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This research focuses on the stand-alone operation of doubly fed induction generator (DFIG) with 

variable stator frequency. In stand-alone configuration, the stator side is connected to a three phase 

diode rectifier and a stand-alone electrical load. The dc output voltage regulation is achieved by 

applying stator flux oriented control scheme in synchronous reference frame.  

The losses that occur in the power electronics components depend on the current flowing through 

the switches and so in the power rating of the converter. WECS based on DFIG are designed for 

variable speed operation. So, the main objective of the DFIG control strategy is to regulate the 

generator speed so that maximum amount of wind energy is extracted for the given speed of the 

wind. But the generator cannot be run in full speed range if the converter rating used is smaller 

than the rated power of the turbine. Thus, the speed range of the DFIG is determined by the 

converter rating and hence the slip is limited using variable frequency operation of DFIG to reduce 

the converter rating and extend the speed range of operation.  

The dc-link capacitor voltage is regulated to a constant rated value and so the stator voltage 

amplitude is also constant. The flux-frequency product being constant, a variation in stator flux 
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magnitude results in a frequency variation. So, the stator frequency can be scheduled in such a way 

that the output power is maximized. Some simulation tests have been run during this work to find 

the optimal stator frequency for a fixed range of speed and used as a look up table to improve the 

power conversion efficiency of the whole generator system. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background and Motivation: 

Wind power is abundant, non-polluting and cost-effective source of renewable energy. It is 

growing as the most competitive alternative renewable energy source over the past three decades. 

Many different types of generators, power electronic converters and control theories are developed 

to reduce the cost of energy, increase the energy conversion efficiency and reliability of the system.  

Wind energy can be the cheapest electricity technology after 2020 as it consumes no fuel and 

produces zero CO2 during power generation.  

Nearly 43.4% [1] of the entire electricity consumption of Denmark is now provided by wind 

energy. The use of the power electronics converters allows for variable speed operation of wind 

turbines as well as optimal power extraction. The control schemes integrated with power 

electronics converters are designed to extract maximum possible energy at every wind speed. A 

wind energy conversion system (WECS) using doubly fed Induction Generator (DFIG) has several 

advantages over the fixed speed wind turbine such as Squirrel Cage Induction Generator (SCIG) 

and permanent magnet synchronous generators (PMSGs). 

1.2 Wind Energy Conversion System (WECS) 

A WECS converts the kinetic energy of the moving air stream into electrical energy. The wind 

turbine rotor rotates due to the wind gusts passing through it and harvests a mechanical energy 

from the kinetic energy of the wind. The rotating wind turbine rotor drives an electrical machine, 
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called generator, which converts mechanical energy into electrical energy. As shown in the Figure 

1.1, the energy conversion process is organized into four different parts: 

- Aerodynamic subsystem: It includes turbine rotor which is composed of blades, and turbine 

hubs to provide support to the blades.  

- Mechanical subsystem (or Drive train): It is composed of low-speed shaft in one side, speed 

multiplier and high-speed shaft in the other side which drives the electrical generator.  

- Electromagnetic subsystem, includes the electrical generator which converts the incoming 

mechanical energy into the electrical power. 

- Electric subsystem: It includes power electronics converter, the grid connection or 

transmission lines (DC or AC) and local grid or isolated DC/AC loads. 

 

Figure 1.1: Parts of wind energy conversion system 

1.2.1 Components of Wind turbine system 

Wind turbine system contains different parts working in co-ordination to extract the energy 

from the moving air and convert the extracted kinetic energy into the mechanical energy and 
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then into electrical energy useful for the utility grid. The key parts inside nacelle shown in 

Figure 1.2 are listed with brief descriptions here: 

- Blade or rotor, extracts mechanical energy from kinetic energy of the moving air. For 600 

kW wind turbine, the rotor blades measure about 20 meters in length [2]. In this thesis, 7.6 

kW machine is assumed. 

- A drive train, includes gearbox and a generator. The gearbox connects a low speed shaft 

in one side with the high speed shaft in the other increasing the rotational speed 

approximately 10 times faster (for the machine used in this thesis) than the low-speed shaft. 

The high-speed shaft is connected to the electrical generator and rotates at the speed 

between 800 RPM to 2000 RPM. The electrical generator used is wound rotor induction 

generator (called Doubly Fed Induction Generator (DFIG) used in this study).  

 

Figure 1.2: Component of Wind turbine (nacelle part) (source: NREL) 
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- Electronic controller are used to control various parameters of the turbine and the 

generator like voltage, torque or speed of the turbine etc. It monitors the condition of the 

turbine continuously to regulate the control parameters of the generator and turbine.  

- A tower is used to support the rotor and the drive train. 

1.2.2 Types of Wind Energy Conversion System  

Based on the types of wind turbines used, the wind energy conversion system (WECS) can be 

classified into fixed speed or variable speed system. These are described in detail below: 

a.) Fixed speed wind energy conversion system: 

Fixed speed WECS operate at a constant speed determined by the grid frequency regardless 

of the wind speed. In this system, the induction generator is connected to the grid directly 

through soft-starter, capacitor bank and a transformer. Gear-box is used to match the low 

speed turbine with the high speed generator shaft so that the generator delivers the rated 

power at the rated wind speed. So, the main drawbacks of these type of system include: 1) 

low energy conversion efficiency as the system generates rated power only at a given 

speed, 2) variation in wind speed causes the fluctuations in power delivered to the grid 3) 

increases mechanical stresses caused by the varying wind speeds.  

b.) Variable speed wind energy conversion system: 

Variable speed wind turbine increases the energy conversion efficiency as the speed range 

of operation increases. This type of operation reduces the mechanical stresses caused by 

the changing wind speeds and hence reduces the wear and tear on the gearbox and bearings 

leading to the longer life cycle and reduction in maintenance costs. But, this system 
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requires power electronics converters to regulate the generator speed and other parameters 

which makes the system more complex and expensive. Variable speed wind energy 

conversion system can further be described into two sections based on the power rating of 

the converter used: full scale power converter using SCIG or SG and partial-scale power 

converter with DFIG.   

1. Variable speed WECS with DFIG and partial scale converter: 

In this system, the rotor of the doubly fed induction generator is connected to the stator 

through a back-to-back converter and the stator is connected to the grid or stand-alone load 

directly. The DFIG can be operated in variable speed operation to deliver power to the grid 

over a wide range of speed. The speed range of the DFIG is ±33% around the synchronous 

speed and so nominal power of the rotor side converter is only about 33% of the wind 

turbine rated power. The operating speed of the generator can be regulated to maximize the 

power conversion efficiency of the turbine. Figure 1.3 shows the variable speed operation 

of the DFIG. This is the most common topology used. It uses rotor side and stator (or grid) 

side bidirectional converter to maintain the power flow between rotor and the grid. 

 

Figure 1.3: Variable speed operation using DFIG 
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2. Full-scale converter with SCIG, WRSG and PMSG: 

In this system, the converter rating is equal to the rated power of the generator. The 

generator can be operated at full speed range because it is fully decoupled from the grid by 

the use of converter. As shown in Figure 1.5 the gearbox can be eliminated from this system 

if a synchronous generator operating at low speed but having large number of poles is used. 

Efficiency of the system can be improved by the elimination of the gear-box from the 

system. It also reduces maintenance costs.  

 

 

Figure 1.4: Variable speed operation using SCIG and PMSG 

 

Figure 1.5: Variable speed operation without using gearboxes 
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Figure 1.4 shows the variable speed operation of generator but requires full-rated converter and so 

power efficiency of the system decreases.  

1.2.3 Operating regions of the wind turbine: 

The Wind speed operating regions can be classified in four operating regions on the basis of wind 

turbine control strategy. Classification of operating regions is shown in Figure 1.6. 

 Region 1: The wind turbine starts to operate at the cut-in speed below which it cannot 

generate enough power to cover its own losses. In this region, the turbine is held at 

stationary with the mechanical brake.  

