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ABSTRACT 

Rashid, Gilmanur. M.S. The University of Memphis. May 2014. Fault Ride-Through 
Capacity Enhancement of Fixed Speed Wind Generator by a Modified Bridge-Type Fault 
Current Limiter. Major Professor: Dr. Mohd. Hasan Ali. 

 

Fault Ride-Through  (FRT) is  a common requirement  to  abide by grid code all over 

the world.  In this work, to enhance the fault ride-through capability of a fixed speed 

wind generator system, a modified configuration of Bridge-Type Fault Current Limiter  

(BFCL) is  proposed.  To check the effectiveness of the proposed BFCL, its performance 

is compared with that of the Series Dynamic Braking Resistor (SDBR).  A harmonic 

performance improvement by the proposed method is also analyzed. Three-line-to-

ground (3LG), line-to-line (LL) and single-line-to-ground (1LG) faults were applied to 

one of the double circuit transmission lines connected to the wind generator system.  

Simulations were carried out using  Matlab/Simulink software. Simulation  results show  

that  the  proposed  BFCL is a very effective  device  to achieve  the  FRT and suppress  

fault current that  eliminates the need for circuit breaker replacement. Also,  the  BFCL 

improves  the  harmonic performance and helps follow harmonic grid code.  Moreover, it  

was found that  the BFCL works better than  the  SDBR, and has some distinct 

advantages over the SDBR.  
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CHAPTER I  

INTRODUCTION 

Wind is one of the most important renewable resources like sunlight, water etc. 

Sailboat and sailing ships were propelled utilizing wind power thousands of years ago. In 

the middle age, people used wind mill for irrigation and grinding wheat to make flour [1]. 

It was the end of nineteenth century when energy contained in wind flow was exploited 

to generate electricity by Scottish Professor James Blyth [2]. Since then, wind energy 

technology was having slow advancement and improvement until the oil price hike in the 

70’s as seen in Figure 1. This price hike and fluctuation of oil price made the policy 

makers to think of alternative source of energy. As wind is a good potential source of 

renewable energy, a great amount of research and development effort has been given for 

the improvement of wind energy technology that continues till present days. The research 

effort was even more accelerated and much emphasis is given on wind energy due to the 

 

 

Figure 1. Oil price: inflation adjusted to 2007 
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fact that fossil fuel is limited in reserve and someday, they will be finished. Policy 

makers are also moved by the effect of the global warming resulting from burning fossil 

fuel. Reduction of carbon emission is an important concern now, and low tax on low 

carbon technology has made renewable energy popular than ever. All these factors have 

paved the way for wind energy conversion systems (WECS) to travel from professor 

Blyth’s era towards present day to be a strong contender of world’s energy crisis solution 

among the options available. WECS continues to get more and more importance and 

attention all over the world and contributes a portion of renewable energy produced 

globally [3]. 

A. Global Wind Energy Status 

Wind energy has gained much popularity as a renewable energy source all over the 

world. It has its footprint in all regions of the world as evident from the statistics of Table 

1. 

Apart from bio sources and hydropower, wind energy is the most power delivering 

renewable source as shown by Figure 2. In recent times, starting from 1996 to 2013 

global cumulative installed wind capacity has become 319 GW from 6.1 GW as shown in 

Figure 3. 

B. Wind Energy in Future 

It is apparent that the wind energy industry is growing very rapidly. It is expected by 

the experts that it’ll supply about 10% of worlds electricity generation by year 2020 [1]. 

Market forecast for the year 2013-2017 by GWEC also supports this fact as shown in 

Figure 4 [4].  
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Table 1. Regional distribution of the global installed wind power capacity (MW) by 2012 

Region Wind Power Capacity (MW) 
Africa and Middle East 1135 

Asia 97570 
Europe 109581 

Latin America and Caribbean 3505 
North America 67576 
Pacific Region 3219 

 

 

Figure 2. Total world energy consumption by source (2011) [3] 

 

 

Figure 3. Global cumulative installed WECS capacity from 1996-2013[4] 
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Figure 4. Market forecast for wind energy 

 

C. Background and Literature Review 

Wind energy is the most prominent alternative energy source for producing electric 

power due to its zero fuel cost, no carbon emission, cleanliness and renewable nature [5].  

To supply electric power from WECS to the consumers, integration of wind energy 

sources into the existing grid is needed. To realize this, it is essential that the wind energy 

sources behave like a conventional energy sources. But the wind speed is not constant; 

rather it’s a function of geographic location, air temperature, altitude from sea level etc. 

An example of wind speed profile at different turbines of a wind farm is shown in  

Figure 5. Fluctuating wind speed consequently causes fluctuation in produced power, 

which is evident from the wind farm active power output of the farm in Figure 5.  

To solve the issue of  wind farm output power fluctuation with variable wind speed, 

use of superconducting magnetic energy storage (SMES) [5]–[7], capacitor energy 

storage (CAES) [8], flywheel energy storage (FES)[9] etc., are proposed in literature. 

Also pumped hydro energy storage (PHES), compressed air energy storage (CAES), fuel  
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Figure 5. Wind speed at different wind turbines of a farm and wind farm active power 
output 
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cell energy storage are potential candidates to tackle this problem[10]. Apart from the 

fluctuating wind power output, there are issues with the grid integration of wind 

generator and their sustained operation. This thesis focuses on an important aspect of grid 

integration of wind generator which is the fault ride through capability. 

One of the major problems in the conventional grid is fault (accidental connection to 

ground). The existing grid elements are designed and engineered to handle different fault 

scenario. The WECS are newer elements and by nature they are vulnerable to faults. 

Extensive investigation regarding interaction between wind turbines and power grid has 

been carried out in recent years [11], [12]. Two main problems with WECS during the 

fault condition are decrement in fault ride-through (FRT) capability and increase in short-

circuit current level. As the wind turbines are sensitive to fault, traditionally they were 

disconnected from grid to isolate and protect them. This technique had no negative effect 

on power system because the amount of wind integration used to be small. But at present 

days, there are some countries like Denmark and United kingdom, receive a significant 

portion of their electrical power from wind energy [5]. Modern day large-output wind 

turbines, having capacity of 1 MW and above, are normally required to include auxiliary 

systems that allow them to operate through fault event, and thereby "ride through" the 

low voltage [13]. If wind farms are disconnected at fault in a system where wind energy 

shares a significant portion, nearby generators and rest of the system might get affected in 

a chain reaction manner. So these WECS are needed to be connected to grid and continue 

operation at faulted situation and may need provide reactive power support to help rest of 

the system recover from fault. This event of WECS remaining operational and connected 

to grid at fault is commonly known as FRT. It is also sometimes termed as low voltage 

ride through (LVRT). Also to interface the wind generators into the existing grid,  grid 
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codes [14] specified for many countries must be satisfied. Special arrangement is 

required to abide by the grid code. Grid code to integrate wind energy into USA power 

grid is given in Figure 6.  

As more and more WECS are connected to the grid, fault current level of the grid 

increases. This causes the circuit breaker interruption capacity to surpass the rated current 

and instantaneous voltage sag at the fault event. However, circuit breakers sometimes 

become incapable of handling the extreme level of fault current, so they fail to operate. 

Handling the increasing fault currents often involves costly replacement of substation 

components or alteration of coordinated control resulting in decreased operational 

flexibility and lower reliability. This replacement might be ineffective for some operating 

scenarios and the FRT and fault current suppression may not be ensured. 

To improve the FRT of the WECS, both parallel and series types of compensation 

devices are used. Static synchronous compensator (STATCOM) [5], [15], thyristor 

switched capacitor (TSC) [16], static var compensator (SVC) [15], SMES [6], [17], [18] 

are used as parallel options, and series dynamic braking resistor (SDBR) [19], dynamic  

 

 

Figure 6. Low voltage ride-through standard set by FERC, U.S [20] 
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voltage restorer (DVR) [21], [22], magnetic energy recovery switch (MERS) [23], 

superconducting fault current limiter(SFCL) [24], transformer coupled bridge-type fault 

current limiter (BFCL) [25], are among the series options.  Besides these electrical 

auxiliary device solutions, there is another solution which is a mechanical solution named 

as pitch control. This also has the ability to make the WECS capable of achieving FRT 

[26]. 

D. Motivation 

These days, development of minimum cost, high output power and cheaper wind 

energy conversion systems (WECS) is the hot research topic around the world. At 

present, variable speed wind turbines (VSWT) are mostly used due to their higher output 

power and efficiency, improved power quality, reduced mechanical stress on turbine and 

independent control of active and reactive power etc. [5]. But, over the past years, fixed 

speed wind turbine (FSWT) systems were installed in large scale across the globe. FSWT 

exploits squirrel cage induction generators (SCIG) directly connected to the power grid. 

