
DEVELOPMENT OF LABORATORY DOUBLY FED INDUCTION GENERATOR FOR 
WIND ENERGY RESEARCH 

A Thesis by 

Zhouxing Hu 

B.S., Chongqing University, 2007

Submitted to the Department of Electrical Engineering 
and the faculty of the Graduate School of 

Wichita State University 
in partial fulfillment of 

the requirement for the degree of  
Master of Science 

May 2010 



 

 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2010 by Zhouxing Hu 
 

All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 



iii 

DEVELOPMENT OF LABORATORY DOUBLY FED INDUCTION GENERATOR FOR 
WIND ENERGY RESEARCH 

 
 

The following faculty members have examined the final copy of this thesis for form and content, 
and recommend that it be accepted in partial fulfillment of the requirement for the degree of 
Master of Science with a major in Electrical Engineering. 
 
 
___________________________ 
Ward T. Jewell, Committee Chair 
 
 
 
___________________________ 
Asrat Teshome, Committee Member 
 
 
___________________________ 
Xiaomi Hu, Committee Member 
 
 
 
 
 

 
  



iv 

DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



v 

ACKNOWLEDGEMENT 
 
 

First of all, I would like to express my deepest gratitude to my advisor, Dr. Ward T. 

Jewell, whose great support, guidance, and encouragement helped me complete the research and 

writing of my thesis. I appreciate his valuable teaching and supervision which lead me to the 

deeper field of electrical power systems. 

Also I would like to thank my thesis committee members, Dr. Asrat Teshome and Dr. 

Xiaomi Hu, for their precious time and support during my graduate studies. 

Besides professors, I want to thank my colleagues, as well as my friends, Miaolei Shao, 

Piyasak Poonpun, Visvakumar Aravinthan, Perlekar Tamtam, and Trevor Hardy, for their helpful 

suggestions. 

Finally, I would like to give my special thanks to my parents for their greatest love and 

support in my lifetime. 

  



vi 

ABSTRACT 
 
 

This thesis studies the basic concept of doubly-fed induction generators (DFIG) and 

develops a laboratory model to simulate DFIG wind turbine generators (WTG). “Doubly-fed” 

refers to the three-phase stator and rotor windings, both of which have electric power exchange 

with the ac power system. Different from synchronous generators installed in coal, oil, gas, 

hydro, and nuclear power plants, asynchronous DFIG generators are widely used for wind 

energy conversion because of the diversity of wind power. 

Through the control of back-to-back PWM converters connected between the DFIG rotor 

and power system, a DFIG can operate at variable speed but constant stator frequency. Below 

rated wind speed, the DFIG controls the torque on the turbine shaft to track the best operating 

point (i.e. at best tip-speed ratio). Above rated wind speed, the pitch angle of the turbine blades is 

adjusted to limit the power captured from the wind. DFIG can provide power factor regulation by 

controlling the reactive power exchange with the grid. 

In this laboratory DFIG experiment, a DC motor is open-loop controlled as a prime 

mover with variable mechanical power output. A wound-rotor induction motor is mechanically 

coupled to the DC motor and operated as a DFIG. An IGBT inverter is connected to a variable 

DC voltage source in order to provide a controllable three-phase voltage applied to the rotor 

windings. The reactive power output is controlled by setting the magnitude of the rotor excitation 

voltage. The active power (torque), reactive power output and speed can be controlled by setting 

the frequency of the rotor excitation voltage. Through manually adjusting the DC input and rotor 

excitation voltage, the laboratory DFIG is able to operate at a variable simulated wind speed (4 – 

25 m/s) with desired power output following the GE 1.5 MW WTG. 
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As an advanced control strategy, decoupled d-q vector control for DFIG using back-to-

back converters is studied. Under a stator-flux oriented reference frame, for the rotor-side 

converter, the rotor d- component (i.e. vrd, ird) controls the stator reactive power (rotor excitation 

current), while the rotor q- component (i.e. vrq, irq) controls the stator active power (electrical 

torque); for the supply-side converter, the d- component (i.e. vd, id) controls the DC-link voltage, 

while the q- component (i.e. vq, iq) controls the reactive power. 
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CHAPTER 1 

1                                                        INTRODUCTION 

 
This chapter begins with an introduction to the present technology of wind energy 

generation and the LabVolt training system used in developing the laboratory models. Section 

1.2 describes the objective and scope of this work. Finally, organization of this thesis is provided 

in the last section. 

1.1 Background 

1.1.1 Wind Energy Situation 

Since traditional power generation technologies lead to some environmental issues, and 

also face a limitation of fuel resources, renewable energy conversion becomes more and more 

popular nowadays. Meanwhile, the consumption of electrical energy keeps growing year after 

year; more and more electricity is preferred to be generated from renewable energy resources to 

meet the increment.  

 

 

Figure 1.1 Renewable energy total consumption and major sources [1] 
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Retrospectively, the amount of energy converted from renewable sources was growing 

relatively slowly in the past 60 years. Figure 1.1 gives the curves of energy consumption coming 

from renewable energy sources in the United States. It can be seen that wind energy has been 

started to be utilized since the early 1980s.  However, wind energy generation increased slowly 

in the past several decades. In recent years, when the advanced technologies like the decoupled 

control of doubly fed induction generators (DFIG), pitch angle regulated wind turbine, and large 

capacity and high efficient power converters, were implemented into wind energy conversion, 

more and more power was captured and fed to the grid. In the United States, of all new 

generation capacity added to the electric grid in the year of 2007, wind projects accounted for 35% 

of the total new generation [2]. 

Besides the United States, many countries have now recognized the wind as a sustainable 

source of energy and the installed capacity of wind generation worldwide now exceeds 25 GW 

[3]. Various types of generators ranging from kW to MW with different kinds of operating 

topologies are being developed year after year. The details of the wind generation topology will 

be discussed in the following chapters.  

1.1.2 About LabVolt Systems 

LabVolt Systems, Inc. has been developing the educational Electrical and Mechanical 

training system for more than 50 years [4]. For this new Wind Power Technology training 

program, the LabVolt Computer-Assisted 0.2-kW Wind Power Electromechanical Training 

System, model 8052, has been chosen to set up the experimental lab DFIG.  

Right now, the LabVolt model 8052 is only preliminary, with several components as well 

as some manuals still under development. Once built up with all the components, it will achieve 
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a representative physical simulation to the actual wind generation system with DFIG scheme. 

Also, it will perform a nice demonstration in teaching and training purpose.  

There are several other advanced futures about the LabVolt system. It has a powerful 

data acquisition interface which converts the analog signals to digital data and delivers them to a 

computer for easy monitoring and further analysis. Figure 1.2 shows the friendly interface of the 

data acquisition software on a computer screen. The model has some expandable components 

which allow a user to set up additional tests. Finally, this low-power (0.2-kW) educational 

equipment is built with all moving parts as well as connection leads enclosed [4]. It will be safe 

enough to be operated by students.  

