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ABSTRACT 

 

With ever increasing demand of electricity and depleting conventional energy sources 

with their environmental concerns, renewable energy sources are an excellent 

alternative for producing clean energy. Among many renewable energy sources, wind 

energy has huge potential to contribute part of energy demand. However, as a result of 

unprecedented integration of wind energy in low voltage and high voltage grids, 

ensuring stability and power quality following grid codes is a challenge lately. Wind 

Energy Conversion System (WECS) suffers from two main problems, 1) fluctuations 

in output power due to unpredictable behavior of wind, and 2) retention of connection 

during grid faults. The optimal solution to increase Fault Ride Through (FRT) 

capability and smoothing of output power fluctuations in PMSG based WECS is still a 

point of research in literature.  In this research Work, the application of superconductors 

to enhance the performance of Permanent Magnet Synchronous Generator (PMSG) 

based WECS is investigated. The presented work considers optimal integration of 

Superconducting Coil (SC) with PMSG based WECS. Fractional Order PI (FOPI) 

control is used for control of SC circuit. Harmony Search (HS) optimization technique 

is used for finding optimum parameter values of the SC and FOPI controllers. The 

proposed strategy is then compared with PI based control of SC for disturbance in the 

form of wind gust and grid fault.  
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Wind energy is an excellent and feasible solution to continuous demand of world energy 

with no environmental concers.  Increased penertration of wind enegy systems with 

utility grid creates multiple challenges for grid operators to ensure power quality, 

stability and realibility. Recently, permanent magnet synchronous generator (PMSG) 

based wind systems have gained increased application due to technological 

advancements in power electroics and ferromagnetic material research. However, 

PMSG suffers from two main problems such as output power fluctuations due to wind 

gusts and necessity to have better fault ride through capability during grid faults in order 

to comply with grid codes. The application of supercondcutors presents an excellent 

solution to improve the performance of PMSG based wind energy conversion systems 

(WECS). 

1.1 Research Background 

Traditional resources such as oil, gas and coal have been in predominant use through 

the world. These resources are depleting at a higher rate as they are responsible for 

almost 80% of the world’s energy demand. Also, the utilization of conventional 

resources has created issues such as climate change, global warming accompanied with 

high of emission of CO2, and high fuel cost. increased air pollution. Moreover, due to 

increased industrial development, average energy demand per capita have also 

increased. Increased environmental implications, depletion of fossil fuels, greater 

energy demand and cost associated with conventional resources have created the need 

to find alternate energy resources. Energy production from renewable resources have 

increased rapidly during the last decades as a result of limited fossil resources and their 

associated environmental concerns. Renewable energy resources provide a sustainable 

and clean energy alternative for the modern power grids. The contribution of renewable 

energy in total installed power generating capacity of the world is more than 33%, 

equivalent to 2,378 GW [1]. The graph showing comparison of installed capacities is 

given in Figure 1.1.   

 In recent years, wind energy can play an important role modern power network as it is 

clean, renewable, and is viable source for meeting global energy demand. Wind energy 

is of great potential to fulfil increased demand of clean energy. The wind power 

installed capacity grew from 540 GW in 2017 to 591 GW in 2018 globally [1] and it is 

expected to reach 800 GW by 2021[2] as given in Figure 1.2. 
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The concept of modern Wind Energy Conversion Systems (WECS) and their 

development can be traced back to the year 1970 but only recent decades have shown 

considerable growth in this field. The increased popularity and application of WECS is 

mainly due to the technological breakthrough made in the field of power electronics, 

signal processing and turbine dynamics. These breakthroughs have increased the 

productivity and decreased the cost of the WECS. However, increased addition of wind 

power into electrical grids, have created a huge challenge for the grid operators in the 

form of power quality and transient stability assurance.  

 

Figure 1.1 Part of energy demand covered by renewable resource in 2018 [1] 

 

 

Figure 1.2 Installed capacity of wind energy in 2018 [1] 

1.2 Challenges  

PMSG is popular in wind power industry due to promising features, such as a) higher 

efficiency, b) high power density, c) self-excitation and d) higher reliability due to 
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omission of gearbox [3]. However, the PMSG wind turbines are sensitive to 

disturbances and have two inevitable issues, i.e., fault ride through (FRT) capability 

and output power fluctuations[4], [5].  

Wind output power fluctuations in wind turbines are caused by wind gust during normal 

operation. Subsequently, it has diverse effects on stability [6], power quality, voltage 

and frequency of the system [7]. These transients in voltage and frequency can cause 

cascaded failure in grid, especially during faults at grid side. 

Grid codes require that the Wind Turbine Generators (WTGs) should have sufficient 

FRT capability against disturbances in terminal voltage (PCC) in form of voltage sags 

and dips. An incident of major blackout happened in state of south Australia on 28th 

September 2016 due to poor compliance of grid codes. The main reason for this incident 

was “low voltage ride through (LVRT)” setting on the wind farm. They were set at 

lower values as compare to required values. Wind power system should have adequate 

LVRT as most faults create low voltages. 

Wind turbine shaft have increased mechanical speed due to transient instability caused 

by grid faults. The high speed and resulted vibrations can have detrimental effect on 

shaft. Sudden change in speed acceleration of WTG causes over currents in stator 

winding and voltage rise in the DC-link bus of WECS [8]. Conventional PMSG wind 

energy systems employ back to back (BTB) converters to attain full power control. Grid 

Side Control (GSC) cannot provide all the generated power to grid during grid faults. 

LVRT is achieved through provision of reactive power to grid by GSC. There is also 

voltage rise at DC link and fluctuation in frequency due to grid faults. High voltage at 

DC link can damage capacitor of conversion system. The increase acceleration of the 

generator is caused by the power imbalance of generated power with that of delivered 

power to the grid [9]. The high currents can damage generator and power converters if 

fault condition persists for long time. As result, wind farm will be completely cut out 

from grid. The loss of large MW wind farm can cause stability risks especially in case 

of connection with weak grid. 

Generators have different LVRT capacities depending upon their sizes. Large 

generators cannot achieve stable condition quickly after the clearance of fault as they 

have high inertia. Small capacity generators can get to stable operation very fast due to 



 

22 

 

their low inertia and fast matching of active power, after recovering from grid fault. 

The speed variation is much less in case of large generators during faults as they have 

higher inertia. 

To mitigate the rise in voltage at DC link in case of grid faults, either excess active 

power should be dissipated or the generated power should be reduced so that GSC can 

give enough reactive power support [10]. LVRT is the process of recovery of WECS 

from grid faults. The combination of grid variables and generator variables such as 

votlage profile at DC link, rotor speed, rotor current and grid voltage profile etc., can 

be used in study for LVRT improvement [11]. The absence of power supply from wind 

farm during faults can create transient instabilities. In order to protect grid from these 

transient instabilities , the disconnection of wind farm from grid should be prevented 

[12]. 

 Numerous techniques have been investigated to improve performance of the PMSG 

wind turbines and to support grid during disturbances. The performance requirements 

can be fulfilled either by new modified controls [13] or by utilizing various external 

devices, such as, FACTS  [14], [15] and Energy Storage Systems (ESS) [16]–[18]. In 

addition, the Dynamic Voltage Restorer (DVR) [19] can be utilized to restore terminal 

voltage against grid faults by their serial connection with the grid. However, former 

strategy needs robust controllers and can only be developed for new WECSs. While the 

latter strategy faces the issue of cost constraint of system due to connection of extra 

external devices. The control module of these hardware devices further complicates the 

control of PMSG WECSs. 

Recently, application of superconductors in WECS for performance improvement is of 

great importance [20]. Superconducting Magnetic Energy Storage (SMES) is magnetic 

field-based energy storage system created with superconducting coil with DC current 

flowing through it at a cryogenic temperature. A SMES has better cyclic efficiency, 

quick response for charge and discharge cycles in comparison with other Energy 

Storage Systems (ESS) [21].  

Extensive research have been done to explore the utilization of SMES as a solution to 

improve power profile and integration of the WECS with grid while ensuring stability 

of the power system  [28]–[31]. However, most of the studies of application of SMES 
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have been in DFIG based WECS. The integration of SMES with PMSG based WECS 

by employing control based on advanced meta heuristic Algorithms still need further 

exploration. SMES can be of better use as compare to other storage devices  in 

multipurpose application, particularly in terms of both FRT and output power 

smoothing.  Moreover, the cost of the Superconducting Coil (SC) is the main issue. 

Therefore, optimization-based approach is required to get optimal value of SC with the 

constraint of maintained performance. 

This thesis investigates the optimal integration of SMES with PMSG based WECS by 

utilizing Fractional Order Proportional Integral (FOPI) control and Harmony Search 

(HS) optimization algorithm. The effect of SMES on the behavior of PMSG system 

during wind gust and grid fault is investigated. 

1.3 Problem Statement 

The two main challenges in integration of WECS with primary grid are 

unpredictable behavior of output power variations and fault ride through capability 

during grid fault event. There is need to find an optimal solution for both issues. 

1.4 Thesis Objectives 

The main objectives of this thesis are:  

1. Develop a control strategy of SMES unit Integrated with PMSG based WECS. 

2. Design of reliable FOPI controllers for regulation of energy between SC and 

conversion system. 

3. Optimization of superconducting coil parameters to minimize the integration 

cost. 

4. Study the effect of wind gust on the PMSG’s performance with SC 

5. Study the effect of SC on PMSG based WECS’s performance during grid fault. 

1.5 Summary of Thesis 

This thesis consist of six chapters: 

• Chapter 1. Research Background 

This chapter contains the introduction, challenges, brief discussion on 

integration of SMES with WECS, thesis objectives and summary of thesis. 
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• Chapter 2. Literature Review 

Extensive literature review of different power fluctuation smoothing and 

LVRT techniques for PMSG based WECS is presented in this chapter. 

Moreover, the chapter helps in identifying research gape with respect to 

use of SMES with PMSG. 

• Chapter 3. Modelling and Control of PMSG based WECS 

This chapter contains the overall technical attributes of the PMSG based 

WECS as it is being applied with SMES unit. This chapter contains the 

complete modelling of the whole WECS. 

• Chapter 4. SMES Unit Configuration and Control Scheme 

The first part of the chapter contains a brief configurational discussion of 

SMES power system. This chapter describes the SMES system including 

proposed control utilizing FOPI controller and Harmony Search (HS) 

Algorithm for optimization for parameter tunning. 

• Chapter 5. Performance of PMSG Based WECS with integration of 

Superconducting Coil 

This chapter contains results and discussion on performance of PMSG 

based WECS with SMES. 

• Chapter 6. Conclusion and Future Trends 

Conclusions and brief points of future trends are summarized 
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This chapter covers different types of WECS and their fundamental differences. The 

second part of the chapter deals with literature review of different power smoothing and 

LVRT techniques being reported for PMSG based WECS over the years. Moreover, 

different proposed application of SMES in WECS for performance improvement are 

extensively covered and compared to find the research gap between existing work and 

future directions.  

2.1 Wind Energy Conversion Systems (WECS) 

Direct connected WECS were the first generation WECS that used fixed speed turbines 

to generate power. These systems were much dominated in generation industry that 70% 

of all installations in 1995 were fixed speed based [26]. This technology lacked high 

efficiency and could not maximize energy capture. However, tecnological revolution 

in power electronic have played an important part in improvement of WECS in terms 

of captured wind energy. Variable speed WECS technology can provide 5% more 

energy capture as compared to fixed speed technology. Furthermore, variable speed 

systems can handle wind gusts and corresponding fatigue much better than the fixed 

speed systems [27], [28]. Based on the wind turbine-generator categories, there are 4 

types of WECS that can be found throughout history in wind power generation[29], 

[30].  

2.1.1 Fixed Speed WECS (Type A) 

Fixed speed WECS is illustrated in Figure 2.1. It is the first type of WECS making use 

of asynchronous induction generation for power generation. A gearbox is used to 

compensate for mismatch of speeds of turbine and generator. In this topology, Direct 

connection of wind generator with the main power grid is made via a transformer. As a 

result, generator speed not only depend upon number of poles but also on the system 

frequency. A soft starter is used to mitigate disturbance caused by the connection of 

generator with grid. As a result of this disturbance in form of inrush current, drive train 

ecperiences high torque transients. This configuration has many advantages such as 

robust, simple, cheap and does not have synchronization problems. However, it has 

many drawbacks such as, lower efficiency, stress on mechanical parts due to grid fault 

and requirement of reactive power from grid. To compensate the reactive power need, 

reactive power compensation devices are used in this configuration. 
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Gear 
Box

Induction Generator

Q Compensator

Grid

Soft Stater

 

Figure 2.1 Traditional Configuration of Type A WECS 

2.1.2 Semi variable speed WECS (Type B) 

Type B WECS incorporates the limited variable speed operation of generator to 

improve conversion efficiency. It has more conversion efficient as compare to Type A 

system. Typical type B configuration is shown in Figure 2.2. It utilizes wound rotor 

induction generator in order to use the impact of change of winding resistance on speed 

torque characteristics of the generator to achieve operation with variable speed. The 

resistance of the rotor is changed by using an Opti-slip control  which allows 0-10% 

change with respect to nominal speed [31]. This also uses gearbox, soft starter and 

compensation device.  

Gear 
Box

Turbine

Induction Generator

Q Compensator

Grid

Variable Resistance

Soft Stater

 

Figure 2.2 Traditional configuration of Type B WECS 

2.1.3 Doubly-Fed Induction Generator (DFIG) based WECS (Type C) 

This configuration uses DFIG generator with semi control topology as given in Figure 

2.3. The generator provides generated power through two windings: stator and rotor 

winding. The generator has direct connection with grid through the stator winding and 

rotor winding is connected to BTB converter topology which has rating of about 30% 

of DFIG rated value [30].  Due to availability of 30% converter rating, variable speed 

operation of about ±30% can be obtained. The utilization of appropriate control of 

converter makes the regulation of power much easier. The employment of proposer 
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Maximum Power Point Tracking (MPPT) technique and 30% variation in speed 

increase the overall efficiency and improve the dynamic performance of the WECS 

against the transients. The partial power operation of converters create limitation on 

FRT capability in case of DFIG. 

This configuration does not require a starter and compensation of reactive power as 

compare to type A and type B [32]. However, the use of slip rings and brushes for 

connection of rotor winding with converter, creates the dilemma of regular maintenance 

requirement. The presence of gear box and requirement of maintenance increases the 

overall cost of WECS.  