As the SCIGs are robust in nature, wind parks facilitated by them have a lifetime over 

20 years [27], and hence it is still important to study integration issues of the fixed-speed 

WECS into the existing power system.  

The STATCOM requires power electronics converter and complex control strategy 

resulting in complexity into the systems, whereas the TSC and the SVC suffer from poor 

performance issue. SMES and SFCL perform better [24] but it is not economically 

feasible to implement as it requires cryogenic cooling facility for superconducting 

operation and incurs high installation and operation cost. BFCL configuration used in 

[24], [25] requires additional converter unit with a 12 lid coupling transformer which 

makes is complex and hardware consuming. Also there is extra line loss incurred by the 
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transformer as it is connected in series with the line. The DVR shows promising 

performance but they also have controller complexity and higher number of required 

electronic components. The SDBR gives slow transient response and lesser oscillating 

torque damping. 

The bridge type fault current limiter (BFCL) is a new technique that has promising 

applications in fault ride through of the WECS [24], [25] and dynamic performance 

improvement of power systems [28], [29]. So, it is worth investigating their performance 

on a FSWT systems based on the SCIG with some modification. 

E. Novelty  

With such background, this work proposes a new modified configuration of the 

BFCL, which is different from the one used in [13]-[16], to achieve the FRT of the fixed 

speed wind generator system. Here it is important to note that the dc reactor placed within 

the bridge of the proposed BFCL limits a sudden rise of fault current instantaneously. 

Thus sudden voltage drop at machine terminal is prevented during fault and hence it 

provides improved transient behavior. This unique feature of the BFCL makes it 

favorable over the other series FRT measures. A shunt bypass path helps maintain 

voltage at the point of common coupling (PCC) and machine terminal. In this way it 

helps to moderate that portion of electrical torque which is responsible for instability and 

also increases the active power demand to machine during fault. Unlike [24], [25], the 

shunt path of the BFCL used in this work, consists of only resistor. The inductor is 

omitted because it discharges stored energy when the shunt path is disconnected. It makes 

fault performance worse. 

The SDBR is a popular and low cost solution. This has applications in power systems 

[30]–[33]. Its principle of operation is similar to the BFCL and both of them are the series 
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type solution. In order to see how much effective the proposed BFCL is, in improving the 

FRT of the wind generator, its performance is compared with that of the SDBR. Along 

with simulation, an index based comparison is carried out to give a clear insight.  

Simulations were carried out using Matlab/Simulink software. In order to demonstrate the 

effectiveness of the proposed approach, a temporary three-line-to-ground (3LG), a line-

to-line (LL) and single-line-to-ground (1LG) faults were applied at one of the lines of the 

considered test wind generator system. 

F. Thesis Organization 

In chapter II an overview on the WECS is given. Modeling of the wind turbine and 

wind generator is described in chapter III. The test system model is illustrated in chapter  

IV. The BFCL and SDBR configuration, operation, design and control are explained in 

chapters V and VI, respectively. Simulation results are discussed in chapter VII. Chapter 

VIII wraps up the findings in this work in a conclusion, and finally chapter IX provides 

some future research directions.  
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CHAPTER II  

WIND ENERGY CONVERSION SYSTEM (WECS) OVERVIEW 

A wind energy conversion system converts the kinetic energy in the wind into 

electrical energy. Kinetic energy is received by some arrangement, for example turbine 

blade, which is used to create a rotational motion. This converts the kinetic energy in 

wind motion into mechanical energy. The rotational mechanical energy in turbines is 

used to rotate the rotor shaft of a wind generator. The generator takes the mechanical 

energy and then converts it into electrical energy. The generated electrical energy is then 

fed to load or electrical grid. A high level diagram of this conversion process is shown in 

Figure 7. 

As we know that many renewable sources are intermittent, the wind speed varies over 

time. Turbines are designed in a way that they require a minimum wind speed to start 

electricity production. This is called cut in wind speed and it varies in the range of 3 to 

5m/s for different wind turbines. As the wind speed goes up, output energy increases in 

non-linear manner. The speed, at which the nominal power output of the turbine is 

achieved, is called nominal wind speed. Depending on rotor and blade design of turbines, 

nominal speed varies between 11 m/s and 16 m/s [34]. If the wind speed goes beyond the 

nominal speed, then the output power is kept constant at nominal output power by 

controlling turbine efficiency through some mechanical arrangement like stall control,  

 

Kinetic energy 
in wind

Wind 
Turbine

Mechanical 
Power

Electrical 
Power

Wind
Generator

 
Figure 7. Flow diagram of wind energy conversion system 
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pitch control or active stall control. There is a maximum threshold of wind speed, beyond 

which operation of a wind turbine is risky enough to cause mechanical damage. This is 

called cut out wind speed. When cut out wind speed is exceeded, wind turbine is taken 

out of operation. Depending on whether the wind turbine is designed to operate at low or 

high wind speed, the cut out wind speed is ranged between 17 and 30 m/s. Figure 8 

shows the relation of wind speed with the electrical output power of a typical wind 

turbine.  

In the following subsections, an overview on the WECS is given. 

A. Wind Turbine Components. 

Wind turbine is the device that does the wind energy conversion as a whole. The 

construction and design of a wind turbine involves electrical, mechanical and civil 

engineering. Figure 9 and 10 show the components of a typical turbine,  

 

 

Figure 8. Typical wind turbine power output with steady wind speed [35] 
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Figure 9. Wind turbine [36] 
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Figure 10. Turbine cross section [37] 

 

Turbine blades: Blades are the airfoils in the modern day wind turbines that actually 

receive the kinetic energy. Therefore blade diameter is a clear indicator of a wind turbine 

power production capacity. Also the design and material used in it play the key role.  

Fiberglass reinforced with polyester and wood epoxy are popular material for blade 

construction. Blade rotation speed reduces with the increase of blade diameter and 

typically ranges from 3-30 rpm which can be fixed or variable speed. the tendency of 

placing wind turbines to offshore is also increasing with increase in blade diameter  as 

shown in Figure 11 [36]. 

14 
 



 

 

Figure 11. Wind turbine size: past, present and future [38]. 

 

Turbine hub: Turbine hub is the point where all the blades are connected. It also carries 

the pitch control system. 

Shaft: Turbine hub is connected to the gear box or the direct drive system through a 

mechanical shaft. 

Gear box: This is the arrangement that converts the low blade rotation speed into high 

generator rotor speed. It also actively takes part in maintaining desired speed of the 

generator rotor shaft. 

Direct drive: As the gear box system is costly and requires frequent maintenance, some 

manufacturers directly couples the shaft into the generator rotor. Drive train types are 

shown in Figure 12. 
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Figure 12. System level drive train technologies [39] 
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Generator: It is the electrical machine to convert the mechanical energy into electrical 

energy. Depending on operating criteria, their type varies. 

Pitch control: To control the efficiency of the turbine, blades are aligned at desired angle 

with the wind direction. This is achieved by the pitch control and it is located in the 

turbine hub. 

Yaw system: To align the blade rotation plane in perpendicular with the wind direction 

yaw system is used. This system interfaces the tower with the nacelle. 

Nacelle: The covered thing that is placed on top of the tower is the nacelle and it contains 

gearbox, shaft, generator, power electronic equipment’s, switchgear, wind flow direction 

and speed detection sensors etc. 

Transformer: Normally electricity is generated at low voltage. To transmit the generated 

electricity, stepping up of the voltage is necessary. So the turbines are equipped with 

transformers that are typically placed on ground very close to tower base. 

Tower: Tower is the support for nacelle and it gives the turbine strength. Power lines go 

through the tower to connect the generator to the transformer. Ladder and service hoist 

are also placed inside the tower. Now-a-days, there are some airborne wind turbines 

which don’t need stiff and strong tower. 

Foundation: Tower is attached to a solid foundation whether it is placed onshore or 

offshore.  

B. Wind Turbine Types 

The wind turbines are classified depending on various aspects like axis of rotation, 

location of installation, output power scale, generator rotor speed, power electronic 

converter rating, generator type used. They are described as follows. 
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1) Axis of Rotation 

The vertical axis wind turbine (VAWT) and horizontal axis wind turbine (HAWT) are 

the two wind turbine types based on axis of rotation [5]. A brief description follows. 

Vertical axis wind turbine (VAWT): The generator shaft is positioned vertically with 

the blades rotating around it. They are normally of small height. An example is given in 

Figure 13. 

VAWT can be of two types namely a) drag type and b) lift type. 

Horizontal axis wind turbine (HAWT): In this type of turbine, the generator shaft is 

positioned parallel to the ground and the blades are positioned on top of a long tower. 

The HAWT is taller and this type is popular for its high output power. A HAWT is 

shown in Figure 14. 

A comparison between HAWT and VAWT is given in tabular form in Table 2. 

