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Abstract 

A doubly fed induction generator (DFIG) is preferred over other wind generators because of 

its capacity to adapt to variable wind speeds and economic converter. DFIG is sensitive to grid 

faults as its stator is directly connected to the grid. To fulfill the grid code requirement, DFIG 

is required to be connected to the grid during the fault. Converter control is not sufficient to 

maintain grid stability. Ladder resistive fault current limiter (LRFCL) and fuzzy logic control-

based series dynamic braking resistor (FLC-SDBR) are proposed for low voltage ride-through 

(LVRT) enhancement. The series resistor consumes the surplus active power during the grid 

voltage dip. A control system has been developed to control the step resistance in the LRFCL, 

whose operation changes with the deviation in grid voltage. A fuzzy logic-based control system 

has been developed to precisely control the power being consumed in the SDBR. The LVRT 

capability of the DFIG has been investigated for different levels of fault in bus terminals. The 

performance of the proposed model is compared with that of a resistive superconducting fault 

current limiter (R-SFCL) and a conventionally controlled SDBR. Simulation results performed 

in MATLAB show that the proposed model has the capacity to enhance LVRT for different 

levels of bus voltage sag. FLC-SDBR is superior in performance with a quick restoration of 

the system stability.  

Keywords: DFIG, LVRT, SDBR, RSFCL, LRFCL, FLC-SDBR  
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Chapter 1 

Introduction 

1.1 Background 

With the advancement in technology and rapid industrialization, electricity demand is 

increasing all over the world. Electricity has been an essential part of human life. It is 

impossible to imagine a modern society without electricity. Conventional energy sources like 

coal, diesel, and gas are polluting the air with the emission of carbon dioxide and greenhouse 

gases. Non-renewable sources of fuel are the primary cause of global warming, leading to 

problems like melting of glaciers, heat waves, rising sea levels, etc. With environmental 

concerns and the inadequacy of fossil fuels in the near future, the whole world is focusing on 

renewable generation sources. Renewable energy sources like solar energy, hydropower, wind 

and tidal energy are clean and green sources of energy. Wind energy is gaining popularity as a 

clean and economical source of energy production. As a result, wind energy's contribution to 

the overall energy market is growing. In 2020, electricity generation from wind increased by 

almost 170 TWh (+11%). 108 GW of onshore and 6 GW of offshore wind energy were added 

in 2020. To meet the net-zero power generation level by 2050, 8000 TWh of wind power should 

be installed with net growth of 18% per year [1]. 

The EU has the largest floating (offshore) wind power capacity, i.e., 70% of the total 

worldwide. It is predicted that by 2030, wind energy capacity installations will reach 350 GW, 

supplying up to 24% of electricity demand [2]. Europe is leading in the wind power production 

sector [3]. China and USA are leading the wind power generation industry with 55.91% and 

18.19% of the total production of 93 GW worldwide [4]. 
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1.2 Wind Turbine Generator System Components 

A wind energy conversion system (WECS) is the system of converting the kinetic energy 

present in the wind to mechanical energy through a wind turbine, which is finally converted 

into electrical energy with the help of a generator. The wind turbine (WT) comprises blades, a 

rotor hub, and a nacelle [5]. The drive train consists of a low-speed shaft, a gearbox, and a 

high-speed shaft. A low-speed shaft is connected to the rotor blade. The torque generated by 

the low-speed shaft is transferred to a high-speed shaft connected to the generator, which 

rotates the generator rotor at high speed to produce electricity. An anemometer senses the wind 

speed and a wind vane senses the direction of wind flow. The control system senses those 

signals and provides a command to the yaw motor to rotate the rotor blade towards the direction 

of airflow for maximum power generation. 

The brake is placed in the high-speed shaft so that the brake can be applied to the rotor during 

the aerodynamic failure and hold the rotor in standstill conditions. The pitch angle of the rotor 

blade is controlled for maximum power. Usually, the power produced is at low voltage, so the 

generated power is transferred to the transformer or substation at the foot of the tower. Then 

the voltage is stepped-up and fed to the transmission or distribution line. The cooling system 

is provided to cool the generator and the braking system. An electric fan or oil cooling 

mechanism is used for cooling purposes. 

 

1.2.1 Wind Turbine Types 

Based on physical structure, wind turbines can be classified as [6]: 

a)  Horizontal axis wind turbine (HAWT) 
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In HAWT, the rotational axis is parallel to the ground. The HAWT is a large turbine being used 

for harnessing more wind energy. The efficiency of this type of turbine is about 50–60%. The 

HAWT is further classified as: 

i) Upwind HAWT 

In this type of wind turbine, the wind will hit the blade which is in front of the tower [7]. A 

yaw mechanism is necessary for the proper orientation of a wind turbine. Upwind HAWTs are 

widely used in the United States of America. 

ii) Downwind HAWT 

In this HAWT, the wind will strike the tower head then only to the blade. It can work well 

without using the Yaw mechanism, which is made possible with the advanced design of the 

nacelle and rotor.  

HAWT can have a different number of blades. The efficiency of HAWT along with its blade 

is as shown in the table below: 

Number of blades Efficiency (%) 

1 43 

2 47 

3 50 

 

b) Vertical axis wind turbine (VAWT) 

VAWT has a rotational axis perpendicular to the ground [8]. They are being used for residential 

applications and small wind farms. The efficiency of this type of turbine is more than 70%. 

The various kinds of VAWT are: 

i. Savonius 
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ii. Darrieus-rotor 

iii. H-Darrieus 

iv. Helix shape 

The comparative analysis of HAWT and VAWT are shown below: 

HAWT VAWT 

Wind flowing directly to the blade surface is 

used for power generation. 

Wind flowing from any direction is used for 

power generation. 

HAWT is more economical. VAWT is less economical but portable. 

Machinery is placed at top of the tower. Machinery is placed at the base of the tower. 

A yaw mechanism is needed to move the 

blade towards the direction of air flows. 

No need of a yaw mechanism as airflow from 

any direction will contribute to power 

generation. 

Once the wind speed reaches above the cut-

in speed, turbine will start automatically. 

Initial torque should be provided externally 

to start the turbine. 

 

 

1.2.2 Wind Turbine Generators 

The mechanical torque developed in the wind turbine is transferred to the generator rotor 

through the shaft for the power generation. Different types of generator schemes in the wind 

farm are discussed briefly [9]: 

a)  Squirrel Cage Induction Generator (SCIG) 

SCIG shown in Fig 1. 1 is a popular and commonly used generator due to its simple design 

considerations. The wind turbine shaft is connected to the generator through the gearbox [10]. 
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The variation in the rotor speed is minimal, due to which it is considered as the fixed speed 

wind turbine. SCIG can also be modified and used as a variable speed generator through a full-

scale power electronic converter. But with the use of a full-scale converter, the cost of the 

overall system increases. There is no need for brushes for an advantageous operation. As 

compared to conventional synchronous generators, SCIG has advantages like simplicity in 

construction, low maintenance due to a brushless system and economical [11]. 

 

Fig 1. 1: Squirrel Cage Induction Generator 

 

b)  Permanent Magnet Synchronous Generator (PMSG) 

Due to its simple structure and efficient power production, PMSG is used in large-scale power 

production [12]. A PMSG is a type of brushless synchronous generator in which field excitation 

is provided by a permanent magnet. The permanent magnet is placed in the rotor from which 

field excitation is produced without the need for an external supply. The stator of PMSG is 

connected to the grid through the back-to-back converter as shown in Fig 1. 2 [13]. With the 

variable wind speed, the voltage produced is of variable amplitude and frequency. Due to 
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variation in voltage and frequency, the system cannot be connected directly to the grid. The 

AC-DC-AC converter produces power with the desired frequency and voltage. Since the full 

range converter is required for the whole power conversion, it makes the overall 

implementation of the system costly.  

 

 

Fig 1. 2: Permanent Magnet Synchronous Generator 

 

c)  Doubly Fed Induction Generator (DFIG) 

DFIG shown in Fig 1. 3, is the wound rotor induction generator. It is an advanced and widely 

used technology for wind power generation. The stator of the DFIG is directly connected to the 

grid, so synchronization is most important. While the rotor is connected through the back-to-

back converter. The voltage and frequency of the rotor circuit are varied through the converter 

control to produce the output power with the desired frequency and voltage from the stator. 

The rotor side converter (RSC) is responsible for controlling the active and reactive power 

while the grid side converter (GSC) maintains DC-link voltage [14]. Since only 25–30% of 

total power flows through the rotor, the converter size is reduced, which makes the system 

more economical to implement. The reduced cost of the inverter filter helps to make the system 

more economical and advantageous. It can work with a 33% margin in synchronous speed, so 
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it has high flexibility in speed variation [15]. The stator is directly connected to the grid, which 

makes the system highly sensitive to grid faults and disturbance [16].  

 

 

Fig 1. 3: Doubly Fed Induction Generator 

 

1.3 Power Curve Characteristics of wind turbine 

Wind speed varies every second. Low wind speed may not have sufficient energy or torque to 

rotate the rotor, while high wind speed may damage the turbine due to mechanical failure. 

Based on wind speed, the operation ranges of wind turbines can be divided into three different 

operating stages, shown in the power curve (Fig 1. 4) [17]. Cut-in speed is defined as the 

minimum wind speed required for a wind turbine for the power generation process to start, 

which is usually around 4 m/sec. Below the cut-in speed, wind turbine remains idle. Rated 

speed is the speed at which the wind turbine will generate rated power. In between the cut-in 
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speed and the rated speed, the blade of wind turbines is pitched into the wind speed with an 

optimal angle of attack. Maximum power point tracking (MPPT) is activated to generate the 

maximum power from the corresponding wind speed. With the operation of MPPT, turbine 

rotational speed is varied to track the maximum power at different wind speeds. Above the 

rated speed, blade pitch control will be activated. With the help of the pitch control mechanism, 

the captured power is kept constant. Only the power equivalent to the rated power of the wind 

turbine generator is captured. With increased wind speed, the rotor blades are pitched out of 

the wind and generator speed is maintained. Thus, pitch control helps to control the 

aerodynamic torque applied to the rotor blade. 