Gear 
Box

Grid

DFIG

AC

DC

DC

AC

Back to Back 
Converter  

Figure 2.3 Traditional Configuration of DFIG (Type C) 

2.1.4 Full converter WECS (Type D)  

This variable speed WECS configuration uses full scale 100% power converters and 

known as type D WECS in market. Gearbox can be removed by using multipole 

generators in this type of WECS. The rotational speeds of turbine speed and generator 

speed can be made equal by suitable poles number design of the low-speed multipole 

generator.  The removal of a gearbox has many advantages such as reduced losses, less 

cost, and increased reliability of system. This scheme can use squirrel cage induction 

generator, wound rotor synchronous generator and PMSG for generation as shown in 

Figure 2.4. Full power converter is used to connect generator to the grid. The connection 

through converter makes the power generation possible at wide range 0-100% speed 

variation. Moreover, power converter facilitates the system to deliver smooth active 

power and to compensate reactive power rapidly.  PMSG based WECSs are popular in 

wind power industry due to promising attributes, such as i) high efficiency, ii) large 
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power density, iii) self-excitation, and iv) higher reliability due to omission of gearbox. 

Further, technology enhancement in fields of power electronics and ferromagnetic 

materials will increase the application and popularity of PMSG in wind power industry 

in coming years. 
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Figure 2.4 Traditional Configuration of Type D WECS 

DFIG and PMSG are the most popular generators in wind energy generation industry. 

The technical difference in operation of the DFIG and PMSG is given in Table 2.1. 

Table 2.1 Comparison of DFIG and PMSG 

 

Performance 

Wind Power Generator 

DFIG PMSG 

Stator Same same 

Rotor Coil in rotor Permanent magnet 

Slip ring and carbon brushes Available Not needed 

Maintenance High maintenance cost Maintainance of rotor is not 

required 

Converter power  25-30% power operation Full power operation 

FRT capability Have appropriate FRT Have appropriate FRT 

Reactive power and 

adjustment ability 

Variation with generator 

speed 

On full range of speed 

Connection and support of 

power grid 

Poor Better  

 

Advantages 

Needs lower Initial 

investment  

No rotor coils, low losses 

Generator is small in size and 

lighter  

Higher annual power output 

 

 The integration of a WECS with the existing power network must be according to set 

of rules called grid codes in modern era. Transmission Line Operators (TSOs) have 
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defined these requirements (grid codes) to accommodate the high penetration of 

WECSs while ensuring power quality and system stability [33].  

The connection of WECS with the grid depend upon voltage at the Point of Common 

Coupling (PCC), that is crusial part of the grid code. We can enhance the LVRT of the 

WECS by two strategies. One of the strategies utilizes newly developed coordinated 

control to achieve the goals of grid code. It is only applicable for new WECS before 

connecting it to the power grid. Alternatively, flexible AC transmission system 

(FACTS) devices and energy storage systems can be used for performance 

improvement and this strategy is suitable for large existing WECS considering the 

factor of cost [34]. 

Variable speed WECS can tackle the weaknesses of fixed speed type more efficiently. 

They can effectively extract maximum possible power from wind and can support the 

grid with  reactive power as well [35]. However, the unpredictable behavior of wind 

speed in form of wind gust can create power fluctuations in this type of WECSs which 

ultimately affect power quality. Increased penetration of WECS with low and high 

voltage power grids have created multiple challenges such as 1) to retain steady supply 

of power and 2) to maintain LVRT capability following grid codes.  

2.2  Power Smoothing Techniques 

Wind energy generation suffers from unpredictable power production due to stochastic 

nature of the winds. This unpredictability will create transient instabilities and power 

quality issues onto the power grid as a result of voltage and frequency fluctuations. 

Extensive research has been done to smooth variation of power of the PMSG based 

WECS due to disturbances in form of wind gust. The power smoothing techniques 

found in literature can be categorized into two types [36]: 1. Methods utilizing energy 

storage methods and 2. Methods without energy storage.  
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Figure 2.5 Power Smoothing Methods [32] 

2.2.1 Energy Storage based Methods 

Energy storage systems (ESS) have found application in tackling power fluctuation of 

WECS [36],[37]. The main target of ESS is to improve power quality of wind energy 

system operation. it involves mitigating voltage/power fluctuations, load leveling and 

frequency control. It behaves as great buffer to absorb or discharge energy in case of 

even fastest fluctuations. ESS equipped with effective control can absorb small power 

variations and minimize its adverse impact on the power grid. Energy storage systems 

found in literature are usually Ultra capacitors, Battery energy storage systems (BESS), 

flywheel ESS, SMES and fuel cells. 

These storage systems usually use two configurations of integration with WECS. First 

one is by using DC chopper at the DC link of the wind energy system and Second 

configuration utilizes Voltage Source Converter (VSC) and DC chopper. It is attached 

at PCC of the WECS.  

Ultra-capacitor is also called super capacitor or electric double layer capacitor (ELDC). 

Ultra-capacitor is an electro-chemical capacitor which uses electrodes made of 

conducting polymers. Application of flying supercapacitor for power smoothing 

problem of wind power generation can  be found in [38].  This article presents direct 

integration scheme of supercapacitor for WECSs. This topology is based on capacitor 

clamped three level inverters. This technique gives an alternative as compare to 

conventional DC link-based conversion system. In [23], PMSG based WECS integrated 

with Supercapacitor as storage device for FRT improvement and power variation 

mitigation is proposed. In this technique, buck-boost converter is used for integration 
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of SC with DC link. During normal conditions, the proposed technique utilizes SCESS 

to eliminate output power fluctuations. During grid faults, the generated power is forced 

to store in  Super capacitor energy storage system (SCESS), which interns removes DC 

link voltage rise. The proposed technique is simulated for symmetrical faults and show 

effective FRT capability. The parameters of the proportional integral (PI) controllers 

for buck-boost converter and NPC converters are optimized by employing Particle 

Swarm Optimization (PSO). The MATLAB based Digital Simulator is used for the 

implementation of the overall system and controllers. SCESS for a five phase PMSG 

system power smoothing is presented in [39]. The proposed strategy utilized SCESS 

controlled with model predictive approach with finite set control for power smoothing 

of the system. Simulation results validated the effectiveness of presented approach for 

swell effect.  

2.2.2 Power smoothing methods without Energy Storage 

Power fluctuation smoothing of WECS without ESS lies in the inherent ability of the 

WECS itself. First technique utilizes the harvesting capability of the pitch angle of wind 

turbine blades control for power fluctuations removal. Pitch angle control (PAC) is one 

of the important methods for getting required power from wind energy. One way of 

getting the appropriate pitch angle value from PAC is by utilizing difference of 

generated and reference power. Many studies have used conventional PI controller for 

this purpose as reported in [40]. The gain of PI controller can be adjusted to get 

improved response. [41] represents a case of PAC utilizing fuzzy logic for power 

smoothing. However, frequent pitch angle adjustment will create mechanical issues.  

Rotor inertia can be used to power smoothing of WECS as presented in [42]–[44]. The 

rotating mass can absorb or release excessive energy during rotor acceleration or 

deceleration. Rotor inertial method has an advantage over pitch angle control in energy 

harvesting as it can store portion of curtailed energy in rotor as kinetic energy. DC link 

capacitor can be used as a source for power smoothing as temporary variation of voltage 

at DC can be used to release or absorb energy which ultimately mitigates the power 

fluctuations. Table 2.2 provides the comparison of output power smoothing techniques. 
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Table 2.2 Comparison of power smoothing techniques 

Method Advantages Disadvantages Remarks 

 

 

ESS 

• Effective power 

fluctuations mitigation 

without compromising 

MPPT 

• Supply power during 

peak loads 

• Increased Cost of the system 

• Factor of Storage Capacity 

The capacity 

and cost 

should be 

optimized 

 

 

 

PAC 

• Low cost 

• Simple Control 

• Response is slow 

• Maintenance cost as it suffers 

from mechanical stress 

• Affects the MPPT 

• Cannot store energy for long 

time  

The 

combination 

of PAC with 

other methods 

in form of 

coordination 

give better 

performance 

 

Rotor 

inertia 

• Low cost 

• Faster than PAC 

• Coordination with other 

technique provide better 

performance  

• Mechanical stress issue 

• Short time energy storage 

Modification 

of MSC can 

provide better 

performance 

 

Recently, use of combinations of these above-mentioned techniques in form of 

coordinated control for power smoothing can be found in literature. Coordinated control 

strategy to mitigate fluctuation in output of PMSG is presented in [45]. The proposed 

strategy utilized the PAC and DC link voltage exploitation in coordination. It reduced 

the mechanical strain on turbine blade during high frequency and capacitor size during 

low frequency operations. A coordinated power smoothing strategy was presented in 

[46]. The proposed work contains two control strategies for power fluctuations 

mitigation, 1) combined control of novel DC link voltage control, PAC and rotor speed 

control at the same time, and 2) Hierarchical Control of above mentioned three controls. 

A section-based algorithm was designed for hierarchical control.  
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2.3 Fault Ride Through Techniques  

Numerous techniques have been developed over the years to enhance LVRT capability. 

Most common classification contain two major categories, methods utilizing external 

devices and methods based on modification of traditional controls of WECS [47] as 

shown in Figure 2.3. External device-based methods include energy storage systems 

(ESS) , braking chopper (BC) [18], FACTS devices [12], [14]. While active methods 

include PAC [48], [49] and modified converter control [50]–[52]. 

A sliding mode control-based energy storage FRT technique for PMSG based wind was 

presented in [53]. In the proposed work, MSC controls the DC link voltage through 

sliding mode control. While GSC controls the maximum power extracted from wind. 

During fault events, excessive power is stored in rotor inertia. But the limitation of 

proposed technique is that it transfers stress from the electrical to mechanical. 

A coordinated control of PMSG WECS using static synchronous compensator 

(STATCOM) for severe gird fault scenario was proposed in [54]. The control objectives 

of converters are swapped such that DC link voltage is maintained by MSC and GSC 

ensures maximum extraction of wind power. The synchronized STATCOM provides 

additional reactive power to mitigate voltage dip at the PCC. Results show 

improvement in synchronization and reactive power supply during symmetric grid 

faults.  

A modified converter-based control for fault ride through handling during asymmetrical 

faults for PMSG is proposed in [55]. In this work, grid side controls responsible for 

MPPT  and MSC control stabilizes voltage at DC link. Also, GSC control contain dual 

current controller to maintain sequential currents during asymmetrical faults. Peak 

current limiter is also being implemented to inject negative sequence current and 

reactive power to grid.  

[56] presents an active power control scheme to achieve better operational performance. 

In the proposed work, generator side control is based on active power generated during 

grid disturbances. While, grid side control proposes oscillation cancellations scheme to 

mitigate distortion in voltage at DC link, active power and reactive power. It is 

implementation is based on the Positive Synchronous Frame. 
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A coordinated technique for improving FRT capability of PMSG wind turbine was 

presented in [51]. In this work, quasi-continuous sliding mode control (SMC) was 

implemented for MSC to regulated DC link voltage. While a coordinated control for 

GSC was proposed which have two modes, 1) MPPT for normal conditions, and 2) DC 

link voltage regulation during grid-side fault cooperative to machine side control. The 

reference power used for Grid Side Control after fault clearance was previous MPPT 

value, to reduce rotor load. As a result, converged power is produced that is useful for 

grid stability right after fault. A combine control (CC) of PMSG wind turbine using 

vector control (VC) and direct torque control (DTC) was designed in [50]. It has two 

modes, 1) MSC consists of partial combination of VC (torque and reactive power 

control) and DTC (hysteresis controllers and switching table) for normal conditions, 

and 2) swapped duties of back-back converters during fault conditions. MSC maintains 

the DC link voltage, which has fast transient response due to inclusion of DTC during 

fault conditions. Genetic algorithm is used to optimization of parameters of all PI 

controllers. The proposed control results in less fluctuations, less steady state ripples 

and faster transient response. Performance improvement of PMSG based WECS using 

adaptive fuzzy logic control (FLC) is presented in [57]. The proposed strategy 

incorporates adaptive FLC in back-back converter control of wind system. The 

adaptation of FLC is achieved using continuous mixed-norm adaptive algorithm, which 

updates the scaling factors of FLC. The technique is compared with control using 

particle swarm optimization (PSO) optimized PI controllers for symmetrical faults and 

real wind speed data to evaluate transient and dynamic characteristics of understudy 

WECS. 

2.4  Superconductor Magnetic Energy Storage (SMES) in WECS 

SMES technology stores energy in magnetic field formed by DC current passing 

through the superconducting coil. SMES have gained more application in power sector 

as a result of increased technological advancements in recent years [58]. Table 2.2 

contains the developed/installed SMES systems for various applications in power 

system around the world. SMES system can store and discharge power in short time 

even in case of small storage capacity. In addition to power absorb or discharge ability, 

SMES can also provide reactive power, which in turn makes it suitable for mitigation 

of voltage fluctuation in grid system. 
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SMES unit have highest efficiency, which is 90-99% as compare to other storage 

technologies. The reason behind high efficiency of SMES is that there is minimal 

resistance and zero frictional loss.  

Table 2.3 Application and testing of developed SMES systems 

Ref. Technical Data Application/features Organization 

[59] Iron cored HTS coil  Frequency support of 

PMSG based WECS 

University of Wollongong 

[60] 1MVA/1MJ SFCL-MES LVRT capability and 

power smoothing  

wind farm, Gansu 

province 

[61] 1 MJ SMES system Voltage stability Chubu Electric 

[62] 0.6 MJ SMES system  Voltage quality Korean Electric Power 

Research Institute 2.5 MJ SMES  Power quality 

[63] 20KJ SMES system Power quality China Electric Power 

Research Institute 

(CEPRI) 

[64] 10 kW – 2s SMES with MgB2 Power quality  Research Project  

University of Bolonga 

[65] A HTS SMES  Power fluctuation 

Mitigation 

Zhangbei test base, China 

under CEPRI. 

 

An approach to mitigate output power fluctuations through maintaining terminal 

voltage using SMES was presented in [66]. The output power reference is found by 

utilizing both simple and exponential moving averages. The proposed control is tested 

by using actual wind speed data of a wind farm available in Japan. However, as 

admitted by author, moving averages method required a larger storage capacity of 

SMES.  

A novel high temperature superconductor (HTS) SMES application with PMSG based 

WECS was proposed in [67]. It proposed a configuration of SMES utilizing a DC 

chopper for integration at DC link of the WECS. A 2MJ SMES and 3 MW wind turbine 

were used. Proposed system effectively curves power fluctuation and enhanced LVRT 

capability of the system. Another case of SMES system for power smoothing by 

connection at PCC of wind farm was [68]. SMES smooths out output power 

fluctuations and maintains deviation in grid frequency within an suitable range. An 

exponentially weighted moving average (EWMA) filter is used to provide output power 
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reference of the wind farm. However, the proposed system lacked optimization of the 

SMES parameters. 

In [69], power smoothing and LVRT enhancement technique was proposed for DFIG. 

During normal condition, superconducting coil (SC) is used for power smoothing and 

during gird fault, SMES is used as fault current limiter in form of inductor. Both Current 

Source Converter (CSC) and VSC based topology were investigated. The Kalman filter 

was used for fault detection. 