 

 

Figure 13. Vertical axis wind turbine [5] 
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Figure 14. Horizontal axis wind turbine [40] 

 

Table 2. Comparison of the Horizontal axis and the Vertical axis wind turbine [41] 

 Horizontal axis Vertical axis 
Power generation efficiency 50%-60% Above 70% 
Electromagnetic interference Yes No 
Steering mechanism of wind Yes No 
Gear box For greater than 10 kW No 
Blade rotation space Quite large Quite small 

Wind resistance capacity Weak Strong (can resist typhoon 
upto class 14) 

Noise 5-60 dB 0-10 dB 
Starting wind speed High (2-5m/s) Low(1.5-3m/s) 
Ground projection effect on 
human being Dizziness No effect 

Failure rate High Low 
Maintenance Complicated Convenient 
Rotating speed High Low 
Effect on birds Great Small 
Cable stranding problem Yes No 
Power curve Depressed Full 
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2) Installation Location 

Traditionally, the wind turbines were installed on land. But in 1991, the first wind 

turbine was installed on the shallow sea near coast [42]. They are termed as offshore 

wind turbine. To distinguish an offshore wind turbine, wind turbines placed on land are 

termed as onshore wind turbine. 

Onshore wind turbine: This is the old concept of wind turbine placement. They provide 

good performance at low installation along with low maintenance cost but gives low 

efficiency. Figure 15 shows onshore wind turbine. 

Offshore wind turbine: Offshore turbines as in Figure 16, give higher efficiency as the 

wind speed at offshore location is higher and more uniform. They are gaining popularity 

and large capacity wind turbines that are built at present days are offshore type. 

Airborne wind turbine: There is a new type of wind turbine which is placed in air 

floating like kites. These types are still in research and their prototype are showing huge 

potential [43]. 

Advantages and disadvantages of onshore and offshore wind turbine are given in 

Table 3. 

3) Output Power Scale 

Day by day output electrical power capacity of the wind turbine is increasing. 

According to the output power capacity, they can be categorized into different classes 

[44]. Purpose at hand defines the power scale to be selected by the user. Small and 

medium scale turbines are utilized in remote standalone system and large scales wind 

turbines are connected to microgrids and power grids. 

Small scale wind turbine: They can operate at fairly low annual wind speed ranging 

from 2.5 to 4 m/s with fairly low capacity of 0.025kW to 10kW. 
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Figure 15. Onshore wind turbine [45] 

 

 

Figure 16. Offshore wind turbine 
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Table 3. Onshore and offshore wind turbine comparison 

 Onshore wind turbine Offshore wind turbine 

Advantages 

-Cheaper foundations;  
-Cheaper integration with the electrical-  
grid network;  
-Cheaper installation and access during 
the construction phase 
-Cheaper and easier access for operation 
and maintenance. 

-Higher and more constant 
wind speeds  
-Higher efficiencies 
-Low pay-back time 
-Higher production capacity 

Disadvantages 

-Negative visual impact  
-Noise; 
-Restrictions associated with 
obstructions (buildings, mountains, etc.), 
land-use disputes  
-Limited availability of lands.  
-Harm to birds 

-Higher installation cost 
-Effect on many living sea 
organisms 
 

 

Medium scale wind turbine: They give output power from 10kW to 100kW and operate 

fairly at an annual wind speed of 4 to 5m/s. 

Large scale wind turbine: Any wind turbine with output power capacity larger than 

100kW lies in this range and they need average annual speed over 5 m/s. 

4) Rotational Speed 

According to the rotational speed, there are two types of wind generator systems: (1) 

fixed speed; and (2) variable speed. The primitive wind turbines were fixed speed type 

but for the last decade variable speed types are mostly used for new installations. 

Fixed speed: Induction machines are used as fixed speed wind generators. This system is 

also referred to as the Danish concept. In the start-up sequence, the rotor may be held 

stopped and as the brakes are released, rotor shaft would be accelerated by the wind until 

the desired fixed speed is reached. At this instant, grid connection would be made and 

then the grid (through the generator) will hold the constant speed. When the wind speed 

is increased beyond the rated power generation level, power production will be regulated 
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by stall or by pitching the blades to match with the grid frequency. Speed variation is 

very low, typically 1~2% of the nominal speed. A soft starter is used to reduce the startup 

inrush current. A reactive power compensator (i. e. fixed capacitor) is also needed to 

reduce the reactive power demand of a fixed speed wind generator.  

Variable speed: In this type of generator, blade speed is matched with wind speed and 

generated power is conditioned by power electronic converters. The rotor could be 

connected to the grid at low speeds in very light winds and would speed up in proportion 

to wind speed. As rated power production is reached, the turbine shaft reverts to nearly 

constant speed operation. To accomplish this, blades are pitched at appropriate angle. 

Wound field synchronous generator (WFSG), permanent magnet synchronous generator 

(PMSG) and doubly fed induction generator (DFIG) are the most commonly used 

variable speed wind turbines. 

Their relative advantage and disadvantages are given in Table 4. 

5) Axis Orientation and Hub 

If axis orientation and hub is considered then there come two variants of turbine. 

There is one where the wind hits the blades first called (1) Up-wind turbine and another 

one where the wind hits the tower first and then the blades called (2) Down-wind. Their 

relative comparison is presented in Table 5. 

Figure 17 shows the Up-wind and Down-wind type wind turbine. To get the full 

advantage of both of the types, a twin rotor wind turbine is proposed as shown in Figure 

18. 
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Table 4. Relative advantage and disadvantages of the FSWT and the VSWT 

 Fixed speed wind turbine Variable speed wind turbine 

Advantages 

-Simple, robust and reliable 
-Proven technology 
-Low cost of  electrical parts 
-Low maintenance 
-Higher lifetime 

-Higher energy capture 
-Improved power quality  
-Reduced mechanical stress  
-Higher efficiency 
-Higher output power capacity 
-Complete and separate control of 
reactive and active power 
-Gear system can be avoided 

Disadvantages 

-Uncontrollable reactive power 
consumption 
-High mechanical stress  
-Limited power quality control 
-Low efficiency 
- Fluctuation of wind speed is 
transmitted to grid 
-Lower stability 
-Lower efficiency 
-Lower Output power capacity 

-Costly 
-Higher maintenance required 
-Equipment consuming 
-Power electronic converter required 
 

 

Table 5. Up-wind and Down-wind turbine comparison 

Up-wind Down-wind 
− It provides less variation in the power 

output.  
− Tower shadow effect is avoided.  
− A rigid hub is required. A fair 

separation of hub from the tower is 
necessary. Else, the bending blades 
may hit the tower.  

− This is the popular design for turbines 
in the MW- range mostly. 

− Yaw mechanism can be avoided if the 
nacelle is designed with a streamlined 
body that will make it aligned to the 
wind direction.  

− More flexible rotor is possible. Blades 
can bend at higher speed, releasing load 
off the tower.  

− Higher fluctuations in wind power, as 
blades are affected by the tower 
shadow. 

− Employed only in small wind turbines. 
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Figure 17. (a) Up-wind (b) Down-wind turbine [46] 

 

 

Figure 18. Up-wind and Down-wind hybrid Twin rotor turbine [47] 

 

C. Drive Train System 

In literature, few types of models for the wind turbine drive train are available [48]. 

They are given below: 

− Six-mass drive train model  

− Three-mass drive train model  

− Two-mass shaft model  

− One-mass or lumped model 
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1) Six-Mass Drive Train Model  

The basic six-mass drive train model is presented in Figure 19. This is the most detail 

system and it captures almost all the dynamics of the mechanical system. This model is 

suitable for elaborative studies where the turbine performance with wind speed variation 

is of importance. It consists of six inertias: the three blade inertias (JB1, JB2 and JB3), hub 

inertia JH, gearbox inertia JGB and generator inertia JG. Other secondary drive train 

elements inertia like axes, disc brakes, etc. is lumped into them. Angular positions of the 

blades, hub, gearbox and generator are given by ϴB1, ϴB2, ϴB3, ϴH, ϴGB and ϴG 

respectively.  ωB1, ωB2, ωB3, ωH, ωGB and ωG represent the rotational velocities of the 

blades, hub, gearbox and generator. The mutual damping between nearby masses is 

expressed by dHB1, dHB2, dHB3, dHGB and dGBG. The elasticity between neighboring masses 

is expressed by the spring constants KHB1, KHB2, KHB3, KHGB and KGBG. Individual masses 

cause some torque losses represented by DB1, DB2, DB3, DH, DGB and DG. The turbine 

torque is the sum of the individual blade torques TWT. The generator torque is TE and 

three individual aerodynamic torques TB1, TB2 and TB3 are acting on the three blades. The 

aerodynamic torques acting on the hub and gearbox are assumed to be zero. 

