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ABSTRACT 

MODELING AND CONTROL OF 1.5 MW RATED SPARSE MATRIX 
CONVERTER BASED WIND ENERGY  

CONVERSION SYSTEM 

ABDULRAZAQ, Waleed Khaled Abdulrazaq 
M.Sc. in Electrical and Electronics Engineering 
Supervisor: Assoc. Prof. Dr. Ahmet Mete Vural 

September 2021 
97 pages 

 

Sparse matrix converter (SMC) is a matrix converter topology without any storage 

element like an inductor or a capacitor. There is a fictitious DC link between rectifier 

and inverter stages in SMC topology. The input is directly connected to the output 

via a set of bidirectional power semiconductor switches. Such an arrangement 

decreases the converter size and increases the reliability. Due to these advantages, 

SMC is used in many applications like AC drives, aerospace industry, electric ships, 

as well as in wind energy applications. In this thesis, a three-phase SMC is adapted to 

a grid-connected permanent magnet synchronous generator-based wind energy 

conversion system (WECS). The IGBT is chosen as the power semiconductor 

element in the rectifier and inverter stages, controlled by sinusoidal pulse width 

modulation technique. The switching frequency is changeable in the range between 

20-50 kHz. The overall system including the power stage as well as the control sub 

system are modelled and tested under various operating conditions. An LCL filter is 

replaced at the output of the SMC to weaken switching harmonics. Moreover, a 

fuzzy fractional-order PID (FFOPID) controller is designed to control active and 

reactive power of WECS. By this way, the dynamic response of a classical PID 

controller with fixed gains is improved by combining the salient features of 

fractional-order calculus and fuzzy logic theory. The simulation results show that the 

designed FFOPID controller is superior to classical PID controller in tracking d- and 

q-axis current references of the SMC at the output. FFOPID controller shows better 

transient performance when unit step changes are applied to the reference signals.  

 

 
 
 
 
Key Words: Sparse Matrix Converter, Permanent  Magnet  Synchronous  Generator, 

                     Wind Energy Conversion System, Fuzzy Fractional-Order PID                         
Controller 



 

ÖZET 

1.5 MW GÜÇ KAPASİTELİ SEYREK MATRİX DÖNÜŞTÜRÜCÜ TABANLI 
RÜZGAR ENERJİSİ DÖNÜŞÜM SİSTEMİNİN MODELLEMESİ VE 

DENETİMİ 

ABDULRAZAQ, Waleed Khaled Abdulrazaq 
Yüksek Lisans Tezi, Elektrik ve Elektronik Mühendisliği 

Danışman: Doç. Dr. Ahmet Mete Vural 
Eylül 2021 

97 sayfa 

 

Seyrek matris dönüştürücü (SMD), indüktör veya kapasitör gibi herhangi bir 
depolama elemanı olmayan bir matris dönüştürücü topolojisidir. SMD topolojisinde 
doğrultucu ve evirici aşamaları arasında hayali bir DC bağ bulunur. Giriş, bir dizi çift 
yönlü güç yarı iletken anahtarı aracılığıyla doğrudan çıkışa bağlanır. Böyle bir 
düzenleme sayesinde, dönüştürücü boyutu küçülmekte ve güvenilirlik artmaktadır. 
Bu avantajlardan dolayı SMD, AC sürücüler, havacılık endüstrisi, elektrikli gemiler 
gibi birçok uygulamada ve rüzgar enerjisi uygulamalarında kullanılmaktadır. Bu 
tezde, üç fazlı bir SMD, şebekeye bağlı kalıcı mıknatıslı senkron jeneratör tabanlı 
rüzgar enerjisi dönüşüm sistemine (REDS) uyarlanmıştır. IGBT, sinüzoidal darbe 
genişlik modülasyonu tekniği ile kontrol edilen doğrultucu ve evirici aşamalarında 
güç yarı iletken elemanı olarak seçilmiştir. Anahtarlama frekansı 20-50 kHz 

aralığında değiştirilebilir. Güç aşamasının yanı sıra kontrol alt sistemi de dahil olmak 
üzere genel sistem modellenmiş ve çeşitli çalışma koşulları altında test edilmiştir. 
Anahtarlama harmoniklerini zayıflatmak için SMD'nin çıkışına bir LCL filtresi 
yerleştirilmiştir. Ayrıca, REDS'nin aktif ve reaktif gücünü kontrol etmek için bir 
bulanık kesirli sıralı PID (FFOPID) denetleyici tasarlanmıştır. Bu sayede, sabit 
kazançlı klasik bir PID kontrolörün dinamik yanıtı, kesirli mertebeden hesap ve 
bulanık mantık teorisinin göze çarpan özellikleri birleştirilerek iyileştirilmiştir. 
Benzetim sonuçları, tasarlanan FFOPID denetleyicisinin, çıkışta SMD'nin d ve q 

ekseni akım referanslarını izlemede klasik PID denetleyiciden üstün  
olduğunu göstermektedir. FFOPID denetleyicisi, referans sinyallerine birim 
adımdeğişiklikleriuygulandığındadahaiyigeçiciperformansgöstermektedir. 

 

 

 

Anahtar Kelimeler: Seyrek Matris Dönüştürücü, Kalıcı Mıknatıslı Senkron   

Jeneratör,                Jeneratör, Rüzgarenerjisi Dönüşüm Sistemi, Bulanık Kesirli   

Sıralı PID Denetleyici.  Sıralı PID Denetleyici. 
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CHAPTER I 

INTRODUCTION 
 

 

1.1 Introduction to Wind Energy 

The simplified principle that generates wind is the movement of air due to heating by 

the sun. Because the air is hotter on the earth than on the water, hot air rises and the 

cold air descends into the bottom, and this movement is opposite at night, in the same 

principle that creates winds around the earth. As the air around the equator is hot 

compared to at the north and south poles, this wind movement is used in generating 

the electrical energy [1][2]. Wind energy is one of the most vital renewable energy 

types. Wind energy has been relied upon since ancient history. Moreover, it was used 

by the people of Nile and China. The Reeds were used to weave windmill blades. 

Man continued to use wind energy and developed its use until the Middle Ages. One 

of the primary uses of wind energy in those times was to grind grain to produce food. 

After wind technology arrived in Europe with the trade, Dutch were the first to 

develop it in Europe, using windmills to drain lakes [1][2]. Wind energy continued to 

grow in the other hemisphere after arriving with immigrants. Grinding of grain and 

logs of wood was a prominent use among Americans, and they used water-pumping 

windmills and small wind turbines in the 1900s. With the arrival of electricity in the 

countryside, the number of wind pumps began to decrease, but recently it had 

become popular, especially in remote areas, to supply electricity [1][2]. Due to the 

oil crisis in the 1970s and the escalation of environmental concerns due to emissions 

generated by fossil fuels, in addition to the need to diversify sources of electrical 

energy to meet the growing demand for it [3], the trend towards creating alternative 

energy sources has been a priority for many countries. There is an increasing interest 

in solar energy and wind energy sources, especially in Turkey. The power generated 

from wind turbines has continually increased. The energy generated from wind in 

Turkey grew  from 0.0050% in 1998 to 8.4% in 2020.  It has grown to be  one of  the  
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Figure 1.1 Wind energy growth rate over 23 years in Turkey[4][5] 

 

 

Figure 1.2 Wind power plants in Turkey from 2007 to 2019 [6] 

 

crucial sources of energy, according to the statistics shown in Figure 1.1 [4] [5]. As 

of 2020, the installed capacity was 9,305 MW compared to 51 MW in 2006. Figure 

1.2 shows the annual installations of wind power plants in Turkey. Wind energy has 

witnessed growth in many other countries, such as China, the largest wind energy 

generator globally. The statistic shave reached that129countries have been producing 

1.13 trillion kilowatt hours of wind energy. Figure 1.3 shows the distribution of wind 

energy according to the production of each country. The statistics on wind energy 
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worldwide have witnessed significant growth during the last 20 years, as shown in 

Figure 1.4. Figure 1.5 shows the development of renewable energies worldwide, 

including wind energy. 

 

 

 

Figure 1.3 Annual electricity generation from wind in 2020 [7][8] 

 

Figure 1.4 Global wind power cumulative capacity [9] 
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Figure 1.5 Renewable energy generation by source in the world during the past five 

years [7][8] 

 

1.2 Introduction to Wind Energy Conversion Systems (WECS) 

The wind turbine is the central part of WECS. The blades are connected to the wind 

turbine that are used to collect the wind movement's energy. The movement of the 

wind over the blades causes it to lift as the same principle used to raise the wings of a 

plane. Moreover, this effect leads to the rotation of the blades. These blades are 

connected to an electric generator by a drive shaft. Figure 1.6 shows the parts of a 

wind turbine. There are two types of turbines: horizontal axis turbine and vertical 

axis turbine. Wind turbines are of different sizes, and the greater the size of the 

turbine, the greater the amount of generating electricity. The generated power ranges 

from 10-kilowatt for households to 10,000 kilowatts or even more to grid. 
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Figure 1.6 The wind turbine parts [10] 

 

Figure 1.7 (a)shows a horizontal axis wind turbine which is more widely used than 

the vertical axis one, as shown in Figure 1.7 (b). Darius wind turbine is one of the 

most famous types of vertical axis wind turbines. Generally speaking, horizontal axis 

wind turbines have more advantages than vertical axis ones, such as high-power 

output, high efficiency and high reliability [11]. The wind turbines are also 

categorized according to their locations: onshore and offshore [1], as shown in Figure 

1.8. Wind turbines in large areas are called as “wind power stations” or “wind power 

farms”. The wind farms are usually connected to the electricity network (grid). The 

Horse Hollow Wind Power Center in Texas is the largest wind farm in the world, 

containing 430 wind turbines on an area of 47,000 acres with a capacity of 735 MW 

[1]. 
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                              (a)                                                                  (b) 

Figure 1.7 Wind turbine types: (a) horizontal axis; (b) vertical axis [1] 

 

 

                            (a)                                                                   (b) 

Figure 1.8 Categories of wind turbine according to area: (a) onshore; (b) offshore 

[1][12] 
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1.3 Motivation of the Study 

The increasing demand for electric power calls for diversifying energy sources. 

Because of the significant damages that fossil fuel-based sources produce on the 

environment, it is imperative to give priority to renewable energies and develop the 

related technologies. WECS needs to transfer the energy collected by the turbine to 

the electrical grid by means of power electronic based power converters. The power 

converters are used to dynamically control the generated power from the WECS.  A 

"sparse matrix converter" (SMC) is one of the modern power converters used in the 

field of wind energy conversion that does not contain any storage elements like a 

capacitor or an inductor. The elimination of such an energy storage element at the 

DC link helps to design smaller size WECS. As in case of conventional power 

converters used in WECS, with a SMC, it is also possible to dynamically control the 

real/reactive power injected into the grid. The output parameters of SMC such as, 

magnitude, frequency as well as the phase angle of the output voltage can be 

controlled. With this respect, this thesis aims the design and simulation of a SMC 

based WECS connected to the grid. 

 

1.4 Purpose of the Study 

This thesis provides a study for modeling and simulation of a SMC based WECS 

connected to the grid. The WECS uses a "permanent magnetic synchronous 

generator" (PMSG) with a production capacity of 1.5MW. An LCL filter at the 

output of the SMC is designed to achieve the elimination of the switching 

disturbances and a lowest value of the total harmonic distortion (THD) at the output. 

The modeling and simulation studies of the SMC based WECS are accomplished 

using both PID and fuzzy based fractional order PID controllers. These two 

controllers are also compared in terms of their dynamic performances. It is shown 

that the latter one has better results. The simulation results verify the validity of the 

designed model of the PMSG based WECS and the controllers. 
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1.5 Organization of the Thesis 

This thesis consists of five chapters organized as follows: 

 

CHAPTER I: This chapter includes a review of wind energy. Also, the development 

of wind energy applications to generate electrical power, as well as some statistical 

data of the development of wind energy use in Turkey are also summarily given. The 

components of a WECS are also briefly introduced in this chapter. 

 

CHAPTER II: This chapter categorizes the types of matrix converters used in 

WECS. SMC is also detailed in this chapter. 

 

CHAPTER III: This chapter includes the theoretical study of the SMC including its 

electrical circuit and the control methods related with it. 

 

CHAPTER IV: This chapter includes the proposed design of the SMC-

based WECS. The results obtained from the simulation environment are 

presented and discussed. 

 

CHAPTER V: This chapter finally concludes about the results obtained from this 

thesis study. The future aspirations related to this study are also presented. 
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CHAPTER II 
 

LITERATURE SURVEY AND BACKGROUND 
 

 

2.1 Matrix Converter (MC) Topology 

Matrix converter (MC) topology is based on a direct transform method from AC-to-

AC power without any energy storage device like a capacitor or an inductor. Its 

working principle depends on nine bi-directional power electronic switches which 

are made from semiconductors. These switches connect the input stage to the output 

stage. Figure 2.1 (a) represents the switch allocations in MC topology. Figure 2.1 (b) 

represents the switch details of the MC topology. The output voltage with desired 

magnitude, frequency and angle is obtained by a proper switching mechanism for the 

power electronic switches that connects the input to the output. 