 Region 2: This is the region between cut-in and rated wind speed as shown in Figure 1.6. 

The turbine control strategy is implemented to capture and extract maximum amount 

energy form the available speed of the wind. It is known as the Maximum power point 

tracking (MPPT) region. The turbine generates the rated power at the rated wind speed.  

 Region 3: In this region, the wind speed is further increasing and higher than in the region 

2. The power available from the wind is higher than the rated power of the machine and 

turbine. So, the additional power available from the wind is shed by controlling the pitch 

angle of the blade. 

 Region 4: At the cut-out speed as shown in Figure 1.3, the wind speed is too strong and 

creates high mechanical stress in the turbine for the safe operation. So, the turbine is 

completely with a mechanical brake.  

The turbine is prevented from operating at minimum speed to avoid matching it to the resonant 

frequency of the tower which is 0.5 Hz. In region 4 the mechanical input power is too high and it 
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can be limited either by varying the pitch or by toque control. Under this mode of operation, the 

electromagnetic torque is fixed at the nominal value and the pitch angle is controlled to operate 

the turbine at rated power.  

 

Figure 1.6: Operating regions of the wind turbine 

1.3 WECS Mathematical Modeling 

Wind energy conversion system comprises of aerodynamic part and the electrical part in general. 

So, the aerodynamic part (wind turbine) and the electrical part (generator) should be modelled to 

understand the mathematical relationship of different parameters (for example, Tip Speed Ratio 

and the power conversion coefficient in case of wind turbines and rotor-current components with 

torque, power, flux, voltage etc.). So, in the following section, the mathematical formulations for 

the wind turbine and the doubly fed induction generator (DFIG) has been developed. Correct 

mathematical modelling is very important to develop the simulation model in computer that shows 

the repose as the real system does. 
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1.3.1 Dynamic modelling of the wind turbine 

Wind turbine captures kinetic energy of the moving air from the swept area of the blades and 

converts it into the mechanical energy to drive the electrical generator. The total power available 

in the wind crossing the turbine at the speed Vw through the surface area A is given by the following 

expression, 

Pm = 
1

2
ρπR2Vw

3                                                                                                                                          (1.1)                                                           

Here, R = Blade radius of the wind turbine; Vw is wind speed 

A =  πR2 = Cross sectional area of the wind swept by the blades 

ρ = Density of the air = 1.23
kg

m3 

Only a fraction of the kinetic energy available in the wind is captured by the turbine and converted 

into mechanical energy. The power conversion factor is defined by 𝐶𝑃, called power coefficient, 

which gives the energy conversion efficiency of the wind turbine from kinetic energy to the 

mechanical energy. 

Pt = CP. Pwind = 
1

2
. CPρπR2Vw

3                                                                                                       (1.2) 

The theoretical maximum value of CP is 59.3 % (defined by the Betz limit). Tip-speed ratio can be 

defined mathematically as: 

λ =  
ω. R

𝑉𝑤
                                                                                                                                       (1.3) 

Where, ω = Rotational speed of the turbine; Vw = Wind speed 
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R = Length of the blade or the radius of the turbine 

Here, Cp is the only controllable variable. Wind speed 𝑉𝑤 is variable but not a controllable 

parameter. The power conversion coefficient Cp depends on the blade pitch angle (β) and the tip-

speed ratio (λ) and so it can be maximized to extract maximum power by optimizing the tip speed 

ratio and blade pitch angle for the given wind speed.  

Tip speed ratio defines the speed of the tip of the blade relative to the speed of the wind flow. 

Following equation 1.4 shows the non-linear relationship between CP, λ and β and Figure 1.7 

shows the relationship graphically for a fixed wind speed: 

CP(λ, β) = 0.5176 (
116

λi
− 0.4β − 5) . e

−
21
λi + 0.0068λ                                                          (1.4) 

 

Figure 1.7: Coefficient of performance vs Tip Speed ratio curve for several pitch angles 

The Figure 1.7 illustrates the relationship between power coefficient, tip speed ratio and the pitch 

angle. So,  
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Pmax =
1

2
 ρ. π. R2. vw. Cp. λopt    

Here,  

λopt = 
ωopt. R

Vw
                                                                                                                                          (1.5) 

This gives, 

ωopt = 
λopt. Vw

R
                                                                                                                                        (1.6) 

So, 

Pmax =
1

2
ρ. π. R5.

CP

λopt
3 . (

λopt
3. Vw

3

R3
)                                                                                               (1.7) 

Therefore,  

Pmax =  Kopt. ωopt
3                                                                                                                               (1.8) 

Here, 

Kopt =
1

2
ρ. π. R5.

CP

λopt
3                                                                                                                               (1.9)   

And  

ωopt = 
λopt

3.Vw
3

R3
                                                                                                                                    (1.10)  
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In our system, the turbine parameters used is given below. This data is adapted from following 

reference [3] considering the fact that the generator used has equal capacity. 

Table 1.1: Turbine parameter 

Parameter Description Value Units 

𝑅 Blade length 4.5  M (meters) 

Vrotor,rated Rated rotational speed 15.7 Rpm 

Ρ Air density  1.23  Kg/m3 

Vw,in Cut in wind speed 3 m/s 

Vw,out Cut out wind speed 20 m/s 

Vw,rated Rated wind speed 11 m/s 

 

Tip speed ratio (λ) has value in the range 2 to 16 and the wind speed (Vω) is in the range 3 to 11. 

Therefore, range of rotational speed of the turbine (ωt) can be calculated as: 

λ =  
R.ωt

Vω
= [ 

2 ∗ 3

4.5
,
16 ∗ 11

4.5
] = [1.33, 39.11]rad/sec 

Calculating the Gear Ratio:  

GR =  
ωmech

ωt
= 

2000

296
 = 7.47 

1.3.2 Modeling of Electrical Generator 

The doubly fed induction generator is a wound rotor induction generator with slip rings. In wind 

energy conversion system, stator of DFIG is directly connected to the grid/load while the rotor is 

connected to the grid/load via a power electronics converter. The major benefit of this topology is 
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the reduction in the converter size as compared to the other topology which uses 100% rated 

converter.  

Doubly fed induction generator contains three phase windings in the stator and the rotor which can 

be supplied independently [2]. These three phase windings are spatially shifted by 120 degrees and 

p pairs of poles. When three phase voltages shifted electrically by 120 degrees and frequency fs 

are supplied to the stator windings, a stator flux is induced which rotates at the constant speed 

known as synchronous speed (ns).  

ns = 
60fs
p

                                                                                                                                                (1.11) 

The frequency of the voltages and currents induced in the rotor is given by the relation: 

ωr = ωs − ωm                                                                                                                                      (1.12) 

ωm = p ∗ Ωm                                                                                                                                          (1.14) 

Here, ωr, ωs are angular frequency of the voltage and currents of the rotor and stator windings 

(rad/s), ωm is the angular frequency of the rotor (rad/s) and Ωm is the mechanical speed of the 

rotor shaft. 

Slip of the generator can be written as: 

s =  
(ωs − ωm)

ωs
                                                                                                                                     (1.15) 

So, the rotor angular frequency is related to the stator frequency by the slip as: 

ωr = s.ωs                                                                                                                                                 (1.16) 
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Slip is the fundamental factor for the operation of the induction machine which determines the 

proper operation, losses in the system and power flows from the stator and rotor winding.  

Depending on the slip, it is possible to distinguish three possible operating modes for the machine: 

Table 1.2: Operating regions of DFIG  

Sub-synchronous 

operation 

Synchronous 

operation 

Super-synchronous 

operation 

ωm < ωs  ⟹ ωr > 0 

 ⟹ s > 0 

ωm = ωs  ⟹ ωr = 0  

⟹ s = 0 

ωm > ωs  ⟹ ωr < 0  

⟹ s < 0 

 

First, we develop the steady state equivalent circuit and equation of the machine to see the machine 

voltage, currents and fluxes during steady state conditions. 