 

 

Figure 1.2 EMS Data Acquisition and Management (LVDAM-EMS) MODEL 9062 [5] 
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1.2 Objective and Scope of This Work 

The purpose of this thesis is to develop a laboratory model of a DFIG wind power 

generator operating at various rotational speeds, and to study the different control methods as the 

rotational speeds go from below to above synchronous speed, back and forth.  

In this experiment, LabVolt equipment will be used to emulate a DFIG and to provide a 

limited manual control to the DFIG. At various rotor speeds, both electromagnetic torque of rotor 

and stator output power factor can be adjusted. However, with the restriction of equipment and 

this control method, rotor energy cannot flow back to the grid while operating at super 

synchronous speed. And also the control to the rotor is not able to quickly follow the change of 

the variable parameters, such as mechanical torque increases.  Since manual control cannot 

change the torque and output power separately, the generator will easily become unstable. Then a 

closed-loop control strategy is necessary to apply to the converters.  As a supplement for this 

experiment, the closed-loop vector control strategy for the back-to-back PWM converters, which 

is one of the most popular control methods for DFIG, will be introduced.   

1.3 Organization of Thesis 

This thesis contains six chapters. Chapter 1 introduces the current situation of wind 

energy generation and the LabVolt model for this simulation. Chapter 2 reviews some policies 

on wind generation planning, and studies different types of wind generating topologies. Chapter 

3 lists all the equipment used in this experiment and the connection diagram. A detailed 

experimental process and results will be explained in chapter 4. Chapter 5 will analyze the result 

and discuss a better strategy to conduct the simulation. Finally, conclusions and future work are 

presented in chapter 6.  
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CHAPTER 2 

2 LITERATURE REVIEW 

 
This chapter reviews some essential wind generation policies and current technologies. 

Section 2.1 gives an introduction to wind resources, how to classify, and a future plan to make 

use of it. Section 2.2 demonstrates four prevailing topologies of wind generators that are 

currently implemented. At last, comparing with the other three generating schemes, some 

advantages and disadvantages of DFIG are presented.  

2.1 Wind Generation Polices 

2.1.1 Wind Resources 

As a renewable resource, wind has several important characteristics including that it is 

hard to predict and that its direction and speed vary quickly and randomly. These features 

complicate the process of converting energy from wind to electricity. 

So far, only a relatively small amount of wind energy can be seized by a wind turbine 

depending on the wind speed. The minimum wind speed required for a generator to connect to 

the grid and generate power is called the cut-in speed. Also, the maximum wind speed which 

causes the generator to disconnect from the grid and stop running is called the cut-out speed. 

Normally, modern wind generators have a cut-in speed of about 3-6 m/s, and a cut-out speed of 

20-25 m/s. From Figure 2.1, the blue curve shows that only within the range of cut-in and cut-out 

speed, the wind energy can be utilized to generate electricity. This speed range can be variable 

with different generating topologies or various sizes and types of wind turbines. Advanced 

technologies, such as pitch-regulated turbine blade and DFIG with advanced control methods, 

increases this range, meaning more and more wind energy can be captured by a wind turbine. 
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More details about DFIG control schemes and maximum wind energy capturing principles will 

be present in chapter 5. 

 

 

Figure 2.1 Typical wind turbine power output versus wind speed curve [6] 

 

Wind is classified based on typical speeds. These classes range from Class 1 to Class 7, 

from the lowest to the highest, respectively. At 50m height, wind power Class 3 and above, with 

a wind speed of 6.8-7.5 m/s or higher, is suitable for utility-scale wind power generation [7]. 

Figure 2.2 shows a detailed map of wind classifications for Kansas. Although almost half of 

Kansas area is marked as Class 4 or above, the duration of wind blowing at the desired speed 

through a whole year needs to be fully considered before constructing a wind farm. However, 

other qualifications like generator and load distribution in the system, wind turbine and generator 

noise, environmental issues, costs and benefits, need to be evaluated at the planning period.  
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Figure 2.2 Kansas wind resource map [7] 

 

Compare to inland areas, wind always blows harder upon the ocean. The construction of 

offshore wind turbines has great potential in the future. In addition to higher average wind speed, 

offshore wind generation also has many other advantages, including no constraints on turbine 

size. Furthermore, in Europe, many huge wind turbine generators are sited offshore due to the 

large density of population and shortage of land to build wind farms.  

In the United States, although inland areas might be less expensive than in Europe, 

offshore wind energy is still worthwhile. The National Renewable Energy Laboratory (NREL) 

reported that offshore wind energy generation has great potential in the United States [8]. Figure 
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2.3 illustrates the potential wind power (GW) by depth for several particular areas around the 

coastline of the North American continent. At a short depth of less than 60 meters, the Mid-

Atlantic region has a great wind power potential of about 190 GW. When reaching a depth of 

900 meters, the California region can provide a wind power of more than 160 GW. In the 

medium deep level, the Great Lakes offers a total of 65 GW at a depth of 400 meters. 

 

 

Figure 2.3 Wind energy potential by depth in the United States [8] 

  

Since offshore wind farms are located away from the coast, transportation of turbine 

blades, towers and generators, as well as assembling them becomes much more difficult and 

expensive than building them inland. Instead of building transmission lines, more expensive 
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cables have to be placed in the water to connect wind generators to the power system. As a result, 

the cost for both equipment and maintenance will be significantly increased. 

2.1.2 Prospects for Wind Generation 

In May 2008, the U.S. Department of Energy released a comprehensive report, 20% 

Wind Energy By 2030: Increasing Wind Energy’s Contribution to U.S. Electricity Supply. It 

concluded that without a requirement of any technological breakthroughs, the U.S. possesses 

abundant wind resource which will provide the nation with 20% of its electricity demand by 

2030 [9].  

Based on this scenario, figure 2.4 shows a detailed analysis for wind capacity of each 

year through 2030. The potential of U.S. offshore wind capacity was discussed in the previous 

section. As a comparison, inland wind energy will be utilized at top priority because of its lower 

cost, larger area, easier construction and maintenance. By 2030 the report predicted a total wind 

energy capacity of 305 GW will be installed, 82.0% coming from land-based wind turbines. 
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Figure 2.4 20% Wind Scenario [10] 

 

Along with the achievement of this goal, other benefits can be observed. The most 

important one is that the emission of greenhouse gas and other toxic pollutants will be 

significantly reduced. By reducing the consumption of oil and natural gas purchased from other 

countries, this accomplishment will also enhance national energy security [9].  