 

 

(a)                                                          (b) 

Figure 2.1 The main structure of MC: (a) the switch allocations;  

(b) the switch details [13]  
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The real work of developing the MC in its modern form began with the publication 

of Venturini and Alesina, who were the first to introduce the name known as 

"MATRIX CONVERTER" [14][15] by introducing an electrical power circuit 

containing bidirectional power switches. One of their most important contributions is 

to describe the low-frequency behavior using mathematical analysis. They 

introduced the concept of “low-frequency modulation matrix”, also known as a 

“direct transfer function approach”—the output voltage results by multiplying the 

modulation matrix by the input voltage. Bidirectional switches are the main 

component of the MC, and each switch is an electronic circuit made up of 

semiconductors. These switches are arranged in a controlled manner that helps to 

create an output voltage with a frequency that is also controlled. The input can be 

controlled regardless of load in MC, and an  adjustable power  factor helps with  that. 

Early work was completed to obtain a bidirectional control switch. Among these, the 

thyristors and an externally forced commutation circuits were used [1][16]. In this 

arrangement, the circuit was heavy and primitive and the performance was poor. 

However, after developing the transistor to enter many fields, including the 

bidirectional control switch, it changed the idea about bidirectional 

switches [17][18]. The absence of DC link due to the presence of bidirectional 

switches ensures that there are no heavy and bulky elements for energy storage. Such 

a design provides compact design, thus making the system lighter and more reliable 

to operate. There are many advantages of the MC over classical AC-DC-AC 

converters. MC has the ability to operate at higher temperatures and more reliable 

because of the absence of the energy storage element. Moreover, the size of MC is 

smaller when compared to classical AC-DC-AC converters. All these advantages 

make the MC the integrated and desirable choice in the field of industrial 

applications, for example, aerospace industries [19][20], marine propulsion industry, 

variable speed electrical machines [21][22], embedded systems, and military 

industries as well. MC can also be used in the field of renewable energies, especially 

those depend on wind energy [23][24]. Despite the many advantages of the MC, it 

also has some downsides. MC lacks fully of controlled bilateral switches. The 

voltage ratio is also limited. Another problem in MC is the switch commutation 

problem produced from over-current due to short-circuiting of the AC sources, or 

over-voltage spikes that may destroy the power semiconductor. Safe commutation 

has been accomplished by developing several multi-step commutation strategies and 
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the "semi-soft current commutation" technique [25].MC has become necessary in 

wind energy conversion applications due to the increasing research on it. Several 

solutions have been proposed for MC operation.MC is divided into two types; direct 

matrix converter (DMC) or conventional matrix converter (CMC) and indirect matrix 

converter (IMC) [26][27]. Figure 2.2 shows the primary classification AC-AC 

converters. 

 

 

Figure 2.2 The primary classification of AC-AC converter [28][29] 

 

2.1.1 Direct Matrix Converter Topology 

The Conventional Matrix Converter (CMC) or Direct Matrix Converter (DMC) 

consists of nine bi-directional switches distributed into four quadrants. In using 

semiconductors, the arrangement will be 18 semiconductors (IGBT) with 18 diodes, 

as shown in Figure 2.3 [13]. The manner-based modulation of the switches in the 

dual-stage MC is called as “modulation function” [21][30]. 
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2.1.1.1 Mathematical Model of DMC 
The relationship matrices that refer to the rectifier stage from dual-stage are 

represented in Equations (2.1) and (2.2). 

 

 

Figure 2.3 Power circuit topology of DMC or (CMC) [13] 

 

[𝑀𝑟𝑒𝑐𝑡] = [ 𝑚𝐴 𝑚𝐵 𝑚𝐶𝑚′𝐴 𝑚′𝐵 𝑚′𝐶]                                       (2.1)                         

𝑚𝐴 + 𝑚𝐵 + 𝑚𝐶 = 1 𝑚′𝐴 + 𝑚′𝐵 + 𝑚′𝐶 = 1                                            (2.2) 

 

During the commutation period (𝑇), the (𝑆𝑖) will switch in the conduction time (𝑡𝑖) 
and the relationship that represents this operation is shown in Equation (2.3). 

𝑚𝑖 = 𝑡𝑖𝑇                                                        (2.3) 

The relationship that represents the inverter stage is shown in Equations (2.4) and 

(2.5). 

 

[Minv] = [ma m′amb m′bmc m′c]                                              (2.4) 
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ma +  m′a = 1 mb +  m′b = 1                                                 (2.5) mc +  m′c = 1 

The expressions that represent the rectifier operation of MC are given in Equations 

(2.6) and (2.7). 

 [vpvo] = [Mrect] [vAvBvC]                                              (2.6) 

[iAiBic ] = [Mrect]T [ irect−irect]                                           (2.7) 

 

The expressions that represent the inverter operation of MC are given in Equations 

(2.8) and (2.9). 

 [vavbvc] =  [Minv] [vpvo]                                             (2.8) 

[ idc−idc] =  [Minv]T [iaibic]                                           (2.9) 

 

The matrix [MDE] resulting from the multiplication of the rectifier modulation matrix 

with the inverter modulation matrix is shown in Equation (2.10). 

 

[MDE] = [Minv]. [Mrec] = [ma m′amb m′bmc m′c] . [ mA mB mCm′A m′B m′C]                 (2.10) 

 

The relationship that represents the result of the connection between two matrices is 

represented in Equation (2.11). 

 

[M] = [MDE] ⟹ [mAa mBa mCamAb mBb mCbmAc mBc mCc] = [ma m′amb m′bmc m′c] . [ mA mB mCm′A m′B m′C]      (2.11) 
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During the commutation period (T), the (Sij) will switch in the conduction time (tij) 
and the relationship that represents this operation is shown in Equation (2.12). 

 mij = tijT                                                     (2.12) 

 

2.1.2 Indirect Matrix Converter (IMC) Topology 

The IMC topology, also known as "double stage topology," was developed in the 

early 2000s to substitute for the DMC topology. The power circuit of a three-phase 

IMC represented in Figure 2.4. 

 

 

Figure 2.4 Power circuit topology of IMC [13] 

 

This topology has two stages; rectifier and inverter. The rectifier stage contains six 

bidirectional switches. Each switch combines two power semiconductor switches 

(IGBT, IGCT, or MOSFET) with an anti-parallel diode connection. The 

semiconductor switches can be in a common-emitter or common collector 

configuration.  The rectifier stage is connected to the AC voltage source as the input 

and the output is fictitious DC voltage. The rectifier is connected to the inverter by a 

fictitious DC link. In the DC link, there is no storage element, such as a capacitor or 

an inductor. The inverter stage contains six power semiconductor switches such as 

IGBT, IGCT, or MOSFET. The inverter generates a controllable three-phase voltage 

at its output. A control algorithm and a switching modulation scheme can change the 
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output voltage's magnitude, phase angle, as well as frequency [30]. There is a 

relationship between the modulation function of IMC produced from the DMC 

topology. The arrangement of IMC, which contains two-stage, is developed byJ.W. 

Kollar [30]. The advantage of this arrangement minimizes the number of transistors. 

Due to a large number of switches in IMC, many types of research have emerged to 

reduce the number of transistors in the MC topology, thus make it easier to monitor 

and control [31]. IMC also has gained much interest and associated modeling 

approaches. Several topologies for IMC have been developed, including the sparse 

matrix converter (SMC) family. This family is the latest technology developed in the 

MC field compared to CMC. Furthermore, the SMC has some sub-types, such as 

very sparse matrix converter (VSMC), ultra sparse matrix converter (USMC), and 

inverting link matrix converter (ILMC). In this study, SMC topology is used as the 

AC-AC converter topology in a WECS. 

 

2.1.2.1 Mathematical Model of IMC 

Equation (2.13) shows the connection matrix of the rectifier stageSrec , where Sx 

represents the state of each power electronic switch availableat the phase-x. S = 1 

means that the switch is turned on, while S = 0 means that the switch is turned off. 

The notation S′ denotes the reciprocal state of the respected switch. In the time of 

switching for both cells, one switch is always closed [30]. The necessary conditions 

for the switches in the rectifier stage can be expressed in Equation (2.14). The 

voltage and current relations represent the IMC's rectifier operation expressed in 

Equations (2.15) and (2.16), respectively. vp  and v0 represent the voltage of two 

points illustrated in Figure 2.3. vA, vB,vc  are the phase voltages of the input side. iA, iB ,ic  are the phase input currents and idc  is the DC current flowing from the 

rectifier to the inverter stage. The connection matrix of the inverter stage is shown in 

Equation (2.17). The necessary conditions for the switches in the inverter stage are 

shown in Equation (2.18). The voltage and current relations representing IMC's 

inverter operation are expressed in Equations (2.19) and (2.20), respectively. The 

matrix [SDE ] expressed in Equation (2.21) is the connection matrix of the IMC, 

resulting from the multiplication of the connection matrices of the rectifier and 

inverter stages. 
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[Srec] = [ SA SB SCS′A S′B S′C]                                         (2.13) 

 SA + SB + SC = 1 S′A + S′B + S′C = 1                                          (2.14) 

 [vpvo] = [Srect] [vAvBvC]                                         (2.15) 

 

[iAiBic ] = [Srect]T [ idc−idc]                                  (2.16) 

 

[Sinv] = [Sa S′aSb S′bSc S′c]                                         (2.17) 

 Sa + S′a = 1 Sb +  S′b = 1                                                (2.18) Sc + S′c = 1 

[vavbvc] =  [Sinv] [vpvo]                                             (2.19) 

 

[ idc−idc] =  [Sinv]T [iaibic]                                         (2.20) 

 

[𝑆𝐷𝐸] = [𝑆𝑖𝑛𝑣]. [𝑆𝑟𝑒𝑐] = [𝑆𝑎 𝑆′𝑎𝑆𝑏 𝑆′𝑏𝑆𝑐 𝑆′𝑐 ] . [ 𝑆𝐴 𝑆𝐵 𝑆𝐶𝑆′𝐴 𝑆′𝐵 𝑆′𝐶] = [𝑆𝐴𝑎 𝑆𝐵𝑎 𝑆𝐶𝑎𝑆𝐴𝑏 𝑆𝐵𝑏 𝑆𝐶𝑏𝑆𝐴𝑐 𝑆𝐵𝑐 𝑆𝐶𝑐 ]      (2.21) 

 

2.2 Comparisons between DMC and IMC  

Table 2.1 shows a comparison between different types of MCs, including the SMC 

family. This comparison examines different MCs in terms of the number of 

transistors used, the number of diodes used, power losses, and ease of 
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control[28][29]. The primary importance of using SMC is the reducing the number of 

IGBTs used, thus reducing energy losses and manufacturing costs, lower realization 

effort, and lower control complexity. On the other hand, Table 2.2 shows a 

comparison among different power semiconductor switches. As seen, IGBT 

combines the advantages of both MOSFET and BJT. 

 

Table 2.1 The comparison of different dual-stage MCs [32] 

Topology 

With RB-IGBT With IGBT 

Two  
RB-IGBT  
in parallel 

RB-IGBT  
& IGBT  

in parallel 

IMC SMC VSMC USMC ILMC 

Transistor 
Count 

18 18 18 15 12 9 14 

Diode 
Count 

18 18 18 18 12 18 14 

Losses low medium low medium low low low 

Control difficult easy difficult difficult easy easy difficult 

 

Table 2.2 The comparison of different power semiconductor switches [33][34] 

Device 
Characteristics 

Power BJT Power 
MOSFET 

Power IGBT 

Voltage Rating  High< 1kV High< 1kV Very high>1kV 

Current Rating  High< 500A Low< 500A High> 500A 

Input Drive  Current  
(20-200)µA 

Voltage VGS  
3-10V 

Voltage VGE  
4-8 V  

Input Impedance  Low High High 

Output Impedance  Low Medium Low 

Switching Speed  Slow 
(microsecond) 

Fast 
(nanosecond) 

Medium 

Cost  Low Medium High 

 

2.3 Permanent Magnet Synchronous Generator (PMSG) based WECS 

The wind turbine in a WECS is the part rotated by the blades when the wind blows. 

Then, the rotor of the generator is connected to the wind turbine to generate electrical 

power. The electrical generators have witnessed so many developments to reduce 

losses as well as cost. Previous generators connected to the wind turbines were 

mostly fixed-speed type. This type of generator is called as “fixed-speed” generator 

and squirrel cage induction generator is a good example for fixed-speed generators. 