Steady State Equivalent Model of DFIG 

Fig 

Figure 1.8: Steady state equivalent circuit of DFIG (change this figure) 

In the Figure 1.8 all the parameters are referred to the stator side at frequency fs, 



 

15 

Lm = Magnetizing inductance  

Is = current flowing though the stator in Amperes 

I𝑟 = Current flowing through the rotor in Amperes. 

Ls = stator inductance = magnetizing inductance plus leakage inductance  

Lr = rotor inductance = magnetizing inductance plus leakage inductance 

λs, λr = Stator and Rotor flux linkage 

The equations can be found by applying Kirchhoff’s voltage and current laws to the equivalent 

circuit in figure above. The stator voltage is given by: 

Vs = Rs. Is + jωs. λs                                                                                                                               (1.16) 

Here,  λs is the stator flux linkage.  

The rotor voltage is given by: 

Vr = Rr. Ir + jωr. λr                                                                                                                               (1.17) 

Here,  λr is the rotor flux linkage.  

The stator and rotor flux linkages are given by: 

λs = Lm(Is + Ir) + Lls. Is = Ls. Is + LmIr                                                                                   (1.18) 

Here, Ls = Lls + Lm and, 
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λr = Lm(Is + Ir) + Llr. Ir = Lm. Is + LrIr                                                                                   (1.19) 

Here, 

L𝑟 = Llr + Lm  

So, the current flowing through the rotor and the stator can be written as: 

Is = 
|
λs Lm

λr Lr
|

|
Ls Lm

Lm Lr
|
=  

Lr. λs − Lm. λr

Ls. Lr − Lm
2

= λs.
1

σ. Ls
− λr. .

Lm

σ. Ls. Lr
                                                   (1.20) 

Ir = 
|
Ls λ𝑠

λ𝑠 Lr
|

|
Ls Lm

Lm Lr
|
=  

Ls. λ𝑟 − Lm. λ𝑠

Ls. Lr − Lm
2

= λ𝑟 .
1

σ. L𝑟
− λ𝑠. .

Lm

σ. Ls. Lr
                                                 (1.20) 

σ = 1 − 
Lm
2

Ls. Lr
= total leakage factor 

It is very important for us to understand the power flow mechanism in the machine before moving 

into the dynamic modellings. In doubly fed induction generator, the total available power at the 

shaft of the machine is distributed with the rotor and stator windings. The active power goes to the 

load and does useful work but the reactive power is used for magnetizing the windings. This 

section develops the power relationships for each windings with the slip of the machine. During 

this description, the assumed current directions (both the stator and the rotor) are into the machine, 

and so, the positive stator and rotor power means the machine is consuming power and negative 

stator and rotor power means the machine is delivering power from the respective winding 

terminals. The active power flowing through the stator windings can be written as: 
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PS = 3. Re{VS. IS
∗} = 3. Re{RS. IS. IS

∗ + j.ωs. Lσs. IS. IS
∗ + jωs. Lm(IS + Ir). IS

∗}

= 3. Re{RS. IS
2 + jωs. Lm. Ir. IS

∗}

= 3RS. |IS|
2 + 3. Re{jωs. Lm. Ir. IS

∗}           

(1.21) 

The active power flowing through the rotor can be written as: 

Pr = 3. Re{Vr. Ir
∗} = 3. Re{Rr. Ir. Ir

∗ + j. sωs. Lσr. Ir. Ir
∗ + jsωs. Lm(Is + Ir). Ir

∗}

= 3. Re{Rr. Ir
2 + jsωs. Lm. Is. Ir

∗} = 3Rr. |Ir|
2 + 3. Re{jsωs. Lm. Is. Ir

∗}

= − s. Ps 

(1.22) 

So, the mechanical power equation can be written as: 

Pmech = PS − Pr 

(Assuming the lossless system, the copper loss in the stator (Pcu,s) and the copper loss in the rotor 

(Pcu,r) are neglected) 

= 3Re{jsωs. Lm. Is. Ir
∗} + 3Re{jωs. Lm. Ir. IS

∗} 

                =  −3ωsLm(1 − s). Im{Ir. IS
∗} =  −3ωsLm. Im{Ir. IS

∗} 

                 = 3ωmLm. Im{Is. Ir
∗}                                                                               (1.23) 

Pmech = PS − s. PS = (1 − s). PS                                                                     (1.24) 

From equations 1.22 and 1.25, the relationship of slip with the stator power and with the rotor 

power can be understood. The mechanical power available at the shaft of the machine goes to the 

stator through the air gap. Positive sign of the air-gap power denotes that the power is flowing 
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from the stator side to the rotor side and negative air-gap power or stator power means machine is 

supplying power to the stator through the rotor.  

Pag = Ps − Pcu,s                                  (on the stator side)                                        (1.25) 

Pag = Pr − Pcu,r − Pmech                    (on the rotor side)                                        (1.26) 

Electrical power in the rotor is also called slip power because the magnitude is proportional to the 

slip. Positive rotor power (or slip power) signifies that the machine is receiving power through the 

rotor and negative slip power shows the power being delivered through the rotor. 

Pslip = Pr −  Pcu,r                                                                                                 (1.26) 

So,   

Pslip = −s. Pag                                                                                                          (1.27) 

In addition, we have the torque and power relation: [2] 

Pmech = Tem. Ωm = Tem.
ωm

P
 

Ps = Tem.
ωs

P
 

Ps = Tem.
ωs

P
 

A wound rotor induction machine can operate in four different modes because of the access to the 

rotor terminals. Induction machines are designed to operate around the synchronous speed: 

motoring operation below the synchronous speed and generating above it. But, doubly fed 
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induction machine can generate above or below synchronous speed. From equations 1.24 and 1.27, 

the power flow of the system can be described: 

 

Figure 1.9: Four quadrant operation of DFIG 

In Figure 1.9, mode 1 and mode are above the synchronous speed and mode 3 and mode 4 are 

below the synchronous speed. Mode 1 and mode 4 are operating in positive torque and mode 2 

and mode 3 are operating in negative torque. In the following description, Pmech > 0, denotes that 

the machine is producing mechanical torque (motoring, positive torque in the above figure) and 

Pmech < 0, denotes that the machine should supplied with mechanical power from the external 

source such as prime mover (generating, negative torque in the above figure). Each mode of 

operation is described below:  

1. Sub-synchronous motoring mode (mode 4 figure 1.9):  

In this mode of operation, shown in partition 4 in figure 1.9, Pmech > 0 (machine can 

deliver power through the shaft) because Tem > 0 and the slip is in the range of 0 < s < 1. 

From equation (1.24), 

Air gap power (Pag) = 
Pmech

1−s
 ⟹  Pag > 0 and |Pag| > |Pmech| 
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So, from equation (1.27),  

Pslip = − s. Pag  ⟹  Pslip < 0 

Since the air gap power is positive, power flows across the air gap from the stator to the 

rotor and this power is more than the mechanical power. Therefore, during this operation 

mode, the machine works as a motor.   

2. Super-synchronous Motoring (mode 1):  

In this mode of operation, as shown by partition 1 in the figure 1.9, Pmech > 0 because 

Tem > 0 and the slip is in the range of -1 < s < 0. 

Air gap power (Pag) = 
Pmech

1−s
 ⟹  Pag > 0 and |Pag| < |Pmech| 

And, 

Pslip = − s. Pag  ⟹  Pslip > 0 

So, the stator power being positive, the power flows from the stator to the rotor across the 

air gap. This time it is less than Pmech and the rotor should be supplied with external power 

to maintain the motoring mode. 

3. Super-synchronous Generating ( mode 2): 

In this mode of operation, the mechanical power is required to be supplied to the shaft 

(Pmech < 0), and the slip lies in the range of -1 < s < 0. 