 

Fig 1. 4: Power curve of variable speed wind turbine  

 

At very high speeds (above 22 m/s), huge pressure will be generated in the blade leading to 

mechanical failure. The wind turbine is shut down by applying a mechanical brake when the 

wind speed rises above the cut-out speed. Once the wind speed returns to a safe value (i.e., 

wind speed between 4 m/s and 22 m/s), the mechanical brake is released, and the wind turbine 

starts generating power. 
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 1.4 Grid Code 

A grid code requirement suggests that a wind farm needs to be connected to the grid for a 

certain time as specified by the grid operator to support the grid voltage during the disturbance 

or fault. In the past, when the wind power penetration into the power system was low, there 

was no strict grid code for the wind farms. Wind turbines or farms used to supply only a small 

percentage of overall power, so they were allowed to shut down during the grid fault. Since the 

power provided weightage was low, it did not affect the system stability. In the present 

scenario, with the advancement in wind power technologies, wind power contribution has 

increased in the grid. In case of high penetration, the wind farms are not allowed to shut down 

during the grid disturbances to avoid system collapse and resulting blackout. 

Power system characteristics are diverse in different countries, so grid code requirement 

changes from one grid operator to another. The common and major requirements for the 

connection of wind farms to the grid for a typical grid code are as follows [18]: 

a) Voltage variation range 

The wind farm should fulfill the voltage requirement and should be connected to the grid for 

the specified time period. For both low voltage ride through (LVRT) and high voltage ride 

through (HVRT) wind farm is needed to be in continuous operation until the shut time as 

allowed by the grid operator. 

 

b) Frequency range 

The wind farm is required to operate during a certain frequency deviation. The wind farm 

should be in continuous operation for a frequency range of 49.8 Hz to 50.2 Hz.  For the 

frequency range of 47.5 Hz to 52 Hz, it should be in connection for 60 seconds. Mandatory 
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connection time reduces to 20 seconds for the frequency range of 47 Hz to 47.5 Hz [19]. This 

range varies from country to country and also from operator to operator. 

 

c) Active and reactive power 

Wind farms need to supply the required active power to support the stable frequency in the 

system. Some grid code suggests supplying the reactive power to maintain the grid voltage and 

power factor during fault. The grid code requirement varies from time to time. With an increase 

in the wind power penetration, it gets stricter which can be understood from the change in grid 

code requirement of the German power grid from 2004 to 2016, shown in Fig 1. 5 [20]. 

 

Fig 1. 5: The change in grid code requirement in German from 2004 to 2016  

 

1.5 Controls to Ride Low Voltage 

WECS is a reliable option to tackle global environmental issues as wind energy is available 

everywhere day and night. Though this system has a positive impact from an ecological point 



11 
  

of view, several technical problems need to be addressed for the sustainable growth of the wind 

power generation system. In the past, there was not much wind power penetration in the grid. 

But now, with the advancement in technology, its impact has drastically increased in the last 

decades. Numerous challenges have been set in the power system as wind energy flow cannot 

be predicted as wind speed varies from time to time.  

            Among different wind turbine generators, DFIG is gaining popularity and is widely 

being used. During regular operation, pitch control [21] and MPPT [22], along with some 

converter control strategies, are sufficient to deal with the changing wind speed and deviation 

in power. The real challenge is during the fault. DFIG is more vulnerable to a grid fault and 

transmission line network disturbance. A voltage dip in the bus terminal will directly affect the 

generator's terminal voltage. With a voltage dip, a large amount of current will flow through 

the stator and rotor, which can damage the converter and rotor windings. If the DFIG is isolated 

from the grid, there will be a chance of blackout as the DFIG's power contribution to the system 

is high. DFIG should remain connected to the grid to increase the system's reliability. Surplus 

power during voltage sag should be consumed in dump load or stored in the energy storage 

devices.  

Different control strategies are being used to sense the faulty condition in the DFIG. Those 

control circuits will enable the operation of the different auxiliary devices embedded for LVRT 

enhancement of DFIG. The various control strategies for switching the series compensating 

devices are: 

a) Conventional control 

In the conventional control scheme, a bypass switch or insulated-gate bipolar transistor (IGBT) 

switch is controlled by applying a high (1) or low (0) signal in the gate of the IGBT. Mostly 

system voltage or voltage at the point of common coupling (PCC) is compared with the 
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threshold voltage and the control signal is generated [23]. When the voltage at PCC is less than 

the threshold voltage, it is considered as the condition of voltage sag. A low signal is sent to 

the gate of the IGBT, which will turn off the IGBT leading to the activation of the series 

compensating device. The conventional circuit with voltage as the control signal to generate 

the gate pulse for the IGBT is shown in Fig 1. 6 [24]. In some cases, DFIG active power output 

is compared with a threshold value to generate IGBT pulses [25]. 

 

 

Fig 1. 6: Conventional controller based on single input 

 

Current and voltage can be used as the reference for generating a control signal [26]. The 

control circuit is shown in Fig 1. 7  [27]. In this scheme, the current signal is used to detect the 

fault, and the voltage signal is used to detect the system voltage recovery with the elimination 

of the fault. Once the current rises above the threshold value, the fault is detected and IGBT is 

turned off. After the clearance of fault, voltage is recovered, which is sensed by the voltage 

comparator and the IGBT is turned on [28]. 
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Fig 1. 7: Conventional controller based on multiple input 

 

b) Non-linear feedback control 

In this scheme non-linear equation is used to generate the duty cycle (d). The input of the non-

linear control block is the voltage deviation (∆V). Different papers propose different non-linear 

equations. The non-linear equation, as mentioned in the papers [29-30], is given as follows: 

 𝑑 = log⁡(1 + (𝑘 ∗ ∆𝑉)) (1.1) 

 

 𝑑 = 1 − 𝑒−𝑘∗∆𝑉 (1.2) 

   

Here k is the constant whose optimum value is calculated by the trial method. The control 

circuit is shown in Fig 1. 8. 
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Fig 1. 8: PI based controller 

 

When the system voltage falls below a certain threshold, the switch selector selects the switch 

‘a’. Pulse width modulation generator generates the pulse with respect to duty cycle to control 

power flowing to series compensating device. The equivalent impendence offered is d*z during 

the voltage sag. Z is the impedance of the series compensating device. During normal 

conditions, system voltage is higher than the threshold, so selector will select switch ‘b’. This 

will turn on IGBT and a low resistance path is provided for power flow. 

c) Proportional-integral (PI) based control 

The control circuit of the PI-based controller is similar to that of a non-linear controller. The 

fundamental difference here is that PI control generates the duty cycle [31]. The optimal value 

of the proportional and integral gain is calculated and incorporated into the system. 

d) Artificial intelligence-based control  

In this scheme, different technologies like fuzzy and neuro fuzzy are used to generate the duty 

cycle for optimal control of the series compensating devices [32]. One or more of the system 

variables like current, voltage and rotor speed can be incorporated to generate the control signal 

as per the need of the system. The fuzzy-based control scheme is explained in detail in chapter 

4.  
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Those control schemes are basically designed to work for the worst-case scenario of 0 dip in 

bus voltage. This control system does not consider the change in the control strategies with a 

change in level of voltage sag. For less voltage deviation also full resistance value is activated 

in the system. A control system has been proposed in this thesis work whose control strategies 

change with the change in voltage sag level. Ladder resistive fault current limiter (LRFCL) is 

proposed to enhance system stability for any level of voltage sag in the system. Also, a fuzzy 

logic-based control system is proposed to precisely control the series dynamic braking resistor 

(SDBR), whose control action changes from point-to-point deviation in voltage. 

 

1.7 Objective of the Thesis 

The objectives of this research are the following: 

• To develop a DFIG model in MATLAB which is connected to the infinite bus through 

the transmission line. 

• To develop a resistive fault current limiter that can work effectively for different levels 

and extents of voltage dips at the grid. 

• Since the nature of the faults and disturbances are not known ahead of time, this thesis 

proposes to explore the design of a fuzzy-logic based control system for proper 

switching of the IGBT.  

• To develop a control strategy for switching fault current limiters (FCL). 

• To compare the proposed model with the existing technologies like conventional 

controller based SDBR and R-SFCL to verify the effectiveness of the proposed model. 
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1.8 Methodology 

In order to achieve the objective of the thesis following methodology is used: 

• DFIG and its converters (RSC and GSC) are developed through MATLAB 

programming. 

• DFIG system model is connected to the infinite bus through a transmission line, which 

includes a local load at the machine terminal.  

• Calculation of the required value of series resistance to absorb the excess power during 

the grid voltage dip. 

• Time-varying mathematical modeling of the resistive type superconducting fault 

current limiter (R-SFCL) is developed for modeling. 

• Control system with IGBT switching algorithm is developed for proper switching of 

IGBT switches in LRFCL.  

• Fuzzy based control system is developed for precise control of the power being dropped 

in the series resistance, which is done with a variation of the controller output with 

deviation in bus voltage. 

• For evaluation of transient stability, different levels of voltage dip are considered in the 

bus terminal. 

• System responses such as rotor current, stator current, generator speed, stator terminal 

voltage and DC-link voltage along with output power are observed with and without 

FCLs.  

• Deviation area of the system parameter from the steady state is calculated with the 

index-based calculations method. 
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1.9 Organization of the Thesis 

The contents of the thesis are organized as follows: 

Chapter 2: Literature review 

Different kinds of technologies used for the LVRT enhancement of the DFIG are described in 

this chapter.  

Chapter 3: System model  

Mathematical modeling of DFIG along with its converter system is described in detail. Wind 

turbine and local load are modeled in this section.  

Chapter 4: Fault current limiters modeling and control  

This section explains different fault current limiters (FCLs) like SDBR, R-SFCL and LRFCL 

and their mathematical model. Also, the control system for correctly triggering the FCL during 

dip is mentioned. The fuzzy logic-based control system is developed for activating the IGBT 

switches. 

Chapter 5: Simulation results 

The results obtained from MATLAB using various fault current limiting techniques are 

compared in this section. Stator and rotor current, DC-link voltage, terminal voltage, output 

power and generator speed obtained from the different LVRT enhancement technique is 

plotted. The index-based calculation is performed. 

