI based LQR vector control simulation results with a 

one phase to the ground transmission line fault. 

 

Figure V.15: the LMI based LQR vector control simulation results with a one phase to the ground transmission line fault. 
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V.3.4.1.4 Comparison 

In comparison with the PI and RST controllers, figures above show the superiority 

and the good regularity of power signals of the LQR regulator in the case of one phase to the 

ground transmission line fault which is barely noticeable.  

V.3.4.2 Two Phases to Ground (L-L-G) Fault 

The faulty phases of the transmission line block parameters, has been selected as 

phases A and B to the ground. With a fault resistance of 0.001Ohm,a ground resistance of 

0.01Ohm, a snubber resistance of 1e6Ohm and an infinite snubber capacitance. 

V.3.4.2.1 Pi controller  

The figure bellow shows the Pi vector control simulation results with two phases to 

the ground transmission line fault. 

 

Figure V.16: the Pi vector control simulation results with two phases to the ground transmission line fault 

V.3.4.2.2 Rst controller  

The figure bellow shows the RST vector control simulation results with two phases to 

the ground transmission line fault. 
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Figure V.17: the RST vector control simulation results with two phases to the ground transmission line fault 

V.3.4.2.3 LMI based LQR controller  

The figure bellow shows the LMI based LQR vector control simulation results with 

two phases to the ground transmission line fault. 

 

Figure V.18: the LMI based LQR vector control simulation results with two phases to the ground transmission line fault. 
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V.3.4.2.4 Comparison 

In comparison with the LQR and RST controllers, figures above show the superiority 

and the good regularity of power signals of the PI regulator in the case of two phases to the 

ground transmission line fault which minimizes the amplitude of the oscillations.  

V.3.4.3 Three-Phase  (L-L-L)  Fault. 

The faulty phases of the transmission line block parameters, has been selected as 

phases A, B and C to the ground. With a fault resistance of 0.001Ohm,a ground resistance of 

0.01Ohm, a snubber resistance of 1e6Ohm and an infinite snubber capacitance. 

V.3.4.3.1 Pi controller  

The figure bellow shows the Pi vector control simulation results with three phases to 

the ground transmission line fault. 

 

Figure V.19:  the Pi vector control simulation results with three phases to the ground transmission line fault. 

V.3.4.3.2 RST controller  

The figure bellow shows the RST vector control simulation results with three phases 

to the ground transmission line fault. 
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Figure V.20: the RST vector control simulation results with three phases to the ground transmission line fault 

V.3.4.3.3 LMI based LQR controller  

The figure bellow shows the LMI based LQR  vector control simulation results with 

three phases to the ground transmission line fault. 

 

Figure V.21:  the LMI based LQR vector control simulation results with three phases to the ground transmission line fault. 
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V.3.4.3.4 Comparison 

In comparison with the RST and PI controllers, figures above show the superiority 

and the good regularity of power signals of the LQR regulator in the case of three phases to 

the ground transmission line fault which minimizes the amplitude of the oscillations.  

V.3.5 Fault tolerant control of solar system 

This part presents the performance of the solar system model and its dynamic 

response in the occurring of a fault in the boost converter where different open and short 

circuit faults are tested on the converters and results were obtained based on the converters 

performance. The faults studied in this suction occur on diode, inductor, capacitor and the 

switch. Simulation results are shown for these faults next. All faults are applied between 0.5 

to 1 sec in Mat-lab/Simulink and simulation runs for total of 1.5 sec. 

V.3.5.1 Inductor short circuit fault 

The figure bellow shows the faulty boost converter model, where the fault has been 

selected as a short circuit fault across the inductor. . With a breaker resistance of 0.01Ohm,a 

snubber resistance of 1e6Ohm and an infinite snubber capacitance. 

 

FigureV.22: short circuit fault across the inductor 

V.3.5.1.1 P & O controller 

The figure bellow shows the P & O control simulation results with a short circuit 

fault across the inductor. 
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Figure V.23: the P & O control simulation results with a short circuit fault across the inductor 

V.3.5.1.2 Fuzzy logic controller 

The figure bellow shows the FUZZY logic control simulation results with  a 

short circuit fault across the inductor. 
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Figure V.24: the FUZZY logic control simulation results with a short circuit fault across the inductor 

V.3.5.2 Diode Open circuit  

The figure bellow shows the faulty boost converter model, where the fault has been 

selected as an open circuit fault across the diode.  