Air gap power (Pag) = 
Pmech

1−s
 ⟹  Pag < 0 and |Pag| < |Pmech| 

And, 

Pslip = −s. Pag  ⟹  Pslip < 0                
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So, the rotor side is given the mechanical input. The air gap power is less than the input 

mechanical power and the power is flowing from the rotor to the stator side since air gap 

power is negative. So, the machine is operating in generating mode.  

4. Sub-synchronous Generating (mode 3): 

In this mode of operation, Pmech < 0  as Tem < 0. The slip is in the range of 0 < s < 1. 

Air gap power (Pag) = 
Pmech

1−s
 ⟹  Pag < 0 and |Pag| > |Pmech| 

And, 

Pslip = − s. Pag  ⟹  Pslip > 0 

Here, the air gap power is greater than the mechanical input power, so, extra power is 

required to be injected into the rotor to maintain the generating mode of the machine.  

1.4 Stand-alone operation of DFIG: 

This thesis presents the analysis, control and simulation validation of a vector controlled variable 

speed DFIG supplying an isolated load. DFIG can be operated in stand-alone mode without 

connecting it to the main grid. In many remote areas, installation of the wind energy conversion 

system (WECS) is feasible for local electricity generation because of the favorable wind condition. 

But absence of electrical power transmission network, integrating the generated energy to the main 

grid network may not be economical. So, stand-alone configuration can work as a remote area 

power supply system. 

In this configuration as shown in Figure 1.10, DFIG is connected to the pulse width modulation 

controlled three phase bidirectional converter on the rotor and a three phase diode rectifier 
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connected to a dc grid (or isolated load) on the stator. The stator diode rectifier and the rotor side 

inverter share the same dc bus, so that the conventional grid-side converter is avoided. 

The diode rectifier connected to the stator side is designed for the full power range and the rotor 

side converter is reduced power (approximately 33% of the total stator power). In DFIG-DC 

system connected to the diode bridge at the stator, the stator frequency is free and so this is an 

additional degree of freedom, which can be exploited to optimize the efficiency of the generator 

system. The output voltage being constant, the constraint in this system is the product of the stator 

frequency and stator flux must be constant.  

 

Figure 1.10: Stand-alone operation of DFIG 
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1.5 Objectives of this research 

This research studies the stand-alone topology of the doubly fed induction generator. As described 

in section 1.4, this configuration uses a three phase bidirectional converter (IGBT and diode pair 

to control rotor side current and voltage and three phase diode rectifier supplying the standalone 

load is connected to the stator side. The stator side output DC-link capacitor is also used to power 

the rotor side converter. This voltage is regulated to be almost constant by the controller. The 

objectives of this research can be listed as below: 

 Variable frequency operation of DFIG based wind energy control system 

 Implement Field oriented control (FOC) scheme to control and regulate output DC-link 

voltage of DFIG connected to DC-link system 

 Improve the speed range of operation of the wind turbine for the same rated converter 

(without compromising converter rating). This helps the system to operate near the optimal 

characteristics for the corresponding wind speed.  

 Find the optimal stator frequency to improve the power conversion efficiency of the DFIG-

DC system for each rotor mechanical speed. 

1.6 Literature review: 

In traditional DFIG ac system, vector control strategy in stator flux oriented reference frame are 

used to control the generator. But, d-axis rotor current is used to regulate the frequency [4] and q-

axis rotor current to control the torque or active power flow through the generator. In stand-alone 

operation of DFIG connected to the diode rectifier at the stator, the stator frequency is an additional 
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degree of freedom, which can be controlled to limit the slip (and stator frequency range) and 

optimize power conversion efficiency of the generator system.  

The doubly fed induction generators are designed and applied for variable speed operation in wind 

energy conversion system. So, the control strategy of the doubly fed induction generator is required 

to regulate the speed of the generator such that optimum power is generated for each wind speed. 

The rotor side converter rating determines the range of speed over which the generator can operate 

(also called speed range). It is typically within 33% range of the synchronous speed (1.86:1) 

[[Muljadi et al, 5]. So, the turbine cannot be run at optimal tip speed ratio and the result is real 

tracking curve does not match with the optimal tracking curve. The generator system can be run 

in optimal tracking curve by extending the speed range of operation so that the generator can 

extract power from the very low wind speed to the very high wind speeds [6] (still the constraint 

is converter rating). But increasing the mechanical speed of operation keeping stator frequency 

fixed to a constant value leads to increase in the machine slip (as the mechanical speed goes above 

or below the synchronous speed) and thus large amount of rotor power flows through the rotor 

side converter. The converter rating should therefore be minimized (and speed range should be 

extended) to improve the efficiency, reliability and reduce the losses (aerodynamic losses due to 

the deviation from optimal tracking curve and the losses that occur in the power electronic 

components due to the amount of current flowing through the converter). With the application of 

variable frequency operation, the machine slip can be limited for the given speed range leading to 

the reduction of the rotor power. The frequency range being limited, the power tracking curve of 

this system may not be optimal but it will be highly improved without the use of the large converter 

as compared to the constant frequency operation.  
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Initially, sliding frequency concept (slip generated by a polynomial with the range of +15% and -

5%) [6], [7], [8] is used to observe the rating, speed range and efficiency of the system. Then, 

optimal frequency within the slip constraint of 20% range and 20% rating of the converter is 

generated to optimize the system.  

DFIG-DC system can classified into two types: DFIG-dc system connected to dc grid and DFIG-

dc system connected to an isolated dc load [10], [9]. In stand-alone system, voltage regulation at 

the output of the diode rectifier is very important and so the control system should be able to 

maintain output dc-link capacitor voltage constant to the rated value. In [11], the dc-link voltage 

regulation is done by q-axis rotor current (torque loop), while the product of stator flux and the 

frequency is maintained constant by d-axis rotor current controller (as this axis is used to control 

the stator frequency). In this thesis, stator voltage magnitude is controlled by regulating the d-axis 

rotor current and hence dc-link voltage regulation is achieved [10]. The stator current (or the load 

current) has direct relationship with the q-rotor current (and so controlling q-axis rotor current 

directly affects the stator current and so the load current at the output of the diode rectifier). As the 

stator frequency is varying, the flux (d-axis rotor current) adjusts itself to make the voltage 

constant.  

In order to take the benefit from variable speed WECS, we must develop a system capable of 

extracting maximum output power from the wind turbine at different wind speeds. As shown in 

the above figure 1.6, in region 2 (between cut-in speed and rated speed), the extracted power is 

cube of the rotor speed 

Pwt = 0.5 ρ. A. 𝑉𝑤
3. Cp                                                                            (1.28) 
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Here, Vw is the wind speed, ρ is the density of the air, ‘A’ is the swept area of the wind turbine 

rotor, and CP represents the power coefficient (aerodynamic efficiency of the wind turbine rotor). 

The tip speed is defined as the ratio of the blades’ peripheral speed and the wind speed. The 

aerodynamic efficiency of the turbine rotor has direct relationship with the tip-speed ratio and the 

blade pitch angle.  

λ =  
w. R

Vwind
                                                                                             (1.29) 

In literature, many different methods are proposed for maximum power extraction from the 

available wind. In reference [12], it can be seen that the aerodynamic efficiency can be controlled 

by controlling the tip-speed ratio of the turbine (by making the blade-pitch angle fixed to the 

optimal angle or allowing it to vary depending on the speed). The tip-speed ratio and the power 

coefficient relationship can be seen in the figure 1.7. 

The rotor power rating plays a significant role in the losses of the whole generation system. If the 

converter size is reduced, the operation speed range of the generator also decreases. This means, 

smaller the converter is, the more the wind turbine will operate at a non-optimal tip-speed ratio 

and power tracking curve, for low wind speeds. Converter losses are less for smaller mechanical 

speed range (because smaller converter ratings can be used). This will be discussed in detail with 

simulation results during the simulation and results discussion in chapter 3 and 4. 