Chapter 6: Conclusion and future work 

The thesis work is summarized and concluded in this section. Also, the scope of the future 

work is presented.  
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Chapter 2 

Literature Review 

Different researchers have put forward solutions for LVRT enhancement of the DFIG. There 

are various hardware and software solutions for maintaining the system reliability. The 

software solution focuses on different control strategies, which are achieved through the 

controller schemes of the RSC and GSC converters. This research thesis is based on the 

hardware solution approach, so the literature review is mainly focuses on the hardware solution 

approach. 

The hardware solution focuses on adding extra physical equipment with DFIG, which is 

activated during the disturbance or the fault in the system. The primary role of the hardware 

solution is to absorb the surplus power, i.e., the difference between the electrical power demand 

of the grid and the power produced by the wind generator. The hardware solution proposes the 

system with the combination of resistor, capacitor and inductor placed in a different location 

and unique orientation. 

2.1 Crowbar 

Crowbar is the traditional approach to the hardware solution of the LVRT enhancement of 

DFIG. The crowbar is positioned between the rotor windings and the RSC converter [33]. The 

rotor current is reduced during crowbar activation by adding the additional resistance in series 

with the rotor windings. At the same time, DFIG will absorb the reactive power from the grid 

as the RSC converter is turned off, making the DFIG function like the induction generator. This 

will cause the situation to deteriorate during the fault. [34] Reactive power demand exists in 

both the grid and the DFIG.  Additional compensating equipment is required to supply the 

reactive power. An optimized switching crowbar method based on adjusting the time of the 

switching crowbar circuit is given to solve the problem [35]. The system may be unbalanced 
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due to improper switching and an incorrect value of crowbar resistance. Crowbar resistance 

with a high value causes a rise in DC-link voltage, while a low value may not be enough to 

withstand the transient fault current. Furthermore, the transient cannot be handled effectively 

if the operating period is short. If the operating time is extended, DFIG will consume more 

reactive power. The criteria for selecting an acceptable crowbar reactance value and switching 

time are proposed [36]. It is determined that choosing the right crowbar reactance value and 

switching time can enhance LVRT for grid stability. However, the frequent switching of the 

crowbar circuit during dip has a distinct influence on the rotor circuit, which must be addressed 

in the future [37]. To support the dynamic reactive power, a new adaptive crowbar resistor has 

been developed [38]. 

2.2 Series Dynamic Braking Resistor 

Crowbar activation leads to the operation of DFIG as an induction generator. To address the 

stated problem, SDBR has been proposed. During the grid fault, SDBR placed on the rotor side 

will be activated without causing the converter to shut down. SDBR resistance will consume 

surplus active power, contributing to system stability [39]. Maximum heat energy dissipation 

capacity and the temperature limit of the SDBR should be taken into consideration [40]. 

SDBR activation leads to a rise in the DC-link voltage. A hybrid model with the combination 

of DC-chopper is proposed [41] to maintain DC-link voltage. Compared to placement on the 

rotor side, SDBR placement on the stator side produces the best performance. When the system 

encounters a fault, a change in the voltage, current and speed is observed. It is verified that 

using the deviation of grid voltage to generate the switching signal provides a better response 

than using the variation of stator and rotor current [42]. 
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2.3 DC-link Chopper 

From the literature, it is known that the DC-link chopper is another prominent solution 

approach. The DC-link chopper is placed parallel with the DC-link capacitor. During the fault, 

there will be a power imbalance in the converter. Due to a decrease in terminal voltage, the 

converter fails to deliver the entire power to the grid. This leads to a rise in DC-link voltage. 

Thus, the chopper consumes excess power while maintaining the DC-link voltage [43]. A 

circuit diagram of the chopper, along with the generation of control signals, is shown in Fig 2. 

1. 

 

Fig 2. 1: DC-Chopper configuration with controller 

 

Practical implementation of the DC-chopper and crowbar shows that the DC-chopper performs 

better [44]. If the chopper resistance is high, system performance will be decreased. It is 

suggested that for better performance, a chopper should be quickly inserted as soon as a fault 

is encountered in the system and the operation duration should be short. Chopper, along with 

SDBR implementation, is producing a better result [45]. A modified DC-chopper is proposed 

in the literature [46]. The control system is designed in such a way that the proposed system 

can be operated as a chopper or fault current limiter alternatively as per the system demand. 

An adaptive network fuzzy inference system (ANFIS) based control system for activating the 
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chopper-crowbar protection scheme is proposed [47]. Stator side SFCL with the integration of 

a chopper is proposed. In this scheme [48], the chopper works as primary protection, limiting 

DC-link overvoltage. SFCL contributes to overcurrent protection. 

2.4 Energy Storage System 

Different sorts of energy storage-based protection schemes are proposed in the literature. The 

major role of energy storage is to store surplus power during the fault and return power after 

the clearance of the fault. A superconducting magnetic energy storage system (SMES) consists 

of superconducting coils (SC), which facilitate by balancing the variation in output power due 

to varying wind speeds during normal operating conditions. During a fault, SC limits the 

overcurrent [49]. 

Negative sequence stator current limiting overcurrent is countered by coordinated control of 

converters and energy storage devices (ESD). Also, reactive power is supplied simultaneously 

to support the terminal voltage after the clearance of a fault [50]. Increased rotor current is 

distributed between the RSC and the energy storage side converter (ESC), protecting the 

converters from overcurrent [51]. The different techniques described in the literature for 

storage systems include cooperative control of rotor side SMES and transient control [52], 

coordination of active crowbar with battery energy storage system (BESS) [53], and flywheel 

as energy storage [54]. 

2.5 Superconducting Fault Current Limiter 

The other techniques used for the LVRT enhancement techniques of DFIG are the 

superconducting FCL (SFCL) and non-superconducting FCL (N-SFCL). SFCL (Fig 2. 2) 

possesses the superconducting state (negligible resistance) during normal conditions and high 

resistance during the fault. SFCL operation does not require any control action as SFCL comes 
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into action once temperature, current density, or magnetic field rise above a particular threshold 

value [55].  

 

a) Inductive SFCL configuration 

 

 

 b) MBR-SFCL configuration 

 

 

c) DC-resistive SFCL configuration 

 

 

 

d) CB-SFCL configuration 

 

 

e) Flux-coupling SFCL configuration 

 

Fig 2. 2: Configuration diagrams of SFCL 
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Resistive SFCL placed at the rotor side limits the rotor overcurrent during both symmetrical 

and unsymmetrical faults [56]. Inductive SFCL [57] plays the role of a filter during normal 

conditions. During fault demagnetization technique will limit overcurrent. Comparative 

analysis shows that resistive SFCL is superior to inductive in terms of current limiting ratio 

and restraining capacity [58].  

The DC-resistive SFCL reduces the ac-loss in the superconductor using the diode bridge 

network. Due to self-quenching and self-recovery characteristics, a control system is not 

needed for activating the SFCL [59]. The capacitor bridge type SFCL (CB-SFCL) supplies the 

reactive power to the system during fault recovery. The capacitor is triggered in the system 

through the controller, which makes CB-SFCL performance superior to resistive SFCL [60]. 

Modified bridge resistive SFCL (MBR-SFCL) proposed in the literature [61] outperforms 

conventional SFCL. The controller duty cycle varies with system performance, which makes 

it superior.  

A flux coupling type SFCL has been proposed and a comparative analysis has been done by 

placing the proposed scheme on the rotor and stator side respectively. Performance analysis 

shows that the proposed scheme placed on the stator side is better at maintaining the terminal 

voltage than placing it at the rotor side [62]. Voltage compensation type SFCL has higher 

controllability compared to resistive and inductive SFCL [63]. Cooperative control of SFCL, 

along with SMES [64] and reactive power [65], contributes to limiting the overcurrent 

bypassing the surplus power towards SMES during a fault. 

2.6 Non-superconducting Fault Current Limiter 

The other approach in this solution is N-SFCL shown in Fig 2. 3. N-SFCL usually has two 

parts: the bridge and the shunt impedance path. The bridge path carries power during normal 

operation. During a fault, the bridge part is turned off with IGBT and power flows through a 
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high impedance path, limiting the overcurrent. In bridge type FCL (BFCL), the resistor and 

inductor are connected in series in the shunt path [66]. The IGBT pulse is generated with the 

control circuit sensing the system parameter of DFIG [67]. A capacitor replaces the inductor in 

BFCL to form a capacitive bridge type FCL (CB-FCL).  

 

a) BFCL configuration 

 

 

b) NC-MBFCL configuration 

 

 

c)  PRFCL configuration 

 

 

 

d) CB-FCL configuration 

Fig 2. 3: Configuration diagrams of N-SFCL 

 

The presence of a capacitor supports the grid voltage with the supply of reactive power [68]. 

Non-linear controlled modified BFCL (NC-MBFCL) consists of only one resistor in the shunt 

path. A non-linear control system provides the variation in shunt impedance with a change in 
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system parameters during a fault, which makes the system superior to conventionally controlled 

MBFCL and BFCL [30]. The inductor and capacitor are placed in parallel in the shunt path to 

form the parallel resonance BFCL (PRFCL). Observation shows that PRFCL maintains 

mechanical torque balance in the turbine generator system, contributing to LVRT enhancement 

[69]. 

From the literature review, it is found that different strategies are being tested and implemented 

for DFIG’s protection during a fault and to fulfill the grid code to maintain system stability. 