 

 

Figure 19. Six mass drive train model [49] 
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2) Three-Mass Drive Train Model  

In three-mass drive train mode it is assumed for simplicity that the three-blade turbine 

has same weight.  The turbine torque TWT, is assumed as the sum of the torques on the 

three blades. So the turbine hub and blade mass can be lumped into a single mass and the 

six mass system is reduced to a three mass system as shown in Figure 20. Also the two 

separate masses of the gearbox can be thought of a single mass. This model is called 

transformed tree mass model as in Figure 20. 

3) Two-Mass Shaft Model 

The three-mass system can be converted into a two-mass system by adding the 

gearbox mass either with the turbine mass or the generator mass as shown in Figure 21. 

In this model the shaft has a uniform stiffness. Three mass or two mass drive train model 

is suitable for studies that investigate steady state and longtime performance of a turbine. 

The six mass system is very detail and hard to model. It takes long time to simulate a six 

mass system. It is reported that two or three mass model gives good result without loss of 

that much accuracy [48]. 

 

 

Figure 20. Three mass drive train model [50] 
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4) One-Mass or Lumped Model 

The most simple of all drive train models is the one mass or lumped mass model as 

shown in Figure 22. Here all the masses are lumped into a single mass. This single mass 

system is suitable for transient stability studies where the time duration of interest is 

small, for example fault studies. 

D. Speed and Torque Regulation of Wind Turbines 

The turbine speed and torque control mechanism is a speed regulation technique for 

overspeed control as well as the rotors to be slowed down or stopped. Its purpose is to  

− Make maintenance possible 

− Reduce noise pollution 

 

 

Figure 21. Two mass drive train model [49] 

 

 

Figure 22. One-mass or lumped model [48] 
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− Tune aerodynamic efficiency 

− Retain the generator with its torque and speed limits  

− To keep the rotor and the tower within their mechanical strength limits. 

There are three popular methods to do it. (1) Stall control, (2) Pitch control and (3) 

Furling [46]. Their functions, principles and relative comparison of stall and pitch are 

given in Table 6. Figure 23 shows the power curve for stall and pitch control.  

 

Table 6. Relative comparison of the stall and the pitch control 

Stall control Pitch control 
− Angle of incidence of wind is increased 

causing decrease in lift-to-drag ratio.  
− Blades designed in a way that at high 

wind speeds, the rotational speed or the 
aerodynamic torque reduces, and thus 
the power production decreases with 
increasing wind speed above a certain 
value. 
 

− Limited capital cost of the turbine 
− Lower maintenance 
− Increasing power up until the rated 

wind speed, beyond which it sees lower 
power than rated power until the cut–
out speed 

− Higher vibration and noise. 

 

− Decrement in angle of incidence of wind 
causes decrease in lift-to-drag ratio.  

− Equipped with an active control system 
that can vary the pitch angle (turn the 
blade around its own axis) of the turbine 
blades to decrease the torque produced 
by the blades in a fixed-speed turbine 
and to decrease the rotational speed in 
variable-speed turbines.  

− Higher maintenance and capital cost 
− Usually employed for high wind speeds 

only (usually above the rated speed)  
− Increasing power up until the rated wind 

speed beyond which it sees constant 
power until the cut–out speed  

− Lower vibration and noise 
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Figure 23. Typical power curves for a fixed speed, stall controlled (dashed) and variable 
speed, pitch controlled (solid) wind turbines [34] 

 

To accommodate the advantages from the stall and the pitch control mechanism, there 

is a solution called active stall control where along with the aerodynamic design; blades 

are furnished with motor to pitch themselves. 

Another principle of speed and torque control is furling. It involves aligning the blade 

rotation plane at some angle to the direction of wind. This can be done along vertical axis  

as in Figure 10 or horizontal axis as in Figure 24. 

E. Generator Types Used in WECS 

Traditionally, the SCIGs, the synchronous generators and the dc generators have been 

used for small scale power generation. The DFIG is currently the most dominant 

technology for medium and large wind turbines, while the PMSG, the switched 

reluctance (SR) and the high temperature superconducting (HTS) generators all are 

extensively researched and developed over the years. 

Figure 25 gives a classification of the generators used in the WECS, and their relative 

comparison is given in Table 7. 
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Figure 24. Vertical furling control [46] 
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Figure 25. Generators used in the WECS 
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Table 7. Relative comparison of the wind generators used in WECS [51] 

Performance 
indicator 

DC 
generator 

Induction 
generators Synchronous generators 

FSIG DFIG Electro-
magnet PMSG Reluctance HTS 

Speed Variable Fixed Variable Variable Variable Variable Variable 

Power supply Directly 
to grid 

Directly to 
grid 

Via 
stator 
and 

converter 

Totally 
via 

converter 

Totally 
via 

converter 

Totally via 
converter 

Totally 
via 

converter 

Voltage 
fluctuation High High Low Low Low Medium Very low 

Converter scale 100% 0% App. 
30% 100% 100% 100% 100% 

Controllability Poor Poor Good Good Good Good Very 
Good 

Real and 
reactive power 

control 
No Dependent Separate Separate Separate Separate Separate 

Grid support 
capability Low Low High Medium Very 

high Medium High 

Efficiency Low Low High High Very 
high Medium Extremely 

high 
Reliability Poor Medium High High High Very high High 

Fault response Slow Slow High High High High Very high 
Cost Low Low Medium Medium High Medium Very high 

Mass saving Low Low High Medium Very 
high Low Extremely 

high 

Suitability 

Low 
power, 

residential 
turbine 

Small 
wind 

application 

Medium- 
large 
wind 

turbines 

Small-
medium 

wind 
turbines 

Direct 
drive 
small-

medium 
wind 

turbine 

Early stage 

Large 
wind 

turbine 
early 
stage 
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F. Power Electronics in WECS 

The VSWT technology is actually based on the power electronics. With the 

advancement in semiconductor fabrication technology along with their modular design, 

has facilitated the use of power electronic devices in high voltage and high power level 

with high switching frequency. Table 8 shows the comparison of ratings among the basic 

power electronic units like GTO, IGCT, BJT, MOSFET and IGBT. The Rectifiers, 

inverters and frequency converters are made of these units. These days IGBT is the most 

popular choice for its high frequency operation that enables better control. IGBT is used 

to form self-commutated power converters. They can work on controlling the current or 

voltage. These converters are named according to the parameter they are controlling. 

Figure 26 shows current source converter (CSC) and voltage source converter (VSC). 

 

Table 8. Rating comparison of the power electronic components [52] 

 Switch types 
GTO IGCT BJT MOSFET IGBT 

Voltage1 (V) 6000 6000 1700 1000 6000 
Current2 (A) 4000 2000 1000 28 1200 
Switching frequencyb (kHz) 0.2-1 1-3 0.5-5 5-100 2-20 
Drive requirement High Low Medium Low Low 
 

1. Maximum output rating 

2. Operational range 

 

As per the converter requirement, the VSWTs are divided into two types, namely, a) 

full scale converter and b) partial scale converter. They are described in brief below, 
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Figure 26. Types of self-commutated power converters for wind turbines: (a) a current 
source converter and (b) a voltage source converter [52] 

 

Full scale converter: In this type of arrangement, the total generated power is 

conditioned and it is passed through converters. This gives a full speed range of operation 

and complete control over real and reactive power. Gear box can be avoided by using 

direct drive system with the full scale converter. This will enhance efficiency and reduce 

the cost. The drawbacks are the higher cost of converter and their associated losses. If 

there is any problem with the converter then the power delivery is fully hampered. 

WFSG, PMSG, switched reluctance (SR) generator and sometimes SCIG need full scale 

converter for their operation. Figure 27 shows a diagram for a full scale converter 

topology for WECS. 

Partial scale converter: The Induction generator comes with the advantage of slip 

power recovery. Which means the rotor can be connected to external circuit to extract 
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power from it. As the power is fed from the rotor as well as stator, this kind of generator 

is called doubly fed induction generator (DFIG). The stator is directly connected to the 

grid but the power through the rotor is conditioned through converters to gain control 

over voltage, frequency and output power. Most of the power is transferred to the grid via 

stator and only ±30% of the nominal power is handled by rotor circuit. So only a partially 

rated converter is enough for its operation. This essentially slashes down the power 

converter cost and loss associated with converter switching. Brushless DFIG (BDFIG) 

and cascaded DFIG, the two variant of DFIG, also use partially rated converter. Figure 28 

shows a partially rated converter topology. 

Frequency converters: The VSWT generators produce a frequency which doesn’t 

match with the grid frequency. To connect the wind turbines to the grid, frequency 

matching is required. This job is executed by frequency converters. There are a few types 

of converters available. They are listed below, 

• Back-to-back converters; 

• Multilevel converters; 

• Tandem converters; 

• Matrix converters; 

• Resonant converters 

Some frequency converters are shown in Figure 29. 

Back to back converter is very popular. But other converters like multilevel and matrix 

converters are gaining popularity. Extensive research is going on with designing low cost 

high efficiency converter topology. 
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Figure 27. Full scale converter WECS [53] 

 

 

Figure 28. Partially rated converter WECS [53] 
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Figure 29. Frequency converters [51] 
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CHAPTER III  

FIXED SPEED WIND TURBINE (FSWT) MODELING 

To match with the grid frequency, the SCIG based WECS are made to rotate at a 

constant speed irrespective of the wind speed variation by some mechanical arrangement 

like pitch control and yaw drive system. The SCIG’s rugged and simple construction, 

mechanical robustness, reliable operation with low maintenance cost and longer lifetime 

are the reasons for their popularity. 

A. Wind Turbine Modeling 

The modeling of wind turbine depends on various physical and geometrical aspects. 

For detailed modeling of wind turbine mechanical system 6 mass drive train [54] 

representation [54] is used along with equivalent three and two mass drive train system 

[49]. In this work, the main objective is to analyze system transient behavior at the event 

of fault. Therefore to keep things simple and focused to objective, a single mass system is 

considered.  

To model rotor aerodynamics, the popular aerodynamic power coefficient or the  Cp 

versus λ  method is considered. There are a few models to characterize Cp- λ  relation. In 

this work, the wind turbine MOD-2 model [11], [55] is considered, which is represented 

by equation (1) and (2)  
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where λ -tip speed ratio 

ωr -  the angular mechanical speed 

R -   blade radius 

Vw - wind velocity 

Cp - power coefficient or Betz coefficient 

β -   blade pitch angle.  

The relationship between Cp and λ is shown in Figure 30 for different values of β. 

 

MOD-2 Wind Turbine
 (β in Degrees)

 

Figure 30. Cp- λ curves for different blade pitch angles (used in FSWT) 

 

The commonly used mathematical relation for the mechanical power harnessed from 

the wind can be expressed as follows [56],  
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where Pw - extracted power from the wind, 

 ρ- air density. 

The wind turbine parameters used in this work is given in Table 9 [2]. 

 

Table 9. Wind turbine data 

Characteristic Value 
Turbine Type 3 blade horizontal axis 
Radius 46m 
Rotor speed 18 rpm 
Air density 1.225 kg/m3 
Cut in wind speed 4 m/s 
Rated wind speed Approximately 12 m/s 
Tower height About 100m 

 

B. Wind Generator Modeling 

An induction machine is considered as the wind generator. It is modeled using 

following equations [12], [55], [57], [58] in arbitrary reference frame: 
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Subscript d and q refers to direct and quadrature axis and subscript s and r refers to 

stator and rotor quantity. Here φ is the flux linkage, R is the resistance and ω is the 

angular frequency. Equivalent diagrams for d and q axis are shown in Figure 31 and 

Figure 32 respectively. 
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Figure 31. Arbitrary reference frame equivalent d-axis model of 3 phase symmetrical 
induction machine based wind generator 
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Figure 32. Arbitrary reference frame equivalent q-axis model of 3 phase symmetrical 

induction machine based wind generator 
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CHAPTER IV  

TEST SYSTEM MODEL 

To illustrate the effectiveness of the proposed BFCL and to make a performance 

comparison between the BFCL and the SDBR, a test system is considered, which is 

described below. 

A. Description of Test System under Analysis 

Figure 33 shows the one line diagram of the test system model. This double circuit 

grid connected transmission line system is used in literature [3], [24], [25]. A 2 MW 

induction machine is used as a wind generator. A fixed capacitor of 0.005 pu reactive 

power capacity, is connected to the generator terminal to provide reactive power to the 

generator and to ensure unity power factor during normal operation. The wind generator 

is connected to PCC through a step up transformer. The PCC is connected to grid via a 

double circuit transmission line and then a short transmission line. Each of the line of the 

double circuit line is identical. Circuit breaker is connected at each side of the double 

circuit lines for fault protection. Line and other parameters are shown in the figure. The 

most vulnerable point of system is found to be the point on the double circuit line close to 

the PCC marked by F1 in Figure 33. 

The wind generator parameter used in this work is listed in Table 10 [61]. Machine 

parameters are calculated in machine base. The test system equivalent diagram 

considering fault scenario and equivalent circuit of an induction generator are depicted in 

Figure 34. 
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Figure 33. Detailed test system model 

 

 
Table 10. Wind generator parameters 

Generator characteristic Value 
Nominal Power (P) 2 MW 
Rated Voltage (V) 690 V 

Stator Resistance (Rs) 0.00488 pu 
Stator Reactance (Xs) 0.09241 pu 
Rotor Resistance (Rr) 0.00549 pu 
Rotor Reactance (Xr) 0.09955 pu 

Mutual Reactance (Xm) 3.95273 pu 
Inertia Constant (H) 0.5 s 
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(c) 
Figure 34. (a)  Induction machine based wind generator equivalent and (b) simplified 

circuit. (c)   Equivalent system diagram after fault 
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CHAPTER V  

BRIDGE TYPE FAULT CURRENT LIMITER (BFCL) 

The details of the configuration, operation, design consideration and control strategy 

of the proposed BFCL are as follows. 

A. BFCL Configuration 

A modified configuration of BFCL, different from the one used in [24], [25], is used in 

this work. The BFCL is composed of two sections, namely the bridge part and the shunt 

path. 

The first part is essentially the bridge part composed of four diodes D1~D4 (Semikron 

SKNa 402 [62]) in bridge configuration, a small value dc reactor Ldc equipped with a 

parallel free wheeling diode D5 (Semikron SKNa 402) in series with an IGBT switch 

(CM200HG-130H  [63]) as shown in Figure 35. The IGBT switches normally come in a  

 

Rsh

D3 D4

D2

IGBT

D1
Ldc

Rdc
D5

Vge

 

Figure 35. Per phase configuration of modified BFCL. 
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package with free wheeling diode which is not shown here. Also, to include the inherited 

resistance of inductor, a very small value resistor Rdc is considered. The second part is a 

shunt branch composed of a resistor Rsh designed to meet the circuit criteria. A resistor 

and an inductor in series were used in the shunt path  [24], [25]. But here only the resistor 

is used. This is because when the shunt path is withdrawn after breaker opening; the 

reactor discharges the stored energy and results in rise of current. This deteriorates the 

fault recovery performance. The BFCL is connected in series with transmission line, and 

placed in between the circuit breaker and transmission line. Figure 36 shows Matlab 

implementation of per phase BFCL. 

B. BFCL Operation 

During normal operating condition of the system, the IGBT remains closed as its gate 

signal Vge is at high state. For one half cycle of electrical frequency, the D1-Ldc-Rdc-D4 

path carries line current and for the other half cycle, current is carried by D2-Ldc-Rdc-D3.  

 

 

Figure 36. Matlab implementation of per phase modified BFCL 
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So, the current through the dc reactor Ldc flows in the same direction for both of the half 

cycles and the current through this inductor is dc. We know that inductors offer no 

impedance to dc, so for this dc current the inductor path acts as a short circuit. The dc 

reactor is charged to the peak current and voltage drop due to current ripple is very small 

compared to line voltage level. The dc reactor inherited resistance and IGBT turn-on 

resistance incurs some voltage drop, as they are connected in series to line. But this 

voltage drop is quite negligible compared to line drop and has ignorable significance. For 

these reasons, the bridge has no impact on steady state operation. The impedance of the 

shunt path is high enough, so except very small leakage current, during normal operation 

line current flows through the bridge fully. 

At the event of fault, line current tends to increase but the reactor limits its increasing 

rate at the first instant and the IGBT switch is saved from sharp di/dt rate at the starting of 

fault. As the line current through the dc path idc, crosses the predefined maximum 

permissible current ith, the BFCL control system forces the IGBT gate voltage Vge to low 

state and the IGBT is turned off. The bridge is withdrawn from the system and the bypass 

or shunt path takes the flow of current. The shunt path limits the fault current and 

consumes excess energy from the wind generator and fault ride-through is achieved. 

When the IGBT switch is turned off, the free-wheeling diode of the dc reactor and the 

snubber of the IGBT switch provide free path to discharge accumulated energy in them. 

After the circuit breaker opening, the system starts to recover and the voltage rises at 

the buses. As the voltage at the PCC reaches to some predefined reference value, Vge goes 

to the high state turning on the IGBT switch, and the system is brought back to the 

normal operating state. The controller used for the BFCL is shown in Figure 37. It is 
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composed of two comparators and a signal accumulator. Signals from two comparators 

are collected, and an appropriate gate control signal Vge is sent via signal accumulator. 

Matlab implementation of per phase BFCL controller is shown in Figure 38. 