The important basis of measure is efficiency of the system. The ratio of the input power into the 

rotor and the output power generated by the stator (and rotor) in percentage gives the efficiency 

(in terms of power) of the system. So, this thesis will care about gain in energy efficiency and 
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increase in rotor speed range (without letting the converter rating increase by large amount) so that 

it makes the system possible to operate at the optimal tip-speed ratio within complete speed range 

of operation which is more important than some increment in losses. 

1.7 Thesis outline: 

The contents of the thesis is managed as follows: 

 Chapter 2 provides the dynamic modelling of doubly fed Induction generators (DFIGs) 

including detailed analysis of the indirect vector control methodology (Stator Flux oriented 

approach) applied to control the output DC link voltage of the system. 

 Chapter 3 talks about the simulation model description in brief and gives the simulation 

results to validate the desired performance of complete control system.  

 Chapter 4 starts with the outlines of the control objectives of the doubly fed induction 

generator system and observes and analyzes the simulation results to fulfill the given 

control aims. It shows the analysis of power rating of the converter and speed range of the 

generator system. Speed range has been able to improve up to 2.5:1 but the converter rating 

does not improve as expected. So, we searched for the optimal frequency that generates the 

best efficiency for that rotational speed. This result along with the improved efficiency is 

included in this chapter. 

 Concludes the findings of this work 
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CHAPTER TWO 

DYNAMIC MODELING AND CONTROL OF DFIG 

This chapter discusses in detail the dynamic modelling of the doubly fed induction generator, 

designing and implementation of the control system to regulate the DC-link voltage at the output 

of the stator side rectifier.  

2.1 Doubly Fed Induction Generator modelling 

In previous chapter (section 1.3), the steady state modelling of the DFIG has been discussed briefly 

which does not consider the dynamic equations of motion and electromechanical energy 

conversion. The dynamic modelling is required to explain the behavior of the machine’s variables 

during transients and in the steady state. So, it helps us to understand the continuous behavior of 

the system. This model will later be used to simulate the system.  

2.1.1 Space vector representation: 

Three phase time-varying quantities can be represented by a single rotating space vector [12], [2]. 

The three phase magnitudes (balanced voltage or currents) can be written as: 

 xa =  A. cos (ωt +  θ) 

             xb =  A. cos (ωt +  θ − 
2π

3
) 

xc =  A. cos (ωt +  θ + 
2π

3
)                                              (2.1) 

In equation 2.1, 𝞈 is the angular frequency, A is amplitude and 𝞱 is the phase shift. This 

balanced three-phase system can be represented in a plane by a single space vector x rotating 
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at 𝞈 angular speed in 120 degrees spatially shifted a, b, c axes. Mathematically, space vector can 

be written as: 

x = |x|ej(ωt+ θ)                                                                    (2.2) 

The amplitude of the space vector is equal to the amplitude of the three phase signals: 

|x| = A 

So, using the concept of space vector, the three phase quantities can be represented by two phase 

quantities using rotating space vector (xα and xβ). This reference frame is called stationary 

reference frame. In this reference frame, the stator a-axis is aligned with the 𝞪-axis of the stationary 

reference frame as seen in the Figure 2.1. The rotating speed of the frame is zero (stationary), and 

so the space vector rotates at the synchronous speed ωs with respect to this frame.  

Similarly, in the synchronous reference frame (d-q), the reference frame rotates at the synchronous 

speed ωs, and the space vector in this frame seems to be stationary. In Figure 2.1, the speed of the 

dq-axis is equal to the synchronous speed. 

 

Figure 2.1: Space vector representation 
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2.1.2 dq transformation: 

 

Figure 2.2: Rotating dq reference frame 

Three phase quantities a, b and c can be transformed into dq quantities using two steps: Park 

transformation and the Clark transformation. Park transformation is used to convert the three phase 

magnitudes into two phase magnitudes. This operation performed in stationary reference frame 

(𝞪-β). Figure 2.2 shows the dq-axis reference frame with respect to a-axis. 

Then, the two phase revolving quantities are transformed into two phase dc quantities using Clark 

transformation (d-q). This transformation is performed by projecting the vector onto two 

orthogonal axes rotating synchronously with stator reference frame.  

[
ud

uq
] =  [

cos (ωt) cos (ωt − 
2π

3
) cos (ωt + 

2π

3
)

− sin (ωt) − sin(ωt − 
2π

3
) −sin (ωt +

2π

3
)

] . [

ua

ub

uc

]             (2.3) 

The inverse relation from dq to ABC transformation is: 
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[

ua

ub

uc

] =  

[
 
 
 
 

cos (ωt) −sin (ωt)

cos (ωt − 
2π

3
) − sin(ωt − 

2π

3
)

cos (ωt + 
2π

3
) −sin (ωt +

2π

3
) ]
 
 
 
 

. [
ud

uq
]                                        (2.4) 

This rotating three phase quantities can be transformed into two phase quantities in stationary 

reference frame (using Park transformation): 

[
ua

ub
] =  

[
 
 
 
2

3
−

1

3
−

1

3

0
1

√3

1

√3]
 
 
 
 . [

ua

ub

uc

]                                                                            (2.5) 

Inverse transformation: 

[
ua

ub
] =  [

cos (ωt) −sin (ωt)
sin (ωt) cos (ωt)

] . [
ud

uq
]                                                              (2.6) 

Then two phase quantities in stationary reference frame can be transformed into two phase 

synchronously rotating reference frame (Clark Transformation): 

[
ud

uq
] =  [

cos (ωt) sin (ωt)
−sin (ωt) cos (ωt)

] . [
ua

ub
]                                                                       (2.7) 

For the purpose of vector control, these three phase quantities measured from the stator and the 

rotor should be converted into either synchronous, stationary or rotor reference frame. In this 

thesis, we use synchronous reference frame orientation. 
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2.1.3 Dynamic model of doubly fed Induction Generator (DFIG): 

Before starting dynamic modelling, we review general mathematical equation of the doubly fed 

induction generator. 

 

Figure 2.3: General modelling of DFIG 

Figure 2.3 shows the equivalent circuit model of DFIG with all of the parameters referred to the 

stator side. The voltages, currents and flux linkages relations in stationary reference frame can be 

expressed as: 

[

vas

vbs

vcs

] =  Rs. [
ias

ibs

ics

] + 
d

dt
[

λas

λbs

λcs

]  (stator voltage equations)                                                  (2.8) 

[

var

vbr

vcr

] =  Rs. [
iar

ibr

icr

] + 
d

dt
[

λar

λbr

λcr

]  (rotor voltage equations)                                                    (2.9) 

Moreover, the flux linkages are related to the current quantities: 
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[

λas

λbs

λcs

] =  Ls [
ias

ibs

ics

] + Lm [
iar

ibr

icr

]   (Stator flux equations)                                                       (2.10) 

[

λar

λbr

λcr

] =  Lr [
iar

ibr

icr

] + Lm [
ias

ibs

ics

]   (rotor flux equations)                                                        (2.11) 

here, (rotor inductance)Lr = Llr(leakage inducace) + Lm(magnetizing inductance) 

 and (stator inductance ) Ls = Lls + Lm;    

 

 

Figure 2.4: d-q equivalent circuit of DFIG 

The general mathematical model developed here can be described using the space vector notation 

in the synchronous reference frame. The original mathematical equations of stator and rotor 
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voltages and fluxes in equations (2.8) to (2.10) can be multiplied with e−θs and e−θslip to get the 

equations in synchronously rotating reference frame (d-q).   

The equivalent circuit model for both d-axis and q-axis can be developed as shown in Figure 2.4. 