Those protection schemes are usually designed considering the worst-case scenario of 

maximum sag in the power system. Hence, the system response is good for the 0 dip. The 

system will implement the same value of impedance when the voltage drops below a reference 

value without analyzing the severity of the fault. But the dip in the bus voltage will not always 

be the same. Designing the FCL impedance for one case and implementing the same impedance 

for all cases will not produce good responses. In the case of a less severe fault, the whole 

impedance value overloads the DFIG, which will add more disturbance to the system. To 

overcome this problem, a ladder resistive fault current limiter (LRFCL) is proposed in this 

thesis. The major aim of LRFCL is to analyze the bus voltage and trigger the desired resistance 

level. Thus, bulk SDBR resistance can be broken down into the desired steps and a control 

circuit can be designed to select the appropriate resistance level with the different levels of a 

dip in bus voltage. Later on, fuzzy control based FCL is developed and analyzed to precisely 

control the power being dropped in the external resistance during the variation in bus voltage.  
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Chapter 3 

System Model 

3.1 DFIG System Overview 

A schematic diagram of the DFIG connected to the power grid and the local load is shown in 

Fig 3. 1. The stator of the DFIG is connected directly to the grid while the rotor is connected 

to the back-to-back converter (RSC and GSC) through the slip ring. The role of the RSC 

converter is to control the rotor voltage and frequency to stabilize the stator voltage and 

frequency to the desired value. The HAWT drives the turbine connected to the DFIG. The 

objective of GSC is to maintain the DC-link voltage. Being the bidirectional converter, power 

can flow in both directions in RSC and GSC converters. During super synchronous operation, 

active power will flow towards the grid while in sub synchronous operation active power is 

consumed from the grid. Thus, DFIG can work both in the sub-synchronous and super 

synchronous modes. Stator power flow is unidirectional.  Power is always transferred to the 

grid from the stator. The equation that relates 𝑠 (frequency of stator voltages and currents), 

𝑟 (frequency of rotor voltages and currents) and 𝑚 (rotor electrical speed) is as follow [70]: 

 𝑠 = 𝑟 + 𝑚 (3.1) 

 

Mechanical speed of the shaft and stator voltage frequency is related as:   

 𝑠 = 𝑝Ω𝑚 (3.2) 

      

where p is the pole pair of the machine. 

The units of these two equations are given in rad/s. The slip s of the machine is defined as 

follows:        
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 𝑠 = ⁡
𝑠 − 𝑚

𝑠
=
𝑟

𝑠
 (3.3) 

    

 

Fig 3. 1: DFIG system configuration  

 

The stator windings are directly connected to the grid and thus, 𝑠 is constant. This frequency 

is also known as the synchronous frequency. However, 𝑟 depends on the shaft’s electrical 

speed⁡𝑚, which leads to three operating modes of the machine depending on the speed [70]: 

𝑚 < 𝑠 ⇒ 𝑟 > 0 ⇒ s > 0 ⇒ Sub synchronous operation  

𝑚 > 𝑠 ⇒ 𝑟 < 0 ⇒ s < 0 ⇒ Super-synchronous operation 

𝑚 = 𝑠 ⇒ 𝑟 = 0 ⇒ s = 0 ⇒ Synchronous operation 
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3.2 Wind Turbine Model 

The role of a wind turbine is to convert the aerodynamic power obtained from air flow to the 

mechanical energy. The mechanical power output obtained from the turbine is expressed as the 

function of wind speed (Vw) which is expressed in [71] as: 

 𝑃𝑚 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑉𝜔

3 (3.4) 

 

where, 𝜌 is the air density. 

A is the area swept by the turbine blade. 

Cp is the power coefficient. 

β is the blade pitch angle. 

Tip speed ratio (λ) is the ratio of the linear speed at the tip of blades to the wind speed. The 

expression for the λ is given as: 

 𝜆 =
Ω𝑚⁡𝑅

𝑉𝑤
 (3.5) 

R is the radius of the wind turbine rotor. 

Power coefficient indicates the efficiency of the wind turbine. It is the ratio of the mechanical 

power to the aerodynamic power. Cp is the function of the tip speed ratio and the blade pitch 

angle and is expressed in [72] as: 

 𝐶𝑝(𝜆, 𝛽) = 0.5176 (
116

𝜆𝑖
− 0.4𝛽 − 5) 𝑒

−21
𝜆𝑖 + 0.0068𝜆 (3.6) 

 

 
1

𝜆𝑖
=

1

𝜆 + 0.08𝛽
−
0.035

𝛽3 + 1
 (3.7) 
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Two mass model is use to express the drive train model of the generator and turbine system 

[73]. The electromechanical dynamics of the drive train model is expressed using the 

differential equation as: 

 
𝑑𝜔𝑡
𝑑𝑡

=
1

2𝐻𝑡
(𝑃𝑚 − 𝐾𝑠𝜃𝑠 − 𝐷𝑡∆𝜔𝑡) (3.8) 

 

 
𝑑𝜔𝑟
𝑑𝑡

=
1

2𝐻𝑔
(𝐾𝑠𝜃𝑠 − 𝑃𝑒 − 𝐷𝑔∆𝜔𝑟) (3.9) 

 

 
𝑑𝜃𝑠
𝑑𝑡

=  𝜔0(𝜔𝑡 − 𝜔𝑟) (3.10) 

 

Where Dg and Dt are the damping coefficient of the generator and turbine. Ks is the shaft 

stiffness and θs is the torsion angle. 

The turbine connected through the gearbox and shaft system is use to rotate the rotor of the 

DFIG and electricity is generated. The electric power output of the DFIG is expressed as: 

 
𝑃𝑒 = 𝑥𝑚𝑖𝑟𝑞𝑖𝑠𝑑 − 𝑥𝑚𝑖𝑟𝑑𝑖𝑠𝑞 

(3.11) 

 

3.3 DFIG Model 

The instantaneous or time varying expression of the stator voltage, current and fluxes with 

respect to abc reference frame of the DFIG is given as: 
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𝑣𝑎𝑠( 𝑡) = 𝑅𝑠𝑖𝑎𝑠(𝑡) +
𝑑𝜓𝑎𝑠(𝑡)

𝑑𝑡
 

𝑣𝑏𝑠( 𝑡) = 𝑅𝑠𝑖𝑏𝑠(𝑡) +
𝑑𝜓𝑏𝑠(𝑡)

𝑑𝑡
 

𝑣𝑐𝑠( 𝑡) = 𝑅𝑠𝑖𝑐𝑠(𝑡) +
𝑑𝜓𝑐𝑠(𝑡)

𝑑𝑡
 

(3.12) 

Similarly, stator voltage, current and fluxes with respect to abc reference frame of the DFIG is 

given as: 

 

𝑣𝑎𝑟( 𝑡) = 𝑅𝑟𝑖𝑎𝑟(𝑡) +
𝑑𝜓𝑎𝑟(𝑡)

𝑑𝑡
 

𝑣𝑏𝑟( 𝑡) = 𝑅𝑟𝑖𝑏𝑟(𝑡) +
𝑑𝜓𝑏𝑟(𝑡)

𝑑𝑡
 

𝑣𝑐𝑟( 𝑡) = 𝑅𝑟𝑖𝑐𝑟(𝑡) +
𝑑𝜓𝑐𝑟(𝑡)

𝑑𝑡
 

(3.13) 

Applying the Park’s transformation i.e., abc to dq transformation of the voltage, current and 

flux, we get the following expression [74]: 

 𝑣⃗𝑠
𝑎 = 𝑅𝑠𝑖𝑠

𝑎 +
𝑑𝜓⃗⃗𝑠

𝑎

𝑑𝑡
+j𝜔𝑠𝜓⃗⃗𝑠

𝑎⁡⁡ ⇒ ⁡⁡ {
𝑣𝑠𝑑=R𝑠𝑖𝑠𝑑 +

𝑑𝜓𝑠𝑑
𝑑𝑡

− 𝜔𝑠𝜓𝑠𝑞

⁡𝑣𝑠𝑞=R𝑠𝑖𝑠𝑞 +
𝑑𝜓𝑠𝑞

𝑑𝑡
+ 𝜔𝑠𝜓𝑠𝑑

} (3.14) 

 

 
𝑣⃗𝑟
𝑎 = 𝑅𝑟𝑖𝑟

𝑎 +
𝑑𝜓⃗⃗𝑟

𝑎

𝑑𝑡
+j𝜔𝑟𝜓⃗⃗𝑟

𝑎 ⁡⁡ ⇒ ⁡⁡ {
𝑣𝑟𝑑=R𝑠𝑖𝑟𝑑 +

𝑑𝜓𝑟𝑑
𝑑𝑡

− 𝜔𝑟𝜓𝑟𝑞

⁡𝑣𝑟𝑞=R𝑟𝑖𝑟𝑞 +
𝑑𝜓𝑟𝑞

𝑑𝑡
+ 𝜔𝑟𝜓𝑟𝑑

} 
(3.15) 

Transformation of the stator and rotor flux in to d-q frame is: 

 𝜓⃗⃗𝑠
𝑎 = 𝐿𝑠𝑖𝑠

𝑎 + 𝐿𝑚𝑖𝑟
𝑎⁡⁡⁡⁡⁡⁡ ⇒ ⁡ {

𝜓𝑠𝑑 = 𝐿𝑠𝑖𝑠𝑑 + 𝐿𝑚𝑖𝑟𝑑
𝜓𝑠𝑞 = 𝐿𝑠𝑖𝑠𝑞 + 𝐿𝑚𝑖𝑟𝑞

}⁡ (3.16) 
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𝜓⃗⃗𝑟
𝑎 = 𝐿𝑚𝑖𝑠

𝑎 + 𝐿𝑟𝑖𝑟
𝑎⁡⁡⁡⁡⁡⁡ ⇒ ⁡ {

𝜓𝑟𝑑 = 𝐿𝑚𝑖𝑠𝑑 + 𝐿𝑟𝑖𝑟𝑑
𝜓𝑟𝑞 = 𝐿𝑚𝑖𝑠𝑞 + 𝐿𝑟𝑖𝑟𝑞

} 
(3.17) 

The d-q component of the stator and the rotor current is expressed as: 

 
[

𝑑𝑖𝑠𝑑
𝑑𝑡
𝑑𝑖𝑟𝑑
𝑑𝑡

] = 𝑍 [
 𝜔0𝑅𝑠 0 𝜔𝑒𝑥𝑠
0 𝜔0𝑅𝑟 −𝑠𝜔0𝑥𝑚

⁡⁡⁡⁡
−𝜔𝑒𝑥𝑚
−𝑠𝜔0𝑥𝑚

⁡] [𝑖𝑔] + [
𝜔0𝑣𝑠𝑑
𝜔0𝑣𝑟𝑑

] 
(3.18) 

 

 
[

𝑑𝑖𝑠𝑞

𝑑𝑡
𝑑𝑖𝑟𝑞

𝑑𝑡

] = 𝑍 [
 𝜔𝑒𝑥𝑠 𝜔𝑒𝑥𝑚 𝜔0𝑅𝑠
𝑠𝜔0𝑥𝑚 𝑠𝜔0𝑥𝑟 0

⁡⁡⁡⁡
0

𝜔0𝑅𝑟
⁡] [𝑖𝑔] + [

𝜔0𝑣𝑠𝑞
𝜔0𝑣𝑟𝑞

] 
(3.19) 

Where Z=[
−𝑥𝑠 −𝑥𝑚
−𝑥𝑚 −𝑥𝑟

]
−1

 

Here subscript s and r is use to denote stator and rotor and d and q defines d-axis and q-axis 

component respectively. 