An adaptive SMES controller for PMSG generation system was presented in [70]. The 

proposed system attached SMES unit at the PCC of the system. The radial basis 

function neural network was used to find the SMES controller parameters. The 

weighting functions of the network are determined by training the network with input-

output data obtained through an optimum improved particle swarm optimization (IPSO) 

procedure. Another adaptive control based SMES unit integration with wind farm was 

proposed in [71]. The configuration of used SMES unit contains a VSC and DC chopper, 

which handles the transfer of  power between SMES and power system. Its unitized set-

membership affine projection algorithm (SMAPA) based adaptive PI controllers in 

converters.  

DC chopper controlled SMES for power smoothing of PMSG was presented in [72]. 

The SMES controlled active power to mitigate power fluctuations and voltage 

variations of grid inverter during wind gust. Similar topology of SMES unit for 

performance improvement of DFIG was presented for in [24].  DC chopper is for 

interfacing SC at DC link of WECS. The duty cycle of the chopper is generated by  

FLC. However, optimization of controller parameter and SMES sizing were not 

considered. 

 SMES can be used as dual function performance improvement unit as energy storage 

unit and superconductor-fault current limiter (SFCL). Such topology of SMES was 

presented in [25]. The system used SMES-FCL connected at PCC through a tertiary 

transformer. SMES coil is modelled as pancakes. During normal conditions, 

superconducting coil, as connected through VSC and two quadrant choppers, release 

and absorb energy to smooth output power. During faults, few pancakes from whole 

SC coil is inserted into main circuit to work as fault current limiter to keep current and 
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terminal voltage level within feasible value. Trial and error method are employed for 

finding parameter of PI controllers in SMES control. 

The FRT enhancement and power smoothing technique based on cooperative control 

of the SMES and Fault Current Limiter based on superconducting material was 

presented in [73]. The proposed system includes resistive type superconductor fault 

current limiter (SFCL) connected near the GSC and SMES connected at the conversion 

system through DC chopper. SFCL limits the fault current and helps improve terminal 

voltage and SMES stores the excess energy to maintain the DC link voltage. The results 

for symmetrical faults show that SMES-SFCL enhances FRT operation, help smooth 

output power, mitigate DC link voltage rise and help fast recovery from fault. But the 

proposed technique does not incorporate parametric optimization of SFCL-SMES. 

Cooperative control SFCL-SMES was proposed in [74]. In this technique, SFCL limits 

the fault current and also reduces part of surplus power of DC link. While SMES stores 

remaining surplus energy. Parameter of SFCL and SMES are estimated to find 

minimized SMES current capacity and resistance, thereby lowering the overall capital 

cost. The proposed technique lacks multi-objective function parametric optimization of 

SMES. Also, the inclusion of SFCL increased complications in the overall estimation 

process considering cost of SFCL. Similar combined SFCL-SMES technique for FRT 

capability improvement for DFIG was also proposed in [75]. In this technique, SFCL 

and SMES were connected at stator and DC link for fault current limitation, terminal 

voltage restoration and DC link voltage control respectively. Technical discussion was 

given for parametric optimization of SMES-SFCL but it was not conceived.  

Even though SMES is an emerging technology for power quality and stability in WECS, 

it is still expensive and cost/ratings constraint need to be considered. In light of this, 

optimization of the SMES parameters is needed. There are multiple literature citing of 

parametric optimization of SMES. Most of them are based on DFIG WECS. In [76], 

Optimized technique utilizing SFCL-SMES for FRT capability improvement and 

output power fluctuations smoothing of DFIG was presented. The proposed work uses 

PSO to find optimal values for SFCL-SMES and parameter tuning of PI controllers. 

The objective function used considers factors of terminal voltage, active power and 

initial stored energy in SC. 
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Optimal integration of superconducting coil (SC) with DFIG was reported in [77]. The 

SC is integrated at DC link of conversion system through DC chopper. The chopper 

controls the exchange of energy between SC and WECS. The power fluctuations of the 

DFIG are mitigated by SC through charge and discharge modes. During grid faults, the 

SC behave as the current limiting inductor. It minimizes the rotor and stator 

overcurrents, and help mitigate the voltage rise at DFIG DC link. The parameters of the 

SC i.e., coil inductance, initial stored energy and initial coil current are optimized by 

PSO along with parameters of PI controllers. 

An optimal controlled SMES for power smoothing of PMSG based WECS was 

presented in [78]. SMES unit was integrated at dc link of WECS through DC chopper. 

The parameters of the PI controllers employed for SMES unit control were optimized 

using grey wolf algorithm. The proposed control considerably mitigates the power 

fluctuations. However, objective function did not include the optimization of the SC. 

The integration of SMES for power smoothing and FRT can be found in literature [66]–

[68], [72] either at dc link through dc-dc chopper or at PCC by using VSC and dc 

chopper. The control of the SMES unit was carried out by PI controllers. Even though 

the proposed systems enhanced the performance of the system to some extent, the 

tunning of the controllers pose a challenge against disturbances. The combination of 

SMES with SCFL has also been used in PMSG based systems for performance 

enhancement as given in [73]–[75]. But these studies lacked proper optimization of the 

parameters of control and SMES. Also, the inclusion of SFCL further complicates the 

calculations and increases cost of the system. However, the cost of the SC is a negative 

aspect in its application. And there should be a proper optimization process to determine 

SC parameters without compromising its performance. There are very few studies that 

cover both the optimization of the SMES parameters and the controller parameters. 

Such cases of study can mostly be found in literature for DFIG based WECS [76], [77]. 

PI controller was used in control of SMES and PSO for optimization. However, PI 

control lacks robustness against nonlinearities and variarion of parameters. In addition, 

PI and PSO do not give satisfactory performance when compared with the fractional 

order proportional integral (FOPI) control and recent optimization techniques. Studies 

found in literature lacked much emphasis on optimization of SC and control parameters 

in case of PMSG based WECS.  Therefore, solution for optimal integration of SC in 

PMSG based WECS is proposed in this thesis.  
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From above Literature survey, The significance and novelity of proposed work as 

compare to previously done research can be outlined as: 

• A topology of SC at DC link of PMSG based WECS without modifying 

conventional controls of WECS or already installed WECS. 

• The sole application of SC in form SMES in PMSG based WECS for handling 

both issues of output power fluctuations and LVRT capability improvement as 

compare to studies either proposing solution for only one issue [67], [68] or 

using combination of SMES with superconductor fault current limiter (SFCL) 

[73], [74].  

• Simple and less computational FOPI based control of SC to regulate energy 

transfer between SC and conversion system of PMSG based WECS. 

• New solution to tackle capacity and cost concerns of application of SMES 

through optimization of SC size and parameters as previous studies for PMSG 

lacked emphasis in this regard. 

• Use of harmony search optimization for parameter tunning of FOPI (SC control) 

for better performance. 
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Chapter 

3  

Modelling and Control of PMSG based WECS 
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This chapter describes the working, modeling and control of wind system. The process 

of energy conversion is illustrated in form of mechanical modeling of the WECS. It 

involves the description of all components including PMSG, converters to control 

energy transfer and grid model. The basic principle and working of the conventional 

control schemes utilizing PI controllers has been discussed and simulated. 

3.1 Introduction 

Wind energy and its applications has become an attractive and promising solution in 

market of generation, lately. The typical WECS contain systematic combination of  

mechanical and electrical components to produce electrical power through controlled 

operation by harvesting the wind mechanical power [79].   

In this chapter, all components of the WECS are discussed and modelled to explain all 

operational cases. A typical PMSG based WECS is given in Figure 3.1. The structure 

includes a wind turbine connected to PMSG generator which then delivers power to 

grid through a conversion system based on BTB converter setup. 

 

PMSG

Wind Turbine

Transformer

C

PCC

VPCC

VDC

Rectifier Inverter

FilterVw

AC/DC DC/AC

 

Figure 3.1 Traditional PMSG based WECS 

 

First step is the explanation and modelling of wind turbine aerodynamics. The model 

of the wind turbine will be formed to get turbine mechanical characteristics. The second 

part will contain electrical and mechanical modelling of the PMSG generator. 

Furthermore, it will include converter topology interface along with the control for 

connection with the power grid. In order to mitigate harmonics, filters can be put in 

place to improve profile of the output current. 

It is also noted that the interface of the system with grid can be made through 

transformer to get the same voltage level as the power grid.  
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3.2 Modelling of Mechanical Parts in WECS 

3.2.1 Wind Turbine Model  

Wind turbine basically transform the wind energy into mechanical energy and then 

electrical generator convert it to electrical energy. The kinetic energy stored in wind 

is basically transformed into mechanical energy. Under the assumption that the 

wind stream is uniform which means it is assumed that each layer of air flow parallel 

to each other, the kinetic energy stored of the wind can be given as follows [80]: 

𝐸𝐾𝑖 =
1

2
𝑚𝑣𝑤

2                                                            (3.1) 

Where Eki is the kinetic energy of wind, m is the mass of air and vw is the wind speed 

(m/s). By substituting mass as product of density and volume.  Then volume can be 

expressed as product of speed, time and area. The mass in a circular interface area 

between turbine blades can be derived as: 

 

𝑚 =  𝜌𝑣 = 𝜌𝑣𝑤𝐴𝑡 =  𝜌𝑣𝑤𝜋𝑅
2𝑡                                        (3.2) 

  

Where ρ is the density of air which varies from 1.1 to 1.3 (kg/m3), R represents the 

radius of the blades of turbine and t is the time.  

The equation of Eki from (3.1) and (3.2) gives:  

𝐸𝐾𝑖𝑛 =
1

2
𝜌𝑣𝑤

2𝜋𝑅2𝑡                                                   (3.3) 

Afterwards, the stream power of wind Pwind can be expressed as [81]: 

 

𝑃𝑤 =
1

2
𝜌𝜋𝑅2𝑣𝑤

3                                                         (3.4) 

The power that is being captured by turbine from air stream is equal to: 

 

𝑃𝑀 =
1

2
𝜌𝐴𝐶𝑝𝑣𝑤

3                                                         (3.5) 

 

Where PM denotes the captured wind power, A is the area swept out by turbine 

blades. where R represents the radius of blades of turbine and 𝜔𝑚 is the mechanical 

speed of the generator in rad/s. 

 The power coefficient (Cp) is expression in form of the Tip Speed Ratio (TSR) λ 

and the pitch angle β as shown below [82]: 
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𝐶𝑝(𝜆, 𝛽) =  𝐶1 (
𝐶2

𝛾
− 𝐶3𝛽 − 𝐶4) 𝑒

−𝐶5
𝛾 + 𝐶6𝜆                           (3.6) 

𝛾 =  
1

(𝜆+0.08𝛽)−(0.035𝛽2+1)
                                           (3.7) 

 

The constant (empirical) values can be estimated for wind turbine as: C1 = 0.5176, 

C2 = 116, C3 = 0.4, C4 = 5, C5 = 21, and C6 = 0.0068. The TSR is expressed as 

follows: 

 

𝜆 =  
𝜔𝑚𝑅

𝑣𝑤
                                                   (3.8) 

According to Betz’s limit, Cp can have maximum value within the range 59.26 % 

in an ideal case. Therefore, the captured power from the wind will always be less 

than the Betz’s limit [83]. The actual value of extracted power can very well be less 

than 50% pertaining to the loss involved in the whole conversion system. These 

losses are caused by inefficient converter operation or design and construction of 

the whole setup.  

 

Figure 3.2 Relation of power coefficient with TSR 

 

 The relation between power coefficient 𝐶𝑝 of wind turbine and TSR indicate that 

optimum value of power coefficient 𝐶𝑝 occurs at optimum value of TSR for all 

operational situations. MPPT can be obtained by adjusting these values with respect 

to wind speed variation and pitch angle. Figure 3.2 represents the correlation of the 

power co-efficient 𝐶𝑝 and optimum values of TSR by varying the pitch angle β.. 



 

45 

 

The main target of MPPT is to find optimum angular speed 𝜔𝑚 ∗ to capture 

maximum mechanical power from available enegy of wind as much as possible. 

Therefore, significant relationships of Cp and TSR λ shown in Fig 3.2 should be 

taken into consideration while designing to get MPPs. The dynamic relation of the 

wind turbine is expressed below: 

 

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑚 − 𝐹𝜔𝑚                                                (3.9) 

 

J represents the total moment of inertia of generator and wind turbine, and Tm is 

the input mechanical torque to the generator. Where F is the friction of viscosity 

coefficient. PMSG based WECS can operate in direct driven fashion without the 

need of gearbox.  

3.3 Electrical Modeling of the WECS 

Depending upon the operation of system, there are two way of doing electrical 

modeling of WECS as static or dynamic components. 

3.3.1 Reference frame Transformation 

The analysis of electric machines can be simplified by using reference frame theory. It 

can also be handy to facilitete digital implementation of control schemes to get 

simulation of wind energy conversion system. Many reference frames have been 

studied and presented over the years. The most commonly approached frames are the 

three-phase stationary frame (also reffered to as abc frame), the two-phase stationary 

frame (αβ frame), and the synchronous frame (dq rotating frame). 

3.3.1.1 abc/dq Reference frame  

The representation of three phase values can be done in form of a space vector x in 

stationary reference frame (abc coordinate system) as shown in Figure 3.3. The space 

vector is rotating at an arbitrary angular speed w. 
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Figure 3.3 space vector x and its three phase variable xa,xb,xc 

 

The two-phase reference frame (dq frame) contains two axes being d (direct) and q 

(quadrature) which are orthognal to each other. Figure 3.4 represents the transformation 

of three phase variables in stationary frame into dq reference frame. 

 

Figure 3.4 abc- dq axis 

The position of abc stationary frame as compare to dq reference frame is given by angle 

θ. And this angle θ is the angle between d-axis and a-axis. The dq reference frame 

rotates at a speed ω given by the relation 𝜔 = 
𝑑𝜃

𝑑𝑡
 . 

The transformation from abc stationary frame to dq frame can be expressed in form of 

trigonometric functions derived through orthogonal project method. The sum of 
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orthogonal projections of each of the xa,xb,xc on the axis of dq frame gives the 

corresponding components of that axis in dq reference frame.  

 

The transformation abc-dq can be expressed in a matrix form as shown below: 

 

[
𝑥𝑑
𝑥𝑞
] =

2

3
[
𝑐𝑜𝑠𝜃 cos (𝜃 −

2𝜋

3
) 𝑐𝑜𝑠 (𝜃 −

4𝜋

3
)

−𝑠𝑖𝑛𝜃 −𝑠𝑖𝑛 (𝜃 −
2𝜋

3
) −𝑠𝑖𝑛 (𝜃 −

4𝜋

3
)
] . [

𝑥𝑎
𝑥𝑏
𝑥𝑐
]                      (3.10) 

 

It should be observed in above transformation that: 

• A coefficient of 2/3 is being used in the equation. √2 3⁄  can also be used. The 

benefit of using 2/3 is that in this case the magnitude of transformed variables dq is 

equal to the magnitude of the three-phase variable used for transformation.  

