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ABSTRACT 
 

This project is intended to design a PMSG based wind energy conversion system. 

Classical controllers, such as P&O MPPT algorithms are employed to ensure maximum 

power extraction from wind turbine. Speed of the generator is adjusted to match the wind 

turbine power- speed characteristics. In this project, a new MPPT algorithm is investigated 

to maximize the power coefficient Cp. The algorithm is based on Golden Section search 

principle and expected to be faster than the aforementioned algorithms. 
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General Introduction 
 

The growing demand of the energy around the world and both high cost and 

exhaustion of the fossil fuels, raised the need to look for alternative sources of energy. Clean, 

free and endless, renewable energies are the typical replacement for the exhaustible sources. 

The interest in these sources such as wind, solar and hydraulic energies has grown more and 

more through the past years, turning it today to one of the biggest industries in the world. 

Among the several renewable energy sources, wind energy is the most interesting source of 

energy at present, due to its reliability and low cost it has become the fastest growing power 

sector in the world and becomes more widely adopted in the future. 

Wind energy conversion system (WECS) is what converts that kinetic energy in the 

wind to the electrical energy using different types and sizes of wind turbines. But since wind 

speed varies randomly, this will cause the output power by the wind turbine generator to 

always fluctuate. Fluctuation can cause instability problems, therefore it is not suitable to 

connect the wind turbines directly to the power system. To overcome such problems the 

control of the output power from the wind energy generator is needed. This control system 

will not only eliminate the fluctuation but it will also optimize the output power by tracking 

its maximum power point (MPP).  In order to achieve this, power converters as well as other 

power electronics are used in addition to several control strategies, such as pitch control, 

yaw control, and maximum power point tracking (MPPT). 

In this report we will discuss and talk about the optimization of the WECS, a novel 

MPPT technique called the Golden Section Search (GSS) algorithm has been proposed, in 

order to harvest the maximum power from the wind and inject it into the utility grid. The 

aim of this work is to model simulate using Matlab/Simulink software a grid tied wind 

turbine driven a PMSG using the proposed MPPT algorithm. For the simulation several 

models were needed; the wind turbine mathematical model was developed in addition to the 

wind turbine’s generator model a permanent magnet synchronous generator (PMSG) was 

used, also blocks for a AC/DC rectifier, a DC/DC converter, DC/AC inverter, a transformer 

and an AC source representing the power grid. To meet the objective of this project the 

implementation of this wind energy conversion system was done and tested. 

The first chapter of the thesis will give a thorough literature back ground about wind 

turbines, different types and components, also we will introduce and describe the wind 

energy conversion system, its working principle as well as power extraction from the wind.  
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Chapter two is devoted to illustrate and present the mathematical modeling of different parts 

of our system such as the wind turbine, the generator and the power electronics, in addition 

to the grid connection and control system. 

The third chapter will talk about the theoretical background of the maximum power 

point tracking and some of its techniques that are used in WECS. Also, it will describe the 

proposed technique in this work. 

Finally, the fourth chapter includes the simulation and implementation, and the 

discussion of their results.  

 

 



 

 

CHAPTER 1 : Wind Energy Conversion System. 

1.1 Introduction: 
 

The utilization of wind as a source of electrical energy has increased 

dramatically through the past years, as a free clean and renewable energy, it will surely 

become one of the main energy sources for the world power generation in the future. 

As fast growing interdisciplinary Field, wind energy conversion technology is 

continuously developing. In this chapter we are going to explain this technology, and 

its different configuration, components and principle of working. 

1.2 Wind utilization through history: 
 

The utilization of wind energy can be dated back to 5000 B.C. when sail boats 

were propelled across the river Nile. It was recorded that from 200 B.C. onwards wind 

was used as an energy source to pump water, grind grain, and drive vehicles and ships 

in ancient China and Middle East. The earliest windmills recorded were vertical axis 

mills. These windmills can be described as simple drag devices. They have been used 

in the Afghan highlands to grind grain since the seventh century BC. 

The first details about horizontal axis windmills are found in historical 

documents from Persia, Tibet and China at about 1000 AD. The first horizontal axis 

windmill appeared in England around 1150, in France in 1180, in Germany in 1222 

and in Denmark in 1259. This fast development was most likely influenced by the 

Crusaders, taking the knowledge about windmills from Persia to many places in 

Europe. 

In 1891, the Dane Poul LaCour was the first to build a wind turbine that 

generated electricity. Danish engineers improved the technology during World Wars 

1 and 2 and used the technology to overcome energy shortages. The wind turbines by 

the Danish company F. L. Smidth built in 1941–42 can be considered forerunners of 

modern wind turbine generators. 

The use of wind energy to generate electricity did not gain ground owing to the 

dominance of steam turbines in electricity generation. The interest in wind energy was 

renewed in the mid-1970s following the oil crises and increased concerns over 

resource conservation. Initially, wind energy started to gain popularity in electricity 
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generation to charge batteries in remote power systems, residential scale power 

systems, isolated or island power systems, and utility networks.  

Owing to special government support schemes in certain countries (e.g.in Denmark) 

further development in the field of wind energy utilization took place. In USA, along 

the mountain passes east of San Francisco and northeast of Los Angeles, huge wind 

farms were installed.  

The first of these wind farms consisted mainly of 50 kW wind turbines. Over 

the years, the typical wind turbine size increased to about 200 kW at the end of the 

1980s. Most wind turbines were imported from Denmark.  At the end of the 1980s, 

about 15 000 wind turbines with a capacity of almost 1500 MW where installed in 

California. It was until the early 1990s when wind projects really took off the ground, 

primarily driven by the governmental and industrial initiatives. It was also in 1990s 

there seemed a shift of focus from onshore to offshore development in major wind 

development countries, especially in Europe. 

Offshore wind turbines were first proposed in Germany in 1930s and first 

installed in Sweden in 1991 and in Denmark in 1992. By July 2010, there were 2.4 

GW of offshore wind turbines installed in Europe.  

1.3 Wind Energy Conversion System (WECS): 
 

The wind energy conversion system (WECS) is the system that harvest wind 

energy and transform it into mechanical power through wind turbine and hence use to 

directly power a machinery or convert it into electrical power. This system main parts 

are: wind turbine, electrical generator, control system, interconnection apparatus. 

Figure 1 shows a model of wind energy conversion system. 

 

 

Figure 1.1: Wind energy conversion system model [1]. 
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1.3.1 Wind turbine: 
 

Wind turbines come with different topologies, architectures, size and design 

features. They are classified based on the structure (horizontal or vertical axis) or on 

the location (onshore, offshore and deep water), and also based on the control method 

(constant-speed method, and variable-speed method). But as for the components, 

modern wind turbines has almost the same parts.as shown in the figure below. 

 

Figure 1.2: Components of the wind turbine [2]. 

A- Structure of wind turbine: 

- The hub: it’s the component in which the blades are attached to. The hub transfers the 

motion to the generator inside the nacelle. 

- Rotor blades: They are the tools that convert the force of the wind into mechanical 

torque needed to generate useful power. There are many things to consider in designing 

blades, but most of them fall into one of two categories: Aerodynamics, and Structure. 

- The nacelle: contains the key components of the wind turbine, including the gearbox, 

and the electrical generator. It provides weather protection for those components. 

- The tower: it the base section of the wind turbine that both the nacelle and the rotor 

are mounted on. 

B- Classification of wind turbine: 

Horizontal-axis wind turbines (HAWT): 

The most common design of modern turbines is based on the horizontal-axis 

structure. All of the components (blades, shaft, and generator) are on top of a tall tower, 

and the blades face the wind. In addition to being parallel to the ground, the axis of 
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blade rotation is parallel to the wind flow. The tower’s role is to raise the wind turbine 

above the ground to intercept stronger winds in order to harness more energy.  

The HAWT can be classified as upwind and downwind turbines based on the 

direction of receiving the wind, in the upwind structure the rotor faces the wind 

directly, while in downwind structure, the rotor is placed on the lee side of the tower. 

Figure 2 an example of a horizontal axis wind turbine 

Advantages:  

• Blades are to the side of the turbines center of gravity, helping stability 

• Ability to pitch the rotor blades in a storm to minimize damage 

• Tall tower allows placement on uneven land or in offshore locations 

Disadvantages:  

• Difficult to transport (20% of equipment costs). 

• Difficult to install  

• Difficult maintenance 

Figure 1.3: Horizontal axis wind turbine [3]. 

  

Vertical-axis wind turbine (VAWT):  

Vertical axis wind turbines, as shortened to VAWTs, have the main rotor shaft 

arranged vertically. The vertical axis machine has its blades rotating on an axis 

perpendicular to the ground. The first windmills were built based on the vertical-axis 

structure. It is difficult to mount vertical-axis turbines on towers, meaning they are 
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often installed nearer to the base on which they rest, such as the ground or a building 

rooftop. The wind speed is slower at a lower altitude, so less wind energy is available 

for a given size turbine. This type has only been incorporated in small-scale 

installations.The most common design are the Darrieus, The Savonius and The 

Giromill turbines. Figure 3 an example of vertical-axis wind turbine 

Advantages:  

• Easy to maintain 

• Lower construction and transportation costs 

• Most effective at mesas, hilltops, ridgelines and passes 

 

 

Figure 1.4: Vertical axis wind turbine [4]. 

Disadvantages:  

• Blades constantly spinning back into the wind causing drag 

• Less efficient 

• Operate in lower, more turbulent wind  

1.3.2 Gearbox: 
 

Drive trains in wind energy conversion system commonly includes a gearbox 

which is used typically in the WT to transform slow speed, high torque of the rotor 
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blades to the higher speed for the shaft of the electrical generator, since that increase 

in speed is needed to improve the efficiency of the EG that operates at high speed 

comparing to wind turbine rotors. Gearbox also used for supporting the heaviest 

component of the wind turbine. 

Gearbox failures are the most occurring faults in the wind energy conversion 

systemwhich makes it a major drawback in the operation of wind turbines, especially 

for offshore wind turbines that are situated in harsh and less-accessible environments. 

Because of this, a new topology has become increasingly adopted in which they 

remove the gearbox, and connects the wind turbine’s rotor directly to the shaft of a 

multi-poles generator.This configuration is called direct driven systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5: Occurring faults in WECS [5]. 

 

1.3.3 Electrical Generator [5]: 
 

The generator represents the technical device that allows to convert the 

mechanical energy extracted from the wind to electrical energy. Modern wind turbines 

are usually equipped with either an induction generator or a synchronous generator 

according to the drivetrain system installed. Hereinafter the types of generator 

commonly engaged in wind turbines technology are listed in the figure below.  
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Figure 1.6: Types of generator used in WECS [5]. 

 

The induction generator is an asynchronous machine which means that rotates 

asynchronously respect to the magnetic field. With this type of machine the rotor speed 

varies according to the load applied on the shaft, more is the load higher is the rotor 

speed, and if any load is applied the generator rounds at synchronous speed. As shown 

in the figure above, the induction generators can be classified into two categories, 

respectively: wound rotor and squirrel cage. Both generator types are commonly used 

for indirect drive wind turbine, therefore they require limited space inside nacelle as 

well as limited power electronic. 

On the contrary, for synchronous generators, the rotor speed is unique and it is 

of the magnetic field, namely the synchronous speed. In wind turbine industry, two 

configurations are commonly used, specifically electric excitation and permanent 

magnet (PM). 

The first model is basically installed in small turbines, instead permanent 

magnet is mostly designed for direct drive wind turbines. PM generators, for direct 

drive technology, present large sizes because they needs a several numbers of pair 

poles in order to round at same speed of the rotor blade (e.g. max 15 rpm), so they 

require large space inside nacelle and also additional space for the cooling system of 

the power electronic. 

1.4 Wind Energy Conversion System Operation: 
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A wind turbine obtains its power input by converting some of the kinetic energy 

in the wind into torque acting on the rotor blades. The amount of energy which the WT 

can harvest from the wind and depends on the wind speed, the blades swept area, blade 

design (pitch angle) and the density of the air. Although there are many different 

configurations of wind turbines systems they all work in a similar way .The turbine 

starts to produce energy when the wind speed is above Vcut-in (typically between 3-5 

m/s), and it reaches a maximum speed at the optimal wind speed (typically 12 m/s) 

and stops when the wind speed exceeds Vcut-off (typically between 22-25 m/s).  

 

 

Figure 1.7: Operation regions of wind turbine [6]. 

1.4.1 Fixed Speed Operation: 
 

A fixed speed WTGS consists of a conventional, directly grid coupled squirrel 

cage induction generator, which has some superior characteristics such as brushless 

and rugged construction, low cost, maintenance free, and operational simplicity. The 

slip and hence the rotor speed of a squirrel cage induction generator varies with the 

amount of power generated. These rotor speed variations are, however, very small, 

approximately 1 to 2 % of the rated speed. Therefore, this type of wind energy 

conversion system is normally referred to as a constant or fixed speed WTGS. The 

advantage of a constant speed system is that it is relatively simple. 

Therefore, the list price of constant speed turbines tends to be lower than that 

of variable speed turbines. However, constant speed turbines must be more 

mechanically robust than variable speed turbines. Because the rotor speed cannot be 

varied, fluctuations in wind speed translate directly into drive train torque fluctuations, 

causing higher structural loads than with variable speed operation. This partly cancels 
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the cost reduction achieved by using a relatively cheap generating system. The fixed 

speed WTGS topology is shown in Figure below. 

 

 

Figure 1.8: Fixed speed WECS configuration [7]. 

1.4.2 Variable Speed Operation: 
 

Another commercial trend of a wind power generation is in using variable 

speed wind turbine (VSWT) driving a doubly fed induction generator (DFIG), wound 

field synchronous generator (WFSG) or permanent magnet synchronous generator 

(PMSG). The main advantage of variable speed operation is that more energy can be 

generated for a specific wind speed regime. Although the electrical efficiency 

decreases due to the losses in the power electronic converters that are essential for 

variable speed operation, the aerodynamic efficiency increases due to variable speed 

operation. The aerodynamic efficiency gain can exceed the electrical efficiency loss, 

resulting in a higher overall efficiency. In addition, the mechanical stress is less 

because the rotor acts as a flywheel (storing energy temporarily as a buffer), reducing 

the drive train torque variations. Noise problems are reduced as well because the 

turbine runs at low speed. The main drawback of variable speed generating systems is 

that they are more expensive. However, using a variable speed generating system can 

also give major savings in other subsystems of the turbine such as lighter foundations 

in offshore applications, limiting the overall cost increase.The currently available 

variable speed wind turbine generator system topologies are shown in Figure below. 

 
Figure 1.9: Variable speed configuration of direct driven WECS [8]. 
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1.5 Power Extraction in WECS:  
 

The kinetic energy of the wind (air mass 𝑚, wind speed 𝑣) is given by the 

following equation:            

                                              𝐸𝑐 =
1

2
𝑚𝑣2                                                     (1.1)                 

With:  𝑚 = 𝜌𝑣𝑆∆𝑡     

Where    S: Covered surface of the turbine. 

               𝜌: The air density is considered 𝜌 = 1.08 𝑘𝑔/𝑚3 in this report. 

The wind power, 𝑃𝑤 has the following expression: 

                                                    𝑃𝑤 =
𝑑

𝑑𝑡
𝐸 = 

1

2
𝜌𝑆𝑣3                                             (1.2)           

The mechanical power that the turbine extracts from the wind, 𝑃𝑚, is inferior 

to 𝑃𝑤 because the wind speed after the turbine isn’t zero (the air needs to be carried-

off after the turbine). So, the power coefficient of the turbine 𝐶𝑝can be defined by: 

𝑪𝒑 =
𝑷𝒎

𝑷𝒘
      With    𝐂𝐩 < 𝟏 

The recuperated power is given by:       

                                                     𝑃𝑚 =
1

2
𝜌𝜋𝑅2𝑣3𝐶𝑝                                              (1.3)                                                                            

 Where R: radius of the rotor.  

Cp is called the power coefficient of the rotor or the rotor efficiency. It is the 

fraction of the upstream wind power, which is captured by the rotor blades and has a 

theoretical maximum value of 0.59, shown in Figure. In practical designs, maximum 

achievable Cp is between 0.4 and 0.5. 

It is useful to mention that the output power of a turbine is determined by the effective 

area of the rotor blades (A), wind speed (v), and wind flow conditions at the rotor (Cp). 

Thus, the output power of the turbine can be varied by changing the  

 

effective area and/or by changing the flow conditions at the rotor system. Control of 

these quantities forms the basis of control of wind energy systems. 
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Figure 1.10: Power coefficient as a function of the wind stream ratio [9]. 

 

This was first derived by A. Betz, and it has limit called the “Betz factor” or 

“Betz limit” [9]. This value is the maximum theoretical value of the power coefficient 

and thus it is also the maximum theoretical efficiency that a wind energy converter can 

have which is equal to 59.3%. However, this value of the power coefficient was 

obtained for an ideal, frictionless flow turbine. Therefore, the wind turbine will always 

have a smaller maximum power coefficient than the Betz factor in practice, because 

of the various aerodynamic losses that depend on the rotor design and construction 

(number of blades, weight, stiffness, etc.).  

The difference between the power coefficient and the efficiency of a wind 

turbine system is that the efficiency of a wind turbine includes the loss in the 

mechanical transmission, electrical generation, converter loss, etc., whereas the power 

coefficient is the efficiency of converting the power in the wind into mechanical 

energy in the rotor shaft.  

The power coefficient is usually given as a function of the tip speed ratio λ and 

the blade pitch angle β. The pitch angle is the angle between the plane of rotation and 

the blade cross-section chord [9]. The tip speed ratio of a wind turbine is defined    

𝜆 =
𝑢

𝑣1
=

𝑟𝜔

𝑣1
=

𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝 

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑤𝑖𝑛𝑑 
 

Where u is the tangential velocity of the blade pitch, 𝜔 is the angular velocity of the 

rotor, 

  𝑟 Is the rotor radius in meters, and υ1 is the wind speed. 

   The output power of the wind turbine 𝑃𝑡 may be calculated as: 

                                                𝑃𝑡 =
1

2
𝐶𝑝(𝜆)𝜌𝐴𝑣𝑤

3                                                    (1.4)             
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The torque developed by the wind turbine can be expressed as:  

                                                         𝑡𝑡 =
𝑃𝑡

𝜔
                                                             (1.5)                                                

Combining equations (1.3), (1.4) and (1.5), the expression for the torque may be 

written as:                                        

                                                 𝑡𝑡 =
1

2
𝜌𝐴𝑟

𝐶𝑝(𝜆)

𝜆
𝑣2            (1.6)                                      

1.6 Conclusion: 
 

In this chapter we presented the wind energy conversion system, by giving a 

thorough definition for each of its components. We also discussed the different types 

of WECS operations. Moreover, a detailed description of the wind turbines based on 

their types and principle of working has been reported.  Finally, we explained the 

power extraction from the wind using the WTG setting the ground for the next chapter 

that discusses the dynamic model of our WTG system. 
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CHAPTER 2 : Modelling of WECS. 

2.1 Introduction: 

Wind energy conversion systems (WECS) is a vital topic in the whole process 

of wind energy harvesting. It involve many fields of various disciplines such as 

kinematics, mechanics, aerodynamics, meteorology, power electronics, power 

systems, as well as topics covered by structural and civil engineering. The main focus 

of this chapter is the theoretical background on electrical power interfaces and grid-

connected topologies for WECS of this project. 

2.2 Rotor Power Characteristics:  

The mechanical power that is captured by the wind turbine is given by the 

following nonlinear equation:  

                                                 𝑃𝑅 =
1

2
𝜌𝜋𝑅2𝑣𝑤

3 𝐶𝑝(λ, β)                                         (2.1) 

Where R is the radius of the swept area of the turbine blades, ρ is the wind 

density and Cp is the power coefficient of the wind turbine and represents the 

percentage of energy in the wind transformed into mechanical energy in the rotor axis. 

Note that this coefficient depends on two variables: the ratio of tip speed (λ) and the 

angle of attack (β). For the purposes of this analysis is considered an angle of attack 

equal to zero (β = 0) [15]. Cp is given by: 

                                𝐶𝑝(𝜆, 𝛽) = 𝐶1(𝐶2
1

𝛬
− 𝐶3𝛽 − 𝐶4𝛽𝑥 − 𝐶5)𝑒−𝐶6

1

𝛬                      (2.2) 

The coefficients C1 to C6 and X  can be different for various turbines. They depend 

on the wind turbine rotor and blade design. The parameter 
1

𝛬
  is defined as: 

                                                    
1

𝛬
=

1

𝜆+0.08𝛽
−  

0.035

1+𝛽3                                              (2.3) 

Where the coefficient depends only of the index of tip speed, which is calculated as: 

                                                                𝜆 =
𝑤𝑟

𝑣
                                                      (2.4) 

For simulation the following values have been chosen for coefficients C1 to C6 [16]:  

C1=0.043, C2= -0.108, C3=0.146, C4= -0.062, C5= -0.0006. 

From equation (2.1) the mechanical power extracted from the wind is a 

function of the wind speed and the power coefficient .If the wind speed is assumed to 

be constant, then the mechanical power only becomes a function of the power 

coefficient. The mechanical power can then be expressed as follows:      

                                                       𝑃𝑅 = 𝐶𝑝𝑃𝑜                                                      (2.5) 
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Assuming the wind speed and the blade pitch angle are constant, then the power 

coefficient becomes a function of the rotor speed 𝜔𝑅.Therefore the mechanical 

power can be expressed as:               

                                                    𝑃𝑅(𝜔𝑅) = 𝐶𝑝(𝜔𝑅)𝑃𝑜                                           (2.6) 

 

Figure 2.1 shows the mechanical power versus the generator rotor speed for 

different wind speeds. The power coefficient of each turbine will be determined by 

their blade design and pitch angle (see figure 2.2). 

 

 
Figure 2-1: Typical power versus speed characteristics of a wind turbine [14]. 

The power extracted from the wind is maximized when 𝐶𝑝 is maximized. This 

optimal value of
 
𝐶𝑝 occurs at a defined value of the tip speed ratio 𝜆. For each wind 

speed there is an optimum rotor speed where maximum power is extracted from the 

wind. Therefore, if the wind speed is assumed to be constant the value of 𝐶𝑝depends 

on the wind turbine rotor speed .Thus, controlling the rotor speed controls the power 

output of the turbine. 
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Figure 2-2: Cp-λ characteristics of wind turbines for different values of pitch angle 

[14]. 

2.3 The drive train modelling: 

         The power associated with the wind is transmitted to the electrical generator by 

a mechanical shaft called "Drive train". The mathematical model of the direct drive 

train depends on the structure of the wind energy conversion system (WECS) and its 

power rate. The two-mass drive train system is more suitable for transient stability 

analysis and has a stronger impact on wind turbine and yields more accurate results 

during the fluctuation wind conditions [17]. Figure 2.3 displays the two-mass drive 

train model. 

 

 

Figure 2-3: Two-mass drive train model [22]. 

The drive train model considered in this work can be represented by: 

                                                       𝑇𝑚 =
𝑃𝑚

𝑤𝑚
                                                           (2.7) 

                                               2𝐻𝑡
𝑑𝑤𝑡

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑠ℎ                                                 (2.8) 

                                                
1

𝑤𝑒𝑏

𝑑𝜃𝑡𝑤

𝑑𝑡
= 𝑤𝑡 − 𝑤𝑟                                                 (2.9) 

                                               𝑇𝑠ℎ = 𝐾𝑠ℎ𝜃𝑡𝑤 + 𝐷𝑡
𝑑𝜃𝑡𝑤

𝑑𝑡
                                         (2.10) 
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Where Tm is the input torque of the generator, Pm is the mechanical power, wm is the 

rotor speed, Ht is the turbine inertia, θtω is the shaft twist angle, ωt is the turbine 

rotational speed, ωr is the generator rotational speed, ωelb is the base electrical speed, 

Tsh is the shaft torque, Ksh is the shaft stiffness, and Dt is the damping coefficient. In 

the case of direct drive train, since there is no gear box, the rotor of the turbine is 

directly connected to the generator’s shaft, which means they have the same speed i.e.  

wt = wm. 

2.4 Permanent Magnet Synchronous Generator (PMSG): 

  

This type of machine can be used in both fixed and variable speed applications. 

The PMSG is very efficient and suitable for wind turbine applications. 

PMSGs has a lot of advantages that made them more popular in WECS than 

other generators. Some of these advantages are mentioned here starting from the fact 

that the PMSGs have a high reliability (i.e. PMSGs have a less failure ratio) due to the 

fact that they are brushless and without slip rings, the existence of brushes and slip 

rings in generators requires additional maintenance which is avoided when using 

PMSGs. Furthermore the PMSGs don’t need excitation, thus; a reduction in power 

electronics circuits in WECS. Finally, PMSGs allow direct-drive (DD) energy 

conversion for wind applications. DD energy conversion helps eliminate the gearbox 

between the turbine and generator; thus these systems are less expensive and require 

less maintenance [13]. However, the lower speed determined by the turbine shaft is 

the operating speed for the generator. 

2.4.1 The dynamic model of the PMSG: 

 

To simplify the analysis, The PMSG is normally modelled in the rotor field 

(dq-axis) synchronous reference Frame, which the q-axis is 90° ahead of the d-axis 

with respect to the direction of rotation. The rotor has two axes which the axis that is 

aligned with the rotor and flux is called d-axis and the perpendicular axis to d-axis 

called q-axis The flux caused by PM is in the direction of d-axis, the angle between 

stator axis and d-axis is called ϴe as shown in figure 2.4.  

The synchronization between the d-q rotating reference frame and the abc-three 

phase frame is maintained by utilizing a phase locked loop. The voltage equations for 

the synchronous generator are given by:  
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                                  𝑉𝑑𝑠 = −𝑅𝑠𝑖𝑑𝑠 − 𝑤𝑔𝑟𝜆𝑞𝑠 + 𝑝𝜆𝑑𝑠                                          (2.11)  

And    

                                  𝑉𝑞𝑠 = −𝑅𝑠𝑖𝑞𝑠 − 𝑤𝑔𝑟𝜆𝑑𝑠 + 𝑝𝜆𝑞𝑠                                          (2.12)   

Where                       

                                              𝜆𝑑𝑠 = −𝐿𝑑𝑖𝑑𝑠 + 𝜆𝑟                                                  (2.13) 

  

                                                    𝜆𝑞𝑠 = −𝐿𝑞𝑖𝑞𝑠                                                     (2.14)  

Where 𝜆𝑟 is the rotor flux which is constant in the PMSG so, 𝑑𝜆𝑟/𝑑𝑡=0, 𝐿𝑑 and 𝐿𝑞 are 

the stator dq-axis self-inductances.  

Substitute from equations (2.13) and (2.14) in (2.11) and (2.12) yield:    

 

                                  𝑉𝑑𝑠 = −𝑅𝑠 + 𝑤𝑔𝑟𝐿𝑞𝑖𝑞𝑠 − 𝑝𝐿𝑑𝑖𝑑𝑠                                        (2.15)  

  

                                𝑉𝑞𝑠 = −𝑅𝑠𝑖𝑞𝑠 − 𝑤𝑔𝑟𝐿𝑑𝑖𝑑𝑠 + 𝑤𝑔𝑟𝜆𝑟 − 𝑝𝐿𝑞𝑖𝑞𝑠                       (2.16)  

  

 D-q-axis model of the PMSG in the rotor-field synchronous reference frame is shown 

in figure 2.5. 

 

Figure 2-4: The Configuration of the Winding and PM in the PMSG [23]. 

The PMSG electromagnetic torque is given: 

                                       𝑇𝑒 =
3𝑝

2
(𝑖𝑞𝑠𝜆𝑟 − (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑠𝑖𝑞𝑠)                                 (2.17) 
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Figure 2-5: Equivalent circuit in (a) D-axis and (b) Q-axis [24]. 

2.5 Power electronics converters: 

The power electronics converters which are selected in this project consist of 

diode rectifier in order to convert the ac power to dc, a boost type dc-dc converter 

which is used to control the PMSG , and inverter  served as the grid  interface (see 

figure 2.6).[18,19]  

 

Figure 2-6: Wind energy conversion system scheme [25]. 
 

2.5.1 AC to DC diode bridge rectifier: 

The diode rectifier converts the three-phase AC voltage of the PMSG into DC 

voltage, it is the most common used topology in power electronic applications. For a 

three-phase system it consists of six diodes as shown in figure 2.7.  

2.5.1.1 Performance: 

The phase voltages 𝑣𝑎, 𝑣𝑏, and 𝑣𝑐 are equal to:  

𝑣𝑎 = 𝑉𝑚 sin (𝜔𝑡);             𝑣𝑏 = 𝑉𝑚 sin (𝜔𝑡 − 120°);             𝑣𝑐 = 𝑉𝑚 sin (𝜔𝑡 − 240°)  

Where 𝑉𝑚 is the peak value.  

The line to line voltages 𝑣𝑎𝑏, 𝑣𝑏𝑐, and 𝑣𝑐𝑎 are equal to:  

𝑣𝑎𝑏 = √3𝑉𝑚 sin (𝜔𝑡 + 30); vbc = √3𝑉𝑚 sin (𝜔𝑡 − 90);  v𝑐𝑎 = √3𝑉𝑚 sin (𝜔𝑡 − 210)  

The average output voltage is given by the formula:  

                                 Vdc = 
6

2𝜋
 ∫ √3

2𝜋
3⁄

𝜋
3⁄

𝑉𝑚 sin(𝑤𝑡) 𝑑𝑤𝑡 =
3√3

𝜋
𝑉𝑚                     (2.18)                

The rms output voltage is equal to:  

 𝑉𝑟𝑚𝑠 = [
9

𝜋
∫ (𝑉𝑚 sin(𝑤𝑡))2

2𝜋
3⁄

𝜋
3⁄

𝑑𝑤𝑡]
1

2⁄ = [
3

2
+

9√3

4𝜋
 ]

1
2⁄  1.6554𝑉𝑚                   (2.19) 
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If we consider that the load is purl resistive, so the rms value of the diode current is 

equal to:  

               𝐼𝑟 = [
4

2𝜋
∫ 𝐼𝑚

2 cos 𝑤𝑡2 𝑑𝑤𝑡
𝜋

6⁄

0
]

1
2⁄ = 𝐼𝑚[

1

𝜋
(

𝜋

6
+

1

2
sin

2𝜋

6
)]

1
2⁄               (2.20) 

 

Figure 2-7: 3-phase diode rectifier scheme [26]. 

2.5.2 DC to DC boost converter: 

The boost converter can be used as switching-mode regulator to convert the 

rectified DC voltage, normally unregulated, to a regulated DC and desired magnitude 

output voltage used by the followed inverter [20]. The regulation is normally achieved 

by PWM at a fixed frequency and the switching device is normally IGBT or MOSFET.  

Figure 2.8 illustrates a boost converter, which consists of a voltage source Vdc1, 

an inductor Ldc, which is used for energy storage and connected to the voltage source 

in series, a switching device SW, a diode, a filter capacitor Cdc and a load with output 

voltage Vdc. In this model, the boost converter has been controlled to yield constant 

output DC voltage level, Vdc2 by varying the duty ratio, D in response to variations in 

Vdc1. 

 

Figure 2-8: Boost converter scheme [27]. 

Mode of operation:  

From the previous figure the energy from the voltage source is stored in the 

inductor Ldc when the switching device SW is conducting. The current through the 
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inductor increases linearly, the diode is reverse biased and the capacitor provides 

voltage for the load during that time. When the switching device SW is opened, the 

diode conducting the current through the inductor Ldc, and diode Doffers power for the 

load and the charging of the capacitor Cdc. The relation between the input and output 

voltage and currents of the boost converter for a given period T and duty ration D is 

expressed by the following equations: 

 

                 𝑉𝑑𝑐1𝐷𝑇 = (𝑉𝑑𝑐1 − 𝑉𝑑𝑐2)(1 − 𝐷)𝑇       ;           𝑉𝑑𝑐2 =
1

(1−𝐷)
𝑉𝑑𝑐1       (2.21) 

                                                𝐼𝑑𝑐2 = (1 − 𝐷)𝐼𝑑𝑐1                                                (2.22) 

 

It is possible that boost chopper circuit and load resistance RL are considered a 

kind of variable resistance changed by duty ratio from the viewpoint of the DC voltage 

source. This variable resistance Rdc1 is defined as: 

 

                                                          𝑅𝑑𝑐1 =
𝑉𝑑𝑐1

𝐼𝑑𝑐1
                                                 (2.23) 

 

The output current 𝐼𝑑𝑐2 is expressed by output voltage 𝑉𝑑𝑐2 and load resistance𝑅𝐿: 

 

                                                           𝐼𝑑𝑐2 =
𝑉𝑑𝑐2

𝑅𝐿
                                                  (2.24) 

By dividing (2.21) by (2.22) we obtain: 

        

                                                  
𝑉𝑑𝑐1

𝐼𝑑𝑐1
=

𝑉𝑑𝑐2

𝐼𝑑𝑐2
 ×

1

(1−𝐷)2
                                 (2.25) 

 

By dividing (2.23) by (2.24) we obtain: 

 

                                                   𝑅𝑑𝑐1 = (1 − 𝐷)2𝑅𝐿                                           (2.26) 

 

From equation (2.23), it was confirmed that the boost chopper from the 

viewpoint of the DC voltage source could be expressed in the function of the duty 

ratio.  

Once the switching frequency is confirmed, the inductance of L determines the 

operating mode of the circuit, as given by: 
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                                                         𝐿𝑐 =
(1−𝐷)2𝐷𝑅𝐿

2𝑓
                                              (2.27) 

Where   𝐿𝑐 is the critical value of the inductance and 𝑓 is the switching frequency, if 

the inductance Lin the boost converter is greater than 𝐿𝑐, the converter operates in the 

state of CCM, otherwise it operates in the state of DCM. 

2.5.3 DC to AC inverter:  

The DC to AC inverter is used to convert the DC output quantities of boost 

converter to an equivalent AC with a fixed frequency and voltage that it will 

transferred to utility. A three phase inverter is used for this project instead of single 

phase since we deal with high-power applications. Figure 2.9 illustrates a common 

topology of inverter, which consists of an upper bridge (S1, S3, S5) and a lower bridge 

(S4, S6, S2) there each switch is no more than IGBT. Each of the IGBT pairs in the 

upper and lower bridges cannot be conducting at the same time, otherwise the power 

input will be shorted. Therefore the switching state of the upper bridge has to be 

opposite to that of the lower bridge. [21]                 

To focus on the upper bridge S1, S3 and S5, if logic ‘1’ indicates the switched 

on state, and ‘0’ represents switched off state, the three switches have eight state 

combinations as listed in Table 2-1. In order to reduce the switching times of the IGBT 

pair in the inverter and to reduce the effects of harmonics, the switching state of IGBT 

pairs are only changed once within a pulse period. 

 

 

Figure 2-9: DC/AC two level inverter scheme [28]. 

 

Table 2-1: The relationship between work mode and phase voltage. 
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Vector S5 S3 S1 Va Vb Vc 

V0 0 0 0 0 0 0 

V1 0 0 1  2Vdc/3 -Vdc/3 -Vdc/3 

V2 0 1 1 Vdc/3 Vdc/3 -2Vdc/3 

V3 0 1 0 -Vdc/3 2Vdc/3 -Vdc/3 

V4 1 1 0 -2Vdc/3 Vdc/3 Vdc/3 

V5 1 0 0 -Vdc/3 -Vdc/3 2Vdc/3 

V6 1 0 1 Vdc/3 -2Vdc/3 Vdc/3 

V7 1 1 1 0 0 0 

                           

Table 2-1 illustrates that a 3-phase AC power can be synthesized by eight 

vectors, in which there are two zero vectors V0and V7. A period of the output voltage 

is divided into 6 patterns, the patterns show the switching state of the upper bridge 

IGBTs, where  lower bridge are  just opposite to the upper bridge. 

 

2.5.4 Grid connection:  

When a considerable part of the electrical power is coming from the wind 

turbines, the network operators will have many technical and economical problems to 

manage the system. Therefore it is clear that one of the important aspects of research 

must be concentrated on the grid interaction of the wind turbines. One of the main 

concerns of the network operators is the power quality which depends on what kind of 

sources are connected to the grid. The wind energy has to be grid compatible, because 

in any power system the operator has to control the frequency and the voltage. These 

are the most important grid connection requirements [29].                                                                             

The scheme of the plant which represents the connection of the wind turbine to the 

grid starting from the grid side converter as shown in figure 2.10.  
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Figure 2-10: Grid connection scheme [30]. 

The major parts that are considered in the grid connection system of this project 

are: the filter and the grid side converter control. 

2.5.4.1 Filter: 

 

The filter role in the system is to lower the currents total harmonics distortion 

(THD) since the obtained signal from the inverter contains ripple caused by switching. 

The most common types of filters used in grid connection are the L-filter and 

the LCL-filter, the chosen filter for this project is the L-filter due to its simplicity. The 

L-filter will be represented by an inductance and a small resistance which takes into 

account the losses of the inductance. The filter is shown in figure 2.11. 

 

Figure 2-11: DC/AC inverter connected to an L-filter [29]. 

The transfer function of the L-filter’s output current has the following expression: 

                                              𝐻𝑓(𝑠) =
𝐼𝑓(𝑠)

𝑉𝑓(𝑠)
=

1

𝑠𝐿𝑓+𝑅𝑓
                                         (2.28) 
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2.5.4.2 Grid side converter control: 

The grid side converter control is an important issue for the grid connection 

system since it makes sure that the delivered power to the grid complies with the 

interconnection requirements. There are two types of grid side converter control 

systems, the Voltage Source Control (VSC) and the Current Source Control (CSC). 

VSC is the most control system applied to wind turbine, therefore it is also applied in 

this project. 

There are two necessary blocks in VSC used in the project, the Phase Locked 

Loop (PLL), and the Voltage Oriented Control (VOC). 

2.5.4.3 Phase Locked Loop (PLL): 

The Phase Locked Loop is a subsystem that is used to get the grid voltage phase 

and frequency, which in turn will be used to produce a current with the same properties 

as the grid voltage. Figure 2.12 displays the PLL block diagram. 

The PLL transfer function is: 

                                         𝐻𝑃𝐿𝐿(𝑆) =
𝜃𝑖𝑛𝑣

𝜃
=

𝑠𝑘𝑝+
𝑘𝑝

𝑇𝑖

𝑠2+𝑠𝑘𝑝+
𝑘𝑝

𝑇𝑖

                                      (2.29) 

2.5.4.4 Voltage Oriented Control (VOC):  

The voltage oriented control is the main part of the grid side converter control. 

Its main purpose is to produce a synchronized voltage signal to the PWM generator 

which controls the DC/AC inverter. The produced signal purpose must have two 

specific features, one is to have the same phase and frequency as the grid voltage, and 

the second feature is to have a unity power factor, which means all the power 

transferred from the wind turbine system to the grid is the active power, while the 

reactive power is controlled to have a null value. This operation can be done in various 

ways based on which frame is used, synchronous (dq0), stationary (αβ0), and natural 

reference frame. 

The two common VOC schemes are based on the synchronous and stationary 

frames. The VOC chosen for this project is based on the dq0 components since they 

will be considered constant (step signal) due to the same rotation speed between the 

actual signals and the frame’s axis, which will ease up the control scheme. The active 

and reactive power equations are given by (2.30) and (2.31): 
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Figure 2-12: PLL block diagram [29]. 

 

                                       𝑃 =
3

2
𝑉𝑑𝑖𝑑                                                                      (2.30) 

 

                                        𝑄 =
3

2
𝑉𝑞𝑖𝑞                                                                      (2.31) 

 

From the previous equations, it can be seen that the power components can be 

controlled via id and iq, which are represented by the following equations: 

 

            
𝑑𝑖𝑑(𝑡)

𝑑𝑡
− 𝑤𝑖𝑞(𝑡) =

1

𝐿
[−𝑅𝑖𝑑(𝑡) − 𝑒𝑑(𝑡) + 𝑝𝑑(𝑡)𝑣𝑑𝑐(𝑡)]                            (2.32) 

 

            
𝑑𝑖𝑞(𝑡)

𝑑𝑡
+ 𝑤𝑖𝑑(𝑡) =

1

𝐿
[−𝑅𝑖𝑞(𝑡) − 𝑒𝑞(𝑡) + 𝑝𝑞(𝑡)𝑣𝑑𝑐(𝑡)]                            (2.33) 

 

The id* can be controlled using Vdc as presented in figure 2.13. 

The inner loop is the current control loop, while the outer loop is the voltage 

control loop, the transfer function is given by (2.34): 

                                   𝐻𝑖𝑑(𝑠) = 𝑘𝑝𝑐
𝑇𝑖𝑐𝑠+1

𝑇𝑖𝑐𝑠

1

𝑅
𝐿

𝑅
𝑠+1

1

𝑇𝑠𝑠+1
                                           (2.34) 

Iq control has only one loop which is its control loop and it will have the same 

parameters as id loop. The results will be used to produce vd* and vq* using PIs and 

sums to decouple each component from the other, which in turn will be transferred to 

the abc voltage components that will be fed to the PWM inputs to generate the inverter 

control signal. The VOC scheme is shown in figure 2.14: 

 



26 

 

 

Figure 2-13: Id control loop [29]. 

 

 

Figure 2-14: Voltage Oriented Control scheme [31]. 

2.5.4.5 Space Vector Modulation [29]: 

The VSC requires switching status DA, DB and DC applied to the IGBT gates 

in order to control the power flow through the converter. SVM represents three-phase 

quantities as vectors in a two-dimensional α-β plane providing the duty cycles 

necessary for the control of the power flow through the converter. SVM is very suitable 

for field-oriented control, since provides accurate control of voltage amplitude, 

frequency and phase within every switching period. Furthermore, does not require 

separate modulators and calculation of zero-sequence signals as in third harmonic 

PWM and it has higher utilization of the DC voltage than the sinusoidal PWM method. 

With SVM all three-phase waveforms are generated simultaneously which is a 

good advantage compared with when the phases are considered separately. The 

reference voltage vector is shown in the following equation: 

 

                                       𝑉𝑟𝑒𝑓 =
2

3
(𝛼0𝑉𝑎𝑛 + 𝛼1𝑉𝑏𝑛 + 𝛼2𝑉𝑐𝑛)                               (2.35) 
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Where α is -1/2+j3/2 and van, vbn and vcn are the phase reference voltages. 

 

Figure 2-15:  State voltage vectors and Vref represented in sector 1. 

As mentioned in the previous section there are eight possible configurations for 

a three-leg VSC. Six of them produce a non-zero output voltage and the other two 

produce zero output voltage. The six non-zero voltage vectors can be represented as 

shown in Figure 2.15. 

Each voltage vector corresponds to a switch combination of the three switching 

status DA, DB and DC explained previously. In Fig. 2.15 are depicted the six state 

voltage vectors with the needed switching status to perform them. The areas between 

two state vectors are sectors, hence six sectors are present. In this way the output 

voltage of the converter could be represented by an equivalent rotating vector Vref with 

a counter clockwise direction, whose angle is represented by θ. Figure 2.16 shows the 

switching pattern for the first sector. 

Where Tsw is the switching period. T0 is the time period left from a half 

switching period used by the null voltage vectors. In sector 1, the pattern used is [0 0 

0], [1 0 0], [1 1 0], [1 1 1] which reduces the number of switching commutations in 

each transition. The time duration equation is shown as follows: 
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Figure 2-16:  Switching pattern for the first sector. 

 

                                                        
𝑇0

2
=

𝑇𝑠𝑤

2
− 𝑇1 − 𝑇2                                         (2.36) 

 

This reference voltage vector can be considered constant, for each switching 

period, if there is a high switching frequency. 

Finally, in Figure 2.17 can be seen the three duty cycles a, b, c, in a complete 

period. The black box shows the inputs as voltages in α-β reference frame and vDC as 

well as the duty cycles as the outputs. 

 

Figure 2-17: Black box and the provided duty cycles from the SVM. 

In order to obtain the switching functions necessary to feed the VSC gates, 

PWM is necessary. PWM produces the gate signals or switching functions, by 

comparing the duty cycles with a carrier signal. In Figure 2.18 can be seen the black 

box of the PWM and the signal gates to apply the VSC. 

 

Figure 2-18:  Black box and signal gates supplied by the PWM. 
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The relation between phase voltages and the DC-link voltage is given by: 

 

                                                     [
𝑉𝑎𝑛

𝑉𝑏𝑛

𝑉𝑐𝑛

] = 𝑉𝐷𝐶 [
𝐷𝐴

𝐷𝐵

𝐷𝐶

]                                             (2.37) 

 

Where van, vbn and vcn are the average phase voltages and DA, DB and DC are the 

switches status at each leg respectively. The voltage between the star connection point 

N and the neutral point 0 is defined as in the following: 

 

                             𝑉0𝑁 =
1

3
(𝑉𝑎𝑛 + 𝑉𝑏𝑛 + 𝑉𝑐𝑛) =

𝑉𝐷𝐶

3
(𝐷𝐴 + 𝐷𝐵 + 𝐷𝐶)                  (2.38) 

 

The phase voltages can be written as follows: 

 

                                            [

𝑉𝑎𝑛

𝑉𝑏𝑛

𝑉𝑐𝑛

] =   
1

3
 . [

1 0 −1
−1 1 0
0 −1 1

] . [

𝑉𝑎𝑏

𝑉𝑏𝑐

𝑉𝑐𝑎

]                        (2.39) 

 

The current idc is expressed in function of phase currents: 

 

                                                    𝑖𝐷𝐶 = (𝐷𝐴𝑖𝑎 + 𝐷𝐵𝑖𝑏 + 𝐷𝑐𝑖𝑐)                             (2.40) 

2.6 Conclusion: 

In this chapter the wind energy conversion system from mechanical power to 

electrical power has been presented. All parts of were discussed separately starting 

with the mechanical parts which included the rotor power characteristics and the drive 

train model, moving to the generator which is the key element in the conversion system 

since it converts the mechanical power to electrical power, the generator used in this 

project is the permanent magnet synchronous generator was discussed and its 

mathematical model was presented, and finally the power electronics was fully 

described where the voltage rectification, the boost operation, DC/AC inversion and 

grid connection were presented and discussed thoroughly. 
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CHAPTER 3 : Maximum Power Point Tracking (MPPT). 
 

3.1 Introduction:  
 

It is known that wind energy is continuously changing with time, and that is 

mostly due to the variation of its speed. This affects the power harvesting of the wind 

turbine since the power generated by the WECS varies with the cube of the wind speed. 

Therefore, in order to optimize the power extraction, the WTG needs to operate with 

variable speed using a control system known as maximum power point tracking system 

that allows the generator to operate at the optimal power point. 

3.2 MPPT concept in WECS:    
 

Maximum Power Point Tracking, frequently referred to as MPPT, is an 

electronic control system that allows the Wind turbine to operate in a way that 

guarantees the production of the maximum power that can be converted. The concept 

of MPPT is not mechanical in such a way where it will move the turbine to make it 

aligned or facing the wind direction. MPPT is a totally electronic system that varies 

the electrical operating point of the WTG enabling it to deliver maximum available 

power. Maximum Power Point Tracking (MPPT) has been used for photovoltaic (solar 

system) energy for a long time. But it is still a new topic in the wind energy conversion 

system. 

Many methods to find the MPP have been developed over the past decades. 

These techniques differ in many aspects such as required sensors, complexity, cost, 

range of effectiveness, convergence speed, required hardware, and correct tracking 

when wind speed changes. 

Among these techniques, the Perturb and Observe and the Increment 

conductance algorithms are the most common. These techniques have the advantage 

of easy implementation but they also have drawbacks such as the slow response to the 

change in wind speed and the long time it takes to reach the MPP. For these reasons, 

the algorithm that was adopted in this project is the Golden Section Search. This 

method is robust and also has a fast response compared to the conventional MPPT 

algorithms. This algorithm has guaranteed convergence under continuous variable 

atmospheric conditions.  
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3.3 Golden section search technique [14]: 
 

Golden Section Search method is an optimization technique, discovered by the 

American statistician Jack Carl Kiefer in 1953. The concept of the technique is based 

on considering a function f over an arbitrary interval [a; b]. Two conditions must be 

met so that the technique can work, first the function f(x) has to be continuous over 

the interval [a; b]; and second that f(x) is unimodal over the same interval, i.e.: f(x) has 

only one maximum or one minimum in [a; b]. These conditions above remind us of 

the bisection technique and as they both have the same idea: narrow the interval that 

contains the maximum and comparing function values. In designing the method we 

seek to fulfill two goals: We want a fast reduction for the search interval and minimal 

number of iterations.  

With these goals in mind, we are going to determine the location to evaluate 

the function. At first there was the choice of the bisection method would be to compute 

the midpoint m = (a + b) =2 and to evaluate at x1 and x2, defined by          x1 = m – 

delta/2 and x2 = m + delta/2, for some small value of delta such that     f(x1) ≠ f(x2). 

If f(x1) < f(x2), then we are left with [a; x1], otherwise [x2; b] is our new search 

interval. While this halves the search interval in each step, we must take two new 

function evaluations in each step and this is not optimal. 

The GSS technique was introduced as a counter part of bisection for finding 

roots of equations, by optimizing the performance to one new function evaluation in 

each step. Furthermore, the golden section search method only depends on one 

constant reduction factor, say R as shown in fig.3.1, for the size of the interval. For x1 

and x2 somewhere in [a; b], there are two cases: 

1. If f(x1) < f(x2), then interval [a; b] becomes [x1; b], with interval size 

reduction: 

                                   2 − 𝑎 = 𝑅(𝑏 − 𝑎)  ……….                                                 (3.1)             

                                   𝑥2 = 𝑅𝑏 − 𝑅𝑎 + 𝑎 ……….                                                 (3.2)            

                                  𝑥2 = 𝑎(1 − 𝑅) − 𝑅𝑏………..                                              (3.3)                                                                             

2.  If f(x1) < f(x2), then [a; b] will become [x1; b], with interval size reduction: 

                                  𝑏 − 𝑥1 = 𝑅(𝑏 − 𝑎)  ……….                                                (3.4)           

                                  𝑥1 = 𝑅𝑏 + 𝑅𝑎 − 𝑏 ……….                                                  (3.5) 

                                  𝑥1 = 𝑏(1 − 𝑅) + 𝑅𝑎………..                                              (3.6) 
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Figure 3-1: Golden section search method [32]. 

Thus, by giving a value to R, we’ll be able to locate both of x1 and x2. In order 

to find the value of R, we take on the case f(x1) < f(x2). For easy of calculation, take 

choice of the interval is [a; b] = [0; 1]. 

Now assuming that f(x1) > f(x2), we set b ←x2  otherwise we put a ←x1, which yields 

a new interval [a; b] reduced by a factor R, as illustrated. To carry out the next iteration 

we calculate the new points f(x1) and f(x2) in the new interval, and repeat the process. 

The procedure works only if the same constant R locates 𝑋1 and  𝑋2in both 

intervals. Saying that f(x1) > f(x2), so we place a new function evaluation in the interval 

[a; x2] which is equal the interval [0; R], and we write x1 in two ways (using the 

formula for x2 derived above with a =0; b =x2= R) and with: 

                                                𝑥1 = 1 − 𝑅                                                              (3.7)     

                                                                      

                                        1 − 𝑅 = (1 − 𝑅) × 0 + 𝑅 × 𝑅                                       (3.8)            

Which yield to: 

                                                      𝑅2 + 𝑅 − 1 = 0                                                 (3.9)                                                                                          

The positive root leads to the golden ratio: 

                                      R = (−1 + √5) 2⁄ = 0.618033989                             (3.10)                                                                

 

Where R is the ratio of the sides of a "golden rectangle," considered by ancient 

Greeks to have the perfect proportions.  

The process is continuously repeated until the difference |𝑋2-𝑋1| becomes less 

than a certain chosen precision, the resultant maximum’s abscissa is given at point: 

                                               𝑋0 =
1

2
 (𝑋1 + 𝑋2)                                                   (3.11)                                                                                                                   

 

 



33 

 

The number of iterations required to reduce the interval from │b – a│ to an 

error tolerance say ε is given by:  

                                                   │b-a│𝑅𝑛=ε                                                 

(3.12)  

          Giving:  

                       n = 
Ln(ε/│b − a│)

LnR
  = -2.078087  Ln 

ε

│b − a│
                            (3.13)  

The whole technique is described on the flowchart given in fig.3.2. 

 

Figure 3-2: Flowchart of golden section search algorithm. 

3.4 Adaptation of golden section search on MPPT: 
 

Fig.3.3. shows the configuration of the proposed MPPT.  

Since, the wind speed varies continuously and the load changes continuously. 

And in order to match the load with the wind energy conversion system, a power 

electronic interface is required between the wind energy conversion system and the 

load.  

This power-conditioning unit consists of three main blocks, Rectifier (AC-DC), 

DC-DC boost converter and Inverter (DC-AC). The power electronic interface  
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is used, in order to ensure an optimal operation of WECS; which is achieved by 

controlling the duty cycle of the boost converter in the system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

A maximum power point tracker is basically a converter connecting the WTG and the 

load. In order to extract the maximum power from the wind, the duty cycle of the boost 

converter is controlled by the MPPT algorithm. And, by maximum power transfer 

theorem, a source will deliver its maximum power when the source impedance 

matches the load impedance. The duty cycle of the converter is maintained in such a 

way that the effective impedance seen by the wind energy conversion system source 

will be equal to the internal source impedance, hence maximum power is delivered. 

Figure below represents the typical curve of wind power variation according to the 

operating speed of the generator which is proportional to the voltage rectified. Fig3.4 

shows that there is an optimum rotating speed to get the maximum wind power under 

certain wind speed.  

GSS MPPT 

Controller 

RECTIFIED 

VOLTAGE 

DC-DC Boost 

Converter Load 

 PWM 

 

Sense              

Idc Sense              

Vdc 

Figure 3-3: Configuration of the MPPT control. 
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Figure 3-4: Power versus generator speed of WT. 

Now by making the GSS as the MPPT algorithm. By taking the power 

generated by the WTG as the function f(x) and the DC voltage as the changing 

variable, and since the power curve of the WT satisfies the GSS conditions, the 

algorithm will be set start by first to setting an interval.  

[a; b]  that varies from a medium voltage value to the maximum voltage that 

can be attained by the generator,  after that two voltage values  𝑉1, 𝑉2are generated 

from the starting interval such that: 

                                                    𝑉2 = 𝑎 + 0.618(𝑏 − 𝑎)                                       (3.13) 

                                                                                                                                      

                                                       𝑉1 = 𝑏 − 0.618(𝑏 − 𝑎)                                        (3.14) 

                                                    

The power values at these voltages  𝑃(𝑉1), 𝑃(𝑉2) are measured using the 

output Vdc and Idc from the rectifier. They are compared and accordingly the search 

interval is shrunk from right or left. Another voltage values for  𝑉1and 𝑉2from the 

resultant interval are generated; its power is then measured and compared as done in 

the previous iteration. The process is continued until the MPP is reached, that is when 

|𝑉2-𝑉1| is less than a chosen precision delta. Once the MPP is reached, the optimal 
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voltage is fixed and equals    𝑉𝑚𝑝 =
1

2
 (𝑉1 + 𝑉2) and the system is forced to operate at 

that point. The flowchart of the proposed method is shown in fig 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-5: Flowchart of the MPPT algorithm based on GSS. 

3.5 Conclusion: 
 

In this chapter we introduced the concept of the maximum power point 

tracking, what it means MPP, how to find it, and the factors responsible for changing 

it. We also explained the MPPT algorithm we used in this project which is the Golden 

Section Search method by demonstrating the way it works and how to implement it in 

our WECS. 

The next chapter will be dedicated to the simulation results and the discussion 

of our system.  
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CHAPTER 4 : Simulation and Results. 

4.1 Introduction: 
 

The previous chapters, described the modern wind turbines, the electrical 

generators used in WECS, also it been talked about the main components responsible 

for the power conversion in the variable speed WT, such as power electronics and 

control systems used for optimizing the power extracted (MPPT algorithm), and for 

grid connection (voltage oriented control).  The power electronic interface is used, in 

order to ensure an optimal operation of WECS.  

This chapter will be dedicated to discuss the simulation results of this system 

obtained from MATLAB/SIMULINK software. 

 

4.2 System configuration: 
 

In this section a MATLAB-SIMULINK model of the WECS and the control 

systems are first presented. 

The wind power conversion system consists of a wind turbine block 

connected to a permanent magnet synchronous generator through a two mass drive 

train as shown in fig.4.1. Additionally The wind turbine and the PMSG and are given 

in tables 4.1, 4.2 respectively. 

 

Figure 4.1: Wind power generation model. 
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Table 4-1: The parameter of wind generator. 

Characteristics Values 

Nominal mechanical Output Power  (P)  8.5 kW 

Base power of electrical generator             6 kW 

Base wind speed       12m/s 

Max pu power at base wind speed             0.82 

Base rotation pu speed 1 

Pitch angle 0 

 

 

Table 4-2: The parameter of the PMSG. 

Characteristics Values 

Stator phase resistance   𝑹𝑺 (ohm)            0.425  

Inductances  𝑳𝒅 ,𝑳𝒒 (H)            0.0082 

Flux linkage established by magnet (V.S)       0.433 

Rated speed (rad/s)              153 

Base power (W)            6 kW 

Number of poles pairs(𝒏𝒑) 5 

Inertia Kg.𝒎𝟐 0.01197 

Friction factor  N.m.s 0.001189 

Base torque (N.m)   40 

 

The power-conditioning unit consists of three main blocks, uncontrolled 

Rectifier (AC-DC), DC-DC boost converter and a two level Inverter (DC-AC), in 

addition to the control system, as illustrated in fig.4.2. 
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Figure 4.2: Power interface configuration. 

The boost converter parameters are shown in the table 4-3. 

Table 4-3: The parameter of the boost converter. 

Characteristics Values 

Inductance (H) 3.5 

Input capacitor (mF)                3 

Output capacitor (mF)       0.336 

Diode Ideal  

 

For the utility grid the parameters that have been chooser are mentioned in the table 4-

4. 

Table 4-4: The parameter of the utility grid. 

Characteristics Values 

Phase-to-phase voltage (Vrms) (V) 380 

Frequency (Hz)                50 

 RL Filter (H, Ohm)          0.1/ 15 

 

4.3 Simulation and results: 
 

The simulation process was carried on three parts: 

4.3.1 Machine side: 

4.3.1.1  System simulation without MPPT algorithm: 
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For the wind speed two values were chosen, first 12 m/s which is the optimal 

wind speed, and second 10 m/s. 

Simulation of the WECS without MPPT algorithm, was modeled but 

connecting the wind power generator to a DC load through a three phase uncontrolled 

rectifier  

The load chosen for this part is: R= 50 ohm, knowing that the generator delivers 

connected to this load the following values: 

Vdc= 550 V , Idc= 11 A and a dc output power P= 6100 W 

An interval of 10 s was taken as time of simulation in which the wind speed was 12 

m/s in the interval [0, 5]  and from [5, 10] the wind changed to 10m/s. 

The resulting curves for each of the output power, rotor speed, and the rectified 

voltage and current signals are shown in the fig (4.3 – 4.5). 

Wind speed 12 m/s: 

 

 

Figure 4.3: Output dc power. 
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Figure 4.4: Generator rotor speed. 

 

 
Figure 4.5: Voltage and current curve. 
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4.3.1.2 System simulation with MPPT algorithm: 

At the same conditions as the first simulation (same wind speeds and pitch 

angel), this simulation of the system using the MPPT controller took a place the 

simulation time chosen is 10 s. 

The GSS MPPT algorithm parameters selected were as following: 

- The interval of the search: a= 250 V and b= 580 V. 

- The accuracy is delta= 10V.  

The resulting curves are shown in figures (4.6-4.8). 

 

 
 

Figure 4.6: MPPT Voltage and current curve at 12 m/s. 
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Figure 4.7: MPPT Output dc power at 12m/s. 

 
 

Figure 4.8: MPPT Generator rotor speed at 12 m/s. 
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Figure 4.9: MPPT DC voltage at 10 m/s. 

 
 

Figure 4.10: MPPT Power curve at 10 m/s. 
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Figure 4.11: MPPT rotor speed at 10m/s. 

 

 

Figure 4.12:MPPT Power curve. 

 

4.3.2 Grid side: 

 

In this part, the simulation results were obtained with open loop control. The 

choice of the grid phase to phase rms voltage is 380 V, with frequency 50Hz. The 

resulting curves are shown below: 
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Figure 4.13: Grid side current. 

 

 
Figure 4.14:Grid side three phase current at 12 m/s. 

 

 

 
 

Figure 4.15: Grid side three phase current at 10 m/s. 
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Figure 4.16: Grid voltage. 

 
 

Figure 4.17: THD of the grid current. 

 

4.3.3 Perturb and Observe MPPT simulation results: 

 

The GSS MPPT controller was replaced by the P&O MPPT algorithm in 

order to compare the two methods. The simulation results are shown in the figures 

(4.18-4.21): 
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Figure 4.18: Voltage and current curve with P&O MPPT. 

 

 
Figure 4.19: Zoom on the MPP of voltage and current curve with P&O MPPT. 

 

 

 
 

Figure 4.20: The power curve with P&O MPPT. 
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Figure 4.21: Zoom on the MPP of power curve with P&O MPPT. 

 

 

 

 

4.4 Discussion and comments: 
 

Based on simulation results the discussion will focus on two main parts: 

4.4.1 Machine side: 

4.4.1.1 Without MPPT control: 

 

As it is seen in the figures (4.9-4.11), the WECS operated at a variable wind 

speed equals to 12 m/s from 0 s to 5 s at 10m/s from 5 s till 10 s without the MPPT 

control, it is noticed that the PMSG operates at a rotor speed 178 rad/s which is 1.16 

p.u. the base speed, and it generates a constant three phase current and voltage that 

give after rectification (AC/DC) a DC current and voltage signals 11 A and 550 V 

respectively, with an output power equals to 6000 W. It is clear that the WTG is 

supplying lower power than its base power 7000 W. Based on power curve versus 

rotor speed graph, there is a nonlinear relationship between both variables. As seen 

previously there is an optimal rotor speed in which enables the generator to deliver 

optimal power. In this system, the optimal power expected to be extracted at 12m/s 

wind speed is 0.82 p.u the wind turbine's mechanical power (8.5kW), and since the 

generator rotate at 1.16 p.u. it caused the WECS to extract less power than the rated 

power. The same case is viewed when the wind speed decreased to 10 m/s, the rotor 

speed is 137 rad/s which equals 0.9 p.u. the optimal speed at this wind speed value, 

122.4 rad/s; consequently, the WECS is operating at the point where Vdc=430V, and 
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Idc= 8A delivering a power of 3600 W, which is less power comparing to the optimal 

power at 10 m/s wind speed.  

4.4.1.2 With MPPT control: 

 

Figures (4.6-4.12) display the results. For both wind speed equals 12m/s, and 

10 m/s. 

The rotor speed settles on 149 rad/s, the DC signals settle on 15.5 A and 443 

V. The power obtained is 6900 W. As noticed, the MPPT controller succeeded to 

locate the MPP after seven iterations in 8.1 s. The response time taken by the system 

in order to find the MPP is good taking into consideration that each transient phase in 

order for the generator to operate at a reference voltage giving by the MPPT controller 

takes 0.3 s. 

Looking back at the results of the system without the MPPT controller, the 

power extraction was optimized by 900 W. This improvement is due to the fact that 

the first system (without control) is only connected to a DC load, which means that the 

system was set to work on a single point in the power curve. On the other hand the 

MPPT controller allowed the system to work in different points by using the load 

matching principle, converging to the MPP. Now for 10 m/s wind speed, the same 

results where noticed in which the power extraction improved from 3600W to 3900W.  

Knowing that the maximum power that the generator can deliver at both 

optimal wind speed 12m/s and 10m/s is 7 kWand 4080 kW respectively, comparing to 

the results obtained by the controller, the values are very close. With an efficiency 

98% at 12 m/s and 96% at 10 m/s.  

4.4.2 Grid side: 

 

The results obtained above are based on open loop control with only SVM 

attached to the DC/AC two level inverter through a PWM, the frequency of the SVM 

equals 50 Hz. In other words, the VOC was not taken under consideration; so, the grid 

synchronization and active and reactive power control were not designed for this 

system. As noticed the current curves change according to the power supplied to the 

inverter. At 12m/s, the iabc amplitudes reach 13 A, and at 10 m/s the amplitudes reach 

9 A. The THD reaches to 1.59% which is satisfactory knowing that the THD limit 

must be less than 5% in order to connect the system properly to the grid utility.        
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4.4.3 P&O MPPT controller: 

 

The simulation results shows that his MPPT controller managed to track the 

maximum power point under the following conditions: 

- Wind speed of 12 m/s. 

- Search interval between 350V and 550V 

- The voltage step 4V 

The output power was very close to the WTG optimal power since it delivers 

between 6.9 kW and 6.6kW with Vdc and Idc   values of 438V and15.7A respectively. 

It is noticed the time taken by this controller to track the MPP is significantly large 

since it took it 30 seconds to reach it, even though the DC voltage kept oscillating 

between 432V and 440V without continuously. The efficiency of this algorithm is 

around 97% and that due to the oscillation between two power values 6.9 kW and 6.6 

kW. 

4.4.4 Comparative study between GSS and P&O MPPT: 

This comparative study is performed for the evaluation of the performance of 

the proposed GSS MPPT controller and to P&O MPPT controller, in terms of 

convergence speed, accuracy, and stability (oscillations at the MPP). 

 

Table 4-5: Comparison results. 

 Convergence time Accuracy Stability 

P&O 27 s 97% 300 W 

GSS 8.1 s 98% 100 W 

 

The comparison shows that the GSS MPPT algorithm has a much better time 

response. When it comes to efficiency both algorithms are good and have a high 

efficiency. Furthermore, the GSS stability is slightly better than the P&O, but a further 

improvement is required. In sum, the GSS MPPT algorithm in WECS has a better 

performance than the P&O MPPT algorithm. 
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GENERAL CONCLUSION 

In this project there were three main tasks to achieve. The first task was about 

designing a variable-speed wind energy conversion system (WECS) driven by 

permanent magnet synchronous generator (PMSG), the WECS was direct driven 

(gearless), and the power electronics topology used consisted of uncontrolled three 

phase rectifier, DC boost converter and two level DC/AC inverter. The second task 

was the main focus of this project, which was maximum power point tracking based 

on golden section search (GSS) algorithm applied on machine side to control the input 

of the boost; thus, control the rotor generator speed. And the last task was 

synchronizing and connecting the system to the utility grid with minimizing the 

reactive power transferred between the grid and the system; therefore, assuring a 

maximum active power transfer from WECS to the grid.  

The outcome of this work was mostly achieved, the results obtained from the 

design of WECS and GSS MPPT were very satisfying, and for the grid connection. 

As future work it is intended to add other features to the system, such as yaw control 

and pitch control, fault detection analysis, and finally redesign the system based on 

back to back inverter power electronics configuration. 
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