 
2.2 Wind Generation Topologies 

2.2.1 Wind Energy Converting Schemes 

Among all types of Wind Turbine Generators (WTG), there are four major designs that 

are widely used.  All of them are pitch-regulated which means the pitch angle of each turbine 

blade can be varied in order to regulate the mechanical power captured from wind to a certain 

extent. The differences are based on generator and control methods. 
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Type 1 WTG uses a squirrel cage induction generator which is directly connected to the 

grid (Figure 2.5). This topology is the simplest and cheapest one which was invented many years 

ago.  After connection to the grid, the rotor has to be operating at its synchronous speed, with 

only a small slip allowed. Although pitch regulation and rotor braking system can help to control 

the rotor speed, this action will only be effective in a small range of wind speed.  

 

 

Figure 2.5 Type 1WTG [11] 

 

Type 2 WTG adds a full power AC-DC-AC converter topology based on the first type to 

allow the induction generator to operate over a wider speed range (Figure 2.6). By controlling 

the two power converters, output power factor can be controlled to improve the stability of 

power system. The major disadvantage of this topology is that the capacity of the generator has 

to be limited below the rating of converters. Hence, this type of WTG is mostly kW-rated due to 

the relatively high cost and technical constraints of manufacturing large power converters.  
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Figure 2.6 Type 2 WTG [11] 

 

The third type of WTG is similar to type 1 except using a wound rotor induction 

generator instead of squirrel cage one (Figure 2.7). By adding adjustable resistance to the rotor 

windings, the rotor speed torque characteristic of the generator is controllable. Thus, this type of 

WTG allows the wind turbine operating over a broader speed range than the first type. 

 

 

Figure 2.7 Type 3 WTG [11] 

 

Based on the third type of WTG, type 4 replaces the rheostat with back-to-back 

converters connected to the grid (Figure 2.8). This type of generator is well known as DFIG. 

These converters are able to control the power exchange between the rotor and power system, 
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instead of dissipating it in the resistance. Thus, this topology has higher energy efficiency than 

type 3.  

 

 

Figure 2.8 Type 4 WTG [11] 

 

2.2.2 Characteristics of DFIG 

There are at least four predominant features of a DFIG based WTG [12]: 

 Allowing the rotor to operate over a relatively large speed range thus increases the 

wind energy production; 

 Potentially contributing reactive power, voltage and frequency regulation; 

 Limited extent fault ride-through; 

 Contributing to the overall power system inertia.  

Basically, controlling the frequency of rotor exciting current will adjust the angular speed 

of the DFIG rotor and electromagnetic torque. At a lower rotor speed than synchronous, 

converters borrow power from the grid and send it back through the stator of the generator. 

While operating at a super-synchronous speed, both stator and rotor will feed power to the grid. 

These two operating conditions are illustrated in Figures 2.9 and 2.10, respectively. Theoretically, 
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DFIG has a speed range of ±50% of its synchronous speed. Actually, a DFIG WTG will be put 

online only when its rotor operates within a speed range of ±30% [13].  

 

 

Figure 2.9 Converter borrows energy from power line [13]  

 

 

Figure 2.10 Converter recovers energy from rotor of DFIG [13] 

 

Generally, a DFIG based WTG will start to operate at cut-in wind speed of 5 m/s, which 

is 11.2 miles per hour, a rated wind speed of 12 m/s (26.7 mph), and a cut-out wind speed of 25 

m/s (56.0 mph). For example, the GE 1.5 MW wind turbine is one of the most popular and 

widely installed WTGs in the world. This type of WTG includes four models: 1.5sle, 1.5sl, 1.5s 
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and 1.5se, with several slight differences among them. Generally, 1.5sle and 1.5sl have a lower 

cut-in wind speed of 3.5 m/s, while that of the other two models are 4 m/s. Different from the 

other three models, the 1.5sl has a lower cut-out wind speed of 20 m/s. Moreover, the rotor 

diameter of 1.5s and 1.5se is 70.5 m, while that of 1.5sle and 1.5sl is 77 m [14]. All those 

variable characteristics provide more choice for choosing a suitable model based on the annual 

wind distribution of each wind farm.  

Normally, an induction generator or motor needs reactive power for magnetic excitation. 

Thus, it will decrease the power factor of the system if operating without reactive power 

compensation by additional devices like shunt capacitors. A benefit of rotor voltage and current 

control (i.e. decoupled vector control), a DFIG can be operated at unity, leading or lagging 

power factor for any speed allowed. By implementing space vector pulse width modulation 

(SVPWM) control to the Rotor-Side and Grid-Side IGBT Controller (RSC and GSC, 

respectively), both active and reactive power output of the WTG can be controlled following the 

demand of power system. Even at a wind speed lower than its cut-in speed, the DFIG can still 

consume or provide reactive power to the grid. Details for this control strategy will be discussed 

later in Chapter 5.  
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CHAPTER 3 

3 LABVOLT EQUIPMENT SETUP 

 
This chapter introduces all the LabVolt equipment that were purchased to carry out the 

experiment for simulating a DFIG based WTG. The whole physical simulation system can be 

divided into two major modules. The first one is built for wind turbine simulation (Section 3.1). 

The other one is set up for DFIG simulation (Section 3.2) including DFIG, back-to-back 

converter and rotor-side controller. 

3.1 Wind Turbine Simulation 

A wind turbine extracts the mechanical energy from wind and drives a DFIG rotor 

through a drive train (i.e. gearbox). For a popular three blade, pitch-angle regulated, up-wind 

turbine, like the GE 1.5 MW WTG, the mechanical power extracted from wind can be calculated 

by using formula (1) [15] [16].  

Pm =
1

2
× ρ × Ablade × Vwind

3 × Cp λ, θ      (1) 

λ =
Vtip

Vwind
=

Rblade × ωm

Vwind
      (2) 

where ρ is the air density in kg/m3;  Ablade  is the sweeping area of the turbine blade in m2; Vwind  

is wind speed in m/s; Cp  is the turbine performance coefficient; λ is tip speed ratio; θ is pitch 

angle in degrees; Vtip  is the tip speed of the turbine blade in m/s; Rblade  is the radius of the 

turbine blade; ωm  is the angular speed of the turbine in rad/s. 

Cp  is a function of tip speed ratio and pitch angle. It can vary depending on the wind 

turbine model. Once a WTG is designed, using the GE 1.5 MW WTG as an example, its Cp  

curve is fixed with known αij  (Table 3.1) and can be represented in formula (3) and Figure 3.1.   

Cp λ,θ =   αijθ
iλj4

j=0
4
i=0       (3) 
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TABLE 3-1  

Cp COEFFICIENTS αij FOR GE 1.5 MW WTG [15] 

i j αij  i j αij  i j αij  i j αij  i j αij  

4 4 4.9686e-010 3 4 -8.9194e-008 2 4 2.7937e-006 1 4 -2.3895e-005 0 4 1.1524e-005 

4 3 -7.1535e-008 3 3 5.9924e-006 2 3 -1.4855e-004 1 3 1.0683e-003 0 3 -1.3365e-004 

4 2 1.6167e-006 3 2 -1.0479e-004 2 2 2.1495e-003 1 2 -1.3934e-002 0 2 -1.2406e-002 

4 1 -9.4839e-006 3 1 5.7051e-004 2 1 -1.0996e-002 1 1 6.0405e-002 0 1 2.1808e-001 

4 0 1.4787e-005 3 0 -8.6018e-004 2 0 1.5727e-002 1 0 -6.7606e-002 0 0 -4.1909e-001 

 

 

 

Figure 3.1 Wind power Cp curves for GE 1.5 MW WTG [15] 
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From all the rules above, it is obvious that there is a maximum Pm for a given wind speed 

and pitch angle. To achieve the maximum Pm, the rotational speed of wind turbine, ωm, needs to 

be controlled to a certain value by adjusting the rotor torque of the DFIG. This is known as a 

maximum wind energy extraction strategy for a DFIG based WTG.  

Based on the unique characteristic of the DFIG wind turbine, at a lower wind speed (i.e. 

between cut-in and rated wind speed), the rotor-side converter controls the rotor torque, which 

affects the wind turbine speed within a certain range to achieve the maximum wind energy 

extraction strategy. At a higher wind speed (i.e. between rated and cut-out wind speed), the pitch 

angle of turbine blades increases to limited the mechanical power extracted from wind to the 

rated value. Thus, to simulate a specific wind turbine, the input parameters should be wind speed 

(Vwind) and pitch angle (θ), and the output values are mechanical power (Pm) and torque (Tm).  

For this experiment, a DC motor (LabVolt Model 8096) with variable DC voltage source 

(LabVolt Model 9017) will be used to simulate the wind turbine. The DC motor is connected 

open-loop to allow the rotor speed to be variable corresponding to the rotor torque. It is 

mechanically coupled to the rotor of a three phase wound-rotor induction motor (LabVolt Model 

8231), which is used to simulate a DFIG. For a certain terminal voltage of the DC motor, 

increasing or decreasing the torque of the DFIG will result in a decrease or increase of rotor 

speed, respectively. This will simulate the implementation of DFIG torque control to affect the 

rotor speed (i.e. wind turbine speed). 

The parameters of the DC motor and Thyristor Speed Controller are given in Tables 3.2 

and 3.3, respectively.  
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TABLE 3-2  

LABVOLT MODEL 8960 PRIME MOVER / DYNAMOMETER [17] 

 

 

TABLE 3-3  

LABVOLT MODEL 9017 THYRISTOR SPEED CONTROLLER [18] 
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3.2 DFIG Simulation 

3.2.1 DFIG 

A DFIG is the energy conversion machine located in the nacelle atop of the wind turbine 

tower. With both stator and rotor windings connected to the grid, it has higher energy efficiency 

than the singly-fed induction generator (i.e. squirrel-cage induction generator), and broader speed 

range than any other synchronous or asynchronous generators. 

A LabVolt Model 8231 Three-Phase Wound-Rotor Induction Motor will be used to 

simulate a DFIG by controlling the voltage and frequency of rotor excitation current. The rotor 

shaft is mechanically coupled to the DC motor (prime mover) through a timing belt (i.e. 1:1 

gearbox ratio). The three-phase rotor windings are connected to a back-to-back converter. The 

three-phase stator windings are connected to the 120/208 V, 60 Hz power supply (LabVolt 

Model 8821) through a synchronizing module (LabVolt Model 8621). 

Specifications for the three-phase wound-rotor induction motor, synchronizing module 

and power supply are given in Tables 3.4, 3.5 and 3.6, respectively. All the parameters are in the 

“120/208 V – 60 Hz” column. 

 
TABLE 3-4  

LABVOLT MODEL 8231 THREE-PHASE WOUND-ROTOR INDUCTION MOTOR [19] 
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TABLE 3-5  

LABVOLT MODEL 8621 SYNCHRONIZING MODULE [20] 

 

 

TABLE 3-6  

LABVOLT MODEL 8821 POWER SUPPLY [21] 

 

 

3.2.2 Back-to-back Converter 

Two IGBT Chopper / Inverters (LabVolt Model 8837-A) are connected back-to-back (i.e. 

DC “ + ” to “ + ”, “ - ” to “ - ”) between the three phase power source and DFIG rotor windings.  

Theoretically, when the rotor of DFIG operates at a lower speed (i.e. sub-synchronous speed, nr 

< ns), the grid-side converter works as a controllable rectifier, while the rotor-side converter 

works as a controllable inverter, borrowing power from the grid to keep the DFIG working 

properly; when the DFIG operates at a higher speed (i.e. super-synchronous speed, nr > ns), the 
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rotor-side converter works as a controllable rectifier, while the grid-side converter works as a 

controllable inverter, sending power back to the grid. However, this experiment will be operated 

with only one IGBT chopper / inverter connecting to a variable DC source to demonstrate simple 

torque and power factor control of the DFIG at different speeds.  

The front panel of the IGBT chopper / inverter module and its specifications are given in 

Figure 3.2 and Table 3.7, respectively. The circuit diagram shown on the front panel represents 

the main electric circuit on the breadboard behind it.  

 

 

Figure 3.2 Front panel of the IGBT Chopper / Inverter module [22] 
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TABLE 3-7 

LABVOLT MODEL 8837-A IGBT CHOPPER / INVERTER [23] 

 

 

3.2.3 Controller for Rotor-Side Converter 

The rotor-side converter inverts DC to three-phase AC which provides the voltage for 

rotor excitation. Six IGBTs are bridge connected and independently triggered by rectangular 

pulse waves generated from a controller (i.e. LabVolt Model 9029 Chopper / Inverter Control 

Unit). 

As shown in Fig. 3.3, this controller has 10 modes including “OFF” and “AUX”.  In the 

“OFF” mode, the controller will standby and does not generate any pulse to output. The “AUX” 

mode is an auxiliary mode which is left for future use. This mode is unavailable so far. To invert 

DC to AC with variable frequency, mode “3 ~ P2, programmed-waveform 2 modulation three-

phase inverter,” will be selected during most parts of the experiment. Under the “3 ~ P2” mode, a 

DC voltage within a range of -10 V to +10 V can be applied to the CONTROL INPUT 1. This 

variable DC voltage sets the frequency and the phase sequence of the control signals [22]. The 9-

pin CONTROL OUTPUT sends control signals to the 9-pin SWITCHING CONTROL INPUT 

on the front panel of the IGBT Chopper / Inverter Module (see Fig. 3.2). 

Specifications of the LabVolt Model 9029 Chopper / Inverter Control Unit are given in 

Table 3.8. 
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Figure 3.3 Front panel of the Chopper / Inverter Control Unit [22] 

 

TABLE 3-8 

LABVOLT MODEL 9029 CHOPPER / INVERTER CONTROL UNIT [23] 

  



25 
 

3.3 Data Acquisition 

The LabVolt 9062 Data Acquisition Interface (DAI) measures analog signals and 

converts them into digital signals. With LVDAM-EMS software installed, the computer can 

monitor and manage data through the DAI. Thus, the magnitude, phase angle and frequency of 

voltage and current, as well as torque and speed, can be recorded and displayed on the computer 

for real-time monitoring or future analysis. Detailed specifications of the DAI module are shown 

in Table 3.9. 

TABLE 3-9 

LABVOLT MODEL 9062 DATA ACQUISITION INTERFACE [24] 
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CHAPTER 4 

4 EXPERIMENT AND RESULTS 

 
This chapter presents the two major experiments of this thesis work. The first one 

operates the lab system in two different modes, Singly-Fed Induction Generator (SFIG) with 

rheostat and Doubly-Fed Induction Generator (DFIG). Data of rotor speed, mechanical power 

input, active and reactive power output, as well as terminal voltage and current, are recorded. In 

the second part, a laboratory DFIG (175W generator) is operated as a scale model of the 

parameters of a GE 1.5 MW WTG.  

4.1 Comparison of SFIG with Rotor Rheostat and DFIG 

4.1.1 Circuit Diagram 

A squirrel cage induction motor can be operated as a SFIG, which means only the stator 

is connected to the ac power system and has energy exchange with the grid. A normal SFIG, 

using a squirrel cage induction motor for example, only has a usable slip range of 1%. However, 

a wound-rotor induction motor with variable resistance added to the rotor windings can be driven 

to 50% - 100% above synchronous speed. Figure 4.1 shows the circuit diagram of the SFIG 

experiment. The stator of the wound-rotor induction motor (LabVolt Model 8231) is connected 

to the 120V / 60Hz three phase power source (LabVolt Model 8821) through a synchronizing 

module (LabVolt Model 8621). To provide extra reactive power, three phase shunt capacitors are 

added to the stator side with a setting value of 15.4 μF for each one. Meters E1, E2, I1, and I2 

from Data Acquisition Interface (LabVolt Model 9062) measure the magnitude and phase angle 

of voltage and current. The voltage and current of the three phase rheostat are measured by 

meters E3 and I3 which are not shown in figure 4.1. Rotor speed and torque are also monitored 

and recorded. 
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Figure 4.1 Circuit diagram of SFIG using rotor resistors [22] 

 

Figure 4.2 shows the circuit diagram of the laboratory DFIG experiment. Wired 

connections on the stator side are almost the same as the previous SFIG experiment. The 

differences are, the rotor is connected to a power converter (LabVolt Model 8837-A) which 

provides voltage with variable magnitude and frequency. The power converter is controlled by a 

control unit (LabVolt Model 9029). This control unit is set to be operated at mode 3 ~ P2 (see 

Fig. 3.3). The frequency of the rotor voltage is controlled by adjusting the voltage of DAI AO-1 

(Data Acquisition Interface Analog Output 1), and the magnitude of rotor voltage is controlled 
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by adjusting the input voltage of DC bus. E3 and I3 which are not as shown on Fig. 4.2, will 

measure the voltage and current of the DC bus. 

 

 

Figure 4.2 Circuit diagram of DFIG experiment [22] 
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4.1.2 SFIG Test 

The SFIG experiment tested three different conditions in terms of the resistance (i.e. 0 

ohms, 8 ohms, and 16 ohms) added into the rotor windings. Throughout all three experiments, 

the rotor speed starts from 1800 rpm, the synchronous speed ns. At 1800 rpm, the torque on the 

rotor shaft which is driven by the prime mover, is around 0.41 N·m. At this point, because of 

losses in the machine, it still works as a motor, and consumes about 40 W from the power system 

(see Fig 4.3). From the torque-power characteristics shown in Figure 4.3, when the driving 

torque increases above 0.6 N·m, the SFIG starts to generate power. This torque overcomes the 

inertia and friction of the rotor and other components such as bearings within the prime mover 

and generator system. Furthermore, it can be observed that both the active and reactive power 

outputs from the SFIG are increasing linearly as the torque increases. By applying the motor rule, 

negative power represents generating power and positive power represents energy consuming. 

Then, for a conclusion of figure 4.3, in spite of the rotor resistance and rotor speed range, both 

active and reactive power outputs are proportional to the torque applied on the rotor shaft. 

Increasing the torque will generate more active power, and meanwhile, the generator will need to 

consume more reactive power. Without a capability of regulating its reactive power output, the 

SFIG will operate at a higher power output with lower power factor and energy efficiency. 

When a squirrel cage induction motor is connected as a SFIG, it only has a usable slip 

range of 1%. That means, it will be operated within a speed range of (100% ± 1%) × ns, either 

motor or generator. Since the wind speed is variable, the speed range of this generator is so small 

that it cannot be apply to a WTG which is directly connected to the grid. However, replacing the 

squirrel cage induction motor with a wound-rotor induction motor, the speed range can be 

extended by adding resistance to the rotor circuit. Shown in figure 4.4, a larger rotor resistance 
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will provide a larger rotor speed range. When a 16 ohm resistance was added into each phase of 

the rotor windings, the SFIG continued to generate at rotor speeds up to 2330 rpm, which is 30% 

above the synchronous speed.  

 

 

Figure 4.3 Power output vs. torque of SFIG with different rotor resistance 

 

While achieving a larger speed range, a larger rotor resistance will dissipate more energy, 

which will cause a decrease of energy conversion efficiency. The results of energy conversion 

efficiency for each case are plotted in figure 4.5. The LabVolt equipment is not built for high 

efficiency, so its highest efficiency is 70-80%.  It is observed that the SFIG uses almost 20% of 

energy conversion efficiency to trade off 20% of the speed range when resistance of 16 ohms is 

added into the rotor windings. 

 

-250

-200

-150

-100

-50

0

50

100

150

0 0.5 1 1.5 2

A
ct

iv
e 

an
d 

R
ea

ct
iv

e 
Po

w
er

P,
 Q

 (W
)

Torque (N·m)

0 ohm T - P curve

8 ohm T - P curve

16 ohm T - P curve

0 ohm T - Q curve

8 ohm T - Q curve

16 ohm T - Q curve



31 
 

 

Figure 4.4 Torque-speed characteristics of SFIG with different rotor resistance 

 

 

 

Figure 4.5 Energy conversion efficiency of SFIG with different rotor resistance 
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4.1.3 DFIG Test 

Theoretically, a DFIG can be operated at a speed range of (100% ± 50%) × ns, all in the 

generator mode. During this DFIG experiment, by setting the DAI AO-1 (see Fig. 4.2) which 

controls the frequency of the rotor current, the rotor speed will be operated at 1020 rpm, 1200 

rpm, 1410 rpm, 1620 rpm, 1740 rpm, 1920 rpm, 2100 rpm, and 2220 rpm. This is -43% to +23% 

of the 1800 rpm synchronous speed. In practice, the rotor speed can be adjusted smoothly and 

continuously within a range of ±30% with a closed-loop control method. In order to increase the 

energy conversion efficiency, the back-to-back power converters are commonly used to allow 

the electric energy to flow back and forth from the power systems to the DFIG rotor windings. 

However, the control strategy for the back-to-back converters is complicated and the related 

LabVolt modules are still under development. Thus, this experiment is simplified. Instead of 

using back-to-back power converters with automatic control, only one converter is connected to 

a variable DC voltage source. And all the parameters such as DC voltage, rotor frequency and 

mechanical power input are manually controlled. It is confirmed during the test that DC voltage 

controls the reactive power output, and the stator active power output is only related to the torque 

(mechanical power input) on the rotor shaft. Figure 4.6 shows the operating curve of the DFIG 

for each testing speed under unity power factor (reactive power output always 0). Those curves 

explain that for a higher mechanical power input, the DFIG will operate at a higher speed (2220 

rpm curve), with a variable power output from 50 W to 200 W through torque control. At a lower 

mechanical power input, the DFIG can operate at a lower speed (1020 rpm curve), also with a 

variable power output from 20 W to 180 W through torque control. These features make the 

DFIG very suitable for wind power generation. It can be noticed that there is a ripple in the 

middle of the 1740 rpm curve. It is caused by the vibration of the DFIG when its speed is close 
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to the synchronous speed (1800 rpm) but the rotor side converter cannot generate such a low 

frequency (about 2 Hz) voltage stably and precisely. 

 

 
Figure 4.6 Operation curves of DFIG under different rotor speeds 

 

For a constant rotor speed, the active power generated from the DFIG stator is almost 

proportional to the torque on the rotor shaft. These results are shown in Fig. 4.7. For each speed, 

as well as any other speeds within the practical speed range, the torque can be controlled 

between 0.6 and 1.5 N·m. And the corresponding active power outputs are variable from 20 to 

200 W. This test validates that the DFIG has the capability of torque control under various rotor 

speeds. This function allows the DFIG based WTG to achieve the maximum wind energy 

extraction algorithm at a lower wind speed. 
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Figure 4.7 Active power output vs. torque 

 

4.1.4 Conclusions 

Instead of a squirrel-cage induction motor, the wound-rotor induction motor gives the 

SFIG more flexible torque-speed characteristics for operating as either a motor or generator. By 

adding rotor resistance, the SFIG can be operated beyond synchronous speed. But it cannot 

generate power below synchronous speed. The resistance added will dissipate some energy thus 

lowering the efficiency of energy converted from mechanical to electrical. Without the rotor 

windings connected to a power source, the SFIG itself is not able to regulate the reactive power 

output or input. Normally, other devices like shunt capacitors are need for reactive power 

compensation.  
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Compared to the SFIG with rotor rheostat, DFIG has more advanced features on speed 

range, torque control, reactive power regulation and energy conversion efficiency. As the results 

show, the DFIG can operate as a generator under a speed range of (100% ± 30%) × ns, in practice. 

Within its speed range, the torque and reactive power output are controllable. During these 

experiments, the reactive power output from the DFIG is kept at zero all the time. But in practice, 

the DFIG can either consume reactive power from the power system or provide the reactive 

power to the system in order to improve the system stability. The energy efficiency is not tested 

during the experiment since it needs a very complicated controller to control the back-to-back 

converters. With back-to-back converters, the rotor can send power back to the grid when it is 

spinning faster than ns. So it only has a relatively small amount of energy lost on friction and 

inside the converters.  

4.2 Operation of Laboratory DFIG Following the GE 1.5 MW WTG 

4.2.1 Operation of GE 1.5 MW WTG 

GE 1.5 MW WTG is one of the most popular wind energy generators in the world. It has 

several models, such as 1.5sle, 1.5sl, 1.5s, 1.5se. They are slightly different on cut-in and cut-out 

wind speed, rotor diameter (swept area), rotor speed range, and hub heights. Their rated capacity 

and rated wind speed are the same (Table 4-1). In this thesis, Model 1.5s is selected for DFIG 

operation study. For simplification, some of the parameters are changed. The actual six-pole 

generator (ns = 1200 rpm) is simulated by the lab four-pole generator (ns = 1800 rpm). This 

results in the gearbox ratio changing from 1:72 to 1:115, 1:95 and 1:85 (assuming variable). The 

energy conversion efficiency is assumed to be 80% and air density is 1.17 kg/m3. Parameters of 

the wind turbine blades and power output formulas can be found in Section 3.1. 
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TABLE 4-1 

1.5 MW WIND TURBINE TECHNICAL SPECIFICATIONS [14] 

 

 

In the operation of a WTG, wind speed is the most important input data. Wind speed is 

measured by an anemometer and is recorded by a control unit to control the operation of the 

whole WTG. For a wind speed below cut-in speed, the generator stays disconnected from the 

grid, and the pitch angle is set to 45 deg in order to pick up a small amount of wind energy which 
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makes the turbine blades spin freely. Between the range of cut-in and cut-out wind speed, the 

WTG is controlled to couple to the power system and send power. This generating operation is 

more complicated and will be discussed later. After the wind cut-out speed, the generator is cut 

off from the grid. Meanwhile, the blades are oriented toward the wind direction so that 

generation can resume when wind speed decreases. A brake system is activated if necessary to 

reduce turbine speed during cut-out wind conditions. Wind speed is averaged over a selected 

short time period to mitigate the influence of sudden speed variations.  

The generating operation can be divided into two segments in terms of wind speed. From 

cut-in to rated wind speed (i.e. lower wind speed), which is 4 m/s to 12 m/s for Model 1.5s, the 

maximum wind energy extraction rule is applied. During this period, the pitch angle stays at its 

minimum all the time (0 deg or 1 deg), and the DFIG torque control system adjusts the speed of 

wind turbine according to the wind speed. Through an automatic control, the best tip speed ratio 

λ is always retained to help the turbine blades capture the maximum amount of mechanical 

power. From formulas (1) – (3) in chapter 3, mechanical power input and tip speed ratio can be 

calculated. The gearbox ratio is derived by considering the rotor reference speed formula (4) 

from [15].  

ωref = 0.67 × P2 + 1.42 × 𝑃 + 0.51      (4) 

where P is the mechanical power input; ωref is the rotor reference speed. This formula only works at a 

power level below 75%. By assuming an energy conversion efficiency of 80%, electrical power 

outputs for each wind speed are derived and plotted in Fig. 4.8 in colored curves. The black 

dashed curve crossing the top point of each wind speed curve represents the operating track of 

the DFIG. Thus, for any wind speed between 4 to 12 m/s, a referenced rotor speed can be derived 

as an input to the torque control unit. 
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Figure 4.8 DFIG operating curve at lower wind speed 

 

 
Figure 4.9 DFIG operating curve at higher wind speed 
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The other operation segment for the WTG is at a wind speed of rated to cut-out (i.e. 

higher wind speed), which is 12 to 25 m/s for the GE 1.5 MW model. During this period, 

mechanical power input is limited to the rated value to maintain a rated electrical power output 

(see region III in Fig. 2.1). To regulate the mechanical power input, the active blade pitch control 

takes action. For a constant mechanical power input, the DFIG rotor speed maintains a constant 

speed of 1.2 × ns [15]. From formulas (1) – (3), the reference pitch angle can be calculated 

according to a known wind speed and rotor speed. For the higher wind speed situation, the power 

input curves are plotted in solid color lines in figure 4.9. The horizontal dashed line is the 

operating curve at a restricted mechanical power input around 1,900 kW.  

4.2.2 Operation of Laboratory DFIG 

After analyzing the operation of the GE 1.5 MW WTG, a laboratory DFIG experiment is 

carried out for simulation. Most of the parameters such as torque, power input and output, are 

scaled, except for the rotor speed. Thus, a comparison between the GE 1.5s and LabVolt DFIG 

can be observed.  

According to the data for the GE 1.5s, the per unit (pu) value of mechanical power input, 

rotor speed and torque for each wind speed are utilized as reference values for the laboratory 

DFIG. Both per unit and scaled actual values are given in Table 4-2. The base values of DFIG 

power output, rotor speed, and torque are 175 W, 1800 rpm, and 0.9284 N·m, respectively. 

Because the LabVolt devices like the wound-rotor induction generator are much lower efficiency 

than the actual commercial wind turbine generator, the actual torque is calculated as (generator 

rule applied): 

reference torque = torque (pu) × torque base + 0.5 N·m    (5) 
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where 0.5 N·m is the critical friction torque for the LabVolt DFIG. The machine starts to 

generate when a driven torque exceed this value. 

 
TABLE 4-2 

REFERENCE PARAMETERS FOR LABORATORY DFIG 

Mechanical 
Power Input (W) 

Rotor Speed 
(rpm) 

Torque (N·m) 
Mechanical 
Power Input 
(pu) 

Rotor Speed 
(pu) 

Torque 
(pu) 

Wind 
Speed 
(m/s) 

7.45635742 1121.534 0.563486839 0.0426078 0.623074662 0.068383 4 

14.5631981 1158.106 0.620082014 0.0832183 0.643392314 0.129343 5 

25.1652063 1243.44 0.693261407 0.1438012 0.690800168 0.208166 6 

39.9614155 1450.68 0.763050248 0.2283509 0.80593353 0.283337 7 

59.6508593 1657.92 0.843575834 0.3408621 0.921066891 0.370073 8 

84.9325712 1865.16 0.934838165 0.485329 1.036200252 0.468374 9 

116.505585 2072.401 1.036837241 0.6657462 1.151333614 0.578239 10 

155.260058 2160 1.186397326 0.8872003 1.2 0.739334 11 

199.034703 2160 1.379923138 1.1373412 1.2 0.947785 12 

199.628982 2159.999 1.382550511 1.140737 1.19999959 0.950615 13 

199.546858 2159.999 1.382187725 1.1402678 1.199999206 0.950224 14 

198.610359 2160.001 1.378046571 1.1349163 1.200000486 0.945763 15 

199.877738 2160.001 1.383649403 1.1421585 1.200000742 0.951798 16 

197.722783 2160.001 1.374122643 1.1298445 1.200000486 0.941537 17 

198.655785 2160.001 1.378247398 1.1351759 1.200000486 0.94598 18 

200.939332 2160.002 1.388342559 1.1482248 1.20000087 0.956853 19 

201.090061 2159.999 1.389010157 1.1490861 1.199999206 0.957572 20 

199.784914 2160 1.383239502 1.1416281 1.200000102 0.951357 21 

197.673789 2160 1.373906413 1.1295645 1.199999974 0.941304 22 

201.122295 2160.002 1.389151243 1.1492703 1.200001125 0.957724 23 

198.571524 2159.999 1.377875444 1.1346944 1.199999718 0.945579 24 

201.967484 2160 1.392888731 1.1540999 1.199999846 0.96175 25 

 

According to table 4-2, the laboratory DFIG is successfully tested by following the GE 

1.5s operation curve for wind speeds between 4 to 25 m/s. By manually adjusting the rotor 

voltage, the reactive power output is controlled at 0, to keep a unity power factor on the stator 

side. Meanwhile, the mechanical power from the prime mover and the frequency of the DFIG 
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rotor voltage are precisely controlled to regulate the active power output. Based on those 

reference torque inputs, the active power generation curve is plotted in Fig 4.10. As part of the 

tests, the laboratory DFIG is synchronized to the power system and generates an active power 

between 20 to 180 W while the prime mover simulates a wind turbine at wind speeds between 4 

and 25 m/s. As explained before, the rotor cannot send power back to the grid in this experiment. 

Thus, the energy efficiency will not be considered. 

 

 

Figure 4.10 Laboratory DFIG operating curve 
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The reason is the LabVolt IGBT CHOPPER / INNERTER cannot generate a very low frequency 

sinusoidal wave between ±3 Hz stably. It contains lots of harmonic waves which cause vibration 

of the generator.   
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CHAPTER 5 

5 FURTHER STUDY 

 
This chapter focuses on the theory of the core area of the DFIG, i.e. back-to-back PWM 

converters and decoupled vector control algorithm. Since it is fairly difficult to build the entire 

converter controller and conduct physical simulations, computer-based simulations are preferred 

by many researchers. The basic control theory will be present in this chapter. In the future 

development of the lab DFIG system, controllers like the ones described here should be 

implemented to allow detailed study of DFIG operation and control. 

5.1 PWM Converter 

For a DFIG based commercial WTG, the back-to-back PWM power converters 

connected between the power system and DFIG rotor are critical components which directly 

affect the operating performance. As research on control schemes for the power electronics 

devices advances, DFIG has become a prevailing technology applied to wind energy conversion 

since 1990s.  

Using a three-phase IGBT power converter as an example, six IGBT switches control the 

converter to work as either a rectifier or inverter. Each of those IGBT switches is controlled by 

an analog signal. PWM (Pulse Width Modulation) is one of the most popular and effective 

methods to control the IGBT switches.  Most of the power converters, especially for high power 

applications (kW to MW) prefer this control method. While using two PWM controllers to 

separately control two back-to-back connected converters, energy can flow both directions 

between two decoupled AC networks with different frequency and voltage level. Moreover, a 

PWM converter controls its output frequency, power factor, and keeps a sinusoidal wave output.  
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SPWM (Sinusoidal PWM) is one of the PWM control methods. A SPWM controlled 

converter is able to generate a sinusoidal output through a simply designed filter. The magnitude 

and frequency of the output voltage are controllable with a SPWM controller. This is similar to 

the LabVolt Chopper / Inverter, which works in the three-phase inverter mode during the DFIG 

experiment. 

SVPWM (Space Vector PWM) is a special case of SPWM control method, especially for 

asynchronous motor control. In order to design a microcontroller for automatic and precise 

control, SVPWM is introduced by analyzing the space vector of the excitation voltage. Any 

excitation voltage can be represented by a space vector and divided into two basic space vectors. 

There are six different basic space vectors that are actually six combinations of the IGBT 

switches (i.e. Q1, Q2, Q3 in Fig. 3.2), 001, 010, 011, 100, 101, 110 (“1” - on, “0” - off), and two 

zero vectors, 000, 111. During each fixed time period, a PWM pulse is generated by combining 

two basic vectors with different pulse width (a function of time) and filling the rest of the time 

slot with zero vectors. By using SVPWM modulation method, the PWM pulse wave is easier to 

control and adapt by programming the microprocessor.  

5.2 Vector Control 

To simplify the mathematical model of the motor and convertor, a decoupled d-q vector 

control algorithm is developed by analyzing the flux linkage. While applying the vector control 

method to the DFIG, the torque and rotor excitation can be controlled separately, as well as the 

active and reactive power output from the stator. However, during the DFIG experiment in the 

lab, it is observed that a separate control of the magnitude and frequency of rotor excitation 

voltage is not suitable for DFIG control. While increasing the DC voltage, the rotor current goes 

up, and the reactive power output decreases (generator rule, positive for generating). While 
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changing the frequency of the voltage applied to the rotor windings, the rotor speed shifts, as 

well as the torque, active and reactive power output. Under such circumstance, to manually 

control the DFIG to operate at unit power factor for a wide torque and speed range, the 

magnitude and frequency of the rotor excitation voltage need to be carefully adjusted at the same 

time. 

The vector control algorithm provides a decoupled control method for asynchronous 

motors. It simplifies the design process for the controllers and makes the torque control more 

precise within a relatively wide speed range. Most of the modern DFIG based WTGs implement 

the vector control algorithm for the converter IGBT control units. Figs. 5.1 and 5.2 are a typical 

vector control scheme of the DFIG back-to-back converters [25]. In the vector control scheme, d- 

(direct-axis) and q- (quadrature-axis) components will be derived as reference inputs applied to 

the decoupled control method. The first procedure is using Clark Transformation to convert the 

three-phase voltage or current (i.e. va, vb, vc) ta stationary 2-axis components (i.e. vα, vβ). Then, 

applying the Park Transformation converts the components from stationary 2-axis to a d-q 

reference frame (i.e. vd, vq) rotating at ωe [25]. Comparing the measured vd, vq with the desired 

vd
*, vq

*, the error control signals vdl
*, vql

* are generated. Though reverse Park Transformation and 

Clark Transformation, control signals val
*, vbl

*, and vcl
* are produced and modulated into a PWM 

pulse wave to control the converter. 

The supply-side converter controls the DC link voltage and the reactive power absorbed 

by the converter, and the rotor-side converter controls the torque (i.e. active power output) and 

reactive power output of the DFIG [26]. For the supply-side converter (Fig 5.1), three-phase 

voltage and current on the stator bus, as well as voltage of the DC link, need to be measured as 

inputs for the controller. For the rotor-side converter (Fig. 5.2), three-phase voltage and current 
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on both of the stator and rotor bus, as well as the rotor angular position (θr), are measured as 

inputs for the controller. 

 

 

Figure 5.1 Vector-control structure for supply-side converter [25] 
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Figure 5.2 Vector-control structure for rotor-side converter [25] 

 

 

Figure 5.3 DFIG supply-side controller [26] 

 

The control loop illustrations of the common two-stage controller for the DFIG 

converters can be found in Figs. 5.3 and 5.4 [26]. It operates in either a stator-flux or stator-
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voltage oriented reference frame and hence the q-axis current component represents active power 

and the d-axis component represents reactive power [26]. 

 

 

Figure 5.4 DFIG rotor-side controller [26] 

 

Based on the vector control strategy, a significant amount of research has been carried 

out to test or explore the WTGs operating in various environments. Most of the software 

simulations are accomplished on computers with MATLAB or PSCAD/EMTDC. That research 

includes but is not limited to voltage stability analysis [27], flicker study [28], and fault ride-

through [29] of DFIG based WTGs. 
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CHAPTER 6 

6 CONCLUSIONS AND FUTURE WORK 

 
6.1 Conclusions 

This work designs, builds, and tests a physical model of a doubly fed induction generator 

with LabVolt equipment in the lab. The first part of the experiment compares the speed range, 

torque control, power factor regulation and energy conversion efficiency of the grid-connected 

SFIG (with rheostat added into rotor windings) and DFIG. The second part of the experiment 

verifies the operation of the laboratory DFIG by scaling the model of the GE 1.5 MW WTG to 

the laboratory machines. An advanced control strategy for back-to-back PWM converters and 

DFIG vector control are studied but not actually constructed because of the complexity of the 

controllers needed. All the experiments, study results, observations and theories are concluded as 

follows: 

 Adding resistance into rotor windings can extend the speed range of the grid connected 

SFIG above its synchronous speed. The speed range increases as the rotor resistance 

increases, but reactive power consumption increases as well. The reactive power 

consumption of an SFIG cannot be regulated by itself. The rotor resistance dissipates 

energy and lowers the energy conversion efficiency. 

 Depending on the rotor converter, a DFIG can achieve a wider speed range than an SFIG, 

both above and below synchronous speed. In practice a speed range of ±30% of 

synchronous is possible. The reactive power output and torque can be regulated through 

rotor voltage control. 

 The active power output of the DFIG is directed related to the torque on the rotor shaft. It 

can be controlled by setting the frequency of the voltage applied to the three-phase rotor 
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windings. The reactive power output of the DFIG can be controlled by setting the 

magnitude of the voltage applied to the three-phase rotor windings. 

 The laboratory DFIG driven by a DC motor can be controlled to simulate the GE 1.5 MW 

wind turbine generator operating at a wind speed between 4 m/s and 25 m/s. 

 Under a stator-flux oriented reference frame, decoupled d-q vector control can be applied 

in DFIG back-to-back PWM converters. The supply-side converter controls the DC bus 

voltage and reactive power absorbed by the rotor, while rotor-side converter controls the 

active power (i.e. torque on the rotor shaft) and reactive power output from the stator. 

6.2 Future Work 

Based on the laboratory DFIG experiment and DFIG control study, the following future 

work is recommended: 

 Apply decoupled vector control on the DFIG model. Build the mathematical model of the 

DFIG with all the parameters of the laboratory equipment and derive the reference inputs. 

 Design a SVPWM controller for the back-to-back converters. Send active power from the 

rotor to the grid when the DFIG operates at above synchronous speed. Measure the 

energy conversion efficiency. 

 Design a programmable driver to drive the prime mover (i.e. DC motor) in order to 

achieve a better simulation of a wind turbine model. 

 Test the stability of the DFIG model under continuous variable wind speed inputs. 

 Analyze the transient response of the DFIG by adding disturbances to the system. 
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