From equivalent circuit of DFIG in d-q reference frame as shown in Figure 2.4, the stator voltage 

equations can be written as:  

Vsd = Rs. isd + 
d

dt
. λsd − ωs. λsq                                                                     (2.12) 

Vsq = Rs. isq + 
d

dt
. λsq + ωs. λsd                                                                     (2.13) 

Similarly, Rotor windings voltage equations can be written as: 

Vrd = Rr. ird + 
d

dt
. λrd − ωslip. λrq                                                                 (2.14) 

Vrq = Rr. irq + 
d

dt
. λrq + ωslip. λrd                                                                (2.15) 

The stator flux equations can be represented as: 

λsd = Ls. isd + Lm. ird                                                                                      (2.16) 

λsq = Ls. isq + Lm. irq                                                                                      (2.17) 

First term in the equation (2.16) and (2.17) represents the leakage flux due to the current flowing 

in the stator and the second term represents the mutual flux due to the rotor. 

here, Ls = Lm + Lls                                                          

Rotor windings flux equations can be written as: 

λrd = Lr. ird + Lm. isd                                                                                      (2.18) 
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λrq = Lr. irq + Lm. isq                                                                                       (2.19) 

The first term in the equation (2.18) and (2.19) are mutual flux due to the stator and the second 

term represents the leakage flux associated with the rotor. Here, Lr = Lm + Llr = (Magnetizing 

inductance + Leakage Inductance of the rotor referred to the stator) 

From equation (2.16), 

isd = 
λsd − Lm. ird

Ls
                                                                                                                                (2.20) 

Using equation 2.18 and 2.20, we get the following rotor d-axis flux equation: 

λrd = Lr. ird + Lm.
λsd − Lm. ird

Ls
 

       = Lr. ird + 
Lm

Ls
. (λsd − Lm. ird) 

Therefore, 

λrd = (Lr − 
Lm
2

Ls
) . ird + 

Lm

Ls
. λsd                                                                                                       (2.21) 

(Lr − 
Lm

2

Ls
) =  Lσr + Lm// Lσs = transitory inductance = σ. Lr 

When the d-component of the stator flux λrd is oriented along with the d-component of the 

synchronously rotating axis, the q-component of the flux is zero (λsq = 0). This is also called stator 

flux oriented reference frame as the d-q reference frame is oriented along the d-component of the 

stator flux. 

So, the above relation in equation 2.17 gives following relation between q-rotor and stator currents, 

 isq = − 
Lm

Ls
. irq                                                                                                                                     (2.22) 
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Using above relation of current and fluxes, the voltage equations in (2.12) and (2.13) can be 

modified as: 

Vrd = Rr. ird − ωslip. (Lr − 
Lm

2

Ls
) . irq + 

d

dt
. (σ. Lr. ird + 

Lm

Ls
. λsd)     

       =  Rr. ird − ωslip. σLr. irq + (σLr.
d

dt
ird + 

Lm

Ls
.
d

dt
λsd) 

So,Vrd = Rr. ird − ωslip. σLr. irq +  σLr.
d

dt
ird + 

Lm

Ls
.

d

dt
λsd                                                       (2.23) 

However, for the stator flux oriented reference frame, λsq = 0 

This implies,  λsd = λs = Lm. ims  

Therefore,  

Vrd = Rr. ird − ωslip. σLr. irq +  σLr.
d

dt
ird + 

Lm
2

Ls
.
d

dt
ims                                                            (2.24) 

 
Lm
2

Ls
= 

Lm

(
Ls

Lm
− 1) + 1

=
Lm

σs
′ + 1

 

Here, σs
′ = (

Ls

Lm
− 1)  

So,  

Vrd = Rr. ird − ωslip. σLr. irq +  σLr.
d

dt
ird + 

Lm

σs
′ + 1

.
d

dt
ims                                                      (2.25) 

In similar way, one can write the q-component of the voltage, 

Vrq = Rr. irq + 
d

dt
. λrq + ωslip. λrd    

       =  Rr. irq + 
d

dt
. σLr + ωslip. (σLr. ird + 

Lm

Ls
. λsd) 

       =  Rr. irq +  σLr.
d

dt
irq + ωslip. σLr. ird + ωslip.

Lm

Ls
. λsd) 
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 Vrq = Rr. irq +  σLr.
d

dt
irq + ωslip. σLr. ird + ωslip. (1 −  σ). Lr. ims)                                      (2.26) 

Here, the term, 

ωslip.
Lm

Ls
. (Ls. isd + Lm. ird) =  ωslip. (1 −  σ) . Lr. ims                                                                (2.27) 

Similarly, for stator voltage given by the following equation: 

Vsd = Rs. isd + 
d

dt
. λsd − ωs. λsq     

Since, λsq = 0 

so,       λsd = λs = Lm. ims  

isd =
(λsd − Lm. ird)

Ls
=

(Lm. ims − Lm. ird)

Ls
 

This gives,  

Vsd = Rs.
(Lm. ims − Lm. ird)

Ls
+ 

d

dt
. Lm. ims 

       =  
Rs. Lm

Ls
. (ims − ird) + Lm.

d

dt
ims  

σs
′ = (

Ls

Lm
− 1) 

 Vsd = 
Rs

(σs
′ + 1)

. (ims − ird) + Lm.
d

dt
ims                                                                                       (2.28) 

Also, for q-component of the stator voltage: 

Vsq = Rs. isq + 
d

dt
. λsq + ωs. λsd                                                                                                      

λsd = λs = Lm. ims  

λsq = 0 
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Vsq = Rs. isq + 
d

dt
. λsq + ωs. λsd = Rs. isq + ωs. λsd 

       =  −
Rs. Lm

Ls
. irq + ωs . Lm. ims                                                                                                      (2.29) 

The electromagnetic torque can be defined as: 

Tem = 
3

2
. P.

Lm

LS
. (λsq. ird − λsd. irq)                                                                                                 (2.30) 

For the stator flux oriented control system, the q-component of the stator flux is zero as: 

λsq = 0 

So, the torque has direct relationship with rotor d- and q- component of the current as given 

mathematically below: 

Tem = 
3

2
. P.

Lm

LS
. (− λsd. irq) 

λsd = Lm. ims 

Therefore,  

Tem = 
3

2
. P.

Lm

LS
. (−Lm . ims. irq) 

Tem = 
3

2
. P.

Lm
2

LS
. (ims. irq)                                                                                                                    (2.31) 

In dq-reference frame, the active and reactive power equation for the rotor and the stator can be 

written as: 

Ps = 
3

2
. (vds. ids + vqs. iqs) 

Qs = 
3

2
. (vqs. ids − vds. iqs)                                                                                                               (2.32) 
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Pr = 
3

2
. (vdr. idr + vqr. iqr) 

Qr = 
3

2
. (vqr. idr − vdr. iqr)                                                                                                              (2.33) 

So, the dynamic model describes the voltage equations of both the rotor and the stator, torque and 

the power equation which are used to develop the simulation model later in the 

MATLAB/Simulink environment. The model developed is in synchronously rotating reference 

frame with the stator flux oriented along the d-axis of synchronous frame. 

2.2 Power converters: 

The Conventional grid connected DFIG system uses back to back power converter connecting the 

rotor on one side and the stator on the other side. It contains DC link capacitor in between two 

converters which balances the power flow between the converters. In current stand-alone 

configuration, a single bidirectional converter is used in the rotor side and a three phase 

uncontrolled rectifier is used in the stator side. The output DC capacitor of the stator is common 

to the rotor-side converter as well. Different modulation techniques can be employed to control 

the voltage and current of the rotor and stator of the machine using the converter. SVPWM has 

been used in this thesis.  

The Space Vector Pulse Width Modulation technique has been elaborated briefly in the following 

section. 