 

Figure V.25: open circuit fault across the diode. 

V.3.5.2.1 P & O controller 

The figure bellow shows the P & O control simulation results with an open circuit 

fault across the diode. 
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Figure V.26:   the P & O control simulation results with an open circuit fault across the diode. 

V.3.5.2.2 Fuzzy logic controller 

The figure bellow shows the FUZZY logic control simulation results with an open 

circuit fault across the diode. 
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Figure V.27: the FUZZY logic control simulation results with an open circuit fault across the diode 

V.3.5.3 Switch Open Circuit  

The figure bellow shows the faulty boost converter model, where the fault has been 

selected as an open circuit fault across the switch.  

 

Figure V.28: open circuit fault across the switch. 

V.3.5.3.1 P & O controller 

The figure bellow shows the P & O control simulation results with  an open 

circuit fault across the switch. 
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Figure V.29: the P & O control simulation results with an open circuit fault across the switch 

V.3.5.3.2 Fuzzy logic controller 

The figure bellow shows the FUZZY logic control simulation results with  an 

open circuit fault across the switch. 
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Figure V.30: the FUZZY logic control simulation results with an open circuit fault across the switch 

V.3.5.4 Switch Short Circuit Fault 

 The figure bellow shows the faulty boost converter model, where the fault has been 

selected as a short circuit fault across the switch. . With a breaker resistance of 0.01Ohm,a 

snubber resistance of 1e6Ohm and an infinite snubber capacitance. 

 

Figure V.31: short circuit fault across the switch 

V.3.5.4.1 P & O controller 

The figure bellow shows the P & O control simulation results with a short circuit 

fault across the switch. 
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Figure V.32: the P & O control simulation results with a short circuit fault across the switch 

V.3.5.4.2 Fuzzy logic controller 

The figure bellow shows the FUZZY logic control simulation results with a short 

circuit fault across the switch. 
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Figure V.33: the FUZZY logic control simulation results with a short circuit fault across the switch 

V.3.5.5 Capacitor Open Circuit Fault 

 The figure bellow shows the faulty boost converter model, where the fault has 

been selected as an open circuit fault across the capacitor. 

 

Figure V.34: open circuit fault across the capacitor 

V.3.5.5.1 P & O controller 

The figure bellow shows the P & O logic control simulation results with an open 

circuit fault across the capacitor. 
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Figure V.35: the P & O logic control simulation results with an open circuit fault across the capacitor. 

V.3.5.5.2 Fuzzy logic controller 

The figure bellow shows the FUZZY logic control simulation results with an open  

circuit fault across the capacitor. 
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Figure V.36:   the FUZZY logic control simulation results with an open  circuit fault across the capacitor 

V.3.5.5.3 Comparison 

By comparing Fuzzy Logic based MPPT and conventional P&O MPPT when all kind 

of faults (short or open circuit) occurs on the boost converter. It has been clearly noticed 

continues oscillation of operation point for the FL technique. Whereas the oscillation is not 

observed in P&O based MPPT technique, where signals of power, voltage, current, and 

efficiency remain almost constant. The P&O Controller provided a better response than a 

conventional FL controller in terms of the maximum power tracking performance. 

V.3.6 Conclusion 

 

In this chapter, first for the wind system part ,three regulators (PI, RST and LQR) 

have been developed   and compared. The differences sensitive between the regulators are 

not very explicit but measurements are more regular in the case of the LQR regulator and 

have smaller overshoots. 

Then for the solar system part, Fuzzy logic (FL) and P&O based maximum power 

point tracking (MPPT) controllers  have been  developed  , presented and implemented in 

Matlab-Simulink environment to identify the MPP, subsequently regulate the PV array to 

operate at that particular operating voltage. The P&O Controller provided a better response 

than a conventional FL controller in terms of the maximum power tracking performance. 
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General conclusion 
The issues addressed in this thesis have enabled us to deeply study the hybrid wind 

solar systems and briefly the fault tolerant as well as the simulation which was the closest to 

the reality. 