Much research has been carried out to harvest more energy from the wind. Variable 



18 

speed WECS is a result of these efforts [35][36]. Permanent magnet synchronous 

generator (PMSG) can be efficiently used in variable speed wind turbine applications 

due to many advantages [37][38]. When the pole number is increased in a PMSG, 

low-speed operation can be possible. Then, a gearbox between the wind turbine and 

the PMSG can be utilized to increase the rotation speed. There is also an option that 

the gearbox may not be used which decreases cost and service period while increases 

the system reliability. There has been more interest in PMSGs in the wind energy 

industry after the significant increase in turbine sizes [39][40]. There are many 

advantages of a PMSG. The high torque could be achieved even at low speeds with 

reduced noise and the absence of the gearbox as an option helps to reduce losses in 

the rotor system. Self-excitation without a field circuit helps to get rid of the 

auxiliary accessories such as brushes and slip rings [41][42]. There is no problem on 

the wind speed change, since the PMSG output is connected to a controlled power 

conversion system. This system can regulate the output power and the power factor 

of the WECS. The output voltage is usually stepped up with a power transformer 

when connecting the WECS to the utility grid. Figure 2.5 depicts the rate of energy 

change according to wind speed in a typical WECS [43]. Figure 2.6 shows the types 

of generators used in wind energy applications according to the wind speed. 

 

 

Figure 2.5 The rate of energy change according to wind speed [43] 
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Figure 2.6 Classification of WECS according to the generator types used [44] 

 

The PMSG based WECS is usually divided into two main types according to the use 

of a DC-DC converter (chopper). Figure 2.7 shows a DC-DC converter circuit used 

in a PMSG based WECS. On the other hand, Figure 2.8 shows a back-to-back 

converter arrangement used in a PMSG based WECS. Figure 2.7 explains the first 

type of converter which is connected to the WECS. This type of converter is also 

called as “Passive Front End Power Converter”. The ruggedness and reliability of 

this type of rectifier makes it a better choice than active rectifiers where we have to 

deal with high current switching. But the diode bridge rectifiers inject harmonic 

components in the system, which raises the THD of the system. Moreover, during 

passive rectification operation, the maximum power usable cannot be extracted from 

the PMSG [45]. For the proposed system, each branch is provided with three 

bidirectional switches to perform the current control and ensure near unity power 

factor operation. The two diode bridge rectifiers are connected to the three phase 

PMSG output. They are connected to two same valued capacitors with a midpoint. 

Each phase of the branches is connected to one bidirectional switch. The later end of 

the three switches are merged and connected to the midpoint of the capacitors for 

both branches. When the switches are turned ON, the corresponding phases exercise 

a rise of current. Turning OFF of the switch is associated with the current conducted 

from the upper diode or the lower diode of the front half of the diode bridge. 

Consequently, the phase current reduces. The operation is same for both top and 

bottom branches [45]. Figure 2.8 explains the second type of converter which is 
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connected to the WECS. This type of converter is also called as “back-to-back 

converter”. The complete structure of the PMSG-based WECS is obtained from a 

full-scale frequency converter that helps to enable the control access for both active 

and reactive power which makes a smoother connection to a grid and also helps to 

achieve the better performance [45]. The closed-loop system is obtained, in which 

the sufficient stability conditions are correspondingly derived after using PID or 

FFOPID. The topology of the given system with a two-level full-scale BTB 

converter bridges the WTS and the grid is illustrated in the work of this thesis.   

 

 

Figure 2.7 DC-DC converter used in a PMSG based WECS [44][45] 

 

 

Figure 2.8 Back-to-Back converter arrangement used in a PMSG based WECS [45] 
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2.4 The Summary 

In this chapter, the MC topology and its power circuit were reviewed. It was also 

referred to the main classification of the types of converters used. The DMC and 

IMC were mentioned with the power circuits and the mathematical operations that 

explain the working mechanism of each of them. Also, comparisons were made 

between DMC and IMC, which showed the superiority of IMC in order to reduce the 

number of IGBT used, reduce switch losses, and reduce manufacturing cost. A 

comparison was also made between the types of semiconductors used in the 

converter. The results of the comparison showed the superiority of IGBT 

semiconductor over BJT and MOSFET. Finally, the WECS was mentioned, which 

will be linked later with the converter (Sparse Matrix Converter), and the types of 

generators that are used with the WECS were clarified. The working mechanism of 

the WECS was also explained in brief. The control mechanism of the converters used 

with the WECS, namely, DC-DC converter and back-to-back converter were 

explained briefly. 
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CHAPTER III 
 

SPARSE MATRIX CONVERTER 
 

 

3.1 Sparse Matrix Converter (SMC) 

The power circuit of a three-phase sparse matrix converter (SMC) is shown in Figure 

3.1[28]. As seen, this a two-stage topology in which there is a fictitious DC link 

between rectifier and inverter stages without any energy storage element like an 

inductor or a capacitor. Rectifier stage is the first stage of an SMC which is powered 

by an AC voltage source on the input side of the rectifier, such as an AC generator. 

The output current of the rectifier stage is in DC form which flows to the inverter 

stage through the fictitious DC link. In a PMSG-based WECS, the rectifier stage is 

connected to the output of the PMSG. The rectifier stage can be controlled using 

sinusoidal pulse width modulation (SPWM) [46]. The inverter stage is the second 

part of the SMC. The inverter stage contains a voltage source inverter circuit which 

is fed from the fictitious DC link. The output of the inverter is controlled such that a 

sinusoidal voltage waveform is obtained at the output with an appropriate filter. Due 

to the absence of an energy storage component in the DC link, A synchronization 

process must be handled between the rectifier and inverter stages. Like the rectifier 

stage, the inverter stage can be controlled using SPWM for generating the control 

signals for the power semiconductors.  

 

Figure 3.1 The power circuit of a three-phase sparse matrix converter (SMC)[28] 
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3.2 The Derivation to Obtain SMC Legs 

The derivation of a simplified bridge branch structure of the IMC is shown in Figure 

3.2 to reduce the number of active switches on the line bridge of CMC. This is 

possible if we assume that the DC link voltage is positive polarity. If an 

unidirectional power flow is required, a more simplified version of the system is 

possible such as VSMC, USMC, and ILMC. The structure of SMC requires the use 

of a multi-step switch commutation method to fulfill commutation rules. 

 

 

Figure 3.2 Transformation of the leg from 4 IGBTs in CMC to 3 IGBTs in order to 

obtain the SMC leg [29] 

 

3.3 SMC Commutation Scheme 

3.3.1 Multi-Step Commutation  

There is a dead time between rectifier and inverter stages in SMC operation. For a 

specific switching commutation in the input rectifier stage, the output inverter stage 

of the SMC must have the same commutation as the one in input rectifier stage. So, it 

must be taken care of to ensure there is no short circuit in the DC link. For example, 

we have an inverter switching case in SMC in the rectifier input stage, then we must 

assure that there is no bidirectional connection for two input lines to avoid a possible 

short circuit in the input line to line voltage. To prevent this from happening, we 

must use the schemes of multi-step commutation which provides a continuous 

current path [30]. The schemes of the commutating bridge lines to the SMC are 

represented in Figure 3.3(a). It is observed that the switch concatenation varies the 

bus p, representing the positive DC link from input a to b. In Figure 3.3 (b), the 
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voltage is independent for i > 0representing the plus DClink current. In Figure 3.3 

(c), it is shown that the current is independent for Uab > 0. 

 

 

Figure 3.3 SMC rectifier stage and explain the multi-step commutation: 

                           (a) commutating bridge lines to the SMC; 

                           (b) voltage-independent, 𝑖 > 0; 

                           (c) current independent, 𝑈𝑎𝑏 > 0 [30] 

 

3.3.2 Zero DC Link Current Commutation  

The previously described multi-step method is complex. The IMC, including SMC, 

gives more control options that are not available in the CMC. The following method 

can dispose of the complexity mentioned in the multi-step commutation [30] by 

changing the inverter stage with a free-wheeling case and changing the rectifier stage 

with the zero DC link currents. This method is represented in Figure 3.4. Figure 3.4 

(a) shows the control in the transistor power to line bridge of SMC. Figure 3.4 (b) 

shows the switching concatenation S0, S7 = 1, referring to the inverter stage that 

operates under free-wheeling conditions and observing the switch concatenation to 

vary the bus p, which represents the positive DC link, from input a to input b. The 

scheme of commutation by zero DC link currents has more than one advantage. It 

makes the switching loss to be less for the input stage, ensuring no superposition 

during ON periods in the half-bridge which may cause the short circuit in an input 

line to line voltage. 
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Figure 3.4 SMC for IMC, which explains the zero DC link commutation: 

                   (a) explain the direct application of the switching function to the  

                           power transistor; 

                  (b) switching concatenation case, 𝑆0,𝑆7 = 1, refer to the inverter  

                           stage under the free-wheeling case [30] 

 

3.4 SMC Modulation Strategies 

A modulation strategy can be broadly classified into three categories depending upon 

the type of the calculation of the switch states. Figure 3.5 shows the tree of such a 

classification for MC modulation techniques. The SMC uses bi-directional switches 

with high switching frequency by modifying the duty cycle of the switches (𝑆𝑗𝑘) to 

generate a low-frequency load voltage that varies with amplitude and frequency. A 

modulation duty cycle should be defined for each switch to determine the average 

behavior of the MC output voltage waveform. The modulation duty cycle is defined 

in Equation (3.1). 

 𝑑𝑗𝑘(𝑡) = 𝑡𝑗𝑘𝑇𝑆𝑒𝑞                                                       (3.1) 

 

where𝑡𝑗𝑘 , represents the time when the switch is turned on. 𝑇𝑆𝑒𝑞, represents the time 

of the complete sequence in the PWM pattern.0 < 𝑑𝑗𝑘 < 1, is based on the switch 
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duty-ratios. The averaged output voltages and the averaged input currents can be 

related to the input and output currents. 

 

 
Figure 3.5 Classification of MC modulation techniques [47] 

 

SPWM is one of the most common ways to obtain a sine waveform as much as 

possible at the output of the inverters. In this technique, the carrier signal is usually a 

triangular or saw tooth waveform, compared with a reference sinusoidal signal. This 

comparison generates the control signals of the semiconductors. The ON time of a 

switch pair is a variable, called the duty cycle (D). If only one sinusoidal reference 

signal is used, then SPWM scheme is called as bipolar SPWM. On the other hand, if 

two sinusoidal reference signals are used, then the scheme is called as unipolar 

SPWM. The PWM technique used for switching of the semiconductor devices of the 

converter decides the frequency and the AC output voltage of the converter. So, to 

get the sinusoidal waveform as an output, sinusoidal PWM technique is used. The 

sinusoidal modulating waveform of 60 Hz system frequency is compared with a high 

frequency triangular waveform to generate the pulse-width modulated firing pulses 

for the converter. Two different SPWM methods can be implemented to get the 

required output. 

 

 

 

Control Strategies

Low frequency 
transfer matrix

Venturini

Modulations

Classical

Venturini

Improved

Venturini

Scalar method

Indirect with

“fictitious DC link”

Space vector 
modulation

(SVM)

Direct Indirect



27 

3.4.1 Bipolar SPWM 

In case of bipolar sinusoidal PWM method, a single fundamental frequency 

modulating waveform per phase is compared with the high-frequency triangular 

waveform. The output voltage switches between -VDC/2 and +VDC/2 voltage levels 

where VDC is the total DC voltage. It is the reason why this type of switching is 

called a bipolar PWM switching. The terminal voltage of the inverter is obtained 

denoted by VAN and VBN, and the inverter output voltage, VAB,is given by 

 𝑉𝐴𝐵 = 𝑉𝐴𝑁 − 𝑉𝐵𝑁                                               (3.2) 

 

The waveform of VAB switches between positive and negative DC voltages, and 

hence this scheme is called bipolar PWM as shown in Figure 3.6. During 

comparison, when the sinusoidal waveform is greater than the triangular waveform, 

the PWM trigger signal is high, otherwise it is at lower level [48]. 

 

 

Figure 3.6 Bipolar SPWM voltage: (a) comparison between reference signal and 

triangular signal; (b) switching pulses; (c) output voltage [48] 
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3.4.2 Unipolar SPWM 

The unipolar SPWM switching signal is shown in Figure 4. The unipolar PWM 

scheme generally requires two sinusoidal reference waveforms that have the same 

frequency and magnitude, but with 180 degrees phase shift. The PWM unipolar 

scheme generally requires two sinusoidal reference waveforms that have the same 

frequency and magnitude but with 180 degrees phase shift. The triangular signal is 

compared with two sinusoidal reference signals that are positive and negative 

signals. The output voltage of the inverter transforms between zero and positive 

voltage or between zero and negative voltage of the fundamental frequency. The 

output voltage switches between +VDC/2 and 0 or between 0 and -VDC/2. For this 

reason, this type of PWM scheme is called a PWM with a unipolar voltage 

switching. In the unipolar voltage switching scheme, the harmonic content of the 

output voltage signal is reduced compared to the result obtained in the case of bipolar 

switching [24][48]. 

 

 

Figure 3.7 Unipolar SPWM voltage: (a) comparison between reference signal and 

triangular signal; (b) switching pulses; (d) output voltage [48] 
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3.5 SMC Control Structure 

3.5.1 SMC Based PID Controller 

The controller in this thesis consists of two control loops. The first one is the voltage 

regulator which controls the amplitude of the voltage supply in the output using the 

transformations of d-axis and q-axis. The second loop is the current control which 

regulates the active power provided by the system at the unity power factor or 

another power factor depending on dispatch parameters. The use of two independent 

loops in the controller makes it possible to regulate the active power and reactive 

power independently. Figure 3.9 shows the general layout of the used controller in 

this thesis. This control scheme depends on the equations of the inverter model. The 

voltage and current values obtained from the WECS are calculated using the per unit 

(pu) system before conversion to the two-axes frame. The phase lock loop (PLL) is 

used to obtain a reference phase angle information obtained from the grid voltage. 

Since the controller operation depends on the rotary d-q theory, it is necessary to 

apply Park's transformation to the voltage and current wave forms. The voltage 

regulator adjusts AC voltage injected to the grid and determines the reference 

value id−ref .Figure 3.9 represents the general control scheme that will be 

implemented in the simulation environment in Chapter 4 of the thesis. This diagram 

represents the closed loop control system that is used to control the second stage of 

the SMC (the inverter stage). In this control scheme, an ABC to dq0 transformation 

block is used for decoupling of two components (d- and q- component). The d-

component is used for active power control. On the other hand, the q-component is 

used for reactive power control. The two d-q components are dealt with separately 

using the PID or FFOPID controller to be converted again from dq0 to the ABCto 

finally obtain a PWM signal set to control the inverter stage. The PWM 

signals(either 0 or 1) which is used to control the switches of the second stage of 

SMC (inverter stage). The control signals either turn ON or OFF the specified 

switch. 
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Figure 3.8 The proposed control structure used in this thesis [48] 

 

The voltage regulator ensures that the active power is provided to the utility grid by 

adjusting the voltage amplitude and not passing the power in the opposite direction. 

The current controller determines the value of currents idiqprovided from the WECS 

system. Active and reactive powers can be calculated in d-q-axis frame as follows 

[49]: P = Vdid + Vqiq                                                (3.2) Q = Vdid + Vqiq                                                (3.3) 

The reference value iq−ref = 0  is usually taken to provide zero reactive power 

injection or absorption by the WECS or unity power factor operation. After finding 

the value of Vdand Vq, these signals are converted to ABC frame to determine the 

reference sinusoidal signal used in SPWM scheme. The outline of the closed loop 

controller which controls the inverter switches is given in Figure 3.10 [48]. 
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Figure 3.9 Detailed structure of the inverter closed loop controller [48] 

 

3.5.2 SMC Based FFO-PID Controller 

3.5.2.1 Fractional-Order PID Controller 

The lack of a solution for fractional-order (FO) differential equations and a simple 

geometric explanation helped to develop the FO calculus to solve complex problems. 

The FO calculus constitutes the branch of mathematics dealing with differentiation 

and integration under an arbitrary order of the operation, i.e., the order can be any 

natural or even complex number, not only the integer [50].In comprehending its 

theoretical and real-world presentations in many fields, such as astronomy and 

industrialization problems, FO calculus can express many phenomena that cannot be 

expressed when using the classical method. FO calculus relates to fractional 

dimension infinite memory and chaotic behavior. FO calculus can be applied to 

electronics, control theory, and many other fields [51][52]. With the increase of the 

research in this field, increasing concentration has been directed to the modification 

of FO calculus as a successful modeling tool for intricate systems, which gives 

impetus to innovation in dynamical investigation and regulation. FO calculus appears 

to be plausibly contestant to incorporate larger exemplars through detaching graceful 

dependent on the explanation of involvedness [53]. Incorporating the FO calculus 

into control strategies of the systems can improve the control system dynamic 

performance with less control effort [54][55]. 
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3.5.2.2 Fuzzy Fractional-Order PID Controller 

Fuzzy logic works using linguistic notation, as it gives flexibility in expression in 

accessible language and helps to solve fuzzy problems in complex systems. A 

closed-loop control system can be considered as one of the best environments for 

implementing a fuzzy based control scheme, especially when high nonlinearity 

between inputs and outputs is available. The working principle of a classic controller 

relies on the fixed gains of the controller, such as constant-parameter PID controller. 

Therefore, the required control performance may not be always acquired for 

nonlinear and complex systems [56]. With this respect, the gains of a FO calculus 

based PID (FO-PID) controller can be dynamically adjusted using fuzzy logic 

concept [56]. In this study, such a controller is proposed and named as “Fuzzy FO-

PID Controller” or “(FFO-PID)”. In this controller, the gains of the PID controller 

are dynamically adjusted online using a Mamdani type fuzzy logic theory. The FFO-

PID controller is a group of rule-based fuzzy controls applied in the FO-PID 

controller. In this control strategy, the fuzzy logic concept uses the error and its 

derivative to calculate the scaling factor (gain) of the proportional, integral, and 

derivative terms in the PID controller. These scaling factors are updated online at 

each sampling period. The FFO-PID control structure is represented in Figure 3.14.   

 

 

Figure 3.10 Block diagram of the FFO-PID controller used in this thesis 
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In this structure, the FO model can be obtained from integer-order model. There are 

numerous tools to specify the integer-order model. One of these tools is the 

Fractional-Order Modeling and Control (FOMCON) toolbox simulation environment 

[57]. When the FOMCON toolbox is used, the proposed system's FO model is 

specified with Grunwald-Letnikov simplification [58] and using the way described 

in [59] to achieve the FO model. The FO differential equation is transformed into a 

FO integral equation. Expanding the integral term creates a least-squares expression 

that allows the implicit time delay term to have an explicit appearance in the 

parameter vector. It helps to boost straightforward estimation of model parameters 

synchronously with a time lag. The active and reactive power injection to the grid 

from WECS is controlled using the FFO-PIF controller. The ABC signals for the 

FFO-PID controller are adjusted depending on the error and percentage change in 

error. These ratios are set for each component separately. The d-component 

represents the real active power injected to the grid. The q-component represents the 

reactive power injected to the grid. The FFOPID controller works to adjust the error 

values much faster and more accurately than PID, depending on the fractional order 

system. All of the details are explained in the fourth chapter of this thesis. 

 

3.6 LCL Filter for SMC 

To remove or reduce harmonic content due to high frequency switching of power 

semiconductor switches, an LCL filter can be employed at the SMC output. In this 

study, LCL type filter is chosen over L and LC type filters due to some advantages 

such as small inductor and capacitor size and superior high-frequency attenuation 

characteristics of -60 dB/dec [29]. However, no filter is used at the SMC input in this 

study. 

 

3.7 The Final Form of the WECS  

The final form of the WECS designed in this study is shown in Figure 3.16. The 

system contains several stages such as, wind turbine, PMSG, SMC, filter and the 

grid. The wind turbine is connected to the PMSG. The wind turbine is controlled by a 

control system based on pitch angle control to achieve maximum possible wind 

energy harvesting. On the other hand, the operational control protects the generator 

from high wind speeds. The output of the PMSG is connected to the rectifier stage of 

the SMC. The control of rectifier and inverter stages of the SMC are realized 



34 

separately. The control part of the rectifier stage controls the switches (S1-S9) using 

SPWM scheme. On the other hand, the control part of the inverter stage controls the 

switches (S10-S15) using SPWM scheme. The output of the SMC is controlled in 

such a way that the magnitude as well as phase angle of the output voltage can be 

adjusted. The output of the SMC is connected to the LCL filter. The output of the 

LCL filter is connected to the grid through a coupling transformer  
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Figure 3.11 Schematic diagram of SMC-based WES and its controllers 



36 

3.8 The Summary 

In this chapter, the focus is on SMC. The electrical circuit of the SMC was 

introduced. The derivation method for obtaining the SMC legs is presented. The 

SMC commutation with its types was also presented with the scheme for each type. 

The MC modulation strategies were introduced. The main classification of MC 

modulation techniques was introduced. SPWM (bipolar and unipolar) was 

introduced. The method for obtaining the PWM signals is presented by plotting the 

waveforms for both bipolar and unipolar cases. The SMC control structure is 

mentioned together with the main schematic as well as the equations for active and 

reactive power. The control mechanism designed in this thesis was also presented. 

The detailed structure of the inverter closed loop controller is mentioned when the 

PID is used. The SMC based FFO-PID controller was introduced. The FO and its 

mechanism of operation were briefly defined. FO was introduced after adding fuzzy 

logic as well. The main scheme of the FFO-PID controller that will be used in this 

thesis is mentioned along with its working mechanism. The LCL filter that will be 

used with the SMC has been mentioned. In the end, a main detailed outline of the 

WECS that will be designed for this work has been worked out through which the 

SMC will be operated. The detailed work in this scheme has been presented with 

mention of all stages, starting from the generation stage, then the converter stage, the 

filter stage, and finally the stage of injection active and reactive power into the 

electrical grid. The detailed of the electrical grid was also presented inside of the 

main scheme. 
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CHAPTER IV 

MODELING AND SIMULATION OF PMSG BASED WECS 
 

 

4.1 SMC Design 

The power circuit of the three-phase SMC used in the simulation environment is 

shown in Figure 4.1. This figure includes the main stages of the SMC. The first stage 

of the SMC is the rectifier stage, which consists of three legs. Each leg contains a  

3-bidirectional switch. The first switch consists of one IGBT and one diode on the 

top, the second switch of one IGBT and two diodes in the middle, and the third 

switch of one IGBT and one diode on the bottom. The input terminal of the rectifier 

stage is connected to the voltage source, and the voltage source here is represented 

later by WECS. The output terminal of the rectifier stage is DC voltage. We note 

here that there is no element storage to store the DC value generated by the RS, such 

as the inductor or capacitance, and this is the main feature of the SMC. The second 

stage of the SMC is the inverter stage, which consists of three legs. Each leg contains 

a 2-bidirectional switch. The first switch consists of one IGBT and one Diode on the 

top, and the second switch of one IGBT and one Diode on the bottom. The inverter 

stage is controlled to inject active and reactive power into the grid at the end. The 

input terminal of the inverter stage is the DC output voltage from rectifier stage, and 

the output terminal of the inverter stage is the AC output voltage. The output 

terminal of the inverter stage is connected to the LCL filter in order to deal with the 

signal coming out of the SMC to reduce the total harmonic distortion. The generated 

power after the filter stage is injected into the grid. The parameters used in designing 

the rectifier and inverter stages of the SMC are represented in Table 4.1. 
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Figure 4.1 Simulink model of SMC showing rectifier and inverter stages 

Table 4.1 The IGBT and diode parameters used in SMC design 

Parameter IGBT Diode 

Resistance Ron (Ω) 0.001 0.001 

Inductance Lon (H) 0 0 
Forward voltage drop (V) 1 0.8 

Initial current(A) 0 0 

Snubber resistance Rs (Ω) 1e5 500 

Snubber capacitance Cs (F) inf 250e-9 

 

4.1.1 SMC Rectifier Stage Design 

A SPWM model is constructed as shown in Figure 4.2 to control the IGBT 

bidirectional switches (S1-S9) of the rectifier stage of the SMC. In SPWM scheme, a 

high frequency carrier signal (triangular or saw tooth) is required to be compared 

with a sinusoidal reference signal. The construction of the carrier signal for the 

rectifier stage is realized using the data provided in Table 4.2. In Table 4.1, the 

switching instants of the carrier signal is given. Note that the switching frequency of 

the SPWM scheme for the rectifier stage is adjusted as 50 kHz. The rectifier stage is 

controlled in an open loop manner in which there is no feedback signal is used. This 

greatly simplifies the rectifier control design. 
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Figure 4.2 SPWM model for SMC rectifier stage 

Table 4.2 Repeating switching sequence for carrier signal formation for the rectifier 

stage of the SMC 

Time values 0 0.25/50e3 0.5/50e3 0.75/50e3 1/50e3 

Output values 1 0 1 0 1 

 

4.1.2 SMC Inverter Stage Design 

The inverter stage is the second stage of the SMC. This stage is controlled by SPWM 

scheme like the rectifier stage as shown in Figure 4.3. But unlike the rectifier stage, 

the inverter stage is closed loop controlled in which feedback signals are employed. 

The FFO-PID is used in this stage to control the system parameters such as current 

and voltage. Table 4.3 shows the repeating switching sequence for carrier signal 

formation for the rectifier stage of the SMC. Note that the switching frequency of the 

SPWM scheme for the inverter stage is adjusted as 25 kHz. At this stage of the work, 

the open loop control system was used with SMC inverter stage. But after combining 

the SMC together with the WECS, a closed loop control system will be used. The 

mechanism of closed loop control system work depends on the PID or FFOPID 

controller. This will be explained later in the control section. 
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Table 4.3 Repeating switching sequence for carrier signal formation for the inverter 

stage of the SMC 

Time values 0 1/25e3 

Output values 1 -1 

 

 

Figure 4.3 SPWM model for SMC inverter stage 

4.2 LCL Filter Design 

To improve the output waveform quality of the SMC output, an LCL filter used is 

used in this work. The LCL model is shown in Figure 4.4. The input of the LCL is 

connected to the SMC output, while the output of the LCL filter is connected to the 

grid (usually after a coupling transformer). The LCL filter parameters are designed as 

follows: The left inductor is 0.6 mH, the right inductor is 51 mH, the shunt capacitor 

is 22 µF. 