C. BFCL Design Considerations 

During normal operation, each line of the double circuit line carries equal amount of 

power. To continue the normal operation or to ensure the least disturbance at fault, the 

BFCL should consume power equal to the amount which the faulted line carries in 

prefault situation. The power consumed by the BFCL at postfault is given by equation 

(15) and (16) 
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Figure 37. BFCL controller 
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where PBFCL and PG are power consumed by the BFCL and power delivered by the 

generator, respectively, VPCC and Rsh are the PCC voltage and the shunt path resistance, 

respectively. The value of the shunt resistance is approximated from equation (15) and 

(16) and the optimum value was found to be approximately 1.1 pu. 

D. BFCL Control Strategy 

There are handful parameters that can be used in the BFCL controller. The line 

current, line voltage, wind generator terminal current, active and reactive powers through 

line are probable candidates. Here, the dc current through the dc reactor is used to control 

the IGBT switch. The dc reactor is charged to a certain current level at normal operation. 

At fault this current tends to go high and its rate of rise is faster than the line current or 

other parameters. So, by using this parameter, faster control is possible. When this dc 

current crosses the threshold current value due to fault occurrence, the IGBT switches are 

turned off and current in the bridge is bypassed to the shunt path.  

When the circuit breakers are opened, the system recovers and goes to the steady 

state. As the PCC voltage tends to cross the predefined threshold value, the IGBT 

 

 

Figure 38. Per phase BFCL controller implementation in MATLAB 
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switches are closed and again current flows through the dc reactor. In a synchronous 

generator, fault current through line tends to be very high compared to line current and 

stays high until fault is isolated by breaker opening. But for an induction machine based 

wind generator case, the fault current through line tends to fluctuate. That’s why two 

different parameters are used for the BFCL controller as from apparent Figure 37. 
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CHAPTER VI  

SERIES DYNAMIC BRAKING RESISTOR (SDBR) 

To show the effectiveness of the proposed BFCL, its performance is compared with 

the SDBR. The SDBR is a proved technology, and previous studies show that it has the 

ability to improve the fault ride-through capability and enhance transient stability [19], 

[31], [64] of the wind generator systems. The SDBR was modeled like [19], and placed in 

the same position where the BFCL was placed in the test system model. The details of the 

configuration, operation, design consideration and control strategy of the SDBR are 

provided below. 

A. SDBR Configuration 

The SDBR is basically a resistor with a bypass switch in parallel with it as shown in 

Figure 39. This paper considers this switch to be IGBT based (CM200HG-130H) due to 

its very fast response and modular design. MATLAB implementation of SDBR is shown 

in Figure 40. Like the BFCL, this is also connected in series with the transmission line. 

B. SDBR Operation 

During normal operating condition, the SDBR would operate with Vge at high state, 

making the IGBT switch closed. The line current will flow through the IGBT switch 

 

IGBT

Rsh

Control 

Vge

 

Figure 39. Per phase SDBR topology 
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Figure 40. MATLAB implementation of SDBR 

 

bypassing the braking resistors placed in parallel. At the event of fault, Vge goes to low 

state opening the IGBT switch, and shunt resistor will be dynamically inserted into the 

network. The line Current would then flow through the inserted resistor for the faulty 

condition and impeded by the resistor. When the desired voltage level is achieved at PCC 

after opening of the circuit breakers, Vge will be in low state and the switch would be 

closed. Then the system would return to steady state and resume its normal operation. 

C. SDBR Design Considerations 

The SDBR concept works by contributing directly to the balance of active power. 

During a fault, the SDBR system dynamically inserts a resistor in the generation circuit, 

thus increases the voltage at the terminals of the generator and mitigates the destabilizing 

electrical torque by consuming active power during the fault period. Like the design of 
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the BFCL, equations (15) and (16) are also used to calculate the value of the braking 

resistor to make the comparison compatible. The optimum value of resistor, Rsh, used in 

the SDBR was found to be approximately 1 pu.  

D. SDBR Control Strategy 

The strategy of control used for the SDBR is the same as the one used for the BFCL 

as shown in Figure 37. Like the BFCL, there is no dc current available in the SDBR. So 

the line current is taken and its value is converted to corresponding RMS value, idc. Then 

this value is compared to the threshold current level ith. Rest of the control procedure is 

the same as the BFCL. A Matlab implementation of the per phase SDBR controller is 

shown in Figure 41. This really provides a common platform to compare two similar 

technologies. 

 

 

Figure 41. Per phase SDBR controller implementation in MATLAB 

 

53 
 



CHAPTER VII  

SIMULATION RESULTS AND DISCUSSIONS 

In this work, simulations were carried out using Matlab/Simulink software. As stated 

earlier, three kinds of faults are considered in this work. They are 3LG, LL and 1LG 

faults. Instead of double-line-to-ground (LLG), the LL fault is considered because it is 

different from the ground fault. All of the faults are temporary type. Simulation results 

together with detailed result discussions are given below. 

A. Assumptions and Considerations 

For fault analysis purpose, a fixed wind speed of 12 m/s is considered as it produces 

rated power. The wind speed is assumed constant for the duration of interest. This is a 

fair assumption as the fault initiation and recovery happens in a brief period of time, and 

wind speed doesn’t change too much practically within this short time frame. Also this 

work concentrates on the fault ride through performance rather than the fluctuating wind 

speed problem. The line parameters are shown in Figure 33. Temporary 3LG, LL and 

1LG faults are applied to the system at the point F1 near the PCC at 0.1 s. The circuit 

breakers on the faulted line open at 0.2 s recloses at 1.2 s. Reclosing of circuit breakers is 

successful and it refers to a temporary fault type. The simulation time step used for the 

study is 0.00001 s. In the following section, system responses are shown in a common 

time span of 0 to 1.5 s. Three different cases are considered in the simulation, which are 

as follows:  

Case A: with no auxiliary controller 

Case B: with BFCL 

Case C: with SDBR 
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B. Fault Current Suppression and FRT for 3LG Fault 

Figure 42 shows the fault current from line to ground in faulted line. It is seen that the 

fault current reaches around 7.5 pu calculated in machine base, and it is suppressed 

around 3 pu with the help of BFCL. This indicates that the fault current from faulted 

point of line towards ground is suppressed significantly by using the BFCL. This ability 

enables the use of lower rating circuit breakers. 

The current from machine towards the PCC at fault is reduced to less than 1.2 pu 

from around 3 pu as shown in Figure 43. The BFCL can also suppress fault current 

through the PCC.  In both cases, the BFCL performs better than the SDBR, and sudden 

jump in current is also prevented. 

Figure 44 shows the active power consumed in the BFCL and SDBR.  It is seen that 

from the fault initiation to breaker opening, the BFCL consumes more active power than 

 

 

Figure 42. Fault current from line to ground in faulted line for 3LG fault. 
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Figure 43. Current at PCC for 3LG fault 

 

 

Figure 44. Active power consumed in BFCL and SDBR for 3LG fault 
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the SDBR which enables the BFCL to perform better. Another thing is to be noted that 

the BFCL consumes active power only when the IGBT switch in the bridge is open. At 

normal operating situation, it consumes no active power, thus has no effect in steady state 

operation.  

In Figure 45, the PCC RMS voltage response for the three cases along with the USA 

grid code is shown. A larger timeframe is considered in this plot to incorporate the grid 

code.  For the uncompensated system or case A, the PCC voltage goes to almost zero and 

thus violates the grid code. With the BFCL in action (case B), the voltage is maintained 

over 0.8 pu. The SDBR (case C) can also help maintain the voltage level but the BFCL 

keeps voltage level at the PCC higher than the SDBR from the fault initiation to breaker 

opening instant. 

 

 

Figure 45. Voltage at PCC for 3LG fault 
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Figure 46 represents the wind generator terminal voltage response. As there is abrupt 

rise of current in the event of fault, wind generator terminal voltage faces instantaneous 

voltage drop. For a clear view, the zoomed fault instant terminal voltage response is 

shown inside Figure 46. This creates stress on the system especially on the generator. The 

SDBR can minimize this sudden drop, but the BFCL performs much better than the 

SDBR in this regard, which is a unique feature of the BFCL. Also, after fault recovery, 

the BFCL brings terminal voltage level back to the prefault terminal voltage level. 

The wind generator speed response is shown in Figure 47. The fault makes wind 

generator speed go high. This may cause instability if the circuit breaker takes long time 

to open and proper auxiliary measure is not taken. The BFCL limits the rate of rising of 

machine speed and ensures better stability. It is more competent to do this than the 

 

 Figure 46. Wind generator terminal voltage for 3LG fault 
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SDBR. Also, the BFCL brings the machine back to its prefault speed after circuit breaker 

reclosing.  

Figure 48 gives the wind generator electrical torque behavior. There is huge 

fluctuation in electrical torque caused by fault. With no controller, torque becomes very 

low. This change of torque is very sharp and harmful for turbine generator system. The 

BFCL prevents electrical torque to go very low and hinders fluctuation. In this way, it 

gives better and quicker stabilization. The SDBR performance is not as good as the 

BFCL in this regard as evident from Figure 48. 

Figure 49 and Figure 50 show wind generator active and reactive power response, 

respectively. During fault the wind generator output active power becomes almost zero. 

But the BFCL helps to maintain more than half of the rated active power at the PCC  

 

 

Figure 47. Wind generator speed response for 3LG fault. 
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Figure 48. Wind generator electrical torque for 3LG fault. 

 

 

Figure 49. Wind generator active power output at PCC for 3LG fault. 
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during the fault. The BFCL draws some more active power than the SDBR. From fault 

instant till breaker opening, the wind generator draws high reactive power. With the 

BFCL this demand is limited and it is less than that is required with the SDBR. Hence the 

grid is required to supply lower reactive power and feels lower stress. 

 

 

Figure 50. Wind generator reactive power output at PCC for 3LG fault. 

 

C. Fault Current Suppression and FRT for LL Fault 

In this subsection, simulation results for LL fault have been shown. The fault is applied 

between phase a and phase b. The ground connection is not present in this fault. Figure 

51 shows the fault current for the LL fault. With no controller this fault current reaches 

around 4 pu and it is significantly suppressed by BFCL to around 2 pu. SDBR keeps the 

current level in between the no controller and BFCL case. The curves show that the 

BFCL performs better than the SDBR. 
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Figure 51. Fault current for LL fault. 

 

The current at PCC at faulted situation and recovery is shown by Figure 52. The fault 

current at PCC suddenly rises to about 2 pu if no auxiliary measure is used. Also there is 

a sharp rise of current at the breaker opening. With the SDBR, it rises up to 1.5 pu with 

longer stabilization time. But for the BFCL, the current at the PCC lies to around ±0.1 pu. 

The PCC rms voltage as shown in Figure 53 comes down to half the nominal value if 

a LL fault is applied without any controller. Both the BFCL and SDBR help to maintain 

voltage level higher as compared to no compensator case, but better voltage level offered 

by the BFCL is noticeable. 
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Figure 52. Current at PCC for LL fault 

 

 

Figure 53. Voltage at PCC for LL fault 
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Figure 54 represents the per phase voltage waveform at PCC during temporary LL 

fault situation. It is noticeable from the top waveshapes that during fault the voltages at 

phase a and phase b become the same in magnitude and phase. The voltage magnitudes in  

phase a and b go down. The waveshapes in middle of Figure 54 shows that the BFCL 

keeps both the phase and magnitude of phases a and b almost unchanged. The bottom 

wave shapes of Figure 54 shows that compared to the BFCL, the SDBR performance is 

worse. 

Figure 55 shows the wind generator terminal voltage response for a LL fault. With no 

controller the terminal voltage gives very high magnitude fluctuation ranging from 0.05 

to 1.05pu. With the SDBR there is also significant amount of fluctuation from 0.75 to  

 

 

Figure 54. Per phase voltage waveform at PCC for LL fault 
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1.05pu. But with the BFCL this fluctuation is reduced significantly as evident from the 

figure. 

Figure 56 shows the wind generator speed response after being faced with a line to 

line fault. The fault in the line makes the generator speed rise fast, and this is a threat to 

stable operation. With the BFCL in place, the speed cannot go very high as well as the 

speed fluctuation is kept to the minimum. The SDBR can also minimize rise of speed but 

the fluctuation is higher than that of BFCL. 

The wind generator torque response for LL fault is shown in Figure 57. As LL fault is 

an unbalanced fault, there is huge oscillation of torque as observed in every case. For the 

no controller case, at the fault initiation there is a sudden change of torque. Then it 

 

 

Figure 55. Wind generator terminal voltage for LL fault 
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Figure 56. Wind generator speed for LL fault. 

 

 

Figure 57. Wind generator electrical torque for LL fault. 
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oscillates in between 1 to -2pu. This high torque fluctuation is very harmful for turbine 

generator system. The SDBR has the capability to reduce the magnitude of oscillation in 

the range of 0 to – 1.5pu. When the BFCL is inserted in the system this fluctuation is 

minimized in between -0.5 to -1.1. 

Figure 58 illustrates the active power output at the PCC for LL fault. At the event of 

LL fault, the power demand at the PCC goes very low. This is shown by the curve for no 

controller. The power output at the PCC becomes almost zero resulting in increase of 

wind generator speed. This low power output may cause the wind generator to go 

unstable in the event of a permanent fault. Also instability may occur if no auxiliary 

controller is used in the presence of a permanent fault. With the application of BFCL 

there is no sudden change at the fault or breaker closing instant. The fluctuation is the 

least. The SDBR shows somewhat better performance than the no controller case, but at 

the fault instant, the active power jumps to 1.5pu and takes longer time to stabilize as 

compared to the BFCL. 

At the event of fault the system becomes highly inductive. There is huge demand and 

supply of reactive power at fault and breaker opening instant, respectively. With no 

controller at PCC there is a reactive power fluctuation ranging from 1 to -1.5pu as 

apparent from the Figure 59. With the SDBR included in the system, the reactive power 

demand is not changing that much rapidly and sharply, but at the fault and breaker 

opening instant there is some exchange of reactive power. The BFCL gives the best 

performance with the least variation in reactive power at PCC. 
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Figure 58. Wind generator active power output at PCC for LL fault. 

 

Figure 59. Wind generator reactive power output at PCC for LL fault. 
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D. Fault Current Suppression and FRT for 1LG Fault 

A single line to ground fault is applied to the system at phase a. The obtained 

responses are given and discussed below. 

Fault current into the ground for 1LG fault is given by Figure 60. The BFCL provides 

the most fault current suppression to around 1.5 pu compared to around 2.5pu by the no 

controller case. The SDBR also suppresses the fault current, but its performance is poor 

compared to the BFCL. Here one thing can be noted. As 1LG is the least severe fault, the 

fault current doesn’t go as high as the 3LG fault case as seen in the Figure 42. This can be 

easily understood because in 1LG fault only one line is connected to ground and the other 

two lines are healthy. 

 

 

Figure 60. Fault current from line to ground in faulted line for 1LG fault. 
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The PCC current for the 1LG fault is given in Figure 61. With no controller it rises 

close to 2 pu and fall down to 0.5 pu at fault. And it stays low until the breaker opening. 

At breaker opening it again fluctuates. With the SDBR this current rises to 1.25pu and 

takes longer time to go back to previous value after breaker opening. The BFCL is the 

best performer here by keeping the fluctuation to ±10% of the nominal value. 

 The voltage dip at PCC for a single line to ground fault is not so severe compared to 

that for a 3LG or a LL fault. Without any controller it comes down to around 0.6pu. The 

SDBR reduces this voltage dip but the BFCL can well keep it to ±10% of the nominal 

value. This is evident from the Figure 62. 

Figure 63 shows the wind generator terminal voltage for 1LG fault. As mentioned 

earlier, unbalanced faults cause wind generator terminal voltage oscillation. Though the  

 

 

Figure 61. Current at PCC for 1LG fault 
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Figure 62. Voltage at PCC for 1LG fault 

 

 

Figure 63. Wind generator terminal voltage for 1LG fault 
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oscillation for a 1LG fault is less severe than that for a LL fault case, still it is high 

enough to cause considerable stress on the machine. If no controller is applied, the 

generator terminal voltage appears to oscillate in between 0.3 to 1.1pu as shown by 

Figure. The SDBR helps reduce this oscillation range to 0.8 to 1.05pu but the BFCL 

restricts the oscillation range to 0.9 to 1pu. So it is evident that by the application of 

BFCL into the system the machine stress is fairly reduced. 

Figure 64 shows the per phase voltage waveshapes for three phases corresponding to 

each of the case considered in this work. As the single phase to ground fault was applied 

to phase a, the voltage at this phase was dropped down to zero from the fault occurrence 

instant to the breaker opening as can be seen from the top subfigure, Figure(a). The other 

two phases are unaffected. The bottom subfigure, Figure(c) shows that the SDBR  

 

 

Figure 64. Per phase voltage waveform at PCC for 1LG fault 
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contributes to keep the phase a voltage unaffected, but still the voltage dip at phase a 

is visible. Figure 64(b) shows the BFCL performance. It’s clear that the BFCL keeps the 

voltage wave shape almost unaffected. This really helps in reducing harmonic injection at 

faulted situation.  

Figure 65 shows the wind generator speed for 1LG fault. The 1LG fault also makes 

the wind generator speed go up but the rising rate is not as high as 3LG or LL fault. We 

can see that with no controller generator speed suddenly goes low and then start to rise. 

This oscillation creates pressure to machine rotor and turbine generator system. The 

SDBR restricts the fluctuation to 1% of nominal speed but the BFCL keeps the machine 

speed almost unchanged, so there is no extra stress on the mechanical system with the 

BFCL. 

 

Figure 66. Wind generator speed for 1LG fault. 
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Figure 66 shows the wind generator torque response for 1LG fault. For this fault there 

is also oscillation of electrical torque but the oscillation range is narrower than that for 

the LL fault case. The BFCL almost neutralizes the oscillation. With no controller in 

action the oscillation range is -1.5 to 1pu and with the SDBR this oscillation is from -0.5 

to -1.2pu. Here also, the SDBR performance is inferior to the BFCL. 

The BFCL can keep the wind generator active power fluctuation well within ±10% of 

the nominal active power at the PCC as apparent from the Figure 67. Both the SDBR and 

no controller case give abrupt change at the fault initiation and breaker opening instant. It 

is observable that the SDBR performance is better than the no controller case, yet it is not 

better performer than the BFCL. 

The last figure for the 1LG fault is the reactive power response at faulted situation 

given in Figure 68. With no controller there is abrupt change of reactive power demand  

 

 

Figure 67. Wind generator electrical torque for 1LG fault. 
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Figure 68. Wind generator active power output at PCC for 1LG fault. 

 

 

Figure 69. Wind generator reactive power output at PCC for 1LG fault. 
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and supply at the fault instant as well as the breaker opening instant. Both the SDBR and 

BFCL show close performance, but the better performance of the BFCL is still 

noticeable. This also indicates that the BFCL renders better harmonic performance as it 

prevents the abrupt change of reactive power at PCC. 

E. Index Based Comparison  

For a clear insight of the performance comparison, several performance indices, 

namely, vlt(pu.s), spd(pu.s), pow(pu.s), are considered. Lower value of the indices 

indicates better system’s performance. Their definition is given below in equations (17) - 

(19). 
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where ΔV, Δω and ΔP denote the PCC voltage deviation, speed deviation and active 

power deviation of the wind generator at the PCC, respectively. T refers to the time 

duration of interest stretching from 0.1s to 1.5s. The values of the indices are presented in 

tabular form in Tables 11-13. The system performance is the worst without any auxiliary 

controller. A significant improvement is observed using the BFCL. Compared to the  
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Table 11. Values of the indices for performance comparison for 3LG fault 

Index Parameters 
Values of indices 

No Auxiliary Controller SDBR BFCL 
vlt(pu.s)  3.11 1.12 0.62 
spd(pu.s) 3.05 1.11 0.63 
pow(pu.s) 4.23 1.89 1.09 

 

Table 12. Values of the indices for performance comparison for LL fault 

Index Parameters 
Values of indices 

No Auxiliary Controller SDBR BFCL 
vlt(pu.s)  1.54 0.39 0.19 
spd(pu.s) 0.89 0.35 0.16 
pow(pu.s) 2.96 1.09 0.39 

 

Table 13. Values of the indices for performance comparison for 1LG fault 

Index Parameters 
Values of indices 

No Auxiliary Controller SDBR BFCL 
vlt(pu.s)  1.03 0.25 0.11 
spd(pu.s) 0.73 0.23 0.06 
pow(pu.s) 2.19 0.72 0.27 

 

SDBR, the BFCL gives lower value of the performance indices for each of the fault types 

and hence performs better. 

This index based comparison really gives a second proof of the BFCL effectiveness 

and gives another way to compare their performance.  

F. Harmonic Study 

At the fault initiation and the breaker opening instant, there is huge fluctuation of the 

demand and generation of the reactive power in the system. Also there are some sudden 
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switching of network nodes for example circuit breakers. For these reasons a 

considerable amount of harmonics are injected into the PCC. Along with the grid code, 

there lies some IEEE standards, for example IEEE 519-1992, which limits the injection 

of harmonic current and sets benchmark for the total harmonic distortion (THD). THD is 

the measure of the harmonic presence. Lower value of the THD indicates better system 

performance. During grid integration, these codes should be followed. The definition of 

THD is governed by the following equation.  
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where M refers to voltage or current and h refers to harmonic order. 

Table 14 summarizes the harmonic study results for 3LG fault. THD values were 

calculated using fast fourier transform method. For voltage level of 66KV, the total 

voltage harmonics should be less than 5% of the fundamental voltage magnitude. For the 

voltage harmonics, the THD for the BFCL is better than that without auxiliary control 

and it is below the threshold of 5%. The SDBR also performs better than the no auxiliary 

control but fails to maintain harmonic threshold level.  

 

Table 14. THD comparison 

Total Harmonic Distortion 
(THD) 

Percentage Value of THD 
No Auxiliary Controller SDBR BFCL 

THD (V) 13.97 5.05 3.65 
THD (I) 15.55 10.1 6.65 
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The BFCL limits the total current harmonics to 6.65% of the fundamental value, 

while for the SDBR, it exceeds 10%. So, we can see the BFCL has the ability to improve 

harmonic performance and limit the voltage THD below threshold limit according to the 

IEEE standard [65]. 

G. Implementation Feasibility 

The BFCL configuration is based on a few power electronic devices, namely the 

diode and the IGBT switches. With the advancement in semiconductor fabrication 

technology, current carrying and reverse voltage withstanding capacity of the diodes and 

the IGBT switches are higher compared to past. Also now a days, the IGBT can switch at 

a frequency of 50Khz [66]. So, very fast switching off of the IGBT switch is practically 

possible.  

The probable placement location for the BFCL will be the step up substation of the 

wind farm. As the controller of BFCL uses local parameters, they can be used in stand-

alone as well as the supervisory control and data acquisition (SCADA) controlled system 

which is very much important for smart grid implementation. 

H. Cost Effectiveness of the Proposed Approach 

Although the actual cost of the proposed BFCL is not known, but with respect to the 

number of components used in it, a cost can be guessed. A single phase of BFCL requires 

5 diodes, an IGBT, a resistor and an inductor. For high voltage application of diode 

bridge, a cascaded diode configuration in the bridge arm can be used. Now-a-days, the 

high current carrying capacity IGBT switches are available and used in rectifier and 

inverters. Resistors and inductors are basic electrical elements and they are not so 

expensive like other components, for example transformer. Based on the number of 
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devices required and their types, it can be concluded that implementation of a BFCL will 

not be so much expensive if it is compared to a transformer coupled BFCL.  
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CHAPTER VIII  

CONCLUSION 

This paper proposes the use of modified BFCL to improve the FRT capability and 

enhance power quality at the PCC of a FSWT. From the simulation results and 

discussions, the following points are noteworthy. 

a) The modified BFCL is a very effective means to improve the FRT capacity of 

fixed speed wind generators. 

b) Suppression of the fault current is achieved by using the BFCL. 

c) Power quality of the system is improved and the voltage harmonic code is 

maintained by inclusion of BFCL. Moreover, harmonic current is reduced 

significantly that reduces stress on system components with iron core i.e., the 

generators and the transformer. 

d) The BFCL prevents huge instantaneous voltage drop at the fault instant, so the 

generator faces lower stress. 

e) The BFCL minimizes the fluctuation of wind generator speed and enhances 

stability better than the SDBR. 

f) The BFCL works better than the SDBR in every aspect. 

g) The BFCL is really a cost effective method to enhance FRT capability of the 

wind generator system. 

A. Contributions from the Research 

Contribution of this research work is listed below. 

a) A new modified configuration of BFCL is proposed. 

b) Effectiveness of the BFCL for a FSWT system is verified. 
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c) The proposed BFCL is equally effective for handling the most severe (3LG) to 

the least severe (1LG) fault. 

d) Comparative comparison is made with the SDBR, which is a similar 

technology to the BFCL. 

e) A comparator based controller having multi input parameter handling 

capability is designed for the BFCL. 
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CHAPTER IX  

FUTURE WORK 

This work really paves the way for more research. The potential future works 

generated by this work, are listed below. 

• The performance of the BFCL can be investigated with the variable speed 

wind generators, such as the doubly fed induction generator (DFIG) and the 

permanent magnet synchronous generator (PMSG), under the varying wind 

speed conditions. 

• A large power network comprising of many synchronous generators, buses, 

wind generators, energy storage can be considered, and the FRT of the wind 

generators can be explored with the BFCL applied to that system.  

• Analysis on the multi-mass shaft wind turbine system can be done considering 

the BFCL presence in the test system. 

• The BFCL’s performance on the shaft oscillations of the turbine-generator 

system can be explored. 

• Novel topology of the BFCL can be looked for. 

• Genetic algorithm (GA) or Adaptive neuro fuzzy inference system (ANFIS) 

technique can be used for optimization of the BFCL components in a complex 

system. 

• More sophisticated yet simple controller for the BFCL can be designed. 

• Nonlinear and robust control for the BFCL can be developed. 

• Hardware simulation of the BFCL with wind generator can be done. 
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