The first chapter presented the fundamental concepts of hybrid energy systems, 

where it has been concluded that they are the most efficient way for electrical power 

generation, more specifically hybrid wind-solar energy system, because they are both highly 

predictable and follow recognizable patterns which make it easy to control power output 

;when they are combined together they provide more electricity during more hours, as well 

as ensure production during both summer and winter hours of peak electricity usage. 

The second chapter presented a detailed modeling of a hybrid system based on PV 

and Wind energy. The chapter systematically outlined an electrical characteristic modeling 

of a DFIG unit for wind turbine designing. And an electrical characteristic of a solar cell for 

Solar Photovoltaic System design. It was also an introduction to the third chapter where it 

has allowed us to develop the hybrid wind solar system controller .first the synthesis of three 

linear regulators for the control of the DFIM has been studied. A Proportional-Integral 

regulator which served as a reference for comparison, a polynomial RST regulator based on 

the theory of robust pole placement and an LQR regulator based on the LMI method. Then 

two controllers are developed for the MPP tracking and minimizing the error between the 

operating power and the reference maximum power which is variable according to the load 

and of the weather conditions. An intelligent method of maximum power point tracking 

(MPPT) using fuzzy logic control for stand-alone was used then a conventional perturbation 

and observation (P&O) technique. 

The fourth chapter has presented a brief introduction to the fields of the fault tolerant 

control. It has included basic definitions and classifications of terms mostly used in fault 

tolerant control such as faults and failures. The importance of redundancy to the fault 

tolerant control has been also discussed.  

In the last chapter three regulators (PI, RST and LQR) have been developed   and 

compared for the wind system part. The LQR controller provided a better response where the 

differences sensitive between the regulators are not very explicit but measurements are more 

regular in the case of the LQR regulator and have smaller overshoots. Then for the solar 
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system part, Fuzzy logic (FL) and P&O based maximum power point tracking (MPPT) 

controllers  have been  developed  to identify the MPP, subsequently regulate the PV array to 

operate at that particular operating voltage. The P&O Controller provided a better response 

than a conventional FL controller in terms of the maximum power tracking performance. 
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Appendix 

VI DFIG parameters  

Rotor parameters side 

• Stator frequency 50 (Hz)  

• Rated stator power 2e6 (W)  

• Rated rotational speed 1500 

(rev/min) 

• Rated stator voltage 690 (V) 

• Rated stator current 1760 (A) 

• Rated torque 12732 (N.m) 

• Pole pair 2 

• Stator/rotor turns ratio 1/3 

• Rated rotor voltage (non-reached) 

2070 (V) 

• Maximum slip 1/3 

• Stator resistance 2.6e-3 (ohm) 

• Leakage inductance (stator and 

rotor) 0.087e-3 (H) 

• Magnetizing / Mutual inductance 

2.5e-3 (H) 

• Rotor resistance refered to stator 

2.9e-3 (ohm) 

Mechanical Parameters 

• Inertia force 127 kg m2  

• Friction Pair 1e-2 

 

Grid parameters side 

• Bus capacitor 80e-3(C) 

• Grid resistance 20e-6(ohm) 

• Grid inductance 400e-6 (H) 

 

 

 

 

 

 

 

 

 

 

 

VII Wind turbine parameters 

• Nominal mechanical output power 

1.5e6 (W) 

• Base power of the electrical 

generator 1.5e6/0.9 (VA) 

• Base wind speed 12 (m/s) 

• Maximum power at base wind 

speed (pu of nominal mechanical power) 

0.73 

• Base rotational speed (p.u. of base 

generator speed)  1.2 

VIII Boost converter parameters 

• Converter inductance 2e-3 (H) 

• Converter capacitor 100e-6 (C) 

• Load resistance 20 (Ohms) 

IX Boost converter switch parameters 

• Device on-state resistance (Ohms) 

0.001 

• Snubber resistance 500 (Ohms)  

• Snubber capacitance 250e-9 (F)   

• Forward voltages 0.8 (V ) 
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