Three phase sinusoidal voltages fed to the three-phase windings produces a revolving magneto-

motive force in the air gap. This revolving magneto-motive force is an example of the space vector 

which is the weighted average of the combination of three revolving sinusoidal waveforms. Three 

phase windings excited by three phase currents: 
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iR = Imcos (ωst) 

iY = Imcos (ωst − 120) 

iB = Imcos (ωst + 120) 

vref = V(t) =  
3

2
(va(t). e

j0 + va(t). e
j
2π
3 + va(t). e

j
4π
3  )                                                        (2.34) 

The term V(t) in equation 2.34 shows the voltage space vector and va(t), vb(t), and  vc(t) 

represent three sinusoidal voltages of equal amplitude. This same magneto-motive force can be 

produced by two orthogonal axes (alpha-beta or d-q) and the space vector (vref) can be expressed 

as a weighted average combination of two adjacent active space vectors and the null-state vectors 

0 and 7. So in three phase system, the reference voltage vector is defined as:  

vref = 
2

3
(va + avb + a2vc)                                                                                                           (2.35) 

Here, va, vb and vc represent phase voltages. 

Three phase two level inverter can have eight switching states, six of which being non-zero (1 

through 6) and two being zero vectors (0 and 7).  Each switching circuit generates three 

independent pole voltage vao, vbo and vco which are the inverter voltage with respect to the mid 

terminal of the DC source marked as ‘O’. These voltage are also called pole voltages. The pole 

voltage can be either 
Vdc

2
 or −

Vdc

2
. If S1, S6 and S2 are closed, corresponding pole voltages 

are vao =
Vdc

2
,  vbo = −

Vdc

2
,  vco = −

Vdc

2
 or this can be represented as (1 0 0) state. So the space 

vector for this state is: 

 V(t) =  
3

2
(Vdc. e

j0 )      
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In the inverter, switches S1 and S4, S3 and S6, S5 and S2 are complementary to each other. The 

inverter is switched in such a way that two neighboring state vector are generated which synthesize 

the state vector.  

If T1 and T2 are switching time for each non-zero vectors (V1 and V2) in first sector, T0 is switching 

time for the zero vector and Ts is the total switching time. Then, 

TS = T1 + T2 + T0 

Using volt-sec balance principle, 

Vref ∗ TS = V1 ∗ T1 + V2 ∗ T2 + V0(V7) ∗ T0                                                                                 (2.36)  

So, Volt-second balance equation along 𝞪-axis, 

Vref ∗ TS ∗ cosα =  Vdc ∗ T1 + Vdc ∗ T2 ∗ cos (
π

3
)                                                                         (2.37) 

Volt-second balance equation along β-axis, 

Vref ∗ TS ∗ sinα =  Vdc ∗ T1 ∗ cos (
π

2
) + Vdc ∗ T2 ∗ sin (

π

3
)                                                        (2.38) 

Solving the above two equations, one gets: 

T1 = m ∗
sin (

π
3 −  α)

sin (
π
3
)

∗ TS                                                                                                                   (2.39) 

T2 = m ∗
sin( α)

sin (
π
3)

∗ TS                                                                                                                           (2.40) 

Where, 

m = 
vref

Vdc
 and TS is the total switching period 

𝞪 varies from 0 degree to 60 degrees. By changing m and 𝞪, the output voltage amplitude 

and the frequency can be varied.  
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So, the switches can be controlled by generating a space vector of different magnitude for T1, 

T2 and T0 duration of time. 

2.2.1 Rotor Side Converter 

The converter used at the rotor side is a three phase IGBT based bi-directional converter. This 

section describes the working principle of the three phase converter (inverter/rectifier) and 

develops the complete theory with brief analysis about control strategy of the converter. The rotor 

side converter is represented with bidirectional switches (IGBT with anti-parallel diode). It 

converts the DC voltage supplied by the DC-link capacitor to the AC to power rotor side windings. 

The power flow is achieved in both directions from AC to DC (rectifier mode) and from DC to 

AC (inverter mode). Once the upper switch (T1 or D1) is conducting, the VDC input voltage goes 

to the output and the diode D4 in the lower switch gets reverse biased. The IGBT T1 is also reverse 

biased due to the application of low switching signal to the base. So, the lower switches are off 

when the upper switches are on. Similarly, when the applied voltage is made negative (and the 

switching signal is changed), T1 is reverse biased and T4 is forward biased. Lower switch is on 

while the upper switch is off. The electrical time constant of the rotor inductance and resistance 

(R and L is used in this case) may be larger than the chosen switching time constant of the transistor 

switches. So, the transistors turn on and turn off several times before the load current direction 

changes. When T1 is conducting, lower switch T4 is off and so the load current flows from the 

positive dc supply to the RL windings thorough T1 but when T4 is on, T1 is off and the load 

current direction is not changed then, current flows through the D4. 
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Figure 2.5: Three phase bidirectional converter connected to the rotor windings 

Figure 2.5 represents the three phase voltage sourced inverter with six switches (T1, T3, and T5 

as the upper switches and T4, T6 and T2 as the lower switches). Three phase VSIs can work in 

four quadrants. It works as an inverter in two of these quadrants and works as a rectifier in other 

two. DC bus voltage is roughly constant at the input of Rotor Side Converter. PWM techniques 

are used for switches to regulate the output AC voltage, current magnitude and frequency. Space 

Vector Pulse Width Modulation (SVPWM) technique has been utilized in this research, which has 

been explained in the previous section.     

To control the inverter, it can be can be commanded by the S1, S2 and S3 switch signals to drive 

the IGBTs of the inverter.  

 

Figure 2.6: Two levels of vao 

Here, S ϵ {0, 1}. 



 

44 

Voltage referenced to zero point of the DC-bus is determined by the switching input (either one or 

zero) as shown in Figure 2.6: 

vao = Vbus. 𝑆1;  vbo = Vbus. 𝑆2;  vco = Vbus. 𝑆3  

 

Fig 2.7: simplified model of the above converter 

The converter in Figure 2.5 can be modelled as the simple circuit as shown in Figure 2.7 for the 

analysis. 

van = Vao − vno;  vbn = Vbo − vno; vcn = Vco − vno                                                               (2.41) 

For a balanced three phase system,  

van + vbn + vcn = 0 

The voltage between neutral point (n) and the negative point of the DC bus (o) can be found as: 

van = 
1

3
(2. vao − vbo − vco)                                                                                                          (2.42)   

vbn = 
1

3
(2. vbo − vao − vco) 

vcn = 
1

3
(2. vco − vao − vbo) 

So,  

𝑣𝑎𝑛 = 
1

3
(2. 𝑆1 − 𝑆2 − 𝑆3)                                                                                                                  (2.43) 
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𝑣𝑏𝑛 = 
1

3
(2. 𝑆2 − 𝑆1 − 𝑆3) 

𝑣𝑐𝑛 = 
1

3
(2. 𝑆3 − 𝑆1 − 𝑆2) 

In this way, the combination of switching signals produces the rotor voltage amplitude. By putting 

eight different combinations of switching patterns, one can find three phase voltage amplitudes.  

Now, in the following paragraphs, control loop modelling and development of the transfer function 

will be discussed and the control parameter to make the loop stable will be calculated.  

The current and voltages of the three phase inverter at the rotor-side can be controlled using a PI 

regulator. In Figure 2.8, a current control loop applied in d-axis of the rotor current is shown. The 

converter dynamics is assumed to be a buffer for a transfer function magnitude ‘1’ and the rotor 

dynamics is assumed to be given by a R-L circuit having the transfer function shown in the Figure 

2.8 with label ‘rotor’. 

 

Figure 2.8: Inner loop PI controller 

We have, the rotor voltage equation developed in section 2.14. 
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Vrd = Rr. ird − ωslip. σLr. irq +  σLr.
d

dt
ird + 

Lm

Ls
.
d

dt
λsd                                                            (2.46) 

Here, 

σ = (1 − 
Lm
2

Ls. Lr
) 

This implies,  

( 
Lm

2

Ls.Lr
)  =  1 –  σ   

Rotor time constant is: 

τr = 
Lr

Rr
 

Replacing these terms in equation (2.46) and rearranging d-rotor current with other terms in the 

equation, one gets (2.47). 