3.4 Converter and Load Model 

Converters and local load model are modelled as mentioned in [75][76]. 

The rotor voltage relating the DC-link voltage is expressed as: 

 
𝑣𝑟𝑑 = 𝑚2𝑉𝑐𝑐𝑜𝑠𝛼2
𝑣𝑟𝑞 = 𝑚2𝑉𝑐𝑠𝑖𝑛𝛼2

 (3.20) 

Power in the rotor side is given by: 

 𝑃𝑟 = 𝑣𝑟𝑑𝑖𝑟𝑑 + 𝑣𝑟𝑞𝑖𝑟𝑞 (3.21) 

The output voltage on the filter side of the GSC converter is linked with DC-link voltage as: 

 
𝑒𝑎𝑑 = 𝑚1𝑉𝑐𝑐𝑜𝑠𝛼1
𝑒𝑎𝑞 = 𝑚1𝑉𝑐𝑠𝑖𝑛𝛼1

 (3.22) 

Power on the output of the GSC converter i.e., power towards the filter side is expressed as: 
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 𝑃𝑓 = 𝑒𝑎𝑑𝑖𝑎𝑑 + 𝑒𝑎𝑞𝑖𝑎𝑞 (3.23) 

Here, m1, α1 and m2, α2 are the modulation index and the phase angle of the GSC and RSC 

respectively. Here subscript ‘a’ is use to denote filter. 

The d-q component of the GSC current or the current flowing through the filter is expressed 

using the differential equation as: 

 
[

𝑑𝑖𝑎𝑑
𝑑𝑡
𝑑𝑖𝑎𝑞

𝑑𝑡

] =
𝜔0
𝐿𝑎
[

−𝑅𝑎 (1 − ∆𝜔𝑒)𝐿𝑎
−(1 − ∆𝜔𝑒)𝐿𝑎 −𝑅𝑎

⁡] [
𝑖𝑎𝑑
𝑖𝑎𝑞
] +

𝜔0
𝐿𝑎
[
𝑣𝑠𝑑 − 𝑒𝑎𝑑
𝑣𝑠𝑞 − 𝑒𝑎𝑞

] 
(3.24) 

The change in the DC-link voltage results in the power imbalance between the power input to 

the converter and the power flowing out from the converter. If the converters are supposed to 

be lossless than during the steady state condition power in and out must be equal so the 

expression for the DC-link voltage is given as: 

 𝑃𝐷𝐶 = 𝐶𝑉𝑐⁡
𝑑𝑉𝑐
𝑑𝑡

 (3.25) 

Also, 

 𝑃𝐷𝐶 = 𝑃𝑓 − 𝑃𝑟 (3.26) 

 

 
𝑑𝑉𝑐
𝑑𝑡

=
1

𝐶𝑉𝑐
(𝑒𝑎𝑑𝑖𝑎𝑑 + 𝑒𝑎𝑞𝑖𝑎𝑞 − 𝑣𝑟𝑑𝑖𝑟𝑑 − 𝑣𝑟𝑞𝑖𝑟𝑞) (3.27) 

 

 
𝑑𝑉𝑐
𝑑𝑡

=
1

𝐶
(𝑚1𝑐𝑜𝑠𝛼1𝑖𝑎𝑑 +𝑚1𝑠𝑖𝑛𝛼1𝑖𝑎𝑞 −𝑚2𝑐𝑜𝑠𝛼2𝑖𝑟𝑑 −𝑚2𝑠𝑖𝑛𝛼2𝑖𝑟𝑞) (3.28) 
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Local load is connected to the terminal of the stator. The admittance of the local load is given 

as: 

 𝑌11 = 𝑔11 + 𝑏11 (3.29) 

Current flowing through the local load is: 

 𝐼𝐿 = 𝑉𝑠𝑌11 (3.30) 

Impedance of the transmission line connecting the DFIG stator to the bus is model as: 

 𝑍12 = 𝑅 + 𝑗𝑋 (3.31) 

Hence current flowing through the transmission network is: 

 𝐼𝑔𝑟𝑖𝑑 =
𝑉𝑠 − 𝑉𝑏
𝑅 + 𝑗𝑋

 (3.32) 

Applying KCL at the terminal of the stator, 

 𝐼𝑠 − 𝐼𝑎 = 𝐼𝑔𝑟𝑖𝑑⁡ + 𝐼𝑙 (3.33) 

 

 𝐼𝑔𝑟𝑖𝑑⁡ + 𝐼𝑙 = (𝑖𝑠𝑑 − 𝑖𝑎𝑑) + 𝑗(𝑖𝑠𝑞 − 𝑖𝑎𝑞) (3.34) 

Since fault current is the resistive element and it is connected in series in the grid side during 

the faulty condition so the expression for the grid current during the application of FCL is 

given as: 

 𝐼𝑔𝑟𝑖𝑑 =
𝑉𝑠 − 𝑉𝑏

(𝑅 + 𝑅𝑒𝑥𝑡) + 𝑗𝑋
 (3.35) 

Where Rext is the value of the resistance of the FCL and its value depends on the type of 

system being used as the FCL which is described in detail in chapter 4. 
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3.5 The Composite Dynamic Model 

A composite state space model of the DFIG system shown in Fig 3. 1 is obtained by equating 

the KCL at the stator terminal. 

Stator current – Converter current = Grid current + Load current 

 𝐼𝑠 − 𝐼𝑎 = 𝐼𝑔𝑟𝑖𝑑 + 𝐼𝐿 (3.36) 

 

 𝐼𝑆 − 𝐼𝑎 = (𝑉𝑆 − 𝑉𝑏)𝑌12 + 𝑉𝑆𝑌11 (3.37) 

 

 𝑉𝑠 =
1

𝑌11 + 𝑌12
(𝐼𝑠 − 𝐼𝑎 + 𝑉𝑏𝑌12) (3.38) 

 

During normal operating condition 

 𝑌12 =
1

𝑅 + 𝑗𝑋
 (3.39) 

 

During activation of FCL 

 𝑌12 =
1

(𝑅 + 𝑅𝑒𝑥𝑡) + 𝑗𝑋
 (3.40) 

 

d and q axes component of stator voltage is calculated as: 

 
𝑉𝑠𝑑 = 𝑟𝑒𝑎𝑙(𝑉𝑠)
𝑉𝑠𝑞 = 𝑖𝑚𝑎𝑔(𝑉𝑠)

 (3.41) 

 

Substituting Vsd and Vsq in equation 3.18 and 3.19, the derivative of the stator and rotor current 

isd , isq , ird and irq is obtained. Two mass model gives the differential equation for angular speed 

of generator rotor, angular speed of turbine and shaft torsion angle as shown in equation 3.8, 
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3.9 and 3.10 respectively. Equation 3.24 gives the differential equation for grid converter side 

current. Differential equation for converter DC-link voltage is given in equation 3.28. Those 

equations are combined to give closed form state equations, 

 𝑋̇ = 𝑓[𝑋, 𝑢] (3.42) 

 

Where the state vector X is given as 

X= [isd, isq, ird, irq, 𝜔𝑡, 𝜔𝑟, 𝜃𝑠,⁡Vc, iad, iaq]  

u is the vector of converter controls [m1, m2, α1, α2] 
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Chapter 4  

Fault Current Limiter Modeling and Control 

4.1 Series Dynamic Braking Resistor Modeling and Control  

The basic model of SDBR is shown in Fig 4. 1. It consists of two parts, a resistor and the power 

electronics IGBT switch. The switching operation of an IGBT is controlled by the voltage 

signal provided to the gate. A high signal (1) at the gate will turn it on, while a low signal (0) 

will turn it off. Electronic switches are quick in operation as there is no mechanical movement 

during operation. The SDBR circuit has two paths for the current to flow. During normal 

operation, the IGBT switch will remain closed and the current will flow through the low 

resistance path. Since RSDBR is high, negligible current will flow through it. Hence, the loss is 

minimum. 

 

Fig 4. 1: Configuration of SDBR 

  

During the fault, the switch will be open and the current will flow through a high resistance 

path. The high value of the series resistor will limit the overcurrent. The series resistor will 

consume the generator's active power. The circuit diagram for the generation of the IGBT gate 

pulses is shown in Fig 4. 2. When the bus voltage falls below the reference voltage (0.9 pu in 
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this case), the comparator output will be high. The output signal is inverted and passes through 

the IGBT pulse generator, which will open the IGBT switch. Current will be forced through 

the high resistance path. The resistor will remain connected to the system until the normal 

voltage level is reached after the clearance of the fault in the system. Once the system voltage 

is recovered, the IGBT switches will be closed and normal operating conditions will be 

restored. 

 

Fig 4. 2:  SDBR switching signal generation circuit 

 

The value of resistance of SDBR to drop the surplus power during the 0-voltage dip in the bus 

terminal is calculated as [77][78]: 

Active power output from stator =⁡0.8998⁡𝑝𝑢 

Active power output from rotor = 0.04⁡𝑝𝑢 

Total active output power from DFIG (P)= 𝑃𝑠 + 𝑃𝑟 

Admittance of local load (Y)= 𝑔11 + 𝑗 ∗ 𝑏11 

                                             =0.403 + 𝑗0.1014 

Impedance of local load(Z) = 𝑟11 + 𝑗 ∗ 𝑥11 =
1

𝑌
⁡=2.2336 − 𝑗 ∗ 0.5871 
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Active power consumed by local load (PL)= 
(𝑉𝑡)

2

𝑟11
=

1.02992

2.3336
= 0.4545⁡𝑝𝑢  

Power transferred to line Pline= 𝑃 − 𝑃L=0.4853⁡𝑝𝑢 

Series resistance required to consume active power in line =
(𝑉𝑡)

2

𝑃𝑙𝑖𝑛𝑒
− 𝑅 = 2.1356⁡𝑝𝑢 

Hence the required resistance value of SDBR is 2.1356 pu.  