• Two variables dq contain all information about the three phase abc waveforms 

given that the three phases are balanced.  

The equation for inverse transformation of getting three phase abc (stationary reference 

frame) variables back from dq transformed variables (rotating reference frame) is:  

[

𝑥𝑎
𝑥𝑏
𝑥𝑐
] = [

𝑐𝑜𝑠(𝜃) −𝑠𝑖𝑛(𝜃)

𝑐𝑜𝑠(𝜃 − 2𝜋 3⁄ ) −𝑠𝑖𝑛(𝜃 − 2𝜋 3⁄ )

𝑐𝑜𝑠(𝜃 − 4𝜋 3⁄ ) −𝑠𝑖𝑛(𝜃 − 4𝜋 3⁄ )

] . [
𝑥𝑑
𝑥𝑞
]                    (3.11) 

The vector angle ϕ between d-axis and x is constant under the assumption that space 

vector x rotates with same angular speed as the dq reference frame. As a result, dq-axis 

components (xd and xq) received after transformation, are DC variables. Therefore, the 

advantages of the abc/dq transformation, in representing three-phase AC variables in 

form of two-phase DC variables, has made it effective in modelling and control wind 

power systems. 

For controling of WECS, the synchronous reference frame is usually used. In this 

reference frame, the synchronous speed (of both synchronous or an induction generator) 

is matched by the rotating speed of the arbitrary reference frame ω , given by 

𝜔𝑠 = 2𝜋𝑓𝑠                                                           (3.12) 

Where fs is the stator frequency. The angle θ can be obtained from 

𝜃(𝑡) = ∫ 𝜔𝑠(𝑡)
𝑡

0
𝑑𝑡 + 𝜃𝑜                                       (3.13) 



 

48 

 

Where 𝜃𝑜 is the initial angular position. 

3.3.2 PMSG Model 

Electrical generator is one of the major components of a typical WECS which converts 

mechanical energy into electrical energy. Permanent magnet synchronous machines 

(PMSM) are usually manufactured in high power ratings of up to 8 to 10 MW, which 

constitute new development in wind power generation. PMSM give more efficiency as 

compare to conventional synchronous machines due to less electrical losses as a result 

of operation without excitation circuit. These machines also have less mechanical 

equipment of gear box and have fixed magnetic fluc due to permnent magnets. 

Synchronous generator (SG) is more costly as compare to Induction Generator (IG) of 

the same size. However, it has application in large scale generation due to its numerous 

advantages. One of these advantages is that magnetic field generated from permanent 

magnet of the rotor, enables it to operate correctly without the need of reactive 

magnetizing current. Another cost effective advantage of these machines is that they 

can be driven directly with wind turbine without gear box by using appropriate number 

of poles. Thus, synchronous generator is considered a suitable solution for wind turbine 

generator in spite of drawbacks of cost and complexity. Synchronous generators are 

especially more suitable for low wind speed setups where required frequency can be 

achieved by selecting appropriate number of poles [84]. 

Rotating reference frame in synchronism is used to denote the output voltages of PMSG 

while q-axis lead the d-axis by 90 degrees considering the rotation [85]. There are three 

tpes of SG with respect to construction and are explained below : 

• Salient pole type: In this particular model, the rotor’s windings  are represented as a 

coil and situated around the pole shoe. As a result of this structure, reluctances in d and 

q axis are different from each other, which ultimately yields different machine reactance 

values (xd >xq). The most prominent application of this type of SG is in hydro-electric 

power stations, having lower rotating speed w.r.t  wound rotor generators [86]. 

• Round rotor SG: In this model, The rotor windings are spread in the rotor slots in 

uniform style. In this configuration, the reactances in d and q are eqaul . Round rotor 
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SGs have major application in thermal or diesel fueled power plants with speed as high 

as 3000 rpm [87]. 

• Multipole PMSG: To achieve low speed operation of wind turbine, the number of 

poles can be increased in this multipole SG to get to the required rotational speed. 

Permanent magnets are used to provide magneti field in place of excitation winding in 

this configuration. Because of  equal distribution of surface mounted magnets in this 

model, there is a difference of only few percent between d and q aixs reactance’s. Due 

to the multi-pole nature, it’s suitable for low-speed application (compared to high 

dynamic drives). 

3.3.2.1 Dynamic model of PMSG  

The synchronous rotating reference frame, where d-axis trails the q-axis by 90 degrees, 

can be used to represent the PMSG output voltages. Equations (3.14) and (3.15) 

represent this generator’s d-q stator voltages equations respectively. 

  

𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑𝑠 + 𝐿𝑑𝑠
𝑑𝐼𝑑𝑠

𝑑𝑡
− 𝜔𝑒𝜓𝑞                                              (3.14) 

𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞𝑠 + 𝐿𝑞𝑠
𝑑𝐼𝑞𝑠

𝑑𝑡
+ 𝜔𝑒𝜓𝑑                                              (3.15) 

𝜓𝑞 = 𝐿𝑞𝑠𝐼𝑞𝑠                                                             (3.16) 

𝜓𝑑 = 𝐿𝑑𝑠𝐼𝑑𝑠 + 𝜓𝑃𝑀                                                       (3.17) 

where Lds and Lqs are the inductances of the rotor on dq reference frame, ids and iqs 

are d and q axis components of generator current, Rs is the resistance of the rotor, ψPM 

is the flux of the permanent magnet and ωe is the electrical angular speed of the PMSG 

which is defined as: 

𝜔𝑒 = 𝑃𝜔𝑚                                                           (3.18) 

where P is the No. of pole pairs. The electromagnetic torque of the generator can be 

expressed as: 

𝑇𝑒 =
3

2
𝑃[(𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝐼𝑑𝑠𝐼𝑞𝑠 + 𝜓𝑃𝑀𝐼𝑞𝑠]                                   (3.19) 

Te can be further simplified by using Ld=Lq assumption that is in case of surface 

mounted PMSG 

𝑇𝑒 = 
3

2
𝑃𝜓𝑃𝑀𝐼𝑞𝑠                                                    (3.20) 
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From above expression, it can be seen that electromagnetic torque can be varied by 

controlling the value of Isq. Electromagnetic torque follows the mechanical torque and 

afterwards power to achieve MPPT. The part of modeling of PMSG is the motion 

equation given by: 

𝑑𝜔𝑚

𝑑𝑡
=

1

𝐽
(𝑇𝑒 − 𝑇𝑚 − 𝐹𝜔𝑚)                                          (3.21) 

The Active and reactive powers of the SG are stated in equations (3.22) and (3.23) 

respectively: 

𝑃𝑔𝑒𝑛 =
3

2
[𝑉𝑑𝑠𝐼𝑑𝑠 + 𝑉𝑞𝑠𝐼𝑞𝑠]                                                (3.22) 

𝑄𝑔𝑒𝑛 =
3

2
[𝑉𝑞𝑠𝐼𝑑𝑠 − 𝑉𝑑𝑠𝐼𝑞𝑠]                                               (3.23) 

Equations (3.14), (3.15) can be rearranged for operation of generator mode for 

simulation purposes: 

𝑖𝑑𝑠 = 
1

𝑆
[−𝑣𝑑𝑠 − 𝑅𝑠𝑖𝑑𝑠 + 𝜔𝑟𝐿𝑞𝑖𝑞𝑠]/𝐿𝑑                                         (3.24) 

𝑖𝑞𝑠 = 
1

𝑆
[−𝑣𝑞𝑠 − 𝑅𝑠𝑖𝑞𝑠 − 𝜔𝑟𝐿𝑑𝑖𝑑𝑠]/𝐿𝑞                                         (3.25) 

The block diagram representing the model of SG for computer simulation is expressed 

in Figure 3.5. The SG model’s input variables are the dq-axis stator voltages vds and 

vqs, the rotor flux linkage 𝜆𝑟 = 𝜓𝑃𝑀 (in case of PMSG) and the mechanical torque Tm. 

The output variables of the model are the stator currents in dq axis, electromagnetic 

torque Te and the rotor mechanical speed ωm. 

 

Figure 3.5 Block diagram of SG [88] 
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Full power operation of the generator can be attained by using BTB converter. The 

generator’s produced reactive power is getting exchanged with grid-side converter 

instead of the power grid. Therefore, there will be zero net reactive power distributed 

to the grid and WECS solely supply active power to the grid. 

Damper windings are not used for these multipole generators as they are connected to 

grid through decoupled convertor system. Furthermore, there is no need of excitation 

circuit as field is provided by permanent magnets. These currents in other SGs can be 

used to damp current transients. Hence, PMSG cannot contribute damping in all 

operations for any type of disturbance.  

3.3.3 Voltage Source Rectifier Model  

In modern WECS, Voltage Source Converters (VSC) are an effective device to convert 

AC into DC and vice versa. The advantage  of the VSC are compact size, can easily be 

controlled through open loop V/Hz control, low cost, low power losses and give high 

power factor [89]. The uncontrolled diode rectifier is represented in Figure 3.6, which 

is low cost, simple and easiest technique of rectification. However, it lacks the ability 

to provide reactive power due to uncontrolled topology. 
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L2Lb

Diode Rectifier Inverter

Grid

+

-

Vd Sw

Db

+

-

Vdc
C1

S1 S3 S5

S4 S6 S2

Boost Converter DC Link 

Capacitor

D1 D2 D3

D4 D5 D6

 

Figure 3.6 Diode Rectifier in WECS 

 

Increased value of torque and load angle will yield increased stator current which in 

turn will make the stator voltage to drop which in turn will make DC link voltage to 

drop [10]. The conversion depicted in figure 3.6 must balance the dropped DC voltage. 

It is going to be possible for only one point of operation as excitation of PMSG is fixed 

and constant. Also, the inability of diode rectifier to provide/consume reactive power 

will lead to insufficient usage of PMSG in case of change of operational point. 

Therefore,In order to achieve best low speed operations of PMSG, fully controlled 

rectifier and inverter should be used for conversion. Usually, PWM controlled Insulated 
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Gate Bipolar Transistor (IGBT) voltage source rectifier and inverter are used for full 

power operation. It has better overall efficiency as it can absorb/supply reactive power. 

The topology of converters that we can use is BTB converter.  

3.3.4 Back-to-Back (BTB) Converter Model 

GSC controls the power flow while maintaining the voltage at DC link. The generator 

side control maintains the maximum capture of the power from the wind. A decoupling 

capacitor is connected between generator converter and grid inverter. It allows the 

independent operation (compensation for asymmetry) on sides of generator and grid by 

ensuring separate operation of rectifier and inverter. [90], [91]. The typical diagram of 

BTB converter used for WECS’s grid connection is shown in Figure 3.7. The full 

capacity converters facilitate the design of system by ensuring decoupled control of grid 

and generator side converters. This topology also increases the range of operation of 

generator. 
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DC Link
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+
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C1 Vdc

S1' S3' S5'

S4' S6' S2'

 

Figure 3.7 BTB Converter topology for WECS 

 

Boost inductance can be used in DC link circuit in some applications which helps in 

reducing harmonic demands on the grid side harmonic filter.  In order to protect 

converter against disturbance on the grid, commination of capacitor and inductor are 

also being used as filters [92]. 

3.4  Grid Model 

Grid model will be  expressed in mathematical equations in this section [93].  

Three phase symmetrical voltage source can be used to represent the grid as shown in  

Figure 3.8. The three-phase voltage Va, Vb, Vc are defined as: 

𝑉𝑎 = 𝑉𝑚𝑐𝑜𝑠(𝜔𝑡)                                                      (3.26) 



 

53 

 

𝑉𝑏 = 𝑉𝑚𝑐𝑜𝑠 (𝜔𝑡 −
2𝜋

3
)                                                   (3.27) 

𝑉𝑐 = 𝑉𝑚𝑐𝑜𝑠 (𝜔𝑡 −
4𝜋

3
)                                                  (3.28) 

Where the angular frequency is represented by ω and Vm represents amplitude of phase 

voltage. The three phase currents can be represented as:  

𝐼𝑎 = 𝐼𝑚𝑐𝑜𝑠(𝜔𝑡 + 𝜑)                                                       (3.29) 

𝐼𝑏 = 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 −
2𝜋

3
+ 𝜑)                                              (3.30) 

𝐼𝑐 = 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 −
4𝜋

3
+ 𝜑)                                               (3.31) 

where phase angle between volage and current is  𝜑 and Im is amplitude of current 

 

Figure 3.8: Symmetrical three-phase voltage representation  

The phase-to-phase voltage can be written as: 

𝑉𝑎𝑏 = 𝑉𝑎 − 𝑉𝑏                                                             (3.32) 

𝑉𝑏𝑐 = 𝑉𝑏 − 𝑉𝑐                                                             (3.33) 

𝑉𝐶𝑎 = 𝑉𝑐 − 𝑉𝑎                                                             (3.34) 

The neutral current is defined as: 

𝐼𝑁 = 𝐼𝑎 + 𝐼𝑏 + 𝐼𝐶                                                                 (3.35) 

In case of zero neutral current (IN = 0), equations (3.35), (3.36) should be satisfied: 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝐶 = 0                                                                 (3.36) 

𝑉𝑎 +𝑉𝑏 +𝑉𝐶 = 0                                                                (3.37) 

Apparent power can be written as product of voltage and current: 

    𝑆 = 𝑉. 𝐼∗                                                              (3.38) 

3.5 Control Schemes of WECS 

A control of PMSG side converter can be achieved through Vector Control. In this 

control, generator phase currents are controlled to either control torque or flux. Various 
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vector controls can be found in literature. PMSG side control or machine side control 

(MSC) can either use field-oriented control (FOC) indirectly or Direct Torque Control 

(DTC). Also grid side control (GSC) can utilize either Voltage Oriented Control (VOC) 

or Direct Power Control (DPC). In this section, FOC and VOC are being explained for 

the proposed model of PMSG. 

The overall control of WECS involve Grid Side Control (GSC) and Machine Side 

Control (MSC). MSC incorporates the MPPT to excerpt maximum power from wind. 

GSC covers the active and reactive power control along with control of DC link voltage 

in case of VSC. In case of CSC, DC current is controlled. 

The overall control involves active power control through MPPT at generator side, 

voltage control at DC link for VSC or DC current for CSC and control of reative power 

on grid side. 

Synchronous reference frame is used to implement FOC scheme for easier control and 

this way, the control of special orientation of PM flux can be done. The MSC 

implementation based on FOC for PMSG is presented in Figure 3.9.  

Vector control can be achieved by utilizing dq reference frame in such a way that direct 

axis d is positioned along rotor flux vector. As a result, electromagnetic torque is in 

direct proportion to the q-axis stator current as long as magnetic flux is constant 

(Equation 3.20). Therefore, in a surface mounted PMSG, isd should be zero so that 

maximum torque per ampere can be obtained.  

The separate and indirect control of the torque and fluc can be achieved through FOC 

by using current control loops indirectly. The shaft speed is used as a feedback in 

control process of FOC. The shaft speed is measured by an encoder. The advantages of 

this control scheme are as follows: precise speed control, better respose of torque and 

it can achieve full torque standstill [94].  

DTC method controls the torque and flux directly without the current loops. And it 

facilitates the operation of VSI semiconductor devices as good method. However, DTC 

suffers from high torque pulsation and require variable switching frequency and higher 

sampling rates.  
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3.5.1 Reference Frames for Control Schemes 

The control of electrical machines can be implemented by taking into account a 

reference frame that is rotating with one of space vector of generator. We can get steady 

state control signal by using this reference frame as compare to normal sinusoidal 

signals. [189] contains the discussion on various methods that can be implemented for 

converter controls. 
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Figure 3.8 Schematic diagram of PMSG Based WECS 

3.5.2 Machine Side Control  

The aim of MSC is to extract as much power as possible with respect to changing wind 

speeds.  MSC based on FOC is represented in Figure 3.9. It includes an outer control 

for speed control and the inner one is the dq axis current controller. The speed control 

loop utilizes MPPT technique to generate speed reference ω* to attain maximum 

available power at particular wind speed 𝑣𝑤 as discussed in next part. The control uses 

PI controllers to adjust the error of signals where integrator term help reduce steady 

state error to zero. The inner current loop basically achieves the control of generator 

through zero d-axis current (ZDC). First d and q-axis components of stator current are 

determined and then used as feedback in control. The reference value of d component 

of stator current is zero according to ZDC. As a result, stator current 𝑖𝑠 is equivalent to 

its q component 𝑖𝑞𝑠 . According to equation (3.20), it can be deduced that 

electromagnetic torque produced is soley dependent and proportional to the stator 

current given that the flux produced by magnets is constant. The two PI current 
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controllers’ outputs in addition with coupling term of the network produce the reference  

dq axis voltages 𝑣𝑑𝑠
∗ , 𝑣𝑞𝑠

∗  as command values for pulse width modulation (PWM). 

PMSG

Wind Turbine
ωe

MPPT
Te*

1/(1.5PψPM )

ωe

PWMIabc

Iabc Abc

dq

Abc

dq

PI

PI

ωe Lds Ids+ ωe 

ψPM

ωe Lqs Iqs

C1

Ids

Iqs

Iqs*

Ids* = 0

+
-

+
-

-

+

+

+

θr

Machine Side 

Converter

 

Figure 3.9 Machine Side based on FOC 

3.5.2.1 MPPT Implementation 

The control of generator is done to attain indirect control of wind turbine below the 

rated wind speed. The main goal is to capture maximum power from wind power at 

certain wind speeds. It can be possible by keeping tip speed ratio value at optimum  

𝜆𝑇,𝑜𝑝𝑡 value while adjusting the turbine speed.  
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Figure 3.10 Characteristics of wind turbine interms of power and speed [88] 

Figure 3.10 shows the relation between power and rotation speed at different wind 

speeds, where the mechanical power is represented by PM and ωM  is the turbine’s 

mechanical speed. 

As represented in Figure 3.10, each curve of the power-wind characteristic has a peak 

point (MPP) for a specific wind speed value. And at the MPP, optimum value of TSR  

𝜆𝑇,𝑜𝑝𝑡 is obtained. The wind turbine operation must be adjusted to follow all MPPs in 

order to receive maximum value of power from available wind power at different wind 

speeds. The trajectory of MPPs can be described as a curve given by: 

𝑃𝑀 𝛼 𝜔𝑀
3                                                                  (3.39) 

The wind turbine’s mechanical power can be written in terms of TM as: 

𝑃𝑀 = 𝑇𝑀𝜔𝑀                                                           (3.40) 

Where Tm is the turbine mechanical torque. Substituting eq. () into eq. (), we get: 

𝑇𝑀 𝛼 𝜔𝑀
2                                                                  (3.41) 

The MPP operation of the generator can be achieved by manipulating the relation of 

mechanical speed, power and torque of wind turbine. These mechanical quantities of 

wind turbine are used to generate optimum torque and speed control signals. There are 

many different MPPT techniques that have been developed over the years.  Three are 

three methods of MPPT depending upon wind power profile, TSR and torque control. 

The system under study utilizes the optimal torque control. 
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MPPT with Optimal Torque Control  

In this technique, MPPT is attained according to the equation 3.41, where mechanical 

torque 𝑇𝑀 is in direct proportion to square of turbine speed 𝜔𝑀. The mechanism of this 

control tecnique is presented in Figure 3.11. In this tecnoque, first the generator speed 

𝜔𝑚  is measured. Then it used to yield the reference value of torque 𝑇𝑚
* depending 

upon the value of the coefficient for the optimal torque Kopt. MPPT is realized when 

generated torque Tm is equal to its reference  𝑇𝑚
*  in steady state through feedback 

control. 

PMSG

Wind Turbine

Transformer

Grid

Converter Controller

ωm

Tm

Vg,ig

Power Converters

(  )2 Kopt
Tm*

 

Figure 3.11 Optimal Torque Control for MPPT 

3.5.3 Grid Side Control  

GSC of converter is implemented by utilizing VOC along with decoupled control is 

shown in presented in Figuer 3.12. In VOC, outer loop for DC voltage 𝑉𝑑𝑐 control and 

inner loop manages the dq-axis currents 𝑖𝑑𝑔and 𝑖𝑞𝑔. To realize VOC, Phase Locked 

Loop (PLL) is applied on the grid voltage to measure its angle θg which in turn used 

for the abc/dq transformation of three phase line currents 𝑖𝑎𝑔 ,𝑖𝑏𝑔 ,𝑖𝑐𝑔 to 𝑖𝑑𝑔 and 𝑖𝑞𝑔.  

In order to implement VOC technique, the d-axis is in phase with the grid voltage vector, 

hence the (d-axis grid voltage is equivalent to its magnitude (𝑣𝑑𝑔 = 𝑣𝑔) and as a result 

q-axis voltage 𝑣𝑞𝑔 is then equivalent to zero. The system’s active and reactive power 

can be expressed for 𝑣𝑞𝑔 = 0 by 

𝑃𝑔 =
3

2
(𝑣𝑑𝑔𝑖𝑑𝑔 + 𝑣𝑞𝑔𝑖𝑞𝑔) =

3

2
𝑣𝑑𝑔𝑖𝑑𝑔                                   (3.42) 

𝑄𝑔 =
3

2
(𝑣𝑞𝑔𝑖𝑑𝑔 + 𝑣𝑑𝑔𝑖𝑞𝑔) = −

3

2
𝑣𝑑𝑔𝑖𝑑𝑔                                 (3.43) 
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The reference value for q axis current can be obtained by  

𝑖𝑞𝑔
∗ =

𝑄𝑔
∗

−1.5𝑣𝑑𝑔
                                                              (3.44) 

The reference reactive power depends upon the power factor. It is going to zero in case 

of unity power factor operation. The value of 𝑖𝑞𝑔
∗  is negative and positive in case of 

leading and lagging power factor respectively. 

The PI control of 𝑉𝑑𝑐 control generates the reference signal of d-axis current 𝑖𝑑𝑔
∗ . The 

inverter’s DC voltage is retained at reference value 𝑉𝑑𝑐
∗  during inverter steady state 

operation. The reference current 𝑖𝑑𝑔
∗  is then produced by vdc PI controller according to 

the operating conditions. The decoupled control makes independent control of 𝑖𝑑𝑔 and 

𝑖𝑞𝑔 possible which inturn provide independent/separate control of active and reactive 

powers respectively. It helps make system easily stabilized through convenient design 

of PI controllers. 
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Figure 3.12 Gide side Converter Control 

 

3.5.3.1 Phase Locked Loop 

The process of synchronization is essential for grid connected inverter system that 

helps to get synchronized inverted voltage in terms of amplitude, frequency and phase. 



 

60 

 

The synchronization process helps in keeping the magnitude and phase of inverted 

voltage of the VSI with grid voltages in synchronization. To guarantee the correct 

operation of the grid connected system, fast and accurate detection of inverted voltage 

of the VSI need to be done to achieve precise generation of reference signals. 

Moreover, WECSs are made to operate near unity power factor to make sure minimum 

power loss and grid code standards as well. There are two methods that can be 

considered to achieve this target: Filtered Zero Crossed Detection (ZCD) and PLL. 

The phase of generated signal is automatically adjusted by the PLL which is a feedback 

control system. In this work, phase locked loop method is used, available in Simulink. 

The main purpose of the PLL is to ensure unity power factor operation through the 

synchronization of angle of inverter current with phase angle of the grid voltage. The 

algorithm of the PLL alters the frequency of the inverter current corresponding to the 

phase shift between inverter current and grid voltage. The most common PLL 

technique is based on synchronous reference frame dq-axis. 

3.6 Simulation of PMSG based WECS and Results 

The wind energy conversion system shown in Figure 3.9 is implemented and simulated 

by using Simulink blocks in MATLAB/Simulink 19.  

The traditional MSC and GSC of the WECS utilizes PI controllers for control loops. 

The preliminary conditions of the system are taken into consideration, hence to 

simulate the system in stable manner. 

The parameters used for the simulation of WECS are given below: 

a) Wind Turbine. 

Table 3.1 Parameters of wind turbine used in simulation. 

Wind Turbine Parameter Parameter Value Used 

Blade Radius Ro 33.05 m 

Air Density 1.205 kg/m3 

Rated Wind Speed 12 m/s 

Cut-in Speed 5 m/s 

Cut-out Speed 25 m/s 

 

b) Parameters of generator 
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Table 3.2 PMSG Parmeters used in Simulation 

PMSG parameter Parameter Value Used 

Rated Power 1.5MW 

Number of Poles 48 

Stator Resistance 0.006 Ω 

d-axis inductance 0.000395 H 

q-axis inductance 0.000395 H 

Flux linkage 1.48 V. s 

 

c) Parameters of power converter 

Table 3.3 Parameter of power converter 

Parameter Value used 

PWM carrier frequency fp 2700 Hz 

Rated DC link voltage Vdc 1150 V 

DC link capacitor 10000e-6 F 

 

d) Parameters of control Schemes 

Table 3.4 The control parameters of MSC and GSC. 

MSC GSC 

Kp_Id Ki_Id Kp_Iq Ki_Iq Kp_vdc Ki_vdc Kp_Idq Ki_Idq 

1.5 0.52 0.75 8.5 8 400 0.83 5 

 

 

3.6.1 Wind Turbine Results 

The wind profile used in simulation of WECS is given in figure 3.13. The rated 

value of wind speed used for the system simulation is 12 m/s.  
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Figure 3.13 Wind speed profile 

The power coefficient Cp of the wind turbine is given in Figure 3.14. it can be observed 

that under PAC, Cp is decreased to get power at rated value. The maximum value of 

Cp is 0.445 and it is maintained at instances where wind speed is less than 12 m/s. The 

pitch angle value of turbine is shown Figure 3.15.  

 

 

Figure 3.14 Power coefficient Cp 
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The comparison of reference mechanical speed and actual mechanical speed is used to 

drive PAC. The PAC is involved in operation when speed of wind is greater than the 

rated value to curtail production of power.  

 

Figure 3.15 Pitch angle of WECS 

The reference value of mechanical speed of the rotor used in PAC is 1.1 p.u. As long 

as the rotor speed is below this value, PAC will remain deactivated and the pitch angle 

value will be 0. It can be observed incase of start time where rotor speed is less than 1.1 

p.u. But the PAC is activiated at 1.3s as the rotor speed becomes greater than 1.1 p.u 

given in Figure 1.17. The mechanical power  Pm obtained by the wind turbine is shown 

in Figure 3.16. It can be seen that at the start, Pm rises following the wind speed and 

crest at 1.64 p.u. However, at 1.3s the value of Pm drops around 1 p.u value because of 

activation of PAC. After 7s, Pm follows the pattern of wind speed. 
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Figure 3.16 Mechanical Power Pm of Simulated System 

3.6.2 Wind Generator and Grid Parameters 

The overall control of PMSG based WECS is achieved by using PI controllers in 

MSC and GSC. The behaviour of rotor speed of the generator in illustrated in Figure 

3.17. The wind speed is higher than 12 m/s from 1.5s to 6.5s, The mechanical spped 

of rotor is controlled at 1.2 p.u by PAC during these instances.  

 

Figure 3.17 Rotor speed of the generator wr 

The electromagnetic torque  Te of the generator along with reference torque value 

𝑇𝑒 can be seen in Figure 3.18. 𝑇𝑒
∗ is generated through MPPT by using optimal torque 
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control (shown in Figure 3.11). The value of this reference torque value 𝑇𝑒
∗ is then 

used to generate reference q axis stator current 𝑖𝑞𝑠
∗  (ZDC shown in Figure 3.9). The 

generated electromagnetic torque is following the referecen value.  The three-phase 

generator currents during wind variation is presented in Figure 3.19. The value of 

stator current changes with generated power which in turn follows the values of 

electric torque and rotor speed. The minimum value of current is at 16.5s as dips in 

value also happens for rotor speed and torque at that time value.   

 

Figure 3.18 Electromagnetic Torque Te 

 

Figure 3.19 3 Phase Generator Currents 
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The voltage profile at DC link of the conversion system is illustrated in Figure 

3.20. The DC link votlage is controlled by the outer loop of GSC according to 

the reference value of 1150 V. The DC link voltage control produces the 

reference value of grid current d axis 𝑖𝑔𝑑
∗ . The active power delivered to the grid 

by the system during wind profile is shown in Figure 3.21. The operation of 

GSC is maintained at power factor value of 1 by controlling the q axis grid 

current 𝑖𝑔𝑞 at 0 value by the inner loop of GSC. As a result, reactive power of 

the WECS is 0 as given in Figure 3.21.The three-phase current of the grid under 

the given wind speed profile are given in Figure 3.22. The variation of grid 

current values are in correlation with active power supplied to utility grid. 

Consequently, the changes in wind speed affect the value of grid current. 

 

 

Figure 3.20 DC Link Voltage Vdc 
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Figure 3.21 Active and Reactive power to the Grid 

 

Figure 3.22 Three Phase Grid Currents 
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Chapter 

4  

SMES Unit Configuration and Control Scheme 
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Superconductors have gained popularity for application in WECS over the last decade 

in terms of power conditioning, frequency support and stability. Many configurations 

have been proposed for integration of superconductos with the WECS. Most presented 

techniques utilized the conventional PI controller for control of superconductor unit.  

This chapters describes different configurations of SC unit. Furthermore, the proposed 

control is explained in terms of the control structure and controller used. The last part 

of the chapter deals with parameter optimization of the SC system.  