Vrd = Rr. ird − ωslip. σLr. irq +  σLr.
d

dt
ird + (1 − σ)

Lr

Lm
.
d

dt
λsd                                               

ird +
σLr

Rr
.
d

dt
ird =  

Vrd

Rr
+ 

ωslip. σLr. irq

Rr
−

(1 − σ )

Rr
.
Lr

Lm
.
d

dt
λsd 

ird + σ. τr.
d

dt
ird =  

Vrd

Rr
+  σ. τr. ωslip. irq −

(1 − σ ). τr

Lm
.
d

dt
λsd                                                 (2.47) 

Also, we can develop q-axis rotor voltage component in the same way and is shown below in 

equation (2.48), 

Vrq = =  Rr. irq +  σLr.
d

dt
irq + ωslip. σLr. ird + ωslip.

Lm

Ls
. λsd)                                                 (2.48) 

irq +
σLr

Rr
.
d

dt
irq =

Vrq

Rr
− 

ωslip. σLr

Rr
. ird − ωslip.

Lm

Ls. Rr
. λsd                                                         

So, 
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irq +
σLr

Rr
.
d

dt
irq = 

Vrq

Rr
− 

ωslip. σLr

Rr
. ird − 

(1 − σ ). τr

Lm
. ωslip. λsd                                            (2.49) 

As seen in the above equation, the terms irq in the d-axis equation and ird term in q-equation are 

present. So these two equations are coupled and they cannot be controlled independently by using 

conventional PI controller. However, these equations can be controlled using the exact 

linearization method by moving the term other than current control to one side. Using this 

approach, we got the equations (2.47) and (2.49). 

As a result, the decoupled equations from the equations (2.47) and (2.49) can be written as: 

ud = ird + σ. τr.
d

dt
ird                                                                                                                           (2.50) 

uq = irq + σ. τr.
d

dt
irq                                                                                                                            (2.51) 

So, these are decoupled first order equations. Integrators can be used to calculate the derivative 

terms in linear controllers. Using the current control loop, current limiter can be easily 

implemented in the control system so that it protects the system from over-currents.  

Now, we use PI controllers to generate ud and uq. 

ud = kpd. (ird
ref − ird) + kId. ∫ (ird

ref − ird). dτ
t

0

                                                                           (2.52) 

uq = kpq. (irq
ref − irq) + kId. ∫ (irq

ref − irq). dτ
t

0

                                                                            (2.53) 

Here, kpd, kId, kpq, kId are scalar values and referred to as controller gains.  

Consequently, one can write, 

ird + σ. τr.
d

dt
ird = kpd. (ird

ref − ird) + kId. ∫ (ird
ref − ird). dτ

t

0

                                                   (2.54) 
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Taking Laplace Transform gives the following transform function: 

Ir(s)

Ir
ref(s)

=  
s. kpd + kIr

σ. τr. s2 + (1 + kpd). s + kIr

                                                                                            (2.55) 

 

Figure 2.9: Ird control loop (with the feedback cancellation term inside the plant model) 

In Figure 2.9 (for d-axis) and Figure 2.10 (for q-axis), the plant model includes the voltage drop 

in the σ. Lr (cross-coupling from the orthogonal loop) and the EMF induced by the stator flux. 

These couplings are compensated by the controller.  

This results in the same closed loop transfer function for both current control loops.  

ird

ird
ref

= 

kpd

σ. τr
s + 

kid

σ. τr
 

s2 + 
1 + kpd

σ. τr
s + 

kid

σ. τr

                                                (2.56) 

Assuming kpd ≪ kid , the above equation can be approximated as a second order transfer 

function. The design parameters can be computer by comparing it with the standard second order 

transfer function as: 

ird

ird
ref

= 
 
kid

σ. τr
 

s2 + 
1 + kpd

σ. τr
s + 

kid

σ. τr

= 
 ωn

2  

s2 +  2. ξ. ωns + ωn
2  

                                          (2.57) 
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Figure 2.10: Irq control graph 

Here, ξ  is defined as the damping ratio. It influences the maximum overshoot and response speed. 

In classical second order system-design, the optimum damping ratio is defined as 0.707, which 

gives very small overshoot with reasonable settling time. The term ωn is the undamped natural 

frequency that affects the response speed. Theoretically, larger ωn is desired for the faster 

response. However, this requires the higher controller gain, which is not very practical in from 

stability point of view. The overshoot is only determined by the damping and it can be improved 

by increasing kPd. kId Influences only the natural frequency. So,  

KP =  2. ξ. ωn. σ. τr − 1 

KI = ωn
2 . τr. σ 

For, the damping ratio of 0.78, natural frequency of 90 Hz, the KP and Ki are calculated as: 

KP = 1.91 

KI = 3031.9 

The transfer function: 



 

50 

ird

ird
ref

= 
572.3s + 3.198e05

s2 + 882.2s + 3.19e05
 

The step response of the inner current control loop is plotted below: 

 

Figure 2.11: Step response of inner current controller 

Hence, one can observe from the step response graph in Figure 2.11 that the system settles down 

within 14 milliseconds when the damping factor is 0.78 and natural frequency is 90 Hz. Bandwidth 

of this control loop is 816.88 Hz. 

The time constant (τi) of the inner current control loop is: 

τi = 
1

ξ. ωn
= 

1

0.78 ∗ (2 ∗ pi ∗ 90)
= 2.27 ms  

(This determines the speed of decay of the transient response) 

Settling time (within 2%) is found to be 8.84 (2.27*4 milliseconds).  

It can be seen from Bode plot in Figure 2.12 that the system is stable with the phase margin of 147 

degrees and infinite gain margin.  
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Fig 2.12: Bode plot 

The poles of the system can be seen from the root-locus plotted in Figure 2.13. There are two poles 

of the system and they lie in the negative half plane. This also shows the stability of the current 

control loop. 

 

Fig: 2.13 Root locus of the inner current control loop 
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2.2.2 Stator side Rectifier 

The stator side of the doubly fed induction generator (DFIG) is connected to the three phase diode 

bridge rectifier. The rectified voltage is used to charge the DC-bus capacitor and supply a stand-

alone load or DC micro grids. In addition, the DC-bus capacitor voltage acts as the supply voltage 

for the rotor side inverter as well. 

The rectifier consists of three-phase Diode Bridge with six diodes D1 to D6. The input to the 

rectifier is three phase stator voltage represented by the equations below:  

Vsa = Vm. sin (ωst) 

Vsb = Vm. sin (ωst +  
2π

3
) 

Vsc = Vm. sin (ωst − 
2π

3
) 

In this application, the three-phase diode rectifier is connected to the constant dc voltage source 

(as the voltage of the capacitor is regulated). So, the circuit can operate in different operation 

modes depending on the load current. In continuous conduction mode, three diodes conduct (two 

diodes from the top and one from the bottom group or vice versa) simultaneously. In discontinuous 

conduction mode, only two diodes one from the top and the other from the bottom group conduct 

at any given time. Due to the current commutation in the bridge, the phase relation between the 

fundamental component of the bridge input voltages and the currents is not purely resistive and so 

they have some phase shift. The voltage of the AC branch is a three-step voltage which can be 

seen in the stator side of the generator. Operating in continuous conduction mode, the AC-DC 

power transfer is maximum [13], [14]. 
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Figure 2.14: Three phase rectifier 

The Figure 2.14 represents the three phase diode rectifier connected to the stator side, three voltage 

sources represents the back-EMF voltages at the stator windings. This three phase voltages are 

three-step waveform due to the presence of diode rectifier which can be seen in simulation later. 

The output capacitor voltage is maintained constant in this circuit. 

Now, we discuss about the stator terminal voltage controller design. The voltage (or charge) stored 

in the capacitor at the output of the rectifier should be controlled.  

The dynamics of the capacitor voltage as shown in the Figure 2.15 is given by: 

Cdc.
dVdc

dt
=  idc − iout                                                                                (2.58) 

Here, iout = output current (goes to the load or transmission lines) 

Induced electromotive force in the stator side depends on the stator frