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ABSTRACT 

Wind energy is a key renewable resource worldwide that can lessen dependence on traditional 

diesel generators. Ethiopia, aspiring to be the power house of Africa has three wind farms 

under operation totaling 324 MW capacities, and two extra which are under commissioning 

and construction. Integrating wind farms into the grid presents challenges in system 

operation, control, stability, and power quality. This study focuses on Adama I wind 

powerplant, which uses a Permanent Magnet Synchronous Generator (PMSG) with a full-

scale power converter for grid connection. Despite the benefits, the presence of power 

electronic converters and nonlinear loads causes harmonic distortion. In this study a sliding 

mode control scheme is proposed for the PMSG-based wind energy system. The Nonlinear 

Proportional-Integral form of Sliding Mode Control (SMC) offers robustness and disturbance 

rejection but it can increase harmonic distortion due to chattering. This study mitigates SMC 

drawbacks by selecting a suitable reaching law and incorporating an RL filter into the control 

design. Simulation results in MATLAB/Simulink confirm the effectiveness of the control 

strategy, improving stability,  settling time from 0.06 to 0.0094, overshoot from 0.68% to 

0.096%, and reducing total harmonic distortion from 8.23% to 4.43%. Stability analysis using 

Lyapunov theory shows enhanced dynamic performance metrics, meeting harmonic 

requirements for a stable system. 

Keywords: MATLAB-Simulink, Permanent Magnet Synchronous Generator, Sliding Mode 

Control, Total Harmonic Distortion 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background of the Study  

The increasing population and industrialization in recent times have resulted in a notable 

increase in power demand, hence presenting a noteworthy obstacle to the production of 

electricity. (Maihemuti et al., 2021) Nonetheless, depending only on non-renewable energy 

sources, which account for most of the energy market, is constrained and may result in the 

atmospheric discharge of dangerous pollutants, such as carbon dioxide. These sources 

include natural gas, oil, coal, and nuclear power. The world's average temperature has 

increased due to this tendency, causing the greenhouse effect. Renewable energy sources, 

including wind, fuel cells, solar, biogas, biomass, tidal, and geothermal, have surfaced as 

possibilities to address this problem. These clean, plentiful energy sources compete with 

more established ones. Among them, wind energy production is the most reliable, and cost-

effective. Wind turbines are modular and can be installed as single units or in large wind 

farms, making it easy to scale up or down depending on the electricity demand. (Laghari et 

al., 2020).  

Wind power has been added fleetly worldwide due to reactionary energy reduction and 

environmental pollution. According to the Global Wind Energy Association, the total 

installed global capacity grew to 906 GW in 2022 with a time-on-time growth of 9%. The 

report also forecasts that 2023 should be the veritably first time to exceed 100 GW of new 

capacity added encyclopedically with a time- on- time growth of 15% (Abdelateef Mostafa 

et al., 2023) likewise, according to the Global Wind Energy Council, “Beyond the 

statistics, wind power is getting a completely capitalized, unsubsidized technology; 

successfully contending in the business against heavily subsidized reactionary and nuclear 

incumbents” (GWEC, 2018). Among the countries that are promoting wind as a renewable 

energy resource are 30 countries with further than 1 GW of installed capacity and nine 

countries with further than 10 GW, including China, USA, Germany, India, Spain. 
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Figure 1. 1 Global wind power capacities (2001-2020)(Blaabjerg & Ma, 2017) 

The renewable energy potential in Ethiopia includes hydro power, wind power, solar 

power, geothermal power, and biomass. however, countries, where power development is 

mostly focused on hydro can be severely affected by a drastic weather change in the case 

of dry hydrologic conditions. To ensure sustainable development and meet the growing 

electricity demand, Ethiopia is incorporating wind power plants alongside its existing 

hydroelectric facilities. By integrating wind power into its energy mix, Ethiopia aims to 

enhance its capacity to supply electricity while minimizing reliance on a single energy 

source. This diversified approach promotes sustainable development by leveraging the 

country's abundant wind resources and reducing the environmental impact associated with 

traditional power generation methods. 

Consequently, large-scale wind farms are going to be integrated into the Ethiopian Electric 

Power Grid. Technically, wind energy could be the second most important resource next to 

hydro power for power generation. Ethiopia has great wind energy potential. According to 

the (Bekele & Abdela, 2012) study statistics, the capacity of 18,645 MW, 4,925 MW 

Power, and 2,005 MW with wind speed of 7.5~8 m/s,8~8.8 m/s, and more than 8.8 m/s 

respectively at a height of 50 m can be generated. This shows that there is a favorable 

condition to construct large-scale wind farms the shows that, from less than 300 MW of 

installed capacity 13 years ago, Ethiopia has now installed 4,284 MW of power generation 

capacity. Of this, 3,810 MW is from hydro installations, 324 MW is from wind, 7 MW is 

geothermal energy and there is also 143 MW of diesel power generation. However, the 
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total renewable energy resource potential is Hydropower. 45,000 MW, wind~10,000 MW, 

solar~5,000 MW, geothermal potential ~ 5,000 to 10,000 MW, and others.(Hailu & 

Kumsa, 2020)  

Adama-I wind farm is located approximately ninety-five km from Addis Ababa and seven 

km from Adama, at elevations of 1741~2173 m. The topographical position of the wind 

power project is 39° 12' 10" E, 8° 34' 18" N. The ground of the wind farm challenge 

particularly included shallow grass small shrubs and a few gravels. It is a positive site for 

wind power projects. The size of the Adama wind farm (phase-1) is 51𝑀𝑊, with 34 units, 

arranged in three groups and 1.5𝑀𝑊 each unit. The rated generation capacity of the plant 

is 51MW (firm Energy of 157.4 GWh/year). Wind turbines utilize a permanent magnet 

generator, which is gearless and directly driven (Bekele & Abdela, 2012). 

 

Figure 1. 2 Adama I Wind Farm  

1.2 Statement of the Problem 

The integration of wind power into the grid is crucial in meeting the power demand, but its 

intermittent nature and the presence of frequency converters pose challenges in 

maintaining the power quality of the grid. To address this issue, the ADAMA I wind farm 

has opted for a permanent magnet generator (PMSG), which can be direct-driven without a 

gearbox, resulting in reduced weight, mechanical losses, and maintenance requirements. 

Furthermore, PMSGs do not suffer from energy loss, unlike induction generators, which 

typically lose 20–30% of their energy. However, the generated power is routed through a 

full back-to-back converter to connect to the grid, which includes an alternating 
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Current(AC) to direct current(DC) vice versal frequency converter, and other nonlinear 

loads that inject harmonic distortion into the grid at the point of common coupling (PCC). 

This harmonic distortion adversely affects the waveform, purity, magnitude, and power 

factor of the voltage and current at PCC, leading to a degradation of the power quality of 

the grid. Voltage sags, in particular, harm the performance of power converters and 

electrical machines connected to the AC network.  

To overcome the above problems develop and implement a sliding surface control mode, 

to optimize power quality and ensure grid stability when integrating PMSG wind turbines 

into the grid. 

1.3 Objectives of the Thesis  

1.3.1 General Objective  

The main objective of this thesis is Modeling and Analysis of the Impact of Wind Power 

Integration into the Grid on Power Quality. 

1.3.2 Specific Objectives  

The specific objectives of this thesis are as follows:  

➢ Mathematical modeling of a wind turbine. 

➢ Develop a Sliding mode controller for the PMSG in the grid and machine side. 

➢ Simulate the effectiveness of the model on power quality in the grid using 

MATLAB/SIMULINK 

➢ Finally, depending on the result, conclude and offer suggestions. 

1.4. Significant of the Study 

Wind power is becoming increasingly cost-competitive with traditional fossil fuel sources 

of energy. However, the economic viability of wind power depends on its impact on power 

quality and grid stability. Investigating the impact of wind power integration on power 

quality can help identify cost-effective strategies to integrate wind power into the grid. 

1.5 Scope and Limitation of the Study  

This study aims to investigate and analyze the impact of wind power on harmonic 

distortion issues in the grid-connected Adama I wind farm. Specifically, the study 

examines the total harmonic distortion (THD) of voltages at common coupling (PCC) 

resulting from the AC/DC/AC frequency converter. The system model under study 
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includes a PMSG-type wind turbine, machine side and grid side converter, RL filter, and a 

sliding mode control to improve THD value at PCC.  In this study check the stability of the 

controller and harmonic distortion. 

1.6 Thesis Organization 

The whole part of this thesis is organized as follows:  

➢ Chapter-one discussed general background, statement of the problem, 

objectives, methodologies, and thesis organizations.   

➢ Chapter -two discussed about literature review. 

➢ Chapter -three with modeling and analysis of system study.     

➢ Chapter - four described about results analysis and discussions.   

➢ Chapter - five presented all about the conclusion, recommendation, and future 

work.   
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1 Wind Turbine 

Wind turbines are mechanical devices designed to harness the kinetic energy present in 

wind and convert it into usable electrical energy. These turbines achieve this conversion by 

utilizing specially designed blades that capture the force of the wind and translate it into 

rotational motion. This rotational motion is subsequently used to drive a generator, which 

generates electricity. 

2.2 Classification of Wind Turbine 

Based on the Orientation of their Blades: 

➢ Horizontal axis wind turbines (HAWT) and  

➢ Vertical axis wind turbines (VAWT) 

2.2.1 Horizontal Axis Wind Turbines 

Horizontal-axis wind turbines have blades that are positioned horizontally, perpendicular to 

the ground. HAWTs are the most widely used type of wind turbine due to their strength 

and efficiency. To accommodate the installation of the rotor shaft at the top and expose the 

turbine to stronger winds, the foundation of wind turbine towers must possess exceptional 

strength. This design requirement necessitates robust construction techniques capable of 

supporting the weight of the blades, gearbox, generator, and other components. 

Additionally, the assembly process involves the use of a substantial crane to hoist these 

components to the tower's uppermost section. 

To mitigate potential issues caused by downward wind flow, horizontal-axis wind turbines 

are designed with an upwind configuration. This means that the rotor and blades face the 

oncoming wind. By doing so, the turbines can better withstand metal fatigue and reduce 

the risk of structural failure. 

Furthermore, horizontal-axis wind turbines require additional yaw control mechanisms to 

track the wind direction accurately. Yaw control enables the turbine to align itself with the 

changing wind direction, ensuring optimal performance and preventing damage to the 

turbine components. 

https://energyeducation.ca/encyclopedia/Efficiency
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Figure 2. 1 Horizontal Axis Wind Turbines(Elkodama et al., 2023) 

2.2.2  Vertical Axis Wind Turbines 

Vertical Axis Wind Turbines (VAWT) are designed with blades arranged in a vertical 

helix-like configuration, which enables them to be less susceptible to frequent changes in 

wind direction compared to their horizontal axis counterparts. This is because the blades 

are rotated on a rotor shaft that is perpendicular to the ground. To address the challenge of 

mounting the shaft and its components on a tower, the shaft is typically mounted near 

ground level. While this makes maintenance easier and allows for installation in locations 

such as rooftops, it also leads to lower efficiency due to air drag and lower wind speeds at 

ground level compared to the higher wind speeds found at higher elevations 

 

Figure 2. 2 Vertical axis wind turbines(M. Saad, 2014) 

Speed Variation: According to the speed variation, wind turbines are classified as: 

➢ Fixed Speed Wind Turbines (FSWT)                   

➢ Variable Speed Wind Turbines (VSWT) 
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Table 2. 1 Advantages and Disadvantages of FSWT and VSWT 

Speed mode Advantages Disadvantages 

Fixed speed Simple, robust, reliable Relatively low energy-

conversion efficiency 

Low cost and maintenance High mechanical stress 

 High power fluctuations in 

the grid 

Variable speed 

 

 

 

High-energy conversion 

efficiency 

Additional costs and losses 

due to the use of converters 

Improved power quality More complex control 

system Reduced mechanical stress 

 

2.3 Wind Energy Conversion System Configurations  

The wind energy system is comprised of two primary components: a wind turbine system 

and an electrical generator. The primary function of the wind turbine is to convert kinetic 

energy from the wind into mechanical energy, while the electrical generator transforms this 

mechanical energy into electrical energy that can be transmitted to the electrical grid. In 

recent years, various types of wind turbines have been developed, to improve their 

efficiency and performance. Wind turbines can operate at either fixed or variable speeds, 

depending on their design and application. (Senapati, 2014). Various types of generators 

used in wind turbines are listed and described in detail below.  

2.3.1 Fixed Speed Wind Turbine 

A Fixed Speed Wind Turbine (FSWT) is equipped with an induction generator either 

Squirrel Cage Induction Generator (SCIG) or Wound Rotor Induction Generator (WRIG) 

that is directly connected to the electrical grid. The rotor of an FSWT rotates at a constant 

speed determined by the frequency of the grid, the gear ratio, and the pole pairs of the 

generator. The induction generator absorbs reactive power from the grid, so a capacitor 

bank is necessary to provide reactive power compensation. A gearbox is used to transform 

the power from the turbine, which has a lower rotational speed, to the generator rotor, 

which has a higher rotational speed. A step-up unit transformer raises the generator's 

terminal voltage to a medium voltage level. 
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FSWT have several advantages, including their simplicity, robustness, and low cost of 

electrical components compared to other wind turbine types. However, they also have 

some disadvantages, such as uncontrollable reactive power consumption, mechanical 

stress, and limited power quality control. Additionally, because they operate at a fixed 

speed, any fluctuations in wind speed are transmitted as fluctuations in mechanical torque 

and electrical power on the grid. In weak electrical grids, these power fluctuations can lead 

to significant voltage fluctuations and line losses.(Rafiee et al., 2020).  

Another disadvantage of FSWT is that they can experience loss of synchronism due to 

overspeed caused by voltage dips and an increase in reactive power consumption, 

especially after fault clearance. Generally, the dynamic stability of this type of generator 

cannot be improved, but preventive or corrective measures can be taken to limit 

acceleration during voltage dips by improving pitch control and providing reactive power 

support during and after the clearing of faults using Flexible AC Transmission Systems 

(FACTS) devices, such as Static VAr Compensator (SVCs) and Static Synchronous 

Compensator (STATCOMs). However, these measures can be costly. 

 

Figure 2. 3 Fixed speed wind turbine SCIG(Gustavo & Enrique, 2011) 

2.3.2  Limited Variable Speed Turbine with Variable Rotor Resistance 

A wind turbine with variable rotor resistance utilizes a wound rotor induction generator 

that is directly connected to the electrical grid. Similar to an FSWT, a capacitor provides 

reactive power compensation. One distinctive aspect of this configuration is its ability to 

incorporate a variable additional rotor resistance. This feature is achieved through an 

optically controlled converter that is installed on the rotor shaft. The converter allows for 

precise adjustment of the rotor resistance, offering flexibility in optimizing the turbine's 
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performance and response to varying operating conditions. This results in a small variable 

speed range, typically ranging from 0-10% above synchronous speed. 

These turbines can harvest more energy from a given wind environment than fixed-speed 

turbines because of their power and speed controls. This is because the variable rotor 

resistance allows the turbine to maintain a more optimal rotational speed for the given 

wind conditions, resulting in higher energy capture. Overall, wind turbines with variable 

rotor resistance can operate more efficiently than fixed-speed turbines and are becoming 

increasingly popular in the wind energy industry.  

 

Figure 2. 4 Limited Variable Speed Turbines with Variable Rotor Resistance(Gustavo & 

Enrique, 2011) 

2.3.3. Variable Speed Wind Turbine with Doubly-Fed Induction Generator 

The Doubly Fed Induction Generator  (DFIG) is connected to the grid through a power 

converter, which controls the flow of active and reactive power between the generator and 

the grid. The converter can adjust the rotor speed to match the wind speed, which allows 

the turbine to operate at its optimal efficiency.  

One advantage of the DFIG is that it can provide reactive power support to the grid, which 

can help to stabilize the voltage and improve the overall stability of the grid. Additionally, 

because the power converter is located on the rotor side, only a small portion of the 

generated power needs to be converted, which reduces the size and cost of the power 

converter. However, the DFIG also has some disadvantages. The use of slip rings and 

brushes to connect the rotor windings to the power converter can lead to maintenance 

issues and reduced reliability. Additionally, the DFIG is not able to provide full power 
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during grid faults, which can limit its effectiveness in certain situations. Despite these 

limitations, the DFIG remains a popular choice for variable-speed wind turbines due to its 

efficiency and flexibility. (Arachchige et al., 2017). 

 

Figure 2. 5 Variable-Speed Wind Turbines with DFIG(Echiheb et al., 2022) 

2.3.4 Variable Speed Wind Turbine with Full-Scale Power Converter 

In this configuration, the wind turbine generator is connected to the electrical grid through 

a full-scale power converter, and the converter typically has the same power rating as the 

generator. One advantage of this type of wind turbine is that it can have a gearless 

configuration, which means it uses a low-speed synchronous generator with a large number 

of poles, eliminating the need for a gearbox.  

This gearless configuration provides several benefits, including improved performance and 

reduced initial costs and maintenance requirements. Additionally, gearboxes can be a 

significant source of mechanical stress and failure in wind turbines, so eliminating them 

can increase the reliability and lifespan of the machine. However, this type of wind turbine 

also has some drawbacks, such as the need for a larger and heavier generator due to the 

low rotational speed, which can increase the cost of the turbine. Additionally, the power 

converter can be complex and expensive, which can also add to the overall cost of the 

system. Despite these limitations, the gearless configuration remains a popular choice for 

wind turbines due to its reliability and performance advantages. (Senapati, 2014). 
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Figure 2. 6 Variable-Speed Wind Turbines with Full-Scale Power Converter(Kasem 

Alaboudy et al., 2013) 

2.4 Main Parts of the Wind Generation System 

Rotor and Hub: The rotor is a crucial component of a wind turbine, responsible for 

capturing the energy from the wind and converting it into mechanical energy. Typically, 

the rotor consists of three blades and a central hub that connects the blades to the rotor 

shaft. While other numbers of blades are possible, the three-blade configuration is the most 

common due to its optimal efficiency. The blades themselves are not solid, but rather 

hollow and made of lightweight yet strong composite materials. As wind turbines become 

larger and more powerful, there is a trend toward making the blades even bigger, lighter, 

and more robust. To optimize their aerodynamic performance, the blades are designed with 

a shape similar to an airfoil, like an airplane's wings. The blades can rotate around their 

axis up to 90 degrees, a movement known as pitch. This allows the turbine to adjust the 

angle of attack of the blades to optimize their performance and maintain a constant rotor 

speed in varying wind conditions. The pitch angle is controlled by the turbine's control 

system, which continuously monitors the wind speed and adjusts the pitch angle to 

maximize the energy output of the turbine. (Yıldız et al., 2015).The hub plays a crucial role 

in a wind turbine by connecting the blades to the rotor shaft and allowing them to rotate 

relative to the rest of the turbine body. It is a significant component of the turbine that is 

mounted on the rotor and is responsible for extracting energy from the wind. In addition to 

supporting the rotor blades, the hub is also responsible for controlling the pitch angle of the 

blades. By adjusting the pitch angle, the hub can optimize the performance of the turbine 

and maintain a constant rotor speed in varying wind conditions. (Hamzah et al., 2020). 
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Tower: Wind turbine towers are typically constructed from tubular steel, concrete, or 

steel lattice. Taller towers are advantageous because wind speeds are generally higher at 

greater heights, allowing turbines mounted on taller towers to capture more energy and 

generate more electricity. By elevating the turbine higher into the air, the turbine can 

access stronger and more consistent wind resources, improving its overall energy output 

and efficiency. This is particularly important in areas with low wind speeds or inconsistent 

wind patterns, as taller towers can help to increase the capacity factor of the turbine and 

make wind energy production more reliable and cost-effective. The choice of tower 

material depends on a variety of factors, including the turbine size, location, and cost 

considerations. Tubular steel towers are the most common type of tower used for wind 

turbines, while concrete and steel lattice towers are used in certain applications. Overall, 

wind turbine towers play a critical role in the performance and efficiency of wind turbines. 

By optimizing their design and construction, wind turbine manufacturers can maximize the 

energy output of their turbines and make wind energy an increasingly competitive source 

of renewable energy. (Ahmed et al., 2020). 

Generator: The generator is a part that can convert the mechanical energy produced by 

the rotor rotation into electrical energy (Harish & Sant, 2021). It is comprised of a rotor 

and a stator. 

Pitch System: When the wind speed exceeds the rated wind speed, the input power of 

the rotor can be limited to 1.5MW by adjusting the pitch angle of the blades. In that way, it 

can prevent the generator and converter system from overloading; when the wind speed is 

less than the rated wind speed, the blades’ pitch angle is the smallest with the biggest 

capacity of absorbing wind power to increase the rotor’s output and meet the requirements 

for power generating (Ahmed et al., 2020). 

The pitch system is a critical component of a wind turbine that controls the angle of attack 

of the rotor blades. By adjusting the pitch angle of the blades, the turbine can optimize its 

performance in varying wind conditions and maintain a constant rotor speed. The pitch 

system typically consists of a set of hydraulic or electric actuators that are mounted on the 

hub of the rotor and connected to the blade root. These actuators are responsible for 

adjusting the pitch angle of each blade independently, allowing the turbine to respond to 

changes in wind speed and direction. The pitch system is controlled by a sophisticated 
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control system that continuously monitors the wind speed and other environmental factors, 

as well as the performance of the turbine. Based on this information, the control system 

adjusts the pitch angle of the blades to optimize the turbine's energy output and protect it 

from damage. In addition to optimizing performance, the pitch system also plays a critical 

role in protecting the turbine from damage in high wind conditions. By adjusting the pitch 

angle, the turbine can reduce the aerodynamic forces acting on the blades and prevent 

excessive mechanical stress and damage. 

Yaw System: The yaw system is a critical component of a wind turbine that allows it to 

rotate about its vertical axis and face the wind. By adjusting the yaw angle, the turbine can 

optimize its energy output and protect itself from damage in high wind conditions.The yaw 

system typically consists of a yaw drive, which is a motor or hydraulic system that rotates 

the nacelle, or the housing that contains the generator and other components, about its 

vertical axis. The yaw drive is controlled by a sophisticated control system that 

continuously monitors the wind direction and adjusts the yaw angle to ensure that the 

turbine is always facing the wind. In addition to optimizing the energy output of the 

turbine; the yaw system also plays a critical role in protecting the turbine from damage in 

high wind conditions. By facing into the wind, the turbine can reduce the aerodynamic 

loads acting on the blades and other components and prevent excessive mechanical stress 

and damage. When yawing is needed, two mutually independent sensors at the tail outside 

of the nacelle anemometer and wind vane detect the changes in wind speed and wind 

direction. The master control system calculates the bias of wind turbine generators and 

wind direction depending on the data collected by the anemometer and wind vane, then the 

yaw motor starts and the yaw system begins operating to make the wind turbine aligned to 

the wind. After the wind turbines are successfully aligned to the wind, the yaw braking 

system brakes. 

2.5 Variable Speed Wind Turbine Operation Area  

Based on the parameters given in this thesis work, the relationship between wind speed and 

power output is shown in Figure 2.8. There are three separate zones on the graph. 

Parking Mode: The wind turbine will remain in parking mode due to inadequate electrical 

power provided by the PMSG system to offset the internal power losses in the system 

when the wind speed falls below the cut-in speed, which in this thesis case is 3 m/s. For 

this reason, a mechanical brake keeps the wind turbine in park mode.  
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Maximum Power Point Tracking (MPPT) Mode: The wind turbine system begins to 

operate and produce electricity when the wind speed exceeds the cut-in speed. The wind 

turbine's power capture efficiency is below its rated value due to the relatively low wind 

speed range in the MPPT mode. Therefore, to ensure maximum power capture efficiency, 

the MPPT control must be implemented. When the wind speed exceeds the case-study 

system's rated wind speed of 22 m/s, the MPPT mode comes to an end.  

Constant Power Region: If the MPPT control is still used, the system's power output will 

exceed its rated power when the wind speed exceeds the rated value. This will further harm 

the power processing devices and PMSG by increasing their electrical stress. To maintain 

the system functioning within its rated output condition, the wind turbine blades' blade 

angle must be appropriately regulated in the strong wind range. This is a zone of constant 

power, as its name suggests. 

 

Figure 2. 7 Wind power output versus wind speed.(Rehman et al., 2018) 

2.6 Power Quality  

Institute of Electrical and Electronic Engineers (IEEE) Standard IEEE Std1100TM-2005 

IEEE Recommended Practice for Powering and Grounding Electronic Equipment, defines 

power quality as (Blooming & Carnovale, 2006) “the concept of powering and grounding 

sensitive electronic equipment in a manner suitable for the operation of that equipment and 

compatible with the premise wiring system and other connected equipment.” 
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2.7  Power Quality Problem 

2.7.1 Unbalanced Voltage:  

Unbalanced Voltage: is a problem with power quality that occurs when the three phases of 

a power system that uses three phases have varying amounts, resulting in an uneven 

waveform. Unbalanced loads, faulty connections, or phase-to-ground faults can cause this 

asymmetry. Unbalanced current flow from uneven voltage levels in various system phases 

can cause equipment to overheat and operate less efficiently. Ground fault current flow can 

result from negative or zero-sequence components in the voltage waveform, damaging 

equipment and posing a safety risk. 

 

Figure 2. 8 Unbalanced Voltage(Grant et al., n.d.) 

2.7.2 Voltage Sag:  

Voltage Sag: an intermittent voltage drop that occurs for a few cycles to a few seconds 

below the standard level. An abrupt spike in load, a dip in grid voltage, or a system 

malfunction are the reasons behind it. 

 

Figure 2. 9 Voltage Sag(Tang et al., 2022) 
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2.7.3 Voltage Swell:  

A brief, few-cycle to few-second surge in voltage over the standard level is known as a 

voltage swell. It is brought on by abrupt shifts in load or the clearing of a system 

malfunction. 

 

Figure 2. 10 Voltage Swell(Grant et al., n.d.) 

2.7.4 Voltage Interruption: 

Voltage interruption is a complete loss of voltage for a short time. It may take a few 

milliseconds to several minutes to occur and may be brought on by lightning strikes or 

distribution system faults. Equipment may reset or shut down as a result of this disruption, 

which could result in data loss or damage. 

2.7.5 Harmonics:  

Higher-frequency electrical impulses known as harmonics disrupt the power that utilities 

provide to residences and commercial buildings. Harmonics produced by electronic 

devices with nonlinear loads have the potential to harm electrical equipment and interfere 

with the operation of distribution equipment. 

 

Figure 2. 11 Harmonic Signals(Singh et al., 1999) 
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The back-to-back converters of variable-speed wind turbines allow them to operate under 

varying wind speed conditions and allow for maximum power point tracking. However, the 

converters introduce harmonics into the grid. The level of harmonics can be reduced by 

filtering. One of the indices for measuring harmonics is the THD (Bekri et al., 2014).  

The total harmonics distortion in bus voltage (VTHD)  is defined as the ratio of the square 

root of the sum of squares of the rms value of the harmonic component, Vn to the rms 

value of the fundamental component V1(Dash et al., 2021) 

𝑣𝑇𝐻 =  √
∑ 𝑣𝑛

2
𝑛=𝑜𝑑𝑑

𝑣1
2

 

Where h is the harmonic number, V1 is the fundamental harmonic and Vn is the nth 

harmonic. The THD planning level for medium voltage is 6.5% and 3% for a high voltage 

system 

The total harmonics distortion of line current (ITHD) is defined as the ratio of the square 

root of the sum of squares of the rms value of the harmonic component, Into the rms value 

of the fundamental component, I1(Dash et al., 2021)  

2.8 Power Quality Standard 

Institute of Electrical and Electronic Engineers (IEEE)  Standard 519-1992, Recommended 

Practices and Requirements for Harmonic Control in Electrical Power Systems.  

Table 2. 2 Voltage distortion limit 

Bus voltage Individual voltage distortion 

(%) 

Total voltage distortion 

THD (%) 

Below 69 KV 3.0 5.0 

69KV to 161 KV 1.5 2.5 

161 KV above 1.0 1.5 
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2.9 Sliding Mode Control 

Besides, one of the suggested algorithms to control nonlinear systems such as wind 

turbines is the sliding mode control (SMC). The SMC has shown a promising result in 

achieving a high degree of reliability, accuracy, and stability, with a major flexibility 

during parameter variations. Pure SMC technique faces the chattering appearance. 

Therefore, several composite SMC architectures have been built in combination with other 

approaches, such as Fuzzy-sliding mode. Despite the ability to chatter reduction, these 

mixed methods necessitate complex application processes, especially at high power 

capacities systems such as the extended version of PMSG with several control loops. 

Within this framework, the main target of this paper, on the one hand, is to produce an 

appropriate design of variable speed wind turbine (VSWT) consisting of a five-phase 

PMSG instead of the conventional three-phase PMSG due to its various aforementioned 

advantages, and on the other hand, improve and enhance the effectiveness of proposed 

system, by involving an optimized sliding mode control that supervises the entire system of 

wind turbine and the connected grid supply, due to its high degree of robustness, ability of 

reducing the dynamic response time, and most of all its exploitation simplicity. Moreover, 

the proposed robust SMC algorithm consists of an enhancement method based on a new 

smooth switching function with an integral component to mitigate the chattering 

phenomenon and reduce the energy loss, thereby, improving the efficiency and accuracy in 

this work.  

2.10 Related Works 

(Dash et al., 2021) discussed the topic of power quality improvement in grid-connected 

wind systems with STATCOM. The authors delve into the various power quality issues, 

their sources, parameters, mitigation techniques, and standards. Through their 

investigation, they identify the high penetration of wind and the increasing use of nonlinear 

loads as sources of power quality distortion. To monitor the power quality, the authors 

employ various techniques, with a focus on monitoring harmonics. They use fast Fourier 

Transformer (FFT) analysis to calculate the THD at the PCC under two conditions: with 

STATCOM and without STATCOM. The authors conclude that the use of STATCOM 

results in a significant improvement in power quality. The paper may not thoroughly 

evaluate the performance of the STATCOM control scheme under dynamic conditions, 

such as rapid changes in wind speed 
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(Bubshait et al., 2017)  discussed Power Quality Enhancement for a Grid Connected Wind 

Turbine Energy System. To enhance the power quality, the authors employ an algorithm 

that has been developed allowing a control structure that utilizes a four-leg inverter 

connected to the grid side, and the Proposed methodology of Conservative Power Theory 

decompositions. This option offers very flexible, powerful, and selectable functions for the 

inverter control by providing decoupled power and current references. exclude passive 

filters different tests are performed to validate the overall performance of the machine side 

and the grid side controllers during different wind speed conditions. From this paper the 

final result THD value of 2.68%. 

(Molla & Kuo, 2020). Discussed enhancing voltage sag in grid-connected hybrid 

Photovoltaic (PV) -wind power systems using custom power devices. The authors 

investigate the intermittent nature of power generation, which is dependent on wind speed 

and leads to power fluctuations. Voltage sag is identified as a major power quality issue, 

and to mitigate this problem, a battery and SMES-based Dynamic Voltage Restorer (DVR) 

is used as a compensating device. The authors examine two scenarios of voltage sag: 

symmetrical and asymmetrical. They propose the use of the DVR to mitigate the voltage 

sag and enhance power quality in both scenarios. The paper lacks an in-depth discussion on 

the control strategies employed for effective voltage fluctuation compensation. A detailed 

analysis of control algorithms and their performance could enhance the understanding of 

the proposed method. 

(Mohamed et al., 2019). Studied on Power Quality (PQ) analysis of wind turbines installed 

in the Hatay region of Turkey. Power quality parameters such as voltage, current, active, 

reactive, apparent power, and harmonics are measured, analyzed, and evaluated taking into 

consideration IEEE 519-1992 standards. A phenomenon linked to the distortion of the 

fundamental sine wave is known as harmonic disturbances. Power quality standards 

provide the upper bound on the distortion of the power supply's voltage and current 

waveforms that is permitted. Measurements and assessments of the power quality of a 

wind farm are made in this study. A wind farm has been installed with a total capacity of 

36 MW and is constituted of 12 wind turbines. Every wind turbine generator has its own 

star-delta linked transformer, rated at 0.69/34.5 kV. Electrical parameters of wind farms 

such as voltage, current, frequency, active, reactive, apparent power, power factor, and 

harmonic distortions are given and analyzed.  
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CHAPTER THREE 

3. METHODOLOGY AND SYSTEM DESCRIPTION 

3.1 Methodology 

The methodology flowchart for the research on Modeling and Analysis of the Impact of 

Wind Power Integration into the Grid on Power Quality outlines a structured approach to 

investigating the impact of wind power integration on power quality. It encompasses key 

steps such as research area identification, literature review, problem identification, data 

collection, simulation using Matlab Simulink, and result analysis. This flowchart provides 

a clear roadmap for conducting the study, ensuring a systematic and comprehensive 

research process from start to finish. 
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Figure 3. 1. Methodology of the proposed system 
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3.2 Analyzing Wind Speed Characteristics 

Cut-in Wind Speed: Cut-in wind speed refers to the minimum wind speed at which a 

wind turbine starts generating electricity. The Cut-in speed of Adama-I wind power is 3 

m/s. When the wind speed exceeds the cut-in speed, the wind turbine's blades start to 

rotate, and the generator begins producing electricity.  

Rated Speed: Rated wind speed is the wind speed at which a wind turbine generates its 

maximum power output. The rated speed of the Adama-I wind power plant is 11 m/s. Wind 

turbines are designed to automatically adjust their blade pitch and rotor speed to maintain a 

constant power output as the wind speed varies around the rated wind speed. 

Cut-out Speed: Cut-out speed refers to the wind speed at which a wind turbine stops 

generating electricity and shuts down for safety reasons. When the wind speed reaches the 

cutout speed, the wind turbine's control system triggers the blades to pitch out of the wind, 

and the turbine shuts down to prevent damage to the rotor and other components. The Cut-

out wind speed of the Adama-I wind power plant is 22 m/s. 

 

Figure 3. 2  Wind speed variation of Adama I wind farm  2015. 
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3.3 Existing Grid-connected Wind Farm  

Adama I wind farm comprises three groups of 34 turbines, with a total installed capacity of 

51MW. The wind farm also includes a 55MVA main power transformer, a 1600kVA unit 

transformer, and a 4.7Km 132KV single circuit overhead transmission line that feeds into 

the grid of the Nazret substation. 

0.620/33kV

Unit transformerCollecting 

under ground 

transmission 

line

33kV

bus

132 kV

main

grid

Group1 (10 WTGs’) 

Group2 (12 WTGs’) 

Grou3 (12 WTGs’) 

Over head 

transmission 

line

Wind farm 

main substation

33/132kV

Wind turbine

33kV

bus

 

Figure 3. 3 Grid-connected Adama-I wind farm simple layout diagram 

3.4. Wind Turbine Aerodynamic Modeling 

The rotor of a wind turbine is a sophisticated aerodynamic device that absorbs and converts 

wind energy into mechanical energy.  As demonstrated in Figure 3.4, Bernoulli's principle 

is used to easily understand the process. Aerodynamic power and torque are two 

characteristics of wind turbines. (Manyonge et al., 2012) 

 

Figure 3. 4 Schematic of fluid flow through a disk-shaped actuator(Gharib-Yosry et al., 

2021) 
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The wind crossing's aerodynamic power at a speedVv , a wind disk radius R, and a surface 

A1 is given by: 

2 31
=                                         

2
wP R Vv                  (3.1) 

Where  the air density in kilograms per cubic meter is, Vv  is the wind speed in meters 

per second, and R is the blade radius in meters. 

The mechanical power, Pm , generated by a wind turbine is determined by the power 

coefficient Cp. 

2 31
= ( , )        

2
Pm Cp Pw R Vv Cp   =                                    (3.2) 

where Cp is the power coefficient that indicates how efficiently the wind turbine captures 

energy from the wind and transforms it into mechanical energy. It is utilized to reduce the 

amount of power available at the wind turbines. Analytically, it can be represented as 

follows: 
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where λ is the tip speed ratio, β is the pitch angle, and C1- C9 are the wind turbine’s 

characteristic constants. 

As shown in Equation (3.1), Cp depends on both pitch angle (β) and tip speed ratio (λ). The 

blade tip speed (i.e., the product of the angular speed of the rotor and the radius of the 

blade) to the incoming wind speed is known as the Tip speed ratio (TSR).(Zhang & Shu, 

2010)(Manyonge et al., 2012) It can be mathematically expressed as follows: 

=                
R

Vv



                                            (3.5)

 

Where Ω is the rotational angular speed of the rotor in rad/sec and R  is the blade radius in 

meters. 

The theoretical maximum power is given by: 
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2 3 2 3

max max

1
( , ) 0.3644        

2
P R Vv Cp R Vv   = =                     (3.6) 

Where max 0.593Cp =  

 
                         

Pm
Tm =


                                     (3.7) 

Where Tm is mechanical torque. 

Substitute equations 3.2 and 3.4 for equation 3.6. The torque becomes: 

3 21 ( , )
=            

2

Cp
Tm R Vv

 



                                     (3.8) 

The following equation illustrates the relationship between the power coefficient Cp and 

torque coefficient Ct . 

                Cp Ct=                                             (3.9) 

Therefore, by substituting equation (3.9) into equation (3.8), the torque equation 

becomes(Manyonge et al., 2012): 

3 21
=        

2
Tm R Vv Ct                                               (3.10) 

 

Figure 3. 5 Relationship between power coefficient and tip speed ratio(Jayathilake, 2017) 

The rotor torque is obtained also from the rotational speed 

m
m

P
T

V

=                                                                (3.11) 

Where pm, is mechanical power, Tm is mechanical torque 
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3.5. Mathematical Modelling of PMSG 

Three-phase machine performance and behavior are usually defined and evaluated using 

the voltage and current equations. Except in situations in which a static rotor is present, the 

differential equations' coefficients that describe the dynamic behavior of the machines are 

time-varying. Such a system is challenging to mathematically represent because of the 

system's relative motion, which causes the flux connections, currents, and induced voltages 

to fluctuate constantly. By decoupling or separating the variables and solving equations 

including time-varying values by referring the full set of variables to a common reference 

frame that may be rotational or stationary, mathematical transformations are typically used 

to analyze complex electrical machinery. The Park transformation and the Clarke 

transformation are the two most well-known transformation methods. The machine's 

mathematical model's complexity can be(Hasoun et al., 2019)(Journal, 2015). The three-

phase values ( , ,a b cv v v ) may be changed into the voltages dv  𝑎𝑛𝑑 qv  that the two-axis 

PMSG model requires(Zhang & Shu, 2010) 

Park Transformation  

Park's transformation is utilized to convert the three-phase voltages to (d,q) voltages.  and 

described in equation 3.12:  
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The Clark inverse is given by 
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Where 0V  (zero-voltage component) is often ignored, and 𝜃 denotes the phase (𝑎) 

electrical angle respect to the reference frame. 
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Figure 3. 6 Parks transformation in Simulink block 

3.5.1 Tow-Axis Model of PMSG (DQ-axis Model) 

To create permanent magnet synchronous Generator control, a mathematical model of the 

PMSG is required. It is rare for control design to employ the mathematical model of a 3-

phase system. The time-varying model is the term used for this technique. Consequently, it 

becomes much harder to establish a control strategy.(Jaber & Abdulhasan, 2022). The 

permanent magnet synchronous generator mathematical model typically includes stator 

flux equations, voltage equations, mechanical equations, and electromagnetic torque 

equations(Yu et al., 2017)(Singh et al., 2011). 

 

Figure 3. 7 . General dq-axis model of PMSG in the rotor field synchronous reference 

frame (Mahmoud et al., 2019) 

The following assumptions were used to build the PMSG model without damper winding 

on the rotor reference frame(Madhu & Mathew, 2013)(Mahammadsoaib & Sajid, 2015).  

1. The EMF generated is sinusoidal.  

2. Saturation is ignored.  

3. No field current dynamics  

4. Hysteresis losses and eddy current are ignored.  

In the d-q coordinate system, the following equations may be expressed. In the rotor 

reference frame, the voltage formulas of the PMSG are shown(Mahammadsoaib & Sajid, 

2015): 
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q s q r d q

d
v R i

dt
  = + +                                                     (3.13) 

d s d r q d

d
v R i

dt
  = − +                                                      (3.14) 

The flux linkage created is given by: 

q q qL i =                                                                        (3.15) 

 d d dL i =                                                                       (3.16) 

Substitute equations 3.15 and 3.16 into 3.13 and 3.14 respectively gives 

q s q r d q q

d
v R i L i

dt
 = + +                                                     (3.17) 

d s d r q d d

d
v R i L i

dt
 = − +                                                       (3.18) 

The electromagnetic torque for PMSG in the (d-q) axes may be calculated using equation 

3.19(Mahammadsoaib & Sajid, 2015): 

3
( )

2 2
e d d q q

p
T i i = −                                                      (3.19) 

The equation that represents the mechanical torque is given as(Mahammadsoaib & Sajid, 

2015)(Meghni et al., 2017): 

e L m
m

T T B
dt

J




− −
=                                                    (3.20) 

And mechanical speed of the PMSG generator can be represented as  

2
m r

p
 =                                                              (3.21) 

Where  R𝑠 Stator resistance  

𝐿𝑑, The inductances on d-q axis                𝑇𝑒,  Electromagnetic, and load 

torques  

𝑖𝑑, The stator currents on the d-q axis                𝜔𝑟 Electrical speed  
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𝑉𝑑, The stator voltages on d-q axis                𝜔𝑚 Mechanical speed  

𝜆𝑑, The flux linkages of the stators on d-q axis.  J Moment of inertia  

P Number of poles                                                        B Fraction factor  

3.6 Mathematical Modelling of Grid Side and Machine Side Converter 

 

Figure 3. 8 Simulink model for Machine side and Grid side converter 

3.6.1 Machine Side Converter (MSC) Modelling 

Designing a machine-side converter for a wind farm using a PMSG involves mathematical 

modeling to understand and optimize the system's performance. The process typically 

includes modeling the PMSG, the power converter, and the control system.  

The power converter typically involves power electronic devices like an Insulated Gate 

Bipolar Transistor (IGBT). The converter equations depend on the specific topology used 

(e.g., voltage source converter, current source converter). For a voltage source converter, 

the equations can include the following: 

The PMSG and MSC mathematical model is  

1 1sd sqsd
sd sq p sq sd c sd

sd sd sd sd

R Ldi
i i n i U

dt L L L L
 = − + + −                               (3.25) 

1 1s sdsq p

sq p sd sq sq

sq sd sq sq sq

R Ldi n
i n i U

dt L L L L L


 = − − − + −                           (3.26) 

where  and sd sqU U are the d-axis and q-axis stator armature voltages.  and sd sqi i are the d-

axis and q-axis components of stator currents.  and sd sqL L  are the d-axis and q-axis stator 

inductances.   is the rotor speed. pn Represents magnetic pole logarithms. sR is the stator 

DC link Capacitor 
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resistance. ψ represents the permanent magnet chain. In addition, the disturbance 

 and sd sq  vector represents model uncertainties including the external disturbances and 

the Pulse Width Modulation (PWM) offset.  and sd sq  were generally assumed to be 

bounded by  and sd sqD D  

sd sd

sq sq

D

D








                                                                    (3.26) 

where  and sd sqD D are the boundaries of  and sd sq    

3.6.2 Grid Side Converter Modelling and RL Filter 

The two parts of the wind energy conversion system are linked with the two converters 

shown in Figure 3.9 the modeling of the second linkage is the grid side converter is 

described below. 

Therefore, the grid-side dynamic model is given by 

1 1 1cgd

gd gq q gd gd gd

c c c c

Rdi
i i E U

dt L L L L
 = − + + − −                            (3.28) 

1 1 1cgq

gq gd g gq gq gq

c c c c

Rdi
i i E U

dt L L L L
 = − − + − −                          (3.29) 

where  and gd gqU U  are the control voltages.  and gd gqi i  are the components of grid-side 

currents. g is the power grid frequency.  and c cL R are the filter inductance and resistance. 

 and gd gqE E  Express the d-axis and q-axis power grid potential components (usually, = 0). 

The and can be gotten by the voltage phase-locked loop.  and gd gq   are also the 

uncertainties and meet 

gd gd

gd gq

D

D








                                                         (3.30) 

where  and gd gqD D are the boundaries of  and gd gq    

The following two equations represent respectively the formulas relating to the active and 

reactive power 
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gd gd gq gqP v i v i= +                                                            (3.31) 

gq gd gd gqQ v i v i= −                                                           (3.32) 

3.7. Maximum Power Point Tracking (MPPT) 

Maximum power tracking in wind turbines refers to the process of continuously adjusting 

the angle and speed of the turbine blades to ensure that the turbine extracts the maximum 

amount of power from the wind. In the context of a PMSG for wind energy generation, you 

can use various mathematical models to implement MPPT control. One common approach 

is the Perturb and Observe (P&O) algorithm. Two basic types of the mathematical model 

for MPPT using P&O for a PMSG-based wind energy system: 

System Dynamics: Start with the basic equation governing the PMSG behavior. The 

dynamic equation of a PMSG can be represented as: 

3
( )

2

d q q d

e

r

V i V i
T P



−
=                                                       (3.22) 

Where: eT  is the electromagnetic torque. 

P  is the number of pole pairs. 

dV and qV are the d- and q-axis stator voltages, respectively. 

di  and di  are the d- and q-axis stator currents, respectively. 

r  is the rotor speed. 

The Perturb and Observe (P&O) algorithm is a simple and widely used MPPT technique. 

The basic idea is to perturb the operating point and observe the change in power. Adjust 

the operating point in the direction of increased power. 

new new newP V I=                                                       (3.23) 
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Compare newP with the previous power oldP . If new oldP P , continue in the same direction; 

otherwise, change direction. (Sun et al., 2020). 

To guarantee that the wind turbine rotates at its intended speed, the electromagnetic torque 

needs to be controlled, approximated using the MPPT approach, and then applied to the 

PMSG. Its optimum value exits 0o = and the expression becomes as follows(Meghni et 

al., 2017)(Beltran et al., 2012) 

5 2

_ _max

_ 3

( )

2

terb ref p opt mec

em ref

t opt

P R C
T P

  



   
= =

 
                             (3.24) 

Then the pitch angle control of the turbine can be described in the following block 

diagram. 

 

Figure 3. 9 Block diagram for Pitch angle control of wind turbine 

3.8. Control of Wind Energy Integrated into the Grid 

3.8.1 Control Strategy  

The frequency converters, which are made up of a PWM inverter and a rectifier, must be 

controlled to modify the voltage, frequency, and active and reactive power injected into the 

grid when the wind speed varies.(Bossoufi et al., 2015; Jin et al., 2014; Johnson, 2001), to 

achieve the desired control objectives. As a result, the state vector and control vector are 

selected as described in eq 3.33 and 3.34: 

  , , , ,sd sq mec gd gqX I I I I =                                                   (3.33) 

  , , ,sd sq fd fqU V V V V =                                                       (3.34) 

3.8.2 Slide Mode Controller Design   

In general, the goal of sliding mode control is to make the system slide along the 

preplanned sliding mode surface in a finite amount of time and remain there in the face of 
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uncertainties, such as wind speed uncertainties or system parameter uncertainties, if the 

system is dynamic. With the latter, the system can be configured to switch between 

differentiators at any time by utilizing a discontinuous control signal structure. In this case, 

the system dynamic combines the beneficial properties of each of these structures to 

achieve the desired system behavior(Rhaili et al., 2020) (Yin et al., 2015). However, the 

ordinary SMC suffers from chattering and reaching the phase instability problem(Freire et 

al., 2012)(Mousa et al., 2020). Therefore, an SMC control strategy has been proposed to 

solve the common SMC problems and improve the system’s performance(Jin et al., 2014; 

Johnson, 2001). This technique is characterized by its simplicity and efficiency. 

In the proposed SMC control scheme, the chosen sliding surface is as follows(Majout et 

al., 2022): 

1

( ) ( )

n
d

S X e x
dt


−

 
= +  
 

                                                (3.35) 

where n denotes the order of the system, d is a positive constant, and ( )e x  is the error 

between the desired signal refx  and the state variable x . The tracking error dynamics of the 

suggested sliding surface become as follows when n = 1 is selected: 

( ) ( ) refS X e x x x= = −                                                    (3.36) 

Furthermore, the first-order SMC includes two terms (  and eq nU U ), where Ueq is an 

equivalent control that characterizes the system’s behavior on the sliding surface, whereas 

nU  is a switching control based on a discontinuous function (sign). It is employed to satisfy 

the condition of attractiveness and stabilization(Benamor et al., 2019)(Freire et al., 

2012)(Mousa et al., 2019). Therefore, to attain commutation around the surface of PSMC, 

each component of the control approach is calculated as the addition of two terms(Yin et 

al., 2015)(Majout et al., 2022)(Rhaili et al., 2020), as follows: 

 and c eq nU U U=                                                         (3.37) 

sgn( )n n nU K S=                                                         (3.38) 

Where: nK  is a positive switching gain that is selected to attain the optimum performance 

and minimize the dynamic system disturbance. sgn( )nS is a discontinuous mathematical 

function characterized by an imperfect switching that causes the control signal to 

chatter(González et al., 2010). A novel smooth continuous switching control has been 
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presented to smooth the signal to lessen this problem. The principle of this technique is 

based on replacing the ordinary discontinuous function (Sign) in the switching control with 

a smooth continuous function as described in equation 3.37(González et al., 2010)(Karim 

et al., 2016): 

( )n n nU K Smooth S=                                              (3.39) 

where ( ( ))Smooth S X is a smooth continuous function defined by the following: 

'
( ', )

'

S
Smooth S

S




 
=

+
                                            (3.40) 

  is a small positive of the boundary layer width and '  is a positive constant used to 

adjust the tuning rate of the function. These two parameters (  , ' ) determine the steepness 

of the continuous function. Moreover, the state-dependent boundary layer   is designed as 

follows: 

1(1 ( ', ) )Smooth S  = − +                                             (3.41) 

where 1  is a small positive constant.  

3.8.2.1 Machine Side Control 

On this side, three controllers, using the sliding mode, are designed to control the direct 

and quadrature current components of the stator ( ,sd sqI I ) and the speed ( mec ).The-sliding 

surfaces have been fixed as follows(Aroussi et al., 2020b): 

*( ) ( )sd sd sd sdS I e I I I= = −                                              (3.42) 

*( ) ( )sq sq sq sqS I e I I I= = −                                               (3.43) 

*( ) ( )mec mec mec mecS e I =  = −                                        (3.44) 

where 
* *,sd sqI I  are the references of the direct and the quadrature stator current, 

respectively, 

and 
*

mec  is the mechanical speed reference. 

Applying the time derivative to ( )sdS I , ( )sqS I  and ( )mecS  , the resulting equations are as 

follows: 

*( )
qs sd

sd sd sd e sq

d d d

LR V
S I I I I

L L L
= +  −   −                                      (3.45) 



   

35 

 

*( )
sqs d

sq sq sq e sd e

q q q q

VR L f
S I I I I

L L L L
 


= +  +   +  −                          (3.46) 

* 1
( )mec mec mec sq turbine

tot tot tot

f
S I T

J J J


 = +  +  −                         (3.47) 

With
3

2
fP =   the sliding mode occurs on the sliding surface when the invariance 

conditions of the sliding surface are ensured, ( ( ) 0S X = ) and_ , 0sd qNV = (Hammoumi et al., 

2019). Hence, the equivalent control expression , _sd q eqV  for each axis is derived from 

Equations (44) and (46). gives, 

*

_

qs
sd eq d sd sd e sq

d d

LR
V L I I I

L L


 
= +  −   

 
                            (3.48) 

*

_

fs d
sq eq q sq sq e sd e

d q q

R L
V L I I I

L L L
 

 
= +  +   +  

  
                         (3.49) 

Whereas the switching control expressions _ _,sd N sq NV V  are defined as follows: 

_ ( ( ))     with  0sd N d sd dV K Smooth S I K=                              (3.50) 

_ ( ( ))     with  0sq N q sq qV K Smooth S I K=                               (3.51) 

From the expression in equations 3.48 to 3.51, the overall control expression can be written 

as: 

_ _ _sd ref sd eq sd NV V V= +                                                   (3.52) 

_ _ _sq ref sq eq sq NV V V= +                                                   (3.53) 

By using equations 3.52 and 3.53, the controller design of the generator side converter can 

be formed as follows: 

*

_ ( ( )) 
qs

sd ref d sd sd e sq d sd

d d

LR
V L I I I K Smooth S I

L L


 
= +  −   +  

 
                (3.54) 
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*

_ ( ( ))
fs d

sq ref q sq sq e sd e q sq

d q q

R L
V L I I I K Smooth S I

L L L
 

 
= +  +   +  +  

  
        (3.55) 

Similarly, the machine-side converter current control is 

*

_ _sq sq eq sq NI I I= +                                                           (3.56) 

With each component as : 

*

_

_

1

( ( ))  with >0 
mec mec

tot
sq eq mec mec turbine

tot tot

sq N mec

J f
I T

J J

I K Smooth S K



 

  
= −  +  −   

  
 =  

                             (3.57) 

3.8.2.2 Grid Side Converter (GSC) Control 

To keep the DC-link voltage at a constant value, a PI controller was applied to regulate the 

voltage measured DCV  to track its reference _DC refV . Furthermore, to adjust the grid current 

frequencies and reach a unit power factor(Aroussi et al., 2020a),two controllers using the 

sliding mode are designed to control the direct and quadrature current components (Igd,Igq) 

of the GSC, as shown in Figure 3.10. 

 

 

  

   

 

 

Figure 3. 10. General block diagram for grid side control 

On this side, the sliding surfaces have been fixed as follows: 

*( ) ( )gd gd gd gdS I e I I I= = −                                               (3.58) 

*( ) ( )gq gq gq gqS I e I I I= = −                                                (3.59) 

* *,gd gqI I  are references to the quadrature and direct grid currents. Using the same 

methodology as the MSC control once more, the grid-side converter's controller will be 

designed as follows: 

 

SMC Controller 
PMSG based 

WECG 
Error 

 

 
Output 
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_ _ _fd ref fd eq fd NV V V= +                                                 (3.60) 

_ _ _fq ref fq eq fq NV V V= +                                                  (3.61) 

*

_

_ ( ( ))     with  0

f gd

fd eq f gd gd g gq

f f

fd N fd rd fd

R V
V L I I I

L L

V K Smooth S I K


  

= +  −  +  
   


=  

                             (3.62) 

*

_

_ ( ( ))     with  0

f gq

fq eq f gq gq g gd

f f

fq N fq rq fq

R V
V L I I I

L L

V K Smooth S I K


  

= +  +  +  
   


=  

                            (3.63) 

where 
*

gqI  is produced by the reactive power _g refQ that is fixed to zero to reach the unity 

power factor control, while 
*

gdI  is generated by the DC-link voltage regulator. 

3.8.3 Stability Analysis 

The global stability condition of the proposed SMC for the machine side converter and grid 

side converter, the Lyapunov stability function is introduced as follows(Karaoui et al., 

2022; Mahfoud et al., 2021; Majout et al., 2021): 

( )

( )

2 2 2

2 2

1

2

1

2

sd sq mec

gd gq

MSC I I

GSC I I

V S S S

V S S




= + +


 = +


                                         (3.64) 

 

where the Lyapunov stability function MSCV  is chosen for the MSC, while GSCV VGSC is 

selected for the grid-side converter. 

If the Lyapunov function derivative is negative, the sliding mode stability is guaranteed. 

0

0

MSC

GSC

V

V





                                                           (3.65) 

 

BY taking the first derivative of MSCV  and GSCV in equation 3.63 for time can be described as 

follows:(Karaoui et al., 2022; Majout et al., 2021): 

sd sd sq sq mec mec

gd gd gq gq

MSC I I I I

GSC I I I I

V S S S S S S

V S S S S

 
 =  +  + 


=  + 

                             (3.66) 
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When each derivative surface ( )S X  replaces equations 3.45-3.47 and 3.62-3.63 in 

equation 3.66 then the final surface equation becomes 

* *

*

_

( ) (

1
           ) ( )

(

sd sq

mec

gd

qs sd s
MSC I sd sd e sq I sq sq e

d d d q

sqd
sd e mec mec sq turbine

q q q tot tot tot

f gd f

GSC I gd ref gd g gq

f f

LR V R
V S I I I S I I

L L L L

VL f f
I S I T

L L L J J J

R V V
V S I I I

L L



 






=  +  −   − +  +  + 


 +  − +   +  +  − 

=  +  −  + −

_

)

           ( )

gq

d

I

f

f gq fq

gq ref gq g gd

f f f

S
L

R V V
I I I

L L L









 + 




+  +  + −


  (3.67) 

Then replace equations 3.55, 3.56,3.58 and 3.63 into equation 3.67 and the final equation 

becomes 

( ( )) ( ( ))

           ( ( ))

( ( )) ( ( ))

sd sq

mec mec

gd gq

MSC d I sd q I sq

mec

GSC fd I rd fq I rq

V K S Smooth S I K S Smooth S I

K S Smooth S

V K S Smooth S I K S Smooth S I

  

 = −   −  


−  


= −   −  

               (3.68) 

So the final expression of smooth(S(X)) become 

mec mec sd sq

gd gq

MSC d I q I

GSC fd I fq I

V K S K S K S

V K S K S

 
 = −  −  − 



= −  − 


                         (3.69) 

From equation 3.69 0, >0 and 0
mec d qK K K   ; 0MSCV   and 0, >0fd fqK K ; 0GSCV 

from it is understood that the Lyapunov condition is satisfied, and the main objectives of 

the proposed control are achieved. 

The overall model and control system for wind energy generation using PMSG and its 

MSC and GSC control mechanism are described in Figure 3.11. 
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Figure 3. 11 . Overall block diagram of the system 

3.9 RL Filter 

In the context of wind farms and their integration into the electrical grid, Resistance-

Inductance (RL) elements are often used in various components of the power system for 

control, protection, and filtering purposes. Key applications of RL elements in wind farm 

grids: 

Grid-Side Converters: Wind turbines are connected to the electrical grid through power 

electronic converters. These converters often include RL filters to mitigate high-frequency 

harmonics and reduce the impact of switching transients. The inductance helps smooth the 

current waveform, and the resistance dampens oscillations. 

Rotor-Side Converters: Some wind turbines use doubly-fed induction generators (DFIGs) 

with power converters on the rotor side. RL filters may be employed in the converter 

circuits to improve the performance of the generator, reduce harmonics, and provide better 

control of the turbine. 

Fault Ride-Through (FRT) Systems: RL elements can be incorporated into the design of 

fault ride-through systems. These systems enable wind turbines to remain connected to the 

grid and ride through short-term voltage disturbances, such as faults.  

Harmonic Filtering: Wind turbines, especially those with power electronics, can 

introduce harmonics into the grid. RL filters are used to filter out these harmonics, 

ensuring that the injected current into the grid is within acceptable limits and compliant 

with grid codes. 
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3.10. Overall System Software Simulation Modeling and Design 

In this section, the simulation models of PMSG are presented. The simulation models are 

designed using MATLAB/SIMULINK 2021a. The model shown in Figure 3.12 contains 

the generator, power converters, wind turbine, transformer, and so on. The type of wind 

turbine employed is a variable-speed wind turbine with full-scale power converters 

commonly known as the permanent magnet synchronous generator. The specification of 

the generator (with a rated power of 1.5MW) used to run the model is obtained from the 

ADAMA-I wind farm. The back-to-back two-level PWM converter has two converters, 

one is connected to the machine side (MSC) and another is connected to the grid side 

(GSC). With a slide mode control method implemented the MSC is used to control the 

active and reactive power while the GSC is used to maintain a constant DC-link voltage. 

Its subsystem model is shown in Figure.B1, Figure.B2, and Figure.B3(Appendix). 

 

Figure 3. 12. Overall MATLAB Simulink model of the proposed system 
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CHAPTER FOUR 

4. SIMULATION RESULT AND DISCUSSION 

4.1 Introduction  

In this chapter, the drive control system results of a permanent magnet synchronous 

generator for wind power generation integrated into the grid for power quality are 

discussed and analyzed. The simulation results describe the open loop and the controlled 

output variables. The nonlinear model of the PMSG is designed using the 

MATLAB/SIMULINK model. The sliding mode controller is used for the grid side and 

machine side converter to control the d-q current in SMC in PI controller mode. 

4.2 Output Results without Control or Stability 

4.2.1 Open Loop Output from Turbine 

 

Figure 4. 1 Turbine rotation angle with wind direction 
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Figure 4. 2 Mechanical power generated from wind speed 

Figures 4.1 and 4.2 are the outputs of the turbine of the wind generation system. The 

designed turbine rotation angle is described in Figure 4.1 as having the same frequency but 

it has a sharp corner in its rotation. In addition, the oscillation is not smooth since it has 

some sinusoidal without changing frequency. Figure 4.2 shows the power generated in the 

wind turbine speed or it is mechanical power. This power has fast oscillation up to some 

time even with different amplitudes. Figure 4.3 described below is the rotor speed of the 

PMSG without any control mechanism. As shown in the figure the speed signal at the start 

of the simulation is really unstable and oscillatory. 

 

Figure 4. 3 Rotor speed of PMSG generator rotated with turbine speed 
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4.2.2 Open Loop Output from PMSG, Converters and Grids 

Figures 4.4 and 4.5 below are the electromagnetic torque and power of the PMSG in an 

open loop mechanism or unstable mechanism. As shown in this figure the torque fluctuates 

back and forth in the sinusoid at the starting of the generator. This will create unstable 

power in the grid and cause power fluctuation.in proportion to the torque the power also 

fluctuates as shown in Figure 4.5. Due to this fluctuation of torque, the power is transient 

with different amplitude. 

 

Figure 4. 4 Electromagnetic torque of PMSG 

Figures 4.5 and 4.6 are the AC voltage and Current from the grid-side converter and grid-

side DC voltage. Voltage and current at the start are very low and do have not the same 

amplitude of waves. This will create a harmonic distortion of the grid. The DC voltage in 

Figure 4.6 has an almost stable result but it still a smoothed signal. 

 

 Figure 4. 5 Grid side voltage and current output  
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Figure 4. 6 Grid side DC voltage output 

 

of  

 

Figure 4. 7 Grid side Active power output 

 

Figure 4.8 Grid side reactive power output 
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The grid's active and reactive power is shown in figures 4.7 and 4.8.from this figure it is 

clear that the active power is disturbed at the start of operation and it needs more time to 

back its stability. From Figure 4.8 the reactive power is increasing to the negative, this will 

reduce the power factor of the grid output. As shown from the zoomed view the active 

power follows the reference after some operation of the power system. 

4.3. Output Results from Controller Stability 

4.3.1 Controller Stable Output from Turbine 

In this thesis, the stability of the power system from wind which is connected to the grid 

system becomes stable by using PI form sliding mode controller for PMSG motor and its 

converters.SMC is selected since the PMSG has no stator winding and its rotor is 

connected to the stator with internal winding. 

 

Figure 4. 9 Turbine rotation angle with wind direction  

 

Figure 4. 10 Rotor speed output of PMSG 
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Figures 4.9 and 4.10 are the rotational angle of the turbine and rotor speed corresponding 

with the turbine rotation. From this figure 4.9, the angle is exactly controlled and has a 

specific boundary. The rotation angle does not vary with time which makes the PMSG 

rotate in equal frequency in time. This will create a smooth rotation of the motor and 

produce a stable power system from the wind. Due to the stability of the rotation angle, the 

speed described in Figure 4.10 is also stable and it follows the reference speed in equal 

frequency corresponding to time. These both show the effective control of the generator 

that leads to generating stable power. 

 

Figure 4. 11 Mechanical power generated from wind speed 

 

Figure 4. 12 Electromagnetic torque for PMSG  
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Figure 4.11 above is the mechanical power generated by wind. This power has an equal 

generating cycle without, distortion, and harmonics. This shows that the angle of rotation 

and speed of the generator are controlled in a good way. In addition to the power, the 

torque in Figure 4.12 also becomes very stable after controlling the motor. As shown in the 

pink line the torque has no increasing value concerning the reference torque. Throughput 

the running time of the motor the torque has equal value. This makes the generator smooth 

rotation and generates stable power with increasing power factor. 

 

Figure 4. 13 Machine-side DC voltage output 

 

Figure 4. 14 Grid side voltage and current before the filter 
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Figure 4.14 below shows the current and voltage output after the grid converter without a 

filter. from this signal, it is understood that the voltage with higher amplitude has smooth 

and stable sinusoidal output. but the current shown in small amplitude with a zoomed view 

has a high starting current and also there are some harmonics in the current. After some 

time the current flows in a stable and equal amplitude signal. the harmonic signal from the 

current will create distortion and fluctuation in power stability. 

 

Figure 4. 15 Grid side voltage and current after filter 

The signal described in Figure 4.15 above is the voltage and current after the addition of 

the filter. The main purpose of a filter is to remove unnecessary signals and harmonics, 

which are uncontrolled, signals. From this figure compared to figure 4.14 the voltage 

output is almost the same as figure 4.15.but the current in figure 4.15 is very stable and 

there are no harmonics compared with figure 4.14. this shows that the filter is important to 

remove and filter the uncontrolled signals and harmonics. 

 

Figure 4. 16 Active power output from Grid 
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Figure 4. 17 Reactive power output from Grid 

Figure 4.17 shows the reactive power output of the grid from the filter. The active power 

after control and filters is very stable and moves in equal amplitude as compared with that 

of the reference power. The stability of active power shows that all other parameters in the 

wind generation system are controlled and operated in stable conditions. As described in 

the reference power the amplitude of the reference power is increasing but the grid active 

power is operating in constant amplitude and frequency. Constant frequency operation of 

the grid system will lead to the stable operation of the whole system with our distortion. in 

another case, the figure shown in 4.17 is the reactive power of the grid-connected system. 

The reactive power is also stable and reduced to the constant after some time later. 

 

Figure 4. 18 THD for grid voltage with filter and without controller 
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Figure 4. 19 THD for voltage with filter and controller 

Figures 4.18 and 4.19 are the voltage harmonics with the same filter but with and without 

the controller. The primary purpose of the controller is to make a signal in the wind 

generation process. But in addition to stability, the controller removes some harmonics 

created during the generation of power for the grid. As seen from the figures above the 

amount of harmonics is reduced from 8.23% to 4.43%. the amount of decrement is almost 

3.8% after the addition of the controller 
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

In this thesis,  investigate the impact of integrating wind power into the grid on power 

quality during dynamic operations. I compared two scenarios: one using an open loop with 

filter output and the other employing robust slide mode control, which addresses common 

issues in conventional sliding mode control methods. 

By employing a unique smooth continuous function, the robust slide mode control 

enhances performance and stability, overcoming chattering challenges. I evaluate my 

methodologies based on criteria like voltage total harmonic distortion and active/reactive 

power, modeling essential components such as the PMSG and converters in 

MATLAB/Simulink. 

Comparing the outcomes, robust slide mode control shows significant improvements, 

notably reducing total harmonic distortion to 4.43%, meeting IEEE 519 criteria. This 

simulation data and analysis confirm the effectiveness of our proposed control technique, 

especially in wind power systems using PMSG variable speed technology. 

5.2 Recommendations for Future Work 

The whole system in this thesis is designed and simulated only in Matlab/Simulink. In 

most work, simulation software may not show the exact operation of the wind energy 

system and testing of the controllers. Hardware is not designed in this system due to the 

high cost of the material and there is not enough access to material in our country. The 

author recommends future testing by designing simple hardware if materials are easy to 

access. 

In this system, most control systems in MPPT and pitch angle together with MSC and GSC 

are designed in conventional PI controller form. This is due to a limitation of control 

system design knowledge. Therefore, it is better to add extra control techniques like 

artificial intelligence in MPPT for increasing power and other controllers in the grid for 

better performance. 
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APPENDICES  

Appendix A:MATLAB Script for Over All System   

Rs=6.25e-3;                                                                 % Stator resistance (ohm) 

Ld=0.395e-3;                                                               % Inductance of d-axis 

Lq=0.395e-3;                                                                % Inductance of q-axis 

p=44;                                                                           % Number of pole pair 

flux=11.1464; 

Lf=5e-4;                                                                       % Inductance of filter 

Rf=0;                                                                            % Resistance of filter 

Cbus=0.06;                                                                   % DC bus capacitance 

Vdcref=5000                                                                % DC bus reference voltage 

Ts=10e-6; 

eps=0.707; 

R=77;                                                                           % Length of the blade      

rho=1.225;                                                                   % Air density 

J=10000;                                                                      % Inertia 

F=0; 

%%wind turbine constants 

cpmax=0.45;                                                                 % Power coefficient 

lamopt=6.14;                                                                % optimum tip speed ratio 

K=1; 

c1=0.5176; 

c2=116; 

c3=0.4; 

c4=5; 

c5=21; 

c6=0.0086; 

%%turbine 

wnvitesse=2*pi/0.09; 

kpv=2*eps*wnvitesse*J; 

kiv=wnvitesse*wnvitesse*J; 

Widr=2*pi/40e-03; 

Kid=Lf*((Widr)^2); 
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Kpd=(2*eps*Lf*Widr)-Rs; 

Wiqr=2*pi/40e-03; 

Kiq=Lf*((Wiqr)^2); 

Kpq=(2*eps*Lf*Wiqr)-Rs; 

% Grid side converter 

Wudc=2*pi/200e-03; 

Ki=Cbus*((Wudc)^2); 

Kp=Cbus*2*eps*Wudc; 

wpll=2*pi/0.07; 

kpPLL=2*eps*wpll; 

DiPLL=2*eps/(wpll); 

kiPLL=kpPLL/DiPLL; 

KiQr=0.2; 

KpQr=0.017; 

% Machine side converter 

Kdn=500e60; 

Kqn=50000e10; 

Appendix B:MATLAB Simulink  

 

Figure B. 1 Simulink model of Machine side control 
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Figure B. 2 Simulink model of  Grid Side control 

 

Figure B. 3 Simulink model of   MPPT control 

 

Figure B. 4 Simulink model of   Pitch angle control 

Appendix C: Adama I Wind Turbine Generator and Turbine data 

Table C. 1 Adama I Wind Turbine Generator and Turbine data 

Parameter Value 

Wind turbine nominal power 1.5 MW 

No wind turbine 34 

Wind turbine inertia constant(H/s) 4.32 

Rotor diameter 77 m 
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Wind turbine rotor radius 37.3 m 

Cut in speed 3 m/s 

Cut out speed 22 m/s 

Rated speed 11 m/s 

Optimal speed ratio 6.14 

Maximum power coefficient 0.45 

No of blade 3 

Rated mechanical power 1.5 MW 

Rated apparent power  1.6 MVA 

Generator inertia 3500 J/kg.m2 

Rated power factor 0.97 

Rated speed 17.3 rpm 

No pole pair 44 

Rated rotor flux linkage 1.48 

Stator winding resistance 0.006 

d-axis synchronous inductance 0.395 mH 

Q-axis synchronous inductance 0.395 mH 

Rated current 680 A 

 

Appendix D: PI Control Parameter 

Table D. 1 PI Control Parameter 

 

Parameters 

 Gain value 

Kp Ki 

Dc bus voltage 2.6653 59.2176 

Current controller d-axis 0.1048 12.3374 

Current controller q-axis 0.1048 12.3374 

Pll controller 126.9203 8.0568 

Reactive power controller 0.017 0.2 

 