4.1 Introduction 

A SMES unit stores energy in magnetic field produced by superconducting coil due to 

flowing DC current through the coil. The temperature of the SC is kept below critical 

temperature value by using cryogenic process. The energy in an electromagnetic field 

depend upon the current flow and number of turns of the coil N. The electromotive 

force is the product of current flow and number of turns as NI. Eq. 4.3 represents the 

calculation of electromotive force of a coil, and the energy produced is expressed in Eq. 

4.3.  

𝑒 = −𝑁
𝑑𝜙

𝑑𝑡
                                                                  (4.1) 

𝐸 =  ∫ 𝑁𝑖(𝑡) 𝑑𝜙 = ∫ 𝑙𝐻𝐴 𝑑𝐵 = ∫∫ 𝐻 𝑑𝐵
𝐵

0

𝐵

0

𝜙

0
                                 (4.2) 

𝐸𝑣𝑜𝑙𝑢𝑚𝑒 =
𝐵2

2𝜇
                                                            (4.3) 

where 

 e is electromotive force (V), E is energy stored by the coil(J), N represents the 

number of turns of the coil, i is current flowing through the coil (A), ϕ is flux (Wb) 

produced, l is length (m) of the coil, B illustrates the magnetic induction (Wb/m2), H 

depicts strength of the magnetic field (A. turns/m), A represents geometric area (m2), , 

and μ represents the permeability (Wb/Am). 

 

After the simplification of the Eq. 4.2, the stored energy of the coil depend upon the 

inductance and current flowing through the coil and can be expresses as: 

𝐸 =
1

2
𝐿𝑖2                                                            (4.4) 

Where the stored energy is represented by E, L depicts coil inductance and i is the coil 

current. 
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Therefore, it can be deduced that with the help of media as air or vacuum, high energy 

density is possible. However, the electrical resistance is the issue. The resistance falls 

radically at the value known as the critical temperature. Niobium-Titane (NbTi) 

material is one commonly used for superconducting coils as it has critical temperature 

of 9.2K [95]. Electronic converters being interfaced with SMES unit helps in exchange 

of energy between SMES and grid.  

The application of SMES will be more economic in coming years due to rapid research 

and development of superconducting materials [21]. Superconducting coils can be 

divided into two groups: high temperature SC (HTS) and low temperature SC (LTS) 

coils working at 5K [96]. The low temperature-SMES is common and commercially 

available.  

The overall efficiency of SMES is very high as compare to other storage technologies 

and usually lie within a range of 90-98% [95]–[98]. The low power loss in SMES makes 

it more efficient.  

There are no frictional losses in SMES due to absence of moving parts and minimal 

resistance of the coil does not create significant enough current losses that may pose as 

issue for efficiency. SMES has another advantage in form of short and quick time as 

compare to other storage devices. In other words, It can provide large amount of power 

immediately, which makes it suitable solution for fast power demand scenarios [44]. In 

case of load leveling applications, SMES is superior option for managing bulk power.  

 The typical structure of a SMES system is given in Figure 4.1. It consists of a SC, 

protection system and cryogenic process to maintain the temperature of the coil.  
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Figure 4.1 Schematic diagram of SMES unit 

The high cost of implementation and other environmental concerns related to magnetic 

fields are the main drawbacks of SMES. The incorporation of SMES unit with 

renewable energy systems has been illustrated in several studies showing significant 

benefits. In early days, PV systems also utilized SMES unit to smooth out the output 

power. SMES also provided support in active and reactive power demand along with 

reducing transients created due sudden change in load demand. Application of SMES 

in variable wind energy conversion systems was discussed in chapter 2. However, the 

configuration of SMES unit and control scheme will be discussed next. 

4.2 Configurations of SMES 

There are types of configurations of SMES: VSC and CSC. Conventionally, the 

connection of CSC based SMES is done through a 12-pulse converter, which in turn 

consider effective for elimination of harmonics on AC and DC side. However, 12 pulse 

converter configurations are cost ineffective as it uses two parallel 6-pulse CSCs. On 

the other hand, VSC utilizes DC-DC converter for connection with DC link for 

facilitation of  energy exchange between SMES and AC grid. It has been found in 

literature that SMES unit can connected with WECS at different locations of the system. 

The SMES unit can be connected at PCC of WECS through combination of VSI and 

DC-DC converter. A typical VSC based SMES configuration of this particular 

connection topology is shown in Figure 4.2. Reference [99] utilized 1 MJ SMES for 

power fluctuation smoothing 9 MW wind farm. SMES is connected at PCC of wind 
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farm. VSC utilized Hysteresis Current (HC) controller and for DC chopper control, 

fuzzy logic controller is used.  The presented system mitigated power fluctuations up 

to 40%. However, addition of VSC and control increase the overall cost of SMES 

configuration. In addition, in case of fault very near to the PCC, LVRT capability of 

SMES in this case is less.  

 

 

Figure 4.2 SMES connection at PCC 

Variable speed WECSs also supports the integration of SMES at DC link of Conversion 

system. Literature contains many studies that utilized SMES at conversion system of 

PMSG and DFIG. In this topology, SMES is connected at DC link of the WECS through 

a two quadrant DC chopper as illustrated in Figure 4.3. CSC based unit does not require 

converter for this connection and DC chopper is used for VSC based SMES unit 

configuration. This connection is cost effective and can smooth out power fluctuations.  
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Figure 4.3 Class D DC-DC Chopper SMES connection at DC link 

4.3 Operation of Selected SMES configuration 

The control scheme in Figure 4.4 provides the duty cycle D to chopper. The duty cycle 

D decides the direction of flow of power between superconducting coil (SC) and AC.  

The voltage across SC Vsc as a function of DC link voltage Vdc and duty cycle D can be 

given as: 

𝑉𝑆𝐶 = (1 − 2𝐷)𝑉𝑑𝑐                                                      (4.4) 

There are three modes of operation of SC depending upon the duty cycle of chopper as 

presented in Table 4.1. 

Table 4.1 Modes of operation of SC unit 

Value of D SC Mode 

D = 0.5 Freewheeling Mode 

0 ≤ D < 0.5 Discharging mode 

0.5 < D ≤ 1 Charging mode 

  

 

 When the value of D is 0.5, the freewheeling mode is on as shown in Fig. 4.4(a). The 

average voltage of the SC is zero and ISMES of the coil is held at constant rated value. 

Therefore, no energy transfer will happen between SC and AC system.  

 Discharging mode happens when D < 0.5. During this mode, the average voltage across 

SC is negative due to negative rage of change of SC current and energy is discharged 

to the AC system. Discharging mode is shown in Fig. 4.4(b). Charging mode is when 
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D > 0.5 at which the surplus energy gets stored in the SC. The charging mode is shown 

in Fig. 4.4(c). The direction of the current through the Superconducting Coil in SMES 

remains same during each mode and energy exchange depends upon the change in the 

slope of SC current (di/dt). 

G1

G2

D2

D1

SCVdc

   

(a) 

G1

G2

D2

D1

SC
Vdc

 

(b) 

G1

G2

D2

D1

SCVdc

 

(c) 

Figure 4.4 SC operation; (a) Freewheeling mode, (b) Charging mode, (c) Discharging mode [34] 



 

75 

 

4.4 Control Strategy of SMES unit  

The SMES configuration used in this thesis utilizes DC-DC chopper for the connection 

of SMES at the DC link of the WECSs as represented in Figure 4.2. 

 The tradition control of DC-DC chopper mostly utilizes PI control for the generation 

of duty cycle of chopper as found in the literature. The integration of SMES through 

DC-DC chopper with WECS is given in [67]. In proposed system, PI controllers are 

used to generate duty cycle according to power generated and reference power. The 

SMES current ISMES is also included in control along with reference current ISMES
* to 

consider the effect of stored energy on the generated duty cycle. [68] presents SMES 

system containing VSC and DC chopper.  Four PI controllers used for both VSC and 

DC chopper need more time to properly tune parameters for better performance. The 

power reference for DC chopper control is generated through EWMA filter which 

further complicates the computation of the whole system.  However, both proposed 

systems lacked effective tuning process for parameters of PI controller. Another SMES 

unit connected at PCC for performance improvement is presented in [100]. The SMES 

control utilizes PI controllers optimized with IPSO optimization algorithm. [101] 

utilizes PI controlled SMES system to keep DC link voltage of the wind power system 

constant. The error of the DC link voltage and reference is fed into PI controller which 

in turn generate PWM signal for the chopper. 

The application of PI control in SMES unit used for WECS can be found in so many 

other studies such as [25], [58], [59], [74], [76], [102]–[104].  However, variable speed 

WECS suffer from various uncertainties and disturbances such as wind gust, terminal 

voltage dip and faults at the PCC. PI controller cannot guarantee satisfactory response 

to such disturbances on WECS. To enhance the operation of such SMES unit many 

non-linear controls also been employed to achieve better performance of WECSs. For 

example, FLC in addition to PI controller have found application in control of DC 

chopper control for SMES unit. Such System is presented for performance 

improvement of DFIG based WECS in [24]. In this system, Fuzzy Logic control is used 

to generate duty cycle for the chopper. Fuzzy logic is developed through comparison of 

generated power and SMES current with their respective references. In recent years, 

Fractional Order control is been considered as one of the effective and robust techniques 

to curtail the effect of disturbances. 
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 The control strategy used in this thesis is shown in Figure 4.5. It employs Fractional 

order Proportional Integrator Controller (FOPI) for control of DC-DC chopper to 

exchange energy between SC and AC System.  
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Figure 4.5 Proposed control Scheme of SC (SMES) 

 

Based on the level of PCC voltage, there are two control modes; power fluctuation 

control and fault ride through control. Mode 1 is responsible for output power 

fluctuations smoothing due to wind gust, given that PCC voltage is within limits of ±10% 

(IEEE standard).  

The selection of mode of operation depends upon the Vpcc value. If the value of Vpcc is 

greater than or equal to 0.9, then power smoothing mode is activated. On the other hand, 

mode 2 of LVRT enhancement is triggered when Vpcc falls below 0.9.  

 Power Fluctuation Control mode 

The target of this control mode is to achieve smooth output power during wind gust 

while maintaining voltage at the PCC within ±10% (IEEE standard) [105]. Two FOPI 

controllers are utilized in this control as represented in Fig. 4.5. The difference of 

PMSG output power and reference power is fed into first FOPI. The output of FOPI-1 

is voltage value (VC*) that represents change in PMSG power with respect to variation 

in wind speed. An error signal ΔVC* is generated through the comparison of value VC* 

with reference DC link voltage. The difference of the error signal ΔVC* and measured 

voltage value at DC link is fed to FOPI-2 which then generates duty cycle deviation 
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ΔD. The final duty cycle value D is then produced by comparing normalized duty cycle 

deviation and sawtooth signal. 

FRT Control mode 

Power cannot be provided to the grid network by the GSC during faults at PCC and 

voltage of the DC link will experience oscillations. However, with the presence of 

controlled SC, the voltage profile of DC link is improved by the rapid energy release 

from the SC during grid fault condition. The duty of the FOPI-3 controller used, is to 

keep constant value of voltage at DC link which in turn improves the FRT capability of 

the PMSG. This mode is activated when voltage at the PCC becomes less than 0.9 p.u. 

First, the voltage of DC link is measured, error value of  DC link voltage is fed to the 

FOPI-3 controller as shown in Figure 4.5. Then the duty cycle deviation generated by 

the FOPI-3 controller can be normalized between 0 and 1 as stated above. 

4.4.1 Fractional Order Proportional Integral (FOPI) Control 

Fractional Calculus (FC) have found significant application in different science and 

engineering domains in the last decade. FC is the generalization of order of Derivative 

and integral from integer to real value. In FC, notation to represent fractional order of 

integral-derivative is written as: 

𝐷𝑡
𝛼𝑓(𝑡) =

{
 
 

 
 
𝑑𝛼

𝑑𝑡𝛼
  𝑓(𝑡)                𝛼 > 0   

                   
𝑓(𝑡)                          𝛼 = 0  
𝑑𝛼

𝑑𝑡𝛼
= 𝐼𝛼𝑓(𝑡)           𝛼 < 0  

                                            (4.5) 

Where alpha is the fractional order of the derivative and integral. The transfer function 

of Fractional Order Proportional Integral and Differential (FOPID) is based on 

definition given in eq. 4.1, which is further represented by Riemann-Lieuville (R-L) 

and Grunwald Letnikov (G-L) approximations. 

R-L definition for α > 0 is given by[106]: 

𝐷𝑡
𝛼𝑓(𝑡) =

1

1−𝛤(𝑛−𝛼)

𝑑𝑛

𝑑𝑡𝑛
∫

𝑓(𝜏)

(𝑡−𝜏)(𝛼−𝑛+1)
𝑑𝜏

𝑡

𝛼
                                        (4.6) 

Where (n-1< 𝛼 < 𝑛) and 𝛤(𝑛) represents the gamma function 

The definition of G-L is expressed as: 

𝐷𝑡
𝛼𝑓(𝑡) = lim

𝑡→0
(
1

ℎ𝛼
)∑ (−1)𝑗 (

𝛼
𝑗 ) 𝑓(𝑡 − 𝑗ℎ)

∞
𝑗=0                                     (4.7) 

Where  
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(
𝛼
𝑗) =

𝛤(𝛼 + 1)

𝛤(𝑗 + 1)𝛤(𝛼 − 𝑗 + 1)
 

The Laplace transfer function for fractional order derivative f(t) expressed as: 

LD ± αf(t) = s ±αF(s).                                                              (4.8) 

The definition of transfer function of FOPID can be made through following differential 

integral equation according to the equation 4.1. 

𝑢(𝑡) = 𝑘 (𝑒(𝑡) +
1

𝑇𝑖
𝐷−𝜆𝑒(𝑡) + 𝑇𝑑𝐷

𝜇𝑒(𝑡))                               (4.9) 

 

where k represents the proportionality constant, Ti depicts the integral time constant, Td 

denotes the derivative time constant, λ represents the fractional order of the integral 

term, µ depicts the corresponding fractional order of the derivative term, e(t) denotes 

the error signal and u(t) depicts the control signal. After applying the Laplace transform 

on Eq. 4.9 according to the fractional Laplace transform given in Eq. 4.8, the transfer 

function of the FOPI controller can be stated as: 

𝐶(𝑠) = 𝐾𝑝 +
𝐾𝑖

𝑠𝜆
                                                         (4.10) 

The Figure 4.6 represents the relationship between the simple PID and FOPID. FOPID 

can be converted into conventional PID controller by using values as λ = µ = 1. 

Therefore, conventional PID can be a specific case of FOPID controller as can be seen 

in the Figure 4.5. FOPI and FOPD can be obtained by setting Ki or Kd in FOPID equal 

to zero respectively. Consequently, they can be considered as subset of FOPID and 

enhanced or detailed version of traditional PI and PD controllers. 