4.2 Resistive Superconducting Fault Current Limiter Modeling 

The superconducting fault current limiter (SFCL) is one of the reliable solutions for enhancing 

the LVRT of the DFIG. With a sudden rise in the current passing through the superconductor, 

the behavior of the superconductor changes from the superconducting state to a resistive state. 

This phenomenon is known as quenching. Furthermore, once the fault is cleared, the current 

will decrease and the superconductor will gradually regain its superconducting state, a process 

known as recovery. The operating characteristics of RSFCL with quenching and recovery 

phenomena are shown in Fig 4. 3. 

 

Fig 4. 3: Quenching and recovery characteristics of RSFCL 

 

The mathematical model of the resistive SFCL is given as [79][80]: 
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𝑅𝑆𝐹𝐶𝐿 =

{
 
 

 
 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑡 > 𝑡0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑅𝑚[1 − exp (−
𝑡−𝑡0

𝑇𝑓
⁡)]1/2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑡0 ≤ 𝑡 < 𝑡1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑎1(𝑡−𝑡1)+𝑏1
𝑎2(𝑡−𝑡2)+𝑏2

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑡1≤𝑡<𝑡2
𝑡2≤𝑡<𝑡3

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

(4.1) 

Where, Rm is the maximum resistance of the SFCL in the quenching state, Tf is the time 

constant of the SFCL during transition from superconducting state to normal state, t0 is the time 

to start the quenching, t1 is the 1st recovery time, t2 is the 2nd recovery time, t3 is the complete 

recovery time. a1, a2, b1 and b2 are the constants whose values are given in Appendix B. For 

comparison, Rm is kept the same as that of RSDBR. 

The advantage of R-SFCL over SDBR is that due to the self-quenching nature of R-

SFCL, there is no requirement for the external control system and switches for its activation 

during fault. R-SFCL will be always in series in the protection circuit. Resistance will increase 

automatically upon reaching the current or thermal threshold. The developed system will work 

without the need of any sensors. There is no chance for the system to fail due to failure in the 

control system or the sensor devices. But the problem is that R-SFCL is costly to implement as 

superconductors are expensive. For any level of voltage sag, the whole resistive value will be 

applied to the system.  

4.3 Ladder Resistive Fault Current Limiter Modeling and Control 

The magnitude or level of voltage sag in the power system is not constant. Voltage sag 

magnitude is affected by a various factor, including the distance between the observation and 

the fault source, the type of fault, fault impedance, and the voltage in the system prior to the 

occurrence of the fault.  Different natures of faults can cause varying levels of voltage dip in 

the system. Usually, the fault current limiter is designed considering the worst-case scenario of 

the maximum sag in the system voltage. It will not produce a good result when the same 

impedance value is triggered in the system without considering the voltage sag level. For less 
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severe faults, the voltage dip level is less. Inserting the whole impedance value designed for 

the maximum sag to the low sag condition will not support the system's transient stability due 

to the generator's overloading. 

The problem with conventional FCL (SDBR) and RSFCL is that they will insert the same 

impedance value into the system through the series compensating device without considering 

the level of voltage sag and severity of the fault. In order to address this issue, a new control 

strategy has been proposed which considers the level of dip in the bus voltage. For this, the 

ladder network is designed to break the whole resistance value into two parts. Hence, LRFCL 

is designed considering two ladder levels of resistance. 

 

Fig 4. 4: Configuration of LRFCL 

 

The configuration of LRFCL is shown in Fig 4. 4. Here the resistance value calculated in the 

SDBR is divided into two parts i.e., R/3 and 2*R/3. The two sections of the LRFCL are 

controlled through the semiconductor switches S1 and S2. The algorithm used for the 

generation of the IGBT switches pulses is shown in the flowchart in Fig 4. 5. 
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Impedance offered by LRFCL for different levels of voltage dip is given by equation: 

 
𝑅𝐿𝑅𝐹𝐶𝐿 =

{
 
 

 
 

0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑉𝑏 > 0.9⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
1

3
∗ 𝑅𝑆𝐷𝐵𝑅⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0.6 < 𝑉𝑏 ≤ 0.9⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

2
3 ∗ 𝑅𝑆𝐷𝐵𝑅

𝑅𝑆𝐷𝐵𝑅
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

0.4 < 𝑉𝑏 ≤ 0.6

𝑉𝑏 ≤ 0.4
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

 

 

(4.2) 

 

 

Fig 4. 5: Flow chart for generation of control signal of IGBT switches. 

 

With the control algorithm, three different levels of resistance can be triggered in the system 

depending on the bus voltage. When bus voltage falls below 0.4 pu both S1 and S2 will be set 
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low (0). LRFCL offers full resistance to the system. For bus voltage between 0.4 pu and 0.6 

pu, S1 will be high (1) and S2 will be low (0), so a 2*R/3 value of resistance will be activated 

in the system. When the bus voltage is between 0.6 pu and 0.9 pu, S1 will be low and S2 will 

be high. R/3 value of resistance will be triggered in series. The threshold reference voltage is 

set to 0.9 pu in this case. This means if the bus voltage falls below the reference value, the 

system will interpret it as a fault. Above 0.9 pu bus voltage, S1 and S2 will be set high, 

providing the lowest resistance path for the DFIG power flow. The circuit diagram for the 

generation of the switching signal of the IGBT switches is shown in Fig 4. 6. 

 

Fig 4. 6: Control circuit for generation of IGBT pulses for LRFCL 



43 
  

4.4 Fuzzy Logic Control Based SDBR 

A fuzzy logic-based control system is designed to control the SDBR for various levels of 

voltage dip. A fuzzy logic controller (FLC) is used to generate the duty cycle (d). The functional 

block of the fuzzy inference system (FIS) showing the flow of the working mechanism of the 

fuzzy-based control system is given in Fig 4. 7. 

 

Fig 4. 7: Functional block of fuzzy inference system 

 

The bus terminal voltage (vb) is compared with a reference voltage (Vref) and the difference in 

magnitude between the voltages (∆V) is calculated. The calculated voltage change is used as 

the input of FLC. The output of the FLC is the duty cycle (d). The duty cycle is then used to 

control the switching phenomenon of the IGBT. A certain threshold voltage (Vth) is used to 

detect the fault in the system. The comparator compares the bus voltage and the threshold 

voltage. If bus voltage is greater than the threshold voltage, the comparator output will be high. 

During high output from comparator selector select switch 'b', which sends a high signal to the 

IGBT. At the time of the fault, bus voltage is less than the threshold hence comparator output 
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is low. During the low output of the comparator, the selector select switch 'a', which is the 

inverted output of the PWM generator. The PWM output is based on the duty cycle. With the 

varied value of the duty cycle, instead of applying the whole resistance of SDBR, the effective 

variable resistance is inserted into the system during a fault. In the case of maximum sag in the 

system, voltage deviation and the duty cycle will be high. To activate the full resistance value 

in the system for maximum sag duty cycle is kept as 1 once the duty cycle is above 0.8. The 

mathematical expression for the effective resistance is [29]: 

 𝑅∗ = 𝑑 ∗ 𝑅 (4.3) 

 

The duty cycle (d) generated by the FLC is the ratio of the time for which the IGBT switch is 

off (Toff) or does not conduct to the total time period of the PWM (Tc). The control circuit for 

the generation of the duty cycle for controlling the IGBT switch with the implementation of 

the fuzzy logic is shown in Fig 4. 8 [32].  

 

Fig 4. 8: Fuzzy logic control circuit  
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The mathematical expression for duty cycle is  

 𝑑 =
𝑇𝑜𝑓𝑓

𝑇𝑐
 (4.4) 

 

 𝑇𝑐 = 𝑇𝑜𝑓𝑓 + 𝑇𝑜𝑛 (4.5) 

 

Ton is the conduction time of the IGBT switch. 

Tc is the total time period of the PWM output.  

With the implementation of the FLC, the variable resistance is generated, which provides the 

opportunity for the system to respond dynamically to the different levels of sag in the bus 

voltage. The flow chart used for fuzzy based control scheme are shown in  Fig 4. 9.  

 

Fig 4. 9: Flow chart for generation of fuzzy based control signal  
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4.4.1 Membership Function in FLC 

A Fuzzy membership function (MF) is an indicator that graphically represents the fuzzy sets. 

The membership value varies between 0 and 1. For designing the membership function, the 

triangular and trapezoidal membership function is used. The membership function for input 

(∆V) and output (d) is shown in Fig 4. 10 and Fig 4. 11 respectively. 

 

Fig 4. 10: Input membership function of fuzzy logic controller 

 

 

Fig 4. 11: Output membership function of fuzzy logic controller 
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 The linguistic variables and their interpretation are given in Table 1 as: 

Table 1: Interpretation of linguistic variable 

ND No deviation 

LD Low deviation 

MD Medium deviation 

HD High deviation 

NS No switching 

LDC Low duty cycle 

MDC Medium duty cycle 

HDC High duty cycle 

 

4.4.2 Fuzzy Operation Rules 

Fuzzy rules are used to get the desired output based on the inputs. In this case, it is a single 

input and single output-based system, so the implemented logic is simple. As the severity of 

the fault increases, the value of effective resistance in the system must be increased. For higher 

effective resistance, a higher duty cycle is required. Based on the above realization, rules for 

the fuzzy algorithm are developed, which are stated in Table 2. 

Table 2: Fuzzy rule base 

Bus Voltage Deviation (∆V) Duty Cycle (d) 

ND NS 

LD LDC 

MD MDC 

HD HDC 
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4.4.3 Fuzzy Inference Rules 

A fuzzy inference system is an essential part of a fuzzy operation that facilitates decision 

making based on certain rules. "If and then" rules are used for the decision-making process. 

The output of the inference system is a fuzzy set. Later on, the defuzzification process is used 

to change the fuzzy variable into a crisp value. There are two types of fuzzy inference systems 

[81]: 

ii) Mamdani fuzzy inference system  

iii) Takagi Sugeno fuzzy inference system  

In this research Mamdani fuzzy inference system is use because of its higher accuracy. 

4.4.4 Defuzzification 

Defuzzification is the process of obtaining crisp values from the fuzzy sets. There are various 

methods of defuzzification such as [82]: 

• Center of gravity or centroid method 

• Weighted average method 

• Mean of maximum method 

Duty cycle is calculated as the output of defuzzification through the use of center of gravity or 

centroid method. The defuzzification process involves the following mathematical expression: 

 𝑑 =
∫µ𝐴(𝑥)⁡𝑥⁡𝑑𝑥

∫ µ𝐴(𝑥)⁡⁡𝑑𝑥
 (4.6) 

 

where µA(x) is the membership value for point x. 
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Chapter 5 

Simulation Results 

5.1 Simulation Consideration 

The MATLAB software is used as a tool to perform the simulation. The single-line diagram of 

the DFIG system connected to the power system grid is shown in Fig 5. 1. DFIG is connected 

to the infinite bus through the transmission line. The FCL is placed in series between the 

terminal of the DFIG and the grid bus bar. FCL is activated through a switching mechanism 

during the fault. At normal operating conditions, it is in passive mode. 

 

Fig 5. 1: DFIG configuration along with FCL in grid side  

 

The mathematical model of the DFIG, its converter model and FCL is simulated in the 

MATLAB program. Ode45 is used to solve the non-linear equations. Wind speed is taken as 

12 m/s during the study period. Since the study period is short, wind speed is considered 
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constant. The simulation is run for 5 seconds. A fault is introduced to the system during the 

start of the simulation and is considered to last for 250ms. 

The various series compensating devices like SDBR, R-SFCL, LRFCL and FLC-SDBR are 

connected in series one after another in the simulation study. During the simulation, terminal 

voltage, stator and rotor current, DC-link voltage, active power and generator speed are 

recorded. Four different control strategies are simulated one after another and the responses are 

recorded. 

Control strategy 1: Fault analysis with SDBR 

Control strategy 2: Fault analysis with R-SFCL 

Control strategy 3: Fault analysis with LRFCL 

Control strategy 4: Fault analysis with FLC-SDBR 

5.2 Transient Stability Analysis 

Three different voltage levels are considered in the bus voltage and simulation is done one after 

another. The different levels of bus voltage are: 

Condition 1: 0 pu bus voltage 

Condition 2: 0.5 pu bus voltage 

Condition 3: 0.75 pu bus voltage 

5.2.1 Transient Stability Analysis for 0 pu Bus Voltage 

Full resistance is needed to be inserted in series in the system during the 0 pu dip in the bus 

voltage. Activation of LRFCL (Control strategy 3) inserts the full resistance keeping both 

switches S1 and S2 off. Also, during the application of FLC-SDBR (Control strategy 4) the 

duty cycle will be 1 for 0 dip in bus voltage activating the whole resistance value in the system 
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as in SDBR during the fault period. Control strategy 3 and 4 are represented by control strategy 

1 so only 3 control strategies are shown in this analysis. For the other 2 different cases of 0.5 

pu and 0.75 pu bus voltage, all conditions are shown.  

The stator and rotor currents of DFIG during the 0 pu voltage dip in bus terminal for 250 ms is 

shown in Fig 5. 2 and Fig 5. 3. Here we can observe that without the application of any 

protective scheme, stator and rotor fault current keeps oscillating and rises to 2.5 pu within 

5sec. With the application of FCL, the stator and rotor currents are close to the steady state 

value of 0.87 pu and 0.93 pu, respectively and return to a steady state after the removal of the 

fault. Here we can see that RSFCL performance is better than the SDBR.  

 

 

 

Fig 5. 2: Stator current for 0 pu dip in bus voltage 
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Fig 5. 3: Rotor current for 0 pu dip in bus voltage 

 

Fig 5. 4 , Fig 5. 5 and Fig 5. 6 represent the DC-link voltage, terminal voltage and output power 

of the DFIG. Here it is observed that without FCL, terminal voltage and DC-link voltage do 

not return to the steady state after the removal of the fault. With the application of the SDBR 

and RSFCL, the DC-link voltage and terminal voltage are close to the steady state value of 1 

pu and 1.02 pu respectively. The output power of DFIG falls to 0.5 pu without the protection 

scheme. With the application of FCL, it is maintained at about 0.8 pu which is close to the 

steady state value of 0.9 pu. 
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Fig 5. 4: Converter DC-link voltage for 0 pu dip in bus voltage 

 

 

Fig 5. 5: DFIG terminal voltage for 0 pu dip in bus voltage 
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Fig 5. 6: DFIG output power for 0 pu dip in bus voltage 

 

 

Fig 5. 7: DFIG rotor speed for 0 pu dip in bus voltage 

 

Without the application of the FCL, the generator accelerates and rotor speed rises above 600 

rad/sec within 5 seconds after the fault clearance. With the application of SDBR and RSFCL, 
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excess power is absorbed, balancing the mechanical and electrical torque of the generator. 

Rotor speed is in the safe range of around 396 rad/sec which is close to the steady state value. 

It is observed that without the application of a fault current limiter, voltage, current, power and 

speed of the DFIG keep on oscillating. The system does not return back to a steady state even 

after the clearance of fault in the system. After the application of the SDBR and RSFCL, 

voltage, current and speed of the DFIG system are in the safe operating range (close to steady 

state value) and the system stability is maintained.  

 

5.2.2 Transient Stability Analysis for 0.5 pu Bus Voltage 

To highlight the effectiveness of the LRFCL and FLC-SDBR over the conventional protection 

schemes like SDBR and RSFCL, 0.5 pu bus voltage is applied for a period of 250 ms.  

Fig 5. 8 and Fig 5. 9 represent the stator and rotor current of DFIG for a voltage sag of 0.5 pu 

in bus voltage. Without the FCL, both the stator and rotor currents oscillate and keep rising. 

With the application of the LRFCL and FLC-SDBR, stator current response rises up to 0.92 

pu, which is better than in the case of SDBR and RSFCL, where current rises to 0.94 pu. 

Observing the rotor current, we can see that with the application of SDBR and RSFCL rotor 

current rises up to 1.03 pu and 1.08 pu respectively. With the LRFCL and FLC-SDBR, the 

rotor current rises up to 0.98 pu and 0.96 pu respectively.  
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Fig 5. 8: Stator current for 0.5 pu dip in bus voltage 

 

 

Fig 5. 9: Rotor current for 0.5 pu dip in bus voltage 

 

 

Fig 5. 10 and Fig 5. 11 represent the converter DC-link voltage and the DFIG terminal voltage 

respectively. Here, DC-link voltage keeps rising and the terminal voltage keeps on oscillating 
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in the absence of FCL. With RSFCL and SDBR, DC-link voltage rises to around 1.05 pu. With 

FLC-SDBR it is limited to about 1.01 pu. Also, oscillation is less in terminal voltage for 

LRFCL and FLC-SDBR compared to SDBR and R-SFCL. 

 

Fig 5. 10: Converter DC-link voltage for 0.5 pu dip in bus voltage 

 

 

Fig 5. 11: DFIG terminal voltage for 0.5 pu dip in bus voltage 
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Fig 5. 12 and Fig 5. 13 show that output power drops to 0.7 pu and generator speed keeps 

increasing up to 414 rad/sec within 5 sec when the system is under 0.5 pu bus voltage for 250 

ms. With the application of the FCL, both the quantities show small oscillations and return to 

a steady state after the clearance of the fault. Compared to other control strategies, FLC-SDBR 

performance is better.  

 

Fig 5. 12: DFIG output power for 0.5 pu dip in bus voltage 

 

Fig 5. 13: DFIG rotor speed for 0.5 pu dip in bus voltage 
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5.2.3 Transient Stability Analysis for 0.75 pu Bus Voltage 

The system is tested with 0.75 pu in bus voltage over a time period of 250 ms. Fig 5. 14 and 

Fig 5. 15 represent the stator and rotor current for the time period of 5 sec. Without the FCL, 

stator current rises to about 0.98 pu. With SDBR and RSFCL peak stator current is about 0.96 

pu. Stator current is not being converged to the steady state value even after 5 sec of clearance 

of fault. This condition is due to the activation of a high value of resistance in series with DFIG 

in the case of less sag in bus voltage.  With the application of LRFCL and FLC-SDBR, 

oscillation is low and stator current is near to the steady state value. With SDBR and RSFCL, 

the rotor current rises to about 1.1 pu. With LRFCL and FLC-SDBR, rotor current limits 0.97 

pu and 0.95 pu respectively.  

 

Fig 5. 14: Stator current for 0.75 pu dip in bus voltage 
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Fig 5. 15: Rotor current for 0.75 pu dip in bus voltage 

 

Fig 5. 16 and Fig 5. 17 show the DC-link voltage and the terminal voltage of the DFIG 

respectively. Without the application of the FCL, the DC-link voltage falls below the steady 

state value (1 pu) and even after fault clearance it oscillates. With the application of the RSFCL 

and SDBR, the DC-link voltage increases to 1.07 pu and 1.06 pu respectively. Since the high 

amount of series resistance is triggered in the circuit to limit the fault current, DC-link voltage 

rises due to the failure of GSC to transfer adequate power to the grid. With the application of 

FLC-SDBR and LRFCL, only desirable resistance comes into effect, so the power transfer has 

been improved, which leads to the maintenance of the DC-link voltage. Also, for the terminal 

voltage similar kinds of phenomena can be observed. The terminal voltage response is better 

with the implementation of FLC-SDBR. From Fig 5. 18 and Fig 5. 19 we can see that the output 

power response and the rotor speed response has been improved with the application of the 

FLC-SDBR. 
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Fig 5. 16: Converter DC-link voltage for 0.75 pu dip in bus voltage 

 

 

Fig 5. 17: DFIG terminal voltage for 0.75 pu dip in bus voltage 
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Fig 5. 18: DFIG output power for 0.75 pu dip in bus voltage 

 

 

Fig 5. 19: DFIG rotor speed for 0.75 pu dip in bus voltage 
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5.3 Index Based Performance Analysis 

The graphical analysis gives an overall view of the performance of FCL. An index-based 

performance analysis is conducted for a detailed and precise analysis of the different models 

[83, 31]. Several performance indices are calculated and compared to verify the effectiveness 

of the FCL and find the appropriate solution. This method provides the deviation from the 

steady state value. The lower value of the index means less deviation from the steady state thus, 

system performance is better. The various indices used are as follows. 