 

 

Figure 4.4 LCL filter model 
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4.3 The Final Design of SMC Connected to 3-Phase AC Source 

The simulation model for testing and verifying the SMC is shown in Figure 4.5. This 

model is the first step of the simulation studies. The rectifier stage of the SMC is 

powered by a three-phase constant 50 Hz AC voltage source with a line-to-line rms 

voltage of 537V. In this model, the three-phase voltage source represents the output 

of the PMSG. The load at the output is a three-phase Y-connected RC load. The load 

parameters are R=16 Ω and C= 10 µF. In this study, the SPWM scheme is adapted 

for producing the control signals of the power semiconductor switches, both in the 

rectifier and inverter stages. The controllers here are of the open-loop type. It is 

intended to test the operation of the SMC before it is connected to the PMSG-WECS. 

In this case study, the measurements are taken both before and after LCL filter.
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Figure 4.5 The general model of the designed PMSG based WECS 
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4.4 The Simulation Results: SMC is feeding a load 

This section presents time-domain simulation results of three-phase SMC feeding a 

three-phase purely resistive load when it is fed by a constant three-phase voltage 

source. For these simulations, the rectifier and inverter stage gain are set to 0.5 and 1, 

respectively. The amplitudes of the rectifier and inverter stage are tuned to 1 and 3, 

respectively. The switching frequency of rectifier and inverter stage is set to 50 kHz 

and 25 kHz, respectively. The results are obtained with a goal of reducing THD of 

current and voltage waveforms at the output of the SMC as minimum as possible by 

adjusting the parameters of the rectifier and inverter stages. In this simulation 

studies, LCL filter is also used at the output of the SMC to reduce the harmonic 

content. Both rectifier and inverter of the SMC employs SPWM scheme to generate 

the control signals for the power semiconductor switches. Figure 4.6 depicts the 

active and reactive power measurements at the SMC output before LCL filter. On the 

other hand, Figure 4.7represents the input voltage and current waveforms of the 

SMC, respectively. Since, no filter is used at the SMC input, the current waveforms 

contain some switching noise and harmonics due to the rectifier semiconductor 

switching. 

 

 

(a) 

 

(b) 

Figure 4.6 Active and reactive power measurements at the SMC output before LCL 

filter: (a) active power, (b) reactive power 
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(a) 

 

(b) 

Figure 4.7 The input voltage and current waveforms of the SMC: (a) voltage 

waveform, (b) current waveform 

 

Figure 4.8 (a) and (b) represents THD measurements for voltage and current 

waveforms of the SMC output before LCL filter. The following comments are given. 

The THD values presented in Figure 4.8 are relatively high. This is due to the lack of 

LCL filtering. The switching harmonics negatively affect the output waveform 

quality. The THD of the current waveform is very high which is more than 80%. On 

the other hand, the THD of the voltage waveform is again very high which is more 

than 20%. Both of these results are not practically accepted. Figure 4.9 shows the 

efficiency measurement of the SMC before LCL filter. It can be observed that the 

final value of the efficiency when no filter is used is around 95%. 
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(a) 

 

(b) 

Figure 4.8 THD measurements for voltage and current waveforms of the SMC 

output before LCL filter:(a) voltage THD, (b)current THD 

 

 

Figure 4.9 The efficiency measurement of the SMC before LCL filter 

 

Figure 4.10 depicts the active and reactive power measurements at the SMC output 

after LCL filter. When these results are compared with Figure 4.6, the following 
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comments can be made. The active power shown in Figure 4.10 (a) seems lower after 

using the LCL filter. This result can be acceptable since with the usage of LCL filter, 

the THD values are greatly reduced. More quality waveforms are now being injected 

into the electrical grid or the load. When comparing the reactive power shown in 

Figure 4.6 (b) and Figure 4.10 (b), the following comments can be made. The 

decrease in the reactive power can be seen in Figure 4.10 (b) to -3kVAR compared to 

the one shown in Figure 4.6 (b), where this value is 10 kVAR. Here the role of the 

filter becomes clear again in reducing the value of the reactive power. 

 

 

(a) 

 

(b) 

Figure 4.10 Active and reactive power measurements at the SMC output after LCL 

filter: (a) active power, (b) reactive power 

 

Figure 4.11 shows the output voltage and current waveforms of the SMC after LCL 

filter. For Figure 4.11 (a) and (b), the following comments can be made. The value of 

the THD decreases a lot after using the LCL filter. The voltage waveform shown in 

Figure 4.11 (a) looks like almost pure sinusoidal waveform with a peak value of 

around 410V. Similarly, the current waveform shown in Figure 4.11 (b) again looks 

like almost pure sinusoidal waveform with a peak value of around 27A. Figure 4.12 

represents the THD measurements for voltage and current waveforms of the SMC 
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output after LCL filter. THD measurements before the LCL filter indicate a THD of 

0.83% for the SMC output voltage and with a THD of 0.2% for the SMC output 

current. On the other hand, the THD of SMC output voltage is reduced to 0.08%, 

while the THD of the SMC output current is reduced to 0.1% by using the LCL filter. 

It can be clearly concluded that with the use of LCL filter, the THD of voltage and 

current waveforms at the SMC output is clearly obtained as a lower value. The LCL 

filter reduces the switching noise and harmonics in both waveforms. 

 

 

(a) 

 

(b) 

Figure 4.11 The output voltage and current waveforms of the SMC after LCL filter: 

(a) voltage waveform, (b) current waveform 
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(a) 

 

(b) 

Figure 4.12 THD measurements for voltage and current waveforms of the SMC 

output after LCL filter: (a) voltage, (b) current 

 

Figure 4.13shows the efficiency measurement of the SMC after LCL filter. When 

comparing the efficiency value in Figure 4.13 after using the LCL filter with the 

efficiency value shown in Figure 4.9 before using the LCL filter, we will notice that 

the efficiency becomes around 85% after using the LCL filter.  

 

 

Figure 4.13 The efficiency result after LCL filter 
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The voltage and current waveforms at the input of rectifier stage of SMC are 

represented in Figure 4.14 (a) and (b), respectively. From Figure 4.14, the following 

observations are made. The voltage waveform is almost pure sinusoidal waveform as 

shown in Figure 4.14 (a). On the other hand, the current waveform contains some 

distortions as shown in Figure 4.14 (b). However, the THD values are greatly 

decreased after using the LCL filter. 

 

 

(a) 

 

(b) 

Figure 4.14 The voltage and current waveforms at the input of rectifier stage of 

SMC: (a) voltage, (b) current 

 

The voltage and current waveforms of fictitious DC link of SMC are shown in Figure 

4.15. It is seen that the DC voltage waveform has a ripple factor of 6.75% with an 

average value of around 860 V. 
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(a) 

 

(b) 

Figure 4.15 The voltage and current waveforms of fictitious DC link of SMC: (a) 

voltage, (b)current 

 

Figure 4.16 depicts the real and reactive power at the input of rectifier stage of SMC.    

From Figure 4.16 (a) and (b), the following details can be observed. Figure 4.16 (a) 

represents the active power supplied from the three-phase AC source and its value is 

around 26 kW, where the AC power source is connected with the SMC to the 

rectifier stage. On the other hand, Figure 4.16 (b) represents the value of the supplied 

reactive power to the rectifier stage of SMC. 
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(a) 

 

(b) 

Figure 4.16 The real and reactive power at the input of rectifier stage of SMC: 

(a) active power, (b) reactive power 

 

The SPWM control signals for rectifier and inverter stages of SMC are represented in 

Figure 4.17. These signals are compared with high frequency carrier signals to 

generate control signals for power semiconductors in rectifier and inverter stages. 

The resulting SPWM signals are shown in Figure 4.18. 

 

 

(a) 
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(b) 

Figure 4.17 The SPWM control signals: (a) for rectifier; (b) for inverter 

 

 

(a) 

 

(b) 

Figure 4.18 SPWM control signals: (a) for rectifier, (b) for inverter 

 

Figure 4.19 and Figure 4.20 respectively represents the line-to-line and line-to-

neutral voltage waveforms at the output of the SMC. 
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Figure 4.19 Line voltage Va, Vb, Vc 

 

 

Figure 4.20 Phase voltage Van, Vbn, Vcn 

 

4.5 SMC Output Voltage Control 

The simulation studies also investigate the changes in SMC output voltage by 

changing the rectifier/inverter gains and amplitudes. Table 4.4 shows the changes in 

SMC output voltage for different values of rectifier and inverter gains. In this case 

study, the amplitude of the rectifier and inverter stage is tuned to 1. The rectifier 

switching frequency is tuned to50 kHz, while the inverter switching frequency is 

tuned to 25 kHz. The highest output voltage is obtained as 142 V when both rectifier 

and inverter gains are adjusted to 1. 

Table 4.5 lists the changes in SMC output voltage for different values of rectifier and 

inverter amplitudes when the rectifier switching frequency is tuned to 50 kHz and the 

inverter switching frequency is tuned to 25 kHz. In this case study, the gain of the 
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rectifier and inverter stage is tuned to 1. The highest output voltage is obtained as 

425.5 V when the rectifier gains are adjusted to 1and the inverter gain is adjusted to 

5. Table 4.6 presents the changes in SMC output voltage for different values of 

rectifier and inverter switching frequencies. In this case study, the gain and 

amplitude of the rectifier are adjusted to 1 and 0.5, respectively. In this case study, 

gain and amplitude of the inverter are adjusted to 5 and 1, respectively. From Table 

4.6, it can be concluded that if a higher output voltage is needed, relatively high 

switching frequencies for rectifier and inverter can be used. However, this situation 

increases converter switching losses, so the designer should consider a trade-off 

between the high output voltage and low losses. 

 

Table 4.4 The change in SMC output voltage for different values of the rectifier and 

inverter gains (rectifier Fs is 50 kHz, inverter Fs is 25 kHz) 

 

Rectifier Gain (G) Inverter Gain (G) Output Voltage (Under Load) 

1 1 142 

1 0.5 31.37 
1 0.2 31.37 

1 0.1 31.37 

0.5 1 143.7 

0.2 1 143.7 

0.1 1 143.7 

0.5 0.5 31 

0.2 0.2 31 

 

Table 4.5 The change in SMC output voltage for different values of rectifier and 

inverter amplitudes (rectifier Fs is 50 kHz, inverter Fs is 25kHz) 

Rectifier Amplitude  Inverter Amplitude Output Voltage (Under Load) 

0.5 1 170 
1 1 142 

2 1 6.5 

1 0.5 31.37 

1 2 420.5 

1 3 424.3 

1 5 425.5 

0.5 0.5 31.37 

2 2 54.9 

3 3 66.8 
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Table 4.6 The change in SMC output voltage for different values of rectifier and 

inverter switching frequencies (the gain and amplitude of the rectifier are 1 and 0.5, 

the gain and amplitude of the inverter are 5 and 1) 

Rectifier (fs) Inverter (fs) Output Voltage (Under Load) 

50 50 425.5 

50 40 426.4 

50 30 426.8 

50 20 425.8 

50 25 426 

40 50 238.4 

30 50 211.1 

20 50 238.8 

25 50 155.8 

 

4.6 SMC Efficiency Evaluation 

The efficiency of SMC is evaluated by changing modulation indices such as gain, 

amplitude, and switching frequency. Table 4.7, Table 4.8, and Table 4.9lists the 

changes in SMC efficiency for different values of rectifier and inverter amplitudes. It 

is observed that around 98% of SMC efficiency is measured which can be 

considered sufficient for the given parameter settings. 

 

Table 4.7 The change in efficiency of SMC for different values of rectifier and 

inverter gains (rectifier Fs is 50 kHz, inverter Fs is 25 kHz) 

Rectifier Gain 
(G) 

Inverter Gain 
(G) 

SMC efficiency 
before  

LCL filter 

SMC efficiency 
after  

LCL filter 
1 1 98.8 58 
1 0.5 98.43 16.5 

1 0.2 98.43 16.5 

1 0.1 98.43 16.5 

0.5 1 98.8 58 

0.2 1 98.8 58 

0.1 1 98.8 58 

0.5 0.5 98.43 16.5 

0.2 0.2 98.43 16.5 
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Table 4.8 The change in efficiency of SMC for different values of rectifier and 

inverter amplitudes (rectifier Fs is 50 kHz, inverter Fs is 25 kHz) 

Rectifier 
Amplitude  

Inverter 
Amplitude 

SMC efficiency 
before  

LCL filter 

SMC efficiency 
after  

LCL filter 
0.5 1 98.8 58 
1 1 98.8 58 

2 1 98.8 68 

3 1 98.8 68 

1 0.5 98.4 16.5 

1 2 98.9 79.5 

1 3 98.9 82.5 

1 5 98.9 85 

0.5 0.5 98.4 16.5 

2 2 98.8 16.5 

3 3 98.8 83 

 

Table 4.9 The change in efficiency of SMC for different values of switching 

frequencies (gain and amplitude of rectifier is1 and 0.5, gain and amplitude of 

inverter is5 and 1 

Rectifier (fs) Inverter (fs) SMC efficiency 
before  

LCL filter 

SMC efficiency 
after  

LCL filter 
50 50 98.9 85 

50 40 98.9 85 
50 30 98.9 84.9 

50 20 98.9 85 

50 25 98.9 85 

40 50 96.3 79 

30 50 95.4 78.5 

20 50 96.2 79 

25 50 94.9 77.5 

 

4.7 SMC THD Performance Evaluation 

The different changes in THD of voltage and current waveforms under load by 

changing modulation indices (gain, amplitude, and frequency of switch)are shown in 

Table 4.10, Table 4.11, and Table 4.12. 
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Table 4.10 The change in THD values for voltage and current for different rectifier 

and inverter gains, (amplitude is 1 for both rectifier and inverter, rectifier Fs is 50 

kHz, inverter Fs is 25 kHz) 

Rectifier Gain (G) Inverter Gain (G) Voltage (THD)% Current (THD)% 

1 1 0.2 0.2 

1 0.5 0.2 0.2 

1 0.2 0.2 0.2 

1 0.1 0.2 0.2 

0.5 1 0.2 0.2 

0.2 1 0.2 0.2 

0.1 1 0.2 0.2 

0.5 0.5 0.2 0.2 

0.2 0.2 0.2 0.2 

 

Table 4.11 The change in THD values for voltage and current for different rectifier 

and inverter amplitudes, (gain is 1 for both rectifier and inverter, rectifier Fs is 50 

kHz, inverter Fs is 25 kHz) 

Rectifier 
Amplitude  

Inverter 
Amplitude 

Voltage (THD)% Current (THD)% 

0.5 1 0.2 0.2 

1 1 0.2 0.2 

2 1 0.4 0.4 

3 1 0.4 0.4 

1 0.5 0.2 0.2 

1 2 0.1 0.1 

1 3 0.08 0.1 

1 5 0.08 0.1 

0.5 0.5 0.2 0.2 

2 2 0.3 0.3 

3 3 0.3 0.3 
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Table 4.12 The change in THD values for voltage and current for different rectifier 

and inverter switching frequencies, (gain and amplitude of rectifier is 1 and 0.5, gain 

and amplitude of inverter is 5 and 1, rectifier Fs is 50 kHz, inverter Fs is 25 kHz) 

Rectifier (fs) Inverter (fs) Voltage (THD)% Current (THD)% 

50 50 0.1 0.1 

50 40 0.08 0.1 

50 30 0.08 0.1 

50 20 0.08 0.1 

50 25 0.08 0.1 

40 50 0.1 0.1 

30 50 0.1 0.1 

20 50 0.1 0.1 

25 50 0.1 0.2 

 

4.8 WECS Mathematical Model 

In this section, the mathematical models of each component of the WECS are 

described in detail. This mathematical model presents for all parts of the WECS 

separately. The main equations are mentioned for each part separately. All the parts 

are then combined into a single system. The generated active and reactive power are 

transferred to the SMC and then to the grid. The mathematical models of the parts of 

the WESC are given as follows. 

 

4.8.1 Wind Turbine Model 

The kinetic energy stored in a wind turbine is represented by Equations (4.1) and 

(4.2) [44]. 

 EC = 12 𝑚𝑣2                                                          (4.1) 𝑚 = 𝜌𝑣𝑆                                                             (4.2) 

 

where𝑚 is the air mass, 𝑣is the wind speed in m/s, 𝜌is theair density in kg/m3, and 𝑆 is the total surface area of the turbine blades in m2. The wind power can be 

represented by the following Equation (4.3) [44][60]. 

 𝑃𝑤 = 𝐸𝑐 = 12 𝑚𝑣2 = 12 𝜌𝑆𝑣3                                          (4.3) 
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The wind turbine is used to convert wind energy into mechanical energy. Equation 

(4.4) represents the relationship between mechanical energy and wind energy to 

extract the power coefficient of the turbine [44]. 

 𝐶𝑝 = 𝑃𝑚𝑃𝑤 ;  𝐶𝑝 <  1                                                    (4.4) 

 

where𝐶𝑝is the unitless power coefficient of the turbine, 𝑃𝑚 is the mechanical power 

(W), and 𝑃𝑤is the captured wind power (W). The power coefficient of the turbine has 

a maximum limit, called as “Betz's limit”. Theoretically, the power coefficient is 

equal to 0.593, meaning that no energy is higher than 59.3% of the extracted from 

the turbine. The coefficient 𝐶𝑝 is a function of pitch angle (𝛽) and tip speed ratio (𝜆), 

expressed as follows [44][61]. 

 𝑃𝑚 = 𝐶𝑝(𝜆, 𝛽) = 𝜌𝑆2 𝑣𝑤𝑖𝑛𝑑3                                            (4.5) 𝑇𝑚 = 𝑃𝑚𝑤                                                              (4.6) 

 

Figure 4.21 includes the simulation model of the wind turbine, with the control 

mechanism used to obtain the mechanical power needed to rotate the generator. 

PMSG is used in the WECS. The input side of the wind turbine includes three main 

parameters. 

 

 

Figure 4.21 The simulation model of wind turbine 
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The wind speed rotates the turbine blades. There is a feedback loop from the 

generator which is connected after the turbine stage, and its usefulness is to control 

the speed of the generator by increasing or decreasing the rotational speed of the 

turbine. The pitch angle, through which the turbine blades are angled, so that they are 

always facing the wind in order to get the most benefit from the wind energy. 

Adjusting the angle of inclination of the blades also helps to control the speed of the 

generator. The output side of the wind turbine is to obtain the mechanical torque 

(Tm) needed eventually to rotate the generator shaft. The pu measurements are 

adopted for the whole system. 

 

4.8.2 PMSG Model 

Permanent magnets are used in PMSGs instead of field windings and field excitation 

circuit. This situation brings many advantages to PMSGs such as small size, high 

power density, high reliability, and robustness. Also, PMSG can be equipped without 

any gearbox in a WECS which reduces maintenance costs. The equivalent circuit of 

a PMSG is shown in Figure 4.22. This model is constructed in d-q synchronous 

reference frame [62][63]. Table 4.13 shows PMSG model parameters used in the 

simulation studies. 

 

 

Figure 4.22 The equivalent circuit of PMSG in the d-q synchronous reference frame 

[64] 

 

The voltage equations of a PMSG can be written as follows [64] 

 𝑑𝑑𝑡 𝑖𝑑 =  1𝐿𝑑 𝑣𝑑 − 𝑅𝐿𝑑 𝑖𝑑 + 𝐿𝑞𝐿𝑑 𝑝𝑤𝑟𝑖𝑞                                        (4.7) 𝑑𝑑𝑡 𝑖𝑞 =  1𝐿𝑞 𝑣𝑞 − 𝑅𝐿𝑞 𝑖𝑞 + 𝐿𝑞𝐿𝑞 𝑝𝑤𝑟𝑖𝑞 − 𝜆𝑝𝑤𝑟𝐿𝑞                                    (4.8) 
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The electromagnetic torque can be represented in Equation (4.9) [65]. 

 𝑇𝑒 = 1.5𝜌[𝜆𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞                                        (4.9) 

 

where, Ld is the d−axis inductance, Lq is the q−axis inductance, R is the resistance of 

the stator windings, id is the d−axis current, iq is the q−axis current, vd is the d−axis 

voltage, vq  is the q−axis voltage, wr  is the angular velocity of the rotor, λ is the 

amplitude of induced flux, p is the number of pole pairs. The dynamic equations are 

represented by Equations (4.10) and (4.11) [66], 

 𝑑𝑑𝑡 𝑤𝑟 =  1𝐽 (𝑇𝑒 − 𝐹𝑤𝑟 − 𝑇𝑚)                                     (4.10) 𝑑𝑑𝑡 𝜃 = 𝑤𝑟                                                      (4.11) 

 

where, J is the inertia of the rotor in (kg.m2), F is the friction coefficient of the rotor 

in (N.m.sec), and θ is the rotor angular position in (rad/sec). 

 

Table 4.13 PMSG simulation model parameters 

Parameter  Value 

Power rating  1.5 MW 

Stator phase resistance  0.006 Ω 

Armature inductance  0.000395 H 

Flux linkage  1.51 Wb-turns 

Number of polepairs 48 

 

4.8.3 Drive Train Model 

The mechanical drive system used in a WECS delivers mechanical power to the shaft 

of the generator. It differs from the gearbox used in Doubly Feed Induction 

Generator (DFIG). The drive train system helps to reduce the size of the 

PMSG.WECS that use drive trains do not need a large PMSG generator to 

compensate for the differences in speed, thus making the system lighter and less 

expensive to manufacture. The wind turbines can be classified according to the used 
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drive train configuration and the speed required for the turbines. This classification is 

shown in Figure 4.23. Table 3.4 shows the quantity of what the wind turbine requires 

from permanent magnet (PM) for manufacturing and compares the quantity used 

with different types of generators according to the capacity of each one. PM mainly 

contributes to increased manufacturing costs due to its manufacture from rare earth 

elements [62][67]. Figure 4.24 shows the drive train model used in this work. The 

mathematical model of this drive train is expressed as follows, 

 2𝐻𝑡 𝑑𝑤𝑡𝑑𝑡 = 𝑇𝑚 − 𝑇𝑠                                                  (4.12) 1𝑤𝑒𝑏𝑠 𝑑𝜃𝑠𝑡𝑎𝑑𝑡 = 𝑊𝑡 − 𝑊𝑟                                                 (4.13) 𝑇𝑠 = 𝐾𝑠𝑠𝜃𝑠𝑡𝑎 + 𝐷𝑡 𝑑𝜃𝑠𝑡𝑎𝑑𝑡                                                (4.14) 

 

where, 𝐻𝑡 is the inertia constant of the turbine, 𝜃𝑠𝑡𝑎  is the shaft twist angle in rad 

/sec, 𝑊𝑡 is the angular speed of the wind turbine rad/sec, 𝑊𝑟  is the rotor speed of the 

generator in rpm, 𝑤𝑒𝑏𝑠  is the electrical base speed in pu, 𝑇𝑠  is the shaft torque in 

rad/N-m, 𝐾𝑠𝑠 is the shaft stiffness in rad.N/m, and 𝐷𝑡 is the damping coefficient in  

lbf s/inch. 

 

 

Figure 4.23 Types of turbines according to drive train configuration and the speed 

limit [68] 

 

Wind Turbines

Direct Drive
(No Gear)

Low-speed drive 
(10-30 rpm)

HTSG
(future)

High PM content 
generator

(PMSG)

Electrically 
excited generator

(EESG)

Geared 
Drive Train

Mid-speed drive 
(≥ 80 rpm)

Low 
PMcontent 

(PMSG)

High-speed drive

(≥ 900 rpm)

Low PM content (PMSG) 
and/or electromagnet 
generators (e.g. DFIG)



63 

 

Figure 4.24 Simulation model of the drive train  

 

Table 4.14 The quantity of permanent magnetic in each type of generator.a Typical 

permanent magnet amount: high =650 kg/MW; medium =160 kg/MW; low =80 

kg/MW, bEESG– electrically excited synchronous generator, c Over time, Enercon 

has upgraded the capacity of its generator [69][70] 

Technology Permanent 
magnet amounta 

Generator type 
and capacity 

Manufacturer 

Low-speed/direct 
drive 

High PMSG 6 MW Siemens Wind Power 

Mid-speed/geared Medium PMSG 8 MW Vestas (MHIVestas) 

Low-speed/direct 
drive 

None EESGb 7.58 MW Enerconc 

Low-speed/direct 
drive 

High PMSG 6 MW Alstom 

High-speed/geared None DFIG 6.2 MW Senvion 

Mid-speed/geared Medium PMSG 5 MW Advent 

 

4.9 The Complete Simulation Model of PMSG based WECS 

Figure 4.25 represents the final complete simulation model of the PMSG based 

WECS proposed in this study. The system is divided into many stages.The first stage 

is the generation stage. This stage includes the wind turbine, drive train, PMSG, in 

addition, the control systems that are used to control the generation stage to obtain 

the required active and reactive power. A constant wind speed of 9m/s is used to 

rotate the turbine. The pitch angle control system is used, which constantly adjusts 

the angle of inclination of the turbine blades so that they are facing the wind to 

achieve the maximum benefit from the wind energy.The mechanical torque produced 

by the turbine is transmitted to the drive train. The operational controller block 

determines the maximum speed at which the generator is rotated by controlling the 

rotation of the drive train. When the maximum speed is exceeded more than 9m/s, 
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the operational controller turns off the generator to prevent it from damage. Finally, 

the mechanical torque is transmitted to the PMSG. The generator generates a rated 

power of 1.5 MW. This power is transferred to the next stage of the system.The 

second stage is the converter stage. A three-phase SMC is used. The SMC consists of 

two main stages, rectifier stage and inverter stage. Each stage contains bidirectional 

switches. These switches consist of semiconductors, IGBT, and diode. Each stage of 

the SMC is controlled separately, in order to obtain the maximum value of the AC 

output voltage. The energy from the generation stage is injected into the first stage of 

the SMC into the rectifier stage. The rectifier stage converts AC input voltage to DC 

output voltage. Since the SMC does not contain energy storage elements such as a 

conductor or capacitor, will be dealt with a fictitious DC link between the rectifier 

stage and inverter stage. DC output voltage from rectifier stage is the input to 

inverter stage. The inverter stage converts a DC voltage to AC output voltage. An 

open-loop control system is used to control the rectifier stage to generate PWM 

signals that control the switches from S1 to S9. A closed-loop control system is used 

to control the inverter stage to generate PWM signals that control the switches from 

S10 to S15. The closed-loop control system depends on the PID or FFOPID to 

calculate the error and change in the error. The AC output voltage from the converter 

stage is transferred to the next stage. The third stage is the filter stage. The filter 

stage eliminates or reduces the harmonics present in the waveforms of the SMC. The 

electrical energy is transferred to the next stage. The fourth and final stage is the 

electrical grid stage. The electrical grid consists of a Y-Y connected transformer 

designed with a frequency of 50 Hz, an apparent power of 2.5 MVA, a voltage for 

the primary winding is 0.6 kV rms phase to phase, a voltage for the secondary 

winding of 20 kV rms phase to phase. The network also contains power transmission 

lines and loads. The transmission line and load parameters are shown in Figure 4.25.
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Figure 4.25 The simulation model of PMSG based WECS 

 

 



66 

4.10 The Control System Model  

The conceptual block diagram of the designed control system for the inverter stage of 

the SMC is shown in Figure 4.26. As seen, it is based on the transformation from 

ABC to dq0 reference frame and vice versa. In this control approach, FFOPID or 

PID controllers can be selected for comparison of their performances. The simulation 

model of ABC to dq0 transformation is given in Figure 4.27. The closed loop 

simulation model of the inverter stage control is shown in Figure 4.28. 

 

 

Figure 4.26 The conceptual block diagram of the closed loop control 

 

 

Figure 4.27 The simulation model of ABC to dq0 transformation 

 

 

Figure 4.28 The closed loop simulation model of the inverter stage control 
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4.10.1 The Simulation Model of The Inverter Stage Controller Based on PID 

Control Scheme 

Figure 4.29 depicts the simulation model of the inverter stage controller which is 

based on PID control scheme. The objective of this controller is to produce control 

signals for the power semiconductor switches in the inverter stage of the SMC from 

the reference values of 𝐼𝑑−𝑟𝑒𝑓, 𝐼𝑞−𝑟𝑒𝑓. The input of this controller has three signals. 

The first one is the grid voltage (𝑉𝐴𝐵𝐶). This signal is the combination of the three-

phase line-to-neutral voltages obtained from the grid. This signal is used as in input 

of the PLL to produce reference signals such as, frequency and 𝑤𝑡. The latter one is 

used for synchronization of the control scheme with the grid. The second and third 

signals that enter to the controller are𝐼𝑑−𝑟𝑒𝑓, 𝐼𝑞−𝑟𝑒𝑓 values. The 𝐼𝑑−𝑟𝑒𝑓 value is set to 

one pu so that the active power injected into the network from the WECS is set to 

100% of the produced power from the wind. The value of the 𝐼𝑞−𝑟𝑒𝑓 is set to zero pu 

so that the reactive power injected into the grid from the WECS is set to zero (unity 

power factor operation). The PID controller generates the control signal based on the 

error signal at its input [71]. Finally, the control signals for the inverter stage are 

obtained at the output of the control scheme. Then, the active and reactive power are 

injected into the grid at their predefined values using the above-mentioned controller 

mechanism. 

 

 

Figure 4.29 The simulation model of inverter stage controller based on PID control 

scheme 
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4.10.2 Fractional-Order PID Controller Model 

Continuing study and research in the field of controllers has produced modern 

controllers, including the FO, which is better than the classic PID controller in terms 

of performance and durability [72][73]. The FO calculus applications for dynamic 

systems have started in the year 1960 [74]. Since then, the research on FO control 

has extended to various areas of engineering. The fractional-order PID controller is a 

sum of fractional operators along with controller gains. The mathematics dealing 

with FO is integration branches and calculus of the real and complex order. 

Calculating FO relates to fractional dimension infinite memory and chaotic behavior. 

FO can apply in electronics, control theory, and many other fields [55][56].FO 

mathematics is necessary to describe and model real-time more accurately than using 

traditional integers. The FO differentiator can be represented as a continuous 

differential integral operator as in Equation (4.17) [75]-[77], 

 

aDtγ = { dγdtγ ℜ(γ) >                                  0  1                                    ℜ(γ) = 0 ∫ (dτ)−γta                     ℜ(γ) < 0                                   (4.17) 

 

where, γ is the order of the differ integration, and a is constant related to initial 

conditions. Several standard definitions used in the field of FO calculus are Caputo 

(e.g., in numerical integration and physics), Grunwald-Letnikov (e.g., 

communications and control), and Riemann-Liouville (e.g., in calculus). The 

Riemann-Liouville and Caputo definitions are expressed in Equation (4.18), 

 aDtγf (t) = 1Γ(n−1) dndtn ∫ f(τ)f(t−τ)γ−n+1ta dτ                              (4.18) 

 

where, Γ(γ), (n − 1 < 𝛾 < 𝑛) is the normal gamma function represented as, 

 Γ(γ) = ∫ e−uuγ−1du, ℜ(γ) > 0∞0                               (4.19) 

 

The Grunwald-Letnikov definitions used in this thesis are represented as, 
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aDγt f(t) = limh→0 h−γ ∑ (−1)j (γj )[(t−a) h⁄ ]j=0 f(t − jh)                   (4.20) 

 

where, [(t − a) h⁄ ] are the limits of the operator. The gamma function generalizes 

the factorial operator. It is works on evaluating the binomial coefficient, given as, 

 (γj ) = γ!j!(γ−j)! = Γ(γ+j)Γ(γ+1) Γ(γ−j+1)                                     (4.21) 

 

The beneficial equation to get the numerical solution of a fractional differential 

equation is Equation (4.20) [78]. The FOPID controller transfer function is given as, 

 𝐺𝑐(𝑠) = 𝐼𝑎𝑏𝑐(𝑠)𝑒 (𝑠) = 𝐾𝑃 + 𝐾𝐼𝑠−𝜆 + 𝐾𝐷𝑠𝜇                              (4.22) 

 

where, 𝐺𝑐(𝑠)is the controller transfer function, 𝑒(𝑠)is the error, 𝐼𝑎𝑏𝑐(𝑠) is the output, 𝐾𝑃 , 𝐾𝐼 , 𝐾𝐷 are respectively the gains for proportional, integral, and derivative terms. 

The term𝜆is defined as the fractional component of the integral part, and 𝜇 is the 

fractional component of derivative part. The FOPID controller time-domain 

representation is given as follows, 

 𝐼𝑎𝑏𝑐(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝐼𝐷−𝜆𝑒(𝑡) + 𝐾𝐷𝐷𝜇𝑒(𝑡)                       (4.23) 

 

 

It is evident that, in the FOPID controller, apart from the usual three parameters 𝐾𝑃 , 𝐾𝐼 , and 𝐾𝐷 the parameters of integral order 𝜆 and derivative-order 𝜇  should be 

considered. Hence, the FOPID controller design procedure involves solving five 

nonlinear equations with five unknowns 𝐾𝑃 , 𝐾𝐼 , 𝐾𝐷, 𝜆, and 𝜇 related to the system. On 

the other hand, it has five complex nonlinear equations, and when we notice this 

complexity, we see it is due to the presence of fractional order. The simulation 

environment can be considered as the appropriate tool for designing this controller 

with minimum error rate. The controller design for the suggested system is 

completed by using the FOMCON toolbox with Oustaloup's analytical 

approximation technique described in [79][80]. 
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4.10.3 Fuzzy Fractional-Order PID Controller Model 

In this study, fuzzy logic theory is used to dynamically adjust the gains (𝐾𝑃 , 𝐾𝐼,𝐾𝐷) 

of the PID controller. The real-time adjustments are given as follows, 

 𝐾𝑃 = 𝐾𝑃 + ∆𝐾𝑃 𝐾𝐼 = 𝐾𝐼 + ∆𝐾𝐼                                               (4.24) 𝐾𝐷 = 𝐾𝐷 + ∆𝐾𝐷 

 

where, 𝐾𝑃 , 𝐾𝐼 , and 𝐾𝐷  are the initial gains of the PID controller, ∆𝐾𝑃 , ∆𝐾𝐼 , and ∆𝐾𝐷are the dynamic scaling factors computed by fuzzy logic theory. In the design of 

fuzzy part, Mamdani-type fuzzy inference system is used with triangle membership 

functions for inputs and Gaussian membership functions for output. Note that two 

membership functions are used for the inputs, whereas three membership functions 

are selected for the outputs. The FFOPID controller parameters used in the design are 

listed in Table 4.15. 

Table 4.15 FFOPID controller parameters 

KP KI KD 𝜸 𝝁 

1.2 0.25 0.01 0.3 0.3 

 

Figure 4.30 represents the simulation model of the FFOPID controller used for the 

inverter stage of the SMC. The objective of this controller is to obtain control signals 

for the power semiconductor switches of the inverter stage of the SMC. The 

operation style of the FFOPID controller is the same as that of the PID control 

scheme which is previously mentioned. However, The FFOPID controller works to 

adjust the error and change of error by adopting the FO system in which a fuzzy 

interference system is added. FFOPID controller is placed for the two components 

such as 𝑑 − 𝑞 separately.Finally, we get a PWM signal that controls the power 

semiconductor switches of the inverter stage of the SMC. The simulation studies 

show that the active and reactive power are injected into the grid in a faster time 

response compared to the classical PID controller. The details of this comparison are 

mentioned later in more detail. The membership functions used in the fuzzy  

interference system are shown in Figure 4.31. The membership functions are 

designed with linguistic variables. For input, NB is negative big, NM is negative 
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medium, NS is negative small, Z is zero, PS is positive small, PM is positive 

medium, and PB is positive big. For output small and big definitions are utilized. The 

rule base is the pivotal part of the fuzzy logic control design which links the input 

and output linguistic variables. Mudi and Pal in 1999 had recommended the methods 

for framing rule base using conjectural logic [81]. Table 4.16, Table 4.17, and Table 

4.18 respectively represents the output rule∆𝐾𝑃 , ∆𝐾𝐼 , and ∆𝐾𝐷 . The surface view 

relationships between input and output are shown in Figure 4.32. The surface view 

shows how the scaling factor could vary based on input and change-in-error 

magnitude. From the surface view, it is observed that input and output have a 

nonlinear relationship, in particular for the proportional and derivative scaling 

factors. The proportional, integral, and derivative scaling values are more for the 

larger amplitude of error and change-in-error. Also, these values have gradually 

reduced for the minor error and change-in-error values. To determine the crisp 

output, the center of gravity defuzzification is used [56][82][83]. 

 

 

Figure 4.30 The simulation model of the FFOPID controller  
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Table 4.16 Fuzzy linguistic rules for ∆KP − 𝑒 pair 𝑑, 𝑞 ∆𝒆 ∆𝑲𝑷 NB NM NS Z PS PM PB 
 
 
 𝒆 
 

NB Big Big Big Big Big Big Big 

NM Small Big Big Big Big Big Big 

NS Small Small Big Big Big Small Small 

Z Small Small Small Big Small Small Small 

PS Small Small Big Big Big Small Small 

PM Small Big Big Big Big Big Small 

PB Big Big Big Big Big Big Big 
 

Table 4.17 Fuzzy linguistic rule and ∆𝐾𝐼 − ∆epair 𝑑, 𝑞 ∆𝒆 ∆𝑲𝑰 
 

NB NM NS Z PS PM PB 

 
 
 𝒆 
 

NB Small Small Small Small Small Small Small 

NM Big Big Small Small Small Big Big 

NS Big Big Big Small Big Big Big 

Z Big Big Big Big Big Big Big 

PS Big Big Big Small Big Big Big 

PM Big Big Small Small Small Big Big 

PB Small Small Small Small Small Small Small 

 

Table 4.18 Fuzzy linguistic rule and ∆KD − ∆e pair 𝑑, 𝑞 ∆𝒆 ∆𝑲𝑫 
 

NB NM NS Z PS PM PB 

 
 
 𝒆 
 

NB Small Small Small Small Small Small Small 

NM Big Big Small Small Small Big Big 

NS Big Big Big Small Big Big Big 

Z Big Big Big Big Big Big Big 

PS Big Big Big Small Big Big Big 

PM Big Big Small Small Small Big Big 

PB Small Small Small Small Small Small Small 
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Figure 4.31 Input membership functions for error 

 

 

Figure 4.32 Input membership functions for change-in-error 

 

 

Figure 4.33 Output membership functions for ∆KP, ∆KI, ∆KD 
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(a) 

 

(b) 

 

(c) 

Figure 4.34 The surface view of change of (a) ∆KP, (b)∆KI, (c)∆KD with respect to 

error and change-in-error 
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4.11 The Simulation Results of PMSG based WECS Connected to Grid 

4.11.1 The Simulation Results with PID Controller 

In this study, WECS is designed to generate a rated power of 1.5 MW. The generated 

power appears at the input of the SMC (rectifier stage). By using the control system 

of the SMC, this power is transferred to the inverter stage of the SMC without using 

any storage element at the DC link. The inverter stage is operated with a fictitious 

DC power at its input to produce controllable AC voltage at its output. This AC 

power is then injected to the electrical grid through LCL filter and the coupling 

transformer. The control system used here is the PID controller. Figure 4.35 

respectively represents the generated active and reactive power by the PMSG. 

 

 

(a) 

 

(b) 

Figure 4.35 Generated power: (a) active power; (b) reactive power 

 

The injected powers by the WECS into the electrical grid are shown in Figure 4.36. 

The reactive power injection must be zero or close to zero according to the 

previously described control conditions of the system. This is the condition necessary 

to have maximum power transferred without any impedance mismatch. When the 
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reactive power is zero, this means that active power becomes equal to the apparent 

power. This means that the PF becomes unity. This also means that the system power 

rating is used as much as possible to inject the maximum possible amount of active 

power from the WECS into the grid. Figure 4.37 represents the grid side active and 

reactive power injections. From Figure 4.37, the following comments can be made. 

We also note that the stability of the grid is ensured when checking the simulation 

results. From Figure 4.37 (a), we notice that the value of the active power is about 

1.4 MW. From Figure 4.37 (b), we notice that the value of the reactive power is 

about -300 VAR. The grid supplies this amount of reactive power to the loads 

connected to the grid. Since different power factor loads are available in the system. 

 

 

(a) 

 

(b) 

Figure 4.36 The injected powers by the WECS into the electrical grid: (a) active 

power, (b) reactive power 
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(a) 

 

(b) 

Figure 4.37 The grid side power injections: (a) active power, (b) reactive power 

 

Figure 4.38 represents the dynamic change of the system efficiency to be about 93% 

when the PID controller is used. 

 

Figure 4.38 System efficiency when PID controller is activated 
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4.11.2 The Simulation Results with FFOPID Controller 

Figure 4.39 (a) and (b) respectively represents the generated active and reactive 

power from the WECS into the grid. From Figure 4.39, the following comments can 

be made. Figure 4.39 (a) represents the generated active power which is very close to 

1.5 MW. This value is the value on which the WECS was designed. From the 

respective waveform, we note that the response time is fast due to the use of the 

FFOPID controller. This response is faster than the response obtained when the PID 

controller is used, as shown in Figure 4.35 (a). Figure 4.39 (b) represents the 

generated reactive power of the WECS into the grid. From Figure 4.39, the following 

comments can be made. The value of the reactive power is 300 VAR. The FFOPID 

controller succeeded in reducing the value of the reactive power after it was equal to 

370 VAR when using the PID controller. In terms of response time, it is faster when 

compared with the waveform generated using the PID controller as shown in Figure 

4.35 (b). 

 

 

(a) 

 

(b) 

Figure 4.39 Generated power: (a) active power; (b) reactive power 
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Figure 4.40 (a) and (b) respectively represents the injected active and reactive power 

into the grid using the FFOPID controller. From Figure 4.40, the following 

comments can be made. Figure 4.40 (a) represents the injected active power which is 

very close to 1.5 MW. This is the value on which the WECS was designed. From the 

waveform, we note that the response time is fast due to the use of the FFOPID 

controller. This response is faster when compared to the waveform generated using 

the PID as shown in Figure 4.36 (a). Also, the value of the injected power is 1.4MW 

by using the PID controller. This proves the superiority of FFOPID control scheme. 

Figure 4.40 (b) represents the injected reactive power into the electrical grid. From 

this figure, the following comments can be made. The value of the reactive power is 

0 VAR. The FFOPID controller succeeded in making the value of the reactive power 

stable after it was equal to -25 VAR when using the PID controller. In terms of 

response time, it is faster when compared with the waveform generated using the 

PID controller shown in Figure 4.36 (b). 

 

 

(a) 

 

 

(b) 

Figure 4.40 The injected powers by the WECS into the electrical grid: (a) active 

power, (b) reactive power 
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Figure 4.41 (a) and (b) respectively represent the grid active and reactive power. 

From Figure 4.41, the following comments can be made. Figure 4.41 (a) represents 

the grid active power and has a value of 1.75 MW. From the simulated waveform, 

we note that the response time is fast due to the use of the FFOPID controller, which 

is faster when compared to the waveform generated using the PID as shown in 

Figure 4.37 (a). Figure 4.41 (b) represents the grid reactive power. From this figure, 

the following comments can be made. The value of the reactive power is -300 VAR. 

Also, in terms of response time, it is faster when compared with the waveform 

generated using the PID controller shown in Figure 4.37 (b). Figure 4.42 represents 

the efficiency of the system. It is measured as about 94% after 5 seconds.  

 

 

         (a) 

 

         (b) 

Figure 4.41 Grid power: (a) active power; (b) reactive power 

 

Figure 4.42 Efficiency of the system 
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4.11.3 The Comparison Study between PID and FFOPID Controller 

In this section the dynamic performances of PID and FFOPID controllers are 

compared and evaluated. The wind speed is adjusted to 9m/s. Unit step changes are 

applied to both 𝐼𝑑−𝑟𝑒𝑓and 𝐼𝑞−𝑟𝑒𝑓at different times. Figure 4.43 shows a comparison 

between PID and FFOPID controllers when 𝐼𝑑−𝑟𝑒𝑓is constant and 𝐼𝑞−𝑟𝑒𝑓 is altered.  

On the other hand, Figure 4.44 shows a comparison between PID and FFOPID 

controllers when 𝐼𝑞−𝑟𝑒𝑓is constant and 𝐼𝑑−𝑟𝑒𝑓is altered. The system that uses the 

classical PID controller takes a long time to reach the desired output and an 

acceptable value of the overshot until the steady-state is reached. However, when 

using the FFOPID, the system’s response takes less time to reach the desired output 

when compared with the classical PID control. There is no value to be mentioned for 

overshoot, and access to the steady-state is much faster when FFOPID controller is 

utilized. All of these observations clearly make the FFOPID better than PID 

controller. Due to applications of the fuzzy logic theory and FO calculus, FFOPID 

controller is able to dynamically modify the controller gains in each sampling time, 

yielding better dynamic response can be obtained. Table. 4.19, Table. 4.20clarifies 

a qualitative comparison between PID and FFOPID controllers in terms of  

rise time, overshoot, settling time, and steady-state time. The numerical  

values clearly show the superiority of the FFOPID over PID controller.
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Figure 4.43 The response of PID and FFOPID controllers when 𝐼𝑑−𝑟𝑒𝑓is constant and 𝐼𝑞−𝑟𝑒𝑓 is altered 
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Figure 4.44 The response of PID and FFOPID controllers when 𝐼𝑞−𝑟𝑒𝑓 is constant and 𝐼𝑑−𝑟𝑒𝑓 is altered 
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Table 4.19 The qualitative comparison between PID and FFOPID controllers (𝐼𝑞−𝑟𝑒𝑓 

is altered and 𝐼𝑑−𝑟𝑒𝑓 is =0.8 pu) 

Iq Value Controller Rise Time Overshoot Settling Time St-St time 

 
+ 0.1 

FFO-PID  0.18 0.00 0.19 0.20 
Classical PID  0.20 0.00 0.25 0.32 

 
- 0.2 

FFO-PID  3.00 0.00 3.50 3.55 
Classical PID  3.50 0.00 3.80 4.00 

 

Table 4.20 The qualitative comparison between PID and FFOPID controllers (𝐼𝑑−𝑟𝑒𝑓  

is altered and 𝐼𝑞−𝑟𝑒𝑓 is =0.0 pu) 

Id Value Controller Rise Time Overshoot Settling Time St-St time 

 
+ 0.8 

FFO-PID  0.30 0.00 0.40 0.48 
Classical PID  0.42 0.62 1.50 1.60 

 
+ 0.6 

FFO-PID  2.60 0.00 2.70 2.85 
Classical PID  2.80 3.60 2.90 3.30 

 

4.12 The Summary 

In this chapter, the work is divided into two stages .The first stage is the simulation 

design of three-phase SMC without and with LCL filter. Open-loop control systems 

are designed to control two stages of SMC, RS and IS. The SMC is fed from a three-

phase AC source. The results for this design were obtained from the input and output 

(current, voltage, active power, reactive power) before and after using the LCL filter. 

The figures and tables are compared before and after using the LCL filter, to get the 

best AC output voltage with the lowest THD value. Finally, a 98% efficiency of 

SMC is obtained. The second stage, a WECS system simulation design based on 

PMSG with a capacity of 1.5 MW. All control systems are designed from pitch angle 

controller and operational controller. The PMSG based WECS is connected to the 

SMC to generate active and reactive output power. The closed-loop control system is 

designed to control the second stage of the SMC, namely, inverter stage. The closed-

loop control system is designed twice, once using the PID controller, and using the 

FFOPID controller. The electrical grid is designed to consist of a transformer, power 

transmission lines, and loads. The power from the SMC-based WECS is  

finally injected into the electrical grid. Active and reactive power is obtained  

by using PID and FFOPID controllers separately. In the end, a comparison was made  

using  both  controllers  PID  and  FFOPID,  by changing the values of 𝐼𝑑−𝑟𝑒𝑓 ,𝐼𝑞−𝑟𝑒𝑓.  
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CHAPTER V 

CONCLUSIONS 
 

The simulation and design of a three-phase SMC-based WECS with a capacity of 

1.5MW with the necessary control systems to operate the system was completed. 

After a brief introduction to the history of wind energy and the evolution of its use, 

until its use in the generation of electric power, we have included recent statistics on 

the growth of wind energy use in Turkey and the world. We discussed the principle 

of MC, in brief, and the main division of all types of MC. Moreover, we have 

identified the DMC and IMC with the electrical circuits of each type. Also, the 

comparisons show the superiority of the IMC.  

 

The mathematical model of indirect MC is introduced, and SMC is briefly described 

with the method of obtaining the SMC with its modulation strategies. The principle 

of the work of the MC-based WECS in its operation was also described. In addition, 

we have given a description of the main control methods in the system. The 

mathematical model of the WECS used was also introduced; the mathematical model 

used for control systems was also presented. The work in this thesis is divided into 

two stages. 

 

The first stage is discussed, in which the SMC was designed and modeled as it was 

fed from a three-phase constant voltage source and a purely resistive load was 

connected at its output. In the simulation study, the SMC control is realized by 

simultaneously operating two SPWM schemes for rectifier and inverter stages. It 

becomes then possible to change the SMC output voltage to the desired value by 

varying the gain and amplitude parameters of the rectifier and inverter stages. To 

improve voltage and current waveform quality at the output, an LCL filter is 

designed and added between the SMC output and the load. Simulation results verify 

the advantages of using such a filter. 

 



86 

The second stage. The results of the SMC from the first stage were used to adapt the 

three-phase SMC to the grid-connected wind energy conversion system. Therefore, 

the advantages of SMC, such as the lower number of semiconductor devices, will be 

effectively used in the renewable energy system. This feature also reduces energy 

losses and manufacturing costs for a truly renewable energy system. In addition, it 

has no energy storage elements such as transformer or capacitor, which makes it light 

and reliable in work. In the simulation study, control of the SMC-based WECS was 

achieved by designing a closed-loop control system based on the FFOPID controller 

to control the inverter stage of the SMC, with another block control following the 

WES. 

 

The SMC control is realized by simultaneously operating the SPWM schemes for the 

rectifier stage and FFOPID for the inverter stage. The LCL filter was designed and 

added between the SMC output and the electrical grid. The proposed controller's 

efficiency has been proven through the use of step input with set-point change 

conditions.  The proposed system proved robust and capable in light of the change in 

the generated power from the WES system. Thus, we see the change in the power 

injected into the grid. 

 

The fuzzy logic system of FFOPID enhances the precise performance of the 

controller under various conditions. A comparative study was conducted with the 

classical PID controller to verify the validity of the proposed method in the FFOPID 

controller. Through the speed of response, the results of which clearly showed the 

superiority of the FFOPID controller over the classical PID, and that this controller is 

effective and can be an alternative to the current traditional PID controller, and from 

the results, it is also clear that it is the best for use with the WES. Finally, the SMC-

based WECS achieved 92% efficiency with the PID controller and 94% efficiency 

with the FFOPID controller. 

 

The simulation results have proven that a wide range of application areas of SMC 

topology is potentially available in addition to its successful application in renewable 

energies, especially those based on wind energy. There are greater opportunities 

 to expand the field of this controller in the future through the entry of  

digital algorithms that the microprocessor or other digital systems can achieve.
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