 

Figure 4.6 Range of Integral PID and Fractional PID 

 

From this figure, it can be seen that conventional PID controller can modify parameters 

at only four specific points, whereas FOPID controller can change its parameters in this 

whole quadrant. As a result of flexible nature of these two parameters µ and λ, FOPID 

or FOPI controller can give better performance and robustness against disturbances on 
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the whole system. However, the presence of more parameters in case of FOPID, make 

its tunning process more time consuming and complex [107]. 

There are many methods available for the tunning of parameters of the FOPI. Recently, 

the main methods used for this purpose are dominant pole method, phase and amplitude 

margin method, optimization methods, etc. Phase and amplitude margin method  for 

parametric tunning of FOPI is presented in [108]. Hybrid fractional controller for grid 

connected WECS is given in [109]. The presented study used Frequency method The 

FOPI design ensuring robustness according to phase and gain margin criterion. The 

parameters of the FOPI were then attenuated by PSO algorithm. The cost function is 

formulated by using settling time, Rise time and max overshoot values. [110] represents 

another study utilizing Optimization method for parametric tunning of FOPI controller. 

FOPI control is utilized to improve the power control of the DFIG. In this study, PSO 

algorithm is used for the calculation of parameter of FOPI controllers. The objective 

function being used for the optimization process is the integral of time weighted square 

error (ITWSE).  

In this thesis, the parameters of FOPI utilized in SC control are determined by an 

optimization method.  

4.4.2 Harmony Search (HS) Algorithm 

The Harmony Search (HS) algorithm being nature inspired metaheuristic mimics the 

underlying principles of musical improvisations. It is an emerging optimization method, 

first proposed by Green et. All in [111]. It has found application in areas such as 

optimization benchmark, cost minimization tool in power systems,  industry 

applications, medical science, robotics and image processing [112]. The process of 

finding better harmony can be considered similar to attaining an optimal result for a 

given engineering problem. Figure 4.7 depicts the flow chart representing basic steps 

of HS algorithm. 
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Figure 4.7 Flow Chart of HS 

The HS algorithm uses stochastic random searching technique instead of gradient one. 

In this algorithm, solution vector is found in the search space by using Harmony 

Memory Considering Rate (HMCR) and Pitch Adjustment Rate (PAR) [112]–[114]. 

The procedure of the HS algorithm includes following steps:  

1) Formulation of objective function and setting parameters of algorithm. 

2)  Setting of harmony memory (HM). 

3)  Finding a new Harmony.  

4)  Harmony Memory modification  

5) Stopping criteria check. Otherwise, repeat step 3 to 4. 

A. Formulation of optimization problem and setting HS parameters 

 

In this stage, the objective function is formulated as  

𝑀𝑖𝑛 𝑓(𝑥)                                                              (4.11) 

Given  

𝑔(𝑥) = 0 

𝑥𝑘,𝑚𝑖𝑛  ≤  𝑥 ≤ 𝑥𝑘,𝑚𝑎𝑥     𝑘 =  1,2,··· , 𝑁 
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Where f(x) represents the cost function and equality constraint are defined by 

g(x). x depicts the set of deciding variables with xmin and xmax as the minimum 

and maximum limits respectively. The HS parameter such as size of Harmony 

Memory (HMS), HMCR, bandwidth rate (BW), PAR and number of 

improvisations NI, are also being set in this step. 

B. Setting of Harmony Memory (HM)  

The harmony memory is the matrix containing all the solution vectors. In this 

step, Randomly produced solutions are stored in HM by following constraints 

on the decision variables  

𝐻𝑀 =

[
 
 
 
 
𝑥1
1     𝑥2

1  𝑥3
1      𝑥4

1   x5
1    . . x𝑁

1

𝑥1
2

.

.
𝑥1
𝐻𝑀𝑆

𝑥2
2

.

.
𝑥2
𝐻𝑀𝑆

𝑥3
2

.

.
𝑥3
𝐻𝑀𝑆

𝑥4
2

.

.
𝑥4
𝐻𝑀𝑆

x5
2

.

.
x5
𝐻𝑀𝑆

. .

.

.
.
.

. .

x𝑁
2

.

.
x𝑁
𝐻𝑀𝑆]

 
 
 
 

       (4.12)                       

 

C. Finding new harmony memory 

The new solution vector also called new harmony vector, 𝑋′ = (𝑥1
′ , 𝑥2

′ , … , 𝑥𝑁
′ ) 

is determined based on three values: 1) HMCR 2) PAR and 3) Random 

Selection. 

First step is the selection of decision variable 𝑋′  for new solution vector from 

(𝑥′ − 𝑥𝐻𝑀𝑆) according to the HMCR. HMCR is defined as the probability of 

selecting value from historical values stored in HM and it can vary between 0 

and 1. On the other hand, (1-HMCR) represents the rate of random selection of 

value from available rang as  

𝑥𝑖
′ = {

𝑥𝑖
′ ∈ {𝑥𝑖

1, 𝑥𝑖
2, … , 𝑥𝑖

𝐻𝑀𝑆}         𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝐻𝑀𝐶𝑅

𝑥𝑖
′  ∈  𝑋𝑖

′                                                 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                           (4.13) 

 Where rand represents random value among 0 and 1. 𝑋′  is set of range of 

values of each decision variable. 

After memory consideration, pitch adjustment is the next process. Pitch 

adjustment rate (PAR) is used to in this process as; 

𝑥𝑖
′ = {

 𝑥𝑖
′ ± 𝑟𝑎𝑛𝑑 ∗ 𝐵𝑊        𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑃𝐴𝑅

  𝑥𝑖
′                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                              (4.14) 

where BW represents the arbitrary bandwidth. 
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 The response of HS algorithm can be further improved by modification of 

PAR and BW values during each iteration by using following expressions; 

𝑃𝐴𝑅(𝑔) = 𝑃𝐴𝑅𝑚𝑖𝑛 +
𝑃𝐴𝑅𝑚𝑎𝑥−𝑃𝐴𝑅𝑚𝑖𝑛

𝑁𝐼
∗ 𝑔                                      (4.15) 

where PAR(g) depicts the pitch adjusting rate while g represents the current 

number of generations, PARmin and PARmax are the lower and upper limits of 

PAR respectively and NI represents the improvisations’ number. 

𝐵𝑊(𝑔) = 𝐵𝑊𝑚𝑎𝑥exp (
𝐿𝑛(

𝐵𝑊𝑚𝑖𝑛
𝐵𝑊𝑚𝑎𝑥

)

𝑁𝐼
∗ 𝑔)                                 (4.16) 

 

D.  Harmony Memory Modification  

If the new solution from previous step produces better fitness as compare to the 

worst solution in HM, it will replace that one. 

 

E. Stopping criterion 

The process is stopped when iteration number is equal to the improvisation 

number (NI) or Step C and Step D are repeated. 

4.4.3 Integration of HS in Proposed Control 

HS has been very popular in optimization techniques for application in several power 

and renewable fields. HS optimization technique can give higher efficiency and better 

performance as compare to traditionally used PSO and Genetic Algorithm (GA) as 

shown in [115]. HS has a prominent feature of computational simplicity as compare to 

other population-based techniques as it uses a single search memory to evolve. In this 

thesis, HS is utilized to find parameters of FOPI/PI controllers and to optimize size of 

Superconducting Coil (SC) as shown in Figure 4.7. The target is to minimize the initial 

stored energy rating in SC in SMES by minimizing its size. HS is used to find the 

parameters of 3 FOPI utilized in control scheme presented in Figure 4.5.  
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Figure 4.8 Proposed system integrated with PMSG based WECS 

 

 In order to find optimum size of SC (Inductance Lsc), minimized initial current value 

of SC (Isco), and optimized parameters of FOPI, an objective functions J is formed 

which is given by: 

𝐽 = 𝑤1𝐸 + 𝑤2 ∫|∆𝑉𝑑𝑐|𝑑𝑡 + 𝑤3 ∫ |∆𝑃|𝑑𝑡 + 𝑤4 ∫ |∆𝐼𝑅| 𝑑𝑡                        (4.17) 

Subjected to the following constraints: 

𝐿𝑠𝑐𝑚𝑖𝑛 ≤ 𝐿𝑠𝑐 ≤ 𝐿𝑠𝑐𝑚𝑎𝑥  

𝐼𝑠𝑐0𝑚𝑖𝑛 ≤ 𝐼𝑠𝑐𝑜 ≤ 𝐼𝑠𝑐0𝑚𝑎𝑥  

Where 𝐸0 = 0.5𝐿𝑠𝑐𝐼𝑠𝑐0
2  is initial energy of the SC and w1 to w4 are random weighting 

factors (0,1).  

In equation 4.17, ∆𝑉𝑑𝑐 represents the difference among actual and reference value of 

voltage at DC link, ∆𝑃 represents the deviation of power of the PMSG, ∆𝐼𝑅 is change 

in value of current of Grid converter. 𝐼𝑠𝑐𝑜 is initial current of the SC and w1 to w4 are 

random weighing factor values range from 0 to 1. The disturbances in the form of wind 

gust and fault at PCC will create changes in form of ∆𝑉𝑑𝑐 at DC link and ∆𝑃. The 

purpose of the cost function is to minimize these deviations. 

The first term in function (Eq. 4.17) is related to the size of the SC and initial stored 

energy. The weighing factor are selected depending upon the importance of individual 

terms for the optimization. The term of  𝑤2 ∫|∆𝑉𝑑𝑐|𝑑𝑡 being the representation of FRT 
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control mode, is used for parametric tunning of third FOPI controller shown in Figure 

4.4. The last two terms in objective function are representation of power smoothing 

control of the PMSG proposed in Figure 4.4.  related to the power fluctuation smoothing 

control of the PMSG. The parameters of first and second FOPI are tunned through the 

minimization of last two terms in objective function.  

Optimum parameters would be determined by minimizing the cost function through 

harmony search algorithm. The first step in HS involves initialization of required 

parameters (11 in total in case of FOPI) with random values within the admissible range. 

Then Harmony Memory (HM) matrix contain parameter (to be optimized) in rows as 

shown below: 

𝐻𝑀 =

[
 
 
 
 
𝐿𝑠𝑐
1 𝐼𝑠𝑐𝑜

1  𝐾𝑝1
1      𝐾𝑖1

1    λ1
1    . . λ3

1

𝐿𝑠𝑐
2

.

.
𝐿𝑠𝑐
𝐻𝑀𝑆

𝐼𝑠𝑐𝑜
2

.

.
𝐼𝑠𝑐
𝐻𝑀𝑆

𝐾𝑝1
2

.

.
𝐾𝑝1
𝐻𝑀𝑆

𝐾𝑖1
2

.

.
𝐾𝑖1
𝐻𝑀𝑆

λ1
2

.

.

λ1
𝐻𝑀𝑆

. .

.

.
.
.

. .

λ3
2

.

.

λ3
𝐻𝑀𝑆

]
 
 
 
 

                       (4.18) 

Second step involves improvisation method in which each row in HM is updated based 

on two probabilistic factors: i) HMCR, ii) PAR. The relation between new solution 

vector (harmony) 𝑥𝑖
𝑛+1 and current solution (harmony) vector 𝑥𝑖

𝑛is written as: 

𝑥𝑖
𝑛+1 = 𝑥𝑖

𝑛 + 𝑟𝑎𝑛𝑑 ∗ 𝐵𝑊                                                   (4.19) 

The next steps, that are going to be followed, are given above. 
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Chapter 

5  

Performance of PMSG based WECS with Integration 

of Superconducting Coil 
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The impact of integration of superconducting coil on the perfromace of the PMSG 

based is invertigated in this chapter. The two main challenges faced by the WECS are 

fluctuation of output power and fault ride through. Wind gust lead to output power 

fluctuation. The fluctuation of output power create many issues in form of poor power 

quality, voltage and frequency transients etc. The WECS should have FRT capability 

to withstand grid faults. Many techniques have been investigated for performance 

improvement of PMSG based WECS over the years as reported in chapter 2. And, the 

use of superconductors to enhance the operation and performance of WECSs can be 

effective technique. Superconductor based storage systems called SMES have various 

technical advantages in form of high efficiency, quick response for charging and 

discharging.  

 This chapter contains discussion investigating the effect of superconducting coil on 

the performance of the PMSG based WECS against disturbances in form of wind gust 

and grid faults.  

5.1 Performance of PMSG based WECS during Disturbances 

5.1.1 Simulation Result of WECS 

MATLAB/Simulink 19 is used for modelling and simulation of the whole WECS. The 

modeling details of wind turbine model, PMSG with BTB converter system and the two 

main controls are given in chapter 3. The PMSG based WECS with connection of 

SMES at DC link is given in Figure 5.1. It consists of WECS connected at PCC to grid 

via transformer. An ideal 3 phase supply with constant frequency is used to represent 

AC grid. The reactive power of the system is maintained at 0 under unity power factor. 

The implemented system under the average speed of 12 m/s gives 1 p.u turbine power 

and 1 p.u of rotor speed wr. The simulation results of WECS under variable wind speed 

are also presented in chapter 3. 
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Figure 5.1 Connection of SC at DC link in Simulink 

5.1.2 SMES with proposed control 

The details of superconducting coil (SC) integration topology and the working of 

proposed control scheme are explained in chapter 4.  The model of the configuration of 

SMES containing superconducting coil built in Simulink  is given in Figure 5.2. It 

utilizes two quadrant D type DC chopper to integrate superconducting coil at the DC 

link of the WECS.  

G1

G2

D2

D1

SCVdc

ISC

 

Figure 5.2 SC Unit in Simulink 

 

The control Scheme of SMES buil in MATLAB/Simulink is shown in Figure 5.3. The 

fractional order controller is used from FOMCOM block available in simulink. 
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Figure 5.3 The proposed control of SC in Simulink (a) SC control Unit (b) Internal Control 

 

 The parameters of FOPI and superconducting coil are obtained from HS optimization 

algorithm. The parameters of HS used for optimization are in Table 5.1 

Table 5.1 HS Parameters 

HS Parameter Value 

HMS 15 

BW 0.2 

HMCR 0.93 

PAR 0.3 
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The parameters of FOPI/PI controllers and superconducting coil values used for the 

simulation are given in Table 5.2. 

PMSG wind system is tested with disturbances in form of wind gust and grid fault to 

investigate the impact of superconducting coil. 

Table 5.2 Parameters of FOPI/PI controller and SC 

 

 

 

PI 

SC 

parameters 

 

Controller Values 

Lsc 

(H) 

Isco 

(kA) 

Kp_p1 Ki_p1 Kp_p2 Ki_p2 Kp_p3 Ki_p3 

2.4  1.55   0.85 0.45 0.98 0.23 0.26 0.02 

 

FOPI 

Lsc 

(H) 

Isco 

(kA) 

Kp_1 Ki_1 λ1 Kp_2 ki_2 λ2 Kp_3 Ki_3 λ3 

1.3 1.32 0.56 0.045 0.7 1.5 0.56 0.67 0.78 0.07 0.76 

 

5.1.3 Power Regulation of PMSG based WECS 

One of the issues of variable wind system is their fluctuating output power against 

unpredictable nature of wind. These power fluctuations are harmfull for stable and 

efficient operation of grid. These fluctuations crease voltage and frequency instabilities 

which in turn result in losses in grid. The WECS should contribute smooth power to 

ensure power quality by following the requirements given by TSO. The increased 

integration of WECS with grid have created the need of power mitigation process. In 

this thesis, the proposed system and control robustness is tested for following case 

studies: 1) step change in wind speed and 2) quick random change in wind speed in 

short time. 

5.1.3.1 CASE 1 - Step Change in Wind Speed 

 The proposed power fluctuation mitigation control mode 1 is tested for a sudden 

variation in wind speed from normal average speed in this case. The wind speed 

changes from average value of 12 to 14 m/s  in between 12 to 14 s as given in Figure 

5.4. The voltage at the PCC remains within 10% of nominal value, as given in Figure 

5.5. Thus, activating the mode 1 of the proposed control.  
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Figure 5.4 Step Change in Wind Speed 

The voltage profile at the PCC of PMSG during sudden abruption in wind speed is 

comparatively better in case proposed control. The active power of the PMSG wind 

system during change in wind speed is given in Figure 5.6. There is a rise in active 

power of the system which creat at 1.18 p.u value and falls down at 14s time as clearly 

seen in Figure 5.7. The SC control employing FOPI effectively suppres the rise in active 

power down to almost 1.03 p.u.  

 

Figure 5.5 PCC voltage in case of step change of wind 



 

91 

 

 

 

Figure 5.6 Active power of the PMSG during step change in wind speed 

 

Figure 5.7 Active power response for step change in wind speed 
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5.1.3.2 CASE 2- Application of Wind gust 

The under study WECS is subjected to quick wind speed change in order to check the 

working of presented superconducting setup. In this case, the impact of SC integrated 

with PMSG is tested with the wind profile given in Figure 5.8. The quick variation in 

wind speed produces oscillations in PCC voltage as given in Figure 5.9. However, the 

variation in terminal votlage still remains within 10% of nominal PCC voltage 

requirement according to IEEE standard. Thus, the power fluction control mode is 

utilize for this case. 

 

Figure 5.8 Wind Profile for case 2 

The active power of the PMSG is fluctuating during wind gust as shown in Figure 5.10. 

The PMSG power reaches the maximum value of 1.195 p.u due to wind gust. there is 

variation of 54.3% between max and min peak, w.r.t rated value of PMSG ouput power 

without SC integration. These fluctuations of output power are reduced to 17.7% with 

PI based proposed SC control. In this case, proposed FOPI based SC control gives better 

response of keeping power variations within minimum range as compare to the PI based 

control and reduces output power fluctuations of PMSG to 15% with respect to rated 

value. 

The voltage at DC link of the PMSG based WECS during wind gust is illustrated in 

Figure 5.11. The wind gust caused considerable oscillation in DC link upto 10% of 
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nominal value in case of no SC integrated. The oscillations are slightly reduced in case 

of PI controller. 

 

Figure 5.9 PCC voltage during wind gust with and without SC 

 

Figure 5.10 PMSG system Power with and without SC 
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Figure 5.11 DC link voltage during Wind Gust 

5.1.4 FRT of PMSG based WECS during grid fault 

During grid fault, Wind turbine shaft will experience increased mechanical speed due 

to transient instability. The high speed and resulted vibrations can have detrimental 

effect on shaft. Sudden change in speed of WTG causes over currents in the stator 

winding and overvoltage in the DC-link bus of WECS [8]. Conventional PMSG wind 

energy systems employ BTB converters to achieve full power control. GSC cannot 

provide all the generated active power to the grid during grid fault.  LVRT is achieved 

through provision of reactive power to grid by GSC. There is also the rise in voltage at 

DC link and fluctuation in frequency due to fault. High DC link votlage can damage 

capacitor of conversion system. The increase acceleration of the generator is caused by 

the power imbalance of generated power with that of delivered power to the utility grid 

[9]. DC link voltage rise need to be mitigated to within allowable range to acieve LVRT.  

The proposed control of SC is investigated in its ability to provide support to PMSG 

based WECS during grid faults. In this regard, 3 phase short circuit fault is applied at 

PCC from 12s to 12.25s. The average value of 12 m/s wind speed is considered for this 

scenario. Fault will create 100% voltage dip at the PCC. The performace of The SC in 
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terms of  PCC voltage profile against fault  is illustrated in Figure 5.12. Without SC, 

the PCC voltage of the system falls to 0 p.u. The WECS does not follows either of 

Germany or US code and will be disconnected from the grid against the requirement. 

PI-SC control recovers the PCC voltage to 0.11p.u which is satisfactory for only 

germany grid code for continued connection with the grid. The FOPI based control 

gives a better response with PCC voltage recovered to value 0.4 p.u which is suitable 

for both Germany and US grid codes. It is satisfactory for FRT of the PMSG based 

WECS during short circuit fault at PCC according to grid code standards also given in 

Figure 5.13. The active power of the PMSG during fault with and without SC is 

illustrated in Figure 5.14. The overshoot of the power is at 1.18 p.u in case of without 

SC. The active power of the PMSG reduces to 0.42 p.u during grid fault. And during 

recovery from fault, the output power rises to 1.16 p.u. The highest value of recovered 

active power during fault is in case of FOPI controlled SC which is at 0.7 p.u. The ouput 

power goes back to normal value at 14.2s. However, the active power have peak at 1.3 

p.u during recovery from fault and take some time to go back to normal value in case 

of SC-PI.  

 

Figure 5.12 PCC voltage during grid fault 
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Figure 5.13 Grid codes representation of various countries [73] 

The behavior of the mechanical speed of the PMSG during grid fault is shown in given 

in Figure 5.15. The mechanical speed of the generator increases to cover the loss of 

active power due to fault. The rotor speed of the PMSG increase to 1.138 p.u from 

normal 1.09 p.u due to grid fault and speed response have oscillations that continue 

right after 16.5s as depicted in Figure 5.16. The proposed SC-PI reduces the peak in 

rotor speed to 1.105 p.u. But the response from SC-FOPI is much better with peak at 

1.1 p.u and fast normalization (reduction of oscillations) of speed 15s. The 

corresponding electromagnetic torque Te is given in Figure 5.17. Te oscillations are 

removed and response is cleaned in case of SC-FOPI as depicted in Figure 5.18. 

 

Figure 5.14 PMSG System Active Power during 3 phase Short Circuit fault 
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Figure 5.15 Mechanical Speed of PMSG 

 

Figure 5.16 Rotor Speed during Grid Fault 
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Figure 5.17 Electromagnetic Torque of PMSG 

 

Figure 5.18 Te of PMSG during FRT control mode 
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5.1.4.1 Mitigation of voltage Rise at DC link During Grid Fault 

The voltage at the DC link of WECS rises during grid faults, due to the mismatch 

between power generated by generator and delived power to the grid. And GSC cannot 

provide the generated active power to the grid. Also the voltage rise at DC link is 

harmful for the capacitor at the link. The use of SC at DC link to reduce the voltage rise 

as a result of faults is presented in [74], [116]. The SC can effectively store the stranded 

power to mitigate voltage rise at DC link within suitable values. The voltage profile at 

DC link of the WECS integrated with SC is given in Figure 5.19. 

It can be observed that during grid fault, the voltage at DC link rises to very high value 

of 7.3 p.u. The integration of SC with WECS effectively reduced the voltage rise and 

bring it within acceptable range. The PI based SC unit reduces the voltage rise at DC 

link to 1.94 p.u as depicted in Figure 5.20. But the FOPI based SC topology effectively 

mitigate the voltage rise to 1.3 p.u of rated value and improving the LVRT of the PMSG 

based WECS. Thus, representing the robust charging in case of SC-FOPI as compare 

to SC-PI controller. The peak values at the start of simulation are due to the under study 

WECS response. And as the voltage at the PCC is more than 0.9 p.u at the start of the 

simulation. So they are covered by the power fluctuation mode of the proposed control. 

Therefore, peaks at the start are also being  reduced by the proposed SC unit. 

 

Figure 5.19 DC link voltage minimization with proposed SC unit 
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Figure 5.20 DC link Voltage during Grid Fault 

5.1.4.2 SC Response During Grid Fault 

The superconducting coil SC charging and discharging depend upon the duty cycle D 

of the chopper. When the value of D is greater than 0.5, the charing of SC happens. For 

value of D < 0.5, the SC goes into discharging mode. The SC current during grid Fault 

is given in Figure 5.21. During normal operation, the coil current almost remains 

constant. When faults is applied at 12s, FRT mode of the proposed technique is 

activated because PCC voltage goes below 0.9 p.u.  The DC link voltage becomes 

greater than rated value which produces the duty cycle of > 0.5. The superconducting 

coil absorbs the extra energy generated by the PMSG. The avergage voltage across the 

SC during this instance is positive due to positive rate of change of SC current.  When 

the fault clears at 12.25s, the stored energy is discharged back to the system for the 

recovery of the active power of the PMSG as illustrated in Figure 5.21(b). The negative 

slope of SC produces negative value of  average voltage across SC during the recovery 

from the fault as given in Figure 5.22. 
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(a) 

 

                  (b) 

Figure 5.21 SC Current during Grid Fault (a) Response of SC-PI and SC-FOPI  (b) SC Current in case 

of SC-FOPI 
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Figure 5.22 SC voltage during Grid Fault 

The performance of SC is better with FOPI as compare to PI considering their response 

during short crcuit grid fault. Table 5.2 shows the Comparison of PI and FOPI based 

control of SC. 

Table 5.3 Comparison of FOPI with PI during short circuit fault at PCC 

Parameter value No SC SC-PI SC-FOPI 

PCC voltage (p.u) 0 0.15 0.4 

PMSG active 

power (p.u) 

0.42 0.437 0.7 

Mechincal Speed 

(p.u) 

1.14 1.12 1.11 

Electromagnetic 

Torque (p.u) 

0.85 0.845 0.84 

DC Link votlage 

(p.u) 

7.3  1.94 1.3 
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6.1 Conclusion 

In this work, extensive investigation of application of SC in form of SMES for 

performance improvement of PMSG based WECS is done. It is shown in literature that 

the major two issues with any WECS are the output power fluctuations and FRT 

capability. PMSG based WECS being variable speed system suffers from output power 

fluctuations due to unpredictable variation of wind in form of wind gusts. Also WECS 

should be capable of keeping connection with the grid during grid faults by following 

grid codes. Numerous studies have been presented to tackle these issues of WECS by 

utilizing the energy storage based methods or coordinated control methods. Recently, 

among other storage technologies, Superconductors have gain popularity in power 

quality, stability of power systems. SMES can store and release power in short time 

even in case of small storage capacity. In addition to power absorb or discharge ability, 

SMES can also provide reactive power, which in turn makes it suitable for mitigation 

of voltage fluctuation in grid system. SMES unit have highest efficiency, which is 90-

99% as compare to other storage technologies. The reason behind high efficiency of 

SMES due to minimal coil resistance and zero frictional losses. However, the 

economical factor of SC is the main concern. SMES has been used for performance 

improvement of PMSG in many studies either as sole functioning device or in 

combination with SFCL. But the size of the SC is not given more emphasis. In this 

thesis, integration of SC is employed for both issues of power fluctuation and FRT 

capability for PMSG based WECS. The integration of SC is done through two quarant 

DC chopper at the DC link of PMSG wind system. In addition, the presented control of 

SC utilizes the FOPI controller as it performs better againt transient disturbance as 

compare to conventional PI controller. The issue of size of SC is tackled in this work 

by using a Harmony search algorithm for finding parameters of FOPI/PI and SC 

parameters. The proposed system in investigated for different cases to analyz the 

performance of FOPI and PI based SC proposed control. In case of sudden change in 

wind speed at a specific time, the FOPI based control reduces power fluctuations peak 

to 1.027 p.u and PI based control gives peak value of 1.04 p.u as compare to 1.199 p.u 

value without SC unit integration. In case of wind gust,  there is variation of 54.3% 

between max and min peak, w.r.t rated value of PMSG ouput power without SC 

integration. These fluctuations of output power are reduced to 17.7% with PI based 

proposed SC control. In this case, proposed FOPI based SC control gives better 
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response of keeping power variations within minimum range as compare to the PI based 

control and reduces output power fluctuations of PMSG to 15% with respect to rated 

value. In case of grid fault, performance of porposed control can be analyzed 

particularly from values of terminal voltage, output active power, rotor mechanical 

speed and voltage profile at DC link voltage as given in table. During grid fault, PCC 

voltage of PMSG based WECS experiences voltage sage of 100% without SC unit 

integration. The FOPI based SC control gives better response as compare to PI SC 

control by recovering PCC voltage to 40% with respect to 11% respectively. Similary, 

the dip in output power of PMSG is restored to 0.69 p.u in case of FOPI-SC and 0.435 

p.u in case of PI-SC as compare to dip of 0.42 p.u without SC unit during grid fault. In 

addition, the mitigation of voltage rise at DC link is necessary for LVRT of WECS and 

in this case, there is a 7.3 p.u rise in DC link voltage during grid fault. Consequently, 

the comparison of voltage profiles at DC link during grid fault with and without SC 

unit shows that FOPI-SC effectively reduces the DC link voltage rise to 1.3 p.u as 

compare to 1.94 p.u in case of PI-SC control. From above comparison, It can be 

deduced that the performance FOPI based proposed SC control is much superior to that 

of PI based SC control.    

Hence, the constribution and advantages of proposed work can be summarized as: 

1. The proposed application of SC effectively provide multifunction benefits in 

terms of output power smoothing, power quality improvement and enhancement 

LVRT capability of PMSG based WECS. 

2. The proposed work provide economical merits of SC as HS effectively 

optimizes the SC parameters to tackle cost converns. 

3. Simulation results show that FOPI based proposed SC control provides better 

performance as compare to PI based SC control in terms of power fluctuations 

mitigation and LVRT improvments. 

4. As compare to previous techniques that utilize external FACTS or modification 

in traditional controls of PMSG based WECS, The proposed approach is 

flexible and can be applied to both existing and new installations. 
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6.2 Future Works 

The research work presented in this thesis highlighted the application of 

superconductors in PMSG based WECS in terms of better power quality and stable 

operation. The cost of SC is major issue in its application. The optimal integration of 

SC through more robust controller in FOPI in this thesis have presented an cost 

effective and better solution for performance improvement of PMSG based WECS.  

The optimized combined use of proposed strategy with Superconductor Fault Current 

Limiters (SFCL) can be researched to further enhance the performance and as an cost 

effective solution. Also the proposed technique can be investigated in coordination with 

modified converter controls to reduce strain on capacity of SC along with better control.  
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