Generator voltage deviation: 

 𝑣𝑙𝑡(𝑝𝑢. 𝑠) = ∫ |∆𝑉|⁡𝑑𝑡
𝑇

0

 (5.1) 

Stator current deviation: 

 
𝑠𝑡𝑟(𝑝𝑢. 𝑠) = ∫ |∆𝐼𝑠|⁡𝑑𝑡

𝑇

0

 
(5.2) 

Rotor current deviation: 

 
𝑟𝑡𝑟(𝑝𝑢. 𝑠) = ∫ |∆𝐼𝑟|⁡𝑑𝑡

𝑇

0

 
(5.3) 

Generator speed deviation: 

 
𝑠𝑝𝑑(𝑝𝑢. 𝑠) = ∫ |∆|⁡𝑑𝑡

𝑇

0

 
(5.4) 

DC-link voltage deviation: 

 
𝑣𝑑𝑐(𝑝𝑢. 𝑠) = ∫ |∆𝑉𝑑𝑐|⁡𝑑𝑡

𝑇

0

 
(5.5) 
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Output power deviation: 

 
𝑝𝑜𝑤(𝑝𝑢. 𝑠) = ∫ |∆𝑃|⁡𝑑𝑡

𝑇

0

 
(5.6) 

Here ∆V, ∆Is, ∆Ir, ∆ω, ∆Vdc, and ∆P are the deviation in the generator terminal voltage, stator 

and rotor current, generator speed, DC-link voltage and active power from the steady state 

value. The absolute value of those quantity is taken. Deviation is calculated from 0 to 5 sec of 

simulation time. The indices value for 0 pu, 0.5 pu and 0.75 pu is presented in Table 3,Table 4 

and Table 5 respectively. 

Table 3: Performance indices for 0 pu bus voltage 

Index Parameter (%) 

Value of indices 

No 

FCL 
SDBR RSFCL 

Stator Current (pu.s) 462.43 11.08 4.36 

Rotor Current (pu.s) 391.12 14.12 6.53 

DC-link Voltage (pu.s) 36.65 5.13 2.7 

Terminal Voltage (pu.s) 85.92 5.44 2.85 

Output Power (pu.s) 228.61 9.76 4.9 

Rotor Speed (pu.s) 78.12 0.95 0.33 

 

Table 4: Performance indices for 0.5 pu bus voltage 

Index Parameter (%) 

Value of indices 

No 

FCL 
SDBR RSFCL LRFCL 

FLC-

SDBR 

Stator Current (pu.s) 145.06 8.88 9.98 6.31 5.72 

Rotor Current (pu.s) 94.44 18.98 25.72 10.66 8.71 

DC-link Voltage (pu.s) 28.84 7.76 10.43 4.41 3.32 

Terminal Voltage (pu.s) 14.72 7.06 9.65 4.04 3.22 

Output Power (pu.s) 52.12 11.05 12.48 7.34 6.23 

Rotor Speed (pu.s) 8.08 0.89 1.26 0.53 0.42 
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Table 5: Performance indices for 0.75 pu bus voltage 

Index Parameter (%) 

Value of indices 

No 

FCL 
SDBR RSFCL LRFCL 

FLC-

SDBR 

Stator Current (pu.s) 15 11.27 15.72 3.99 2.56 

Rotor Current (pu.s) 16.36 27.21 36.06 8.65 3.87 

DC-link Voltage (pu.s) 8.06 10.91 13.99 3.8 1.46 

Terminal Voltage (pu.s) 7.49 10.02 12.82 3.51 1.48 

Output Power (pu.s) 13.37 13.74 15.91 5.25 2.81 

Rotor Speed (pu.s) 1.45 1.3 1.71 0.45 0.19 

 

From the above tables, it is observed that the values of performance indices are lower for the 

LRFCL and FLC-SDBR as compared to SDBR and RSFCL. Also, we can see that FLC-SDBR 

has the lowest indices value among all the control strategies. It can be concluded that the FLC-

SDBR performance is better for any level of bus voltage sag.  

  

For the practical implementation of the SDBR, a resistive dump load is needed. A large amount 

of power is needed to be absorbed in a short period of time during the fault. The practical 

implementation of large-sized dump loads in the range of 4 MW is suggested in a research 

paper [84]. They proposed the electrode boiler as a solution to dump load for massive power 

consumption during a brief period of power system failure. A large volume of liquid is heated 

inside the boiler and a large amount of active power is consumed.  It is mentioned that the 

electrode boilers up to 50 MW are commercially available in an economical range. Hence 

electrode boilers can be used as the resistive load for the practical implementation of the 

proposed model.  
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Chapter 6  

Conclusion and Future Work 

6.1 Summary 

A simulation model of the doubly fed induction generator (DFIG) along with its converter has 

been developed. All the basic components, like the aerodynamics model of a wind turbine, the 

drive train model, local load and the power grid, are modeled in MATLAB. There is a high 

penetration of wind power in the grid. DFIG needs to be in continuous operation during grid 

voltage sag for the time specified by the grid code. DFIG may get damaged due to overspeed 

of the generator rotor that occurs due to electrical and mechanical torque imbalance. The stator 

and rotor coil may burn out due to overheating caused by overcurrent. Surplus power during 

the voltage sag is needed to be absorbed in the dump load for the safe operation of DFIG from 

an electrical and mechanical point of view. The control systems to control the power flow in 

the dump load or series resistance are activated once the voltage falls below a certain threshold 

and its operation is identical for all levels of voltage sag. 

It is known that in conventionally controlled series dynamic braking resistor (SDBR) and 

resistive-superconducting fault current limiter (RSFCL), there is no consideration of the 

different levels of voltage sag on the bus voltage for their activation. The system triggers a full 

resistance value once the faulty condition is encountered. The SDBR and RSFCL resistances 

are designed for the worst case of 0 pu bus voltage and the same value of resistance is applied 

to limit the fault current for any level of voltage dip in the bus voltage. Due to this, the system 

works perfectly for the worst-case scenario of 0 dip. But if the fault is less severe with a bus 

voltage of 0.5 pu or 0.75 pu it is observed that the proposed system did not work properly. The 

system is more unstable due to the addition of extra load in series on the grid side. Due to the 

overloading of DFIG, oscillation is high and system performance is worsened. 
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RSFCL needs no control action for its activation, so there is no risk of failure in the control 

system. But it will always be in series in transmission lines carrying a high amount of line 

current throughout its life, which is undesirable. SDBR is implemented in the system as FCL 

so that resistance will be triggered in the system only during the fault period. The IGBT switch 

will bypass resistive load during normal operating conditions. In this thesis work, ladder 

resistive fault current limiter (LRFCL) and fuzzy logic control-based series dynamic braking 

resistor (FLC-SDBR) have been proposed for low voltage ride through (LVRT) enhancement 

of DFIG. The performance of the proposed system is compared with that of conventional 

systems like SDBR and RSFCL. 

6.2 Conclusions 

LRFCL is proposed with the flexibility of triggering three different values of resistance in the 

system depending on the level of voltage sag. The resistance of SDBR designed for the worst-

case scenario of 0 pu voltage sag is divided into two parts (1/3rd and 2/3rd). This resistance is 

triggered based on the bus voltage sag with the help of the IGBT switches and control circuit. 

The designed control system can sense and check the range of bus voltage sag. When the 

voltage falls within a specified range, its corresponding IGBT switching signal is triggered. It 

is observed that the LRFCL can enhance the system's overall transient stability for different 

levels of bus voltage sag.  

FLC-SDBR is proposed, whose control action is more precise and effective than the LRFCL. 

In LRFCL, bus voltage sag is divided into different ranges and control action is taken based on 

that range of voltage change. But in the case of FLC-SDBR, control action changes for small 

incremental changes in bus voltage with the help of a fuzzy control scheme. Hence, a duty 

cycle is generated by sensing the change in bus voltage and a required effective resistance is 

triggered in the system. Observation shows that FLC-SDBR performance is superior to other 
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control strategies in limiting the fault current, maintaining DC-link voltage, output power, and 

rotor speed. Simulation and numerical analysis, including index-based comparison show that 

FLC-SDBR stands superior for maintaining the system’s stability. From the overall analysis, it 

can be concluded that FLC-SDBR is capable of enhancing the LVRT of DFIG for any level of 

sag in the bus voltage.  

6.3 Future Work 

Further study on the following issues can be taken up: 

• The proposed control system model can be integrated with the microgrid system (PV, 

wind and Solar) and the impact of the system can be analyzed. 

• Artificial intelligence-based techniques like adaptive network-based fuzzy inference 

system (ANFIS) and Artificial Neural Networks (ANNs) can be used for the generation 

of the control signal for SDBR. 

• The proposed system can be implemented practically and tested to verify the practical 

feasibility of the developed system. 

• Instead of using a single variable in a fuzzy system, multiple system variables like rotor 

current, stator current and rotor speed can be used for the generation of the control 

signal.  
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Appendix A.   

The parameter values of the DFIG are in per unit, except stated otherwise. 

 

Rs Stator resistance 0.0049 

xs Stator reactance 4.0462 

Rr Rotor resistance 0.0059 

xr Rotor reactance 4.1538 

xm Stator-rotor mutual reactance 3.9538 

Ra Stator side converter resistance 0.001 

Xa Stator side converter reactance 0.1 

C Converter capacitance  1 

R Transmission line resistance  0.05 

X Transmission line reactance  0.2 

Hg Inertia constant of generator 0.5 s 

Ht Inertia constant of turbine 3 s 

g11 Conductance of local load 0.403 

b11 Susceptance of local load 0.1014 

ρ Air density 1.225 kg/m3 

A Area swept by turbine blade 577 m2 

Vw Wind velocity 12 m/s 

Dg Damping coefficient of generator 0 

Dt Damping coefficient of turbine 0 

 Blade radius 13.5 m 

 Gear ratio 100 
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Appendix B. 

The parameter values of the Superconducting fault current limiter are:  

 

t0 Time to start quenching  10ms 

t1 1st recovery time 0.25 sec 

t2 2nd recovery time 0.28 sec 

t3 Complete recovery time 0.3 sec 

Rm Maximum resistance of RSFCL 2.1356 pu 

Constant a1 -35 

a2 -41 

b1 Rm 

b2 Rm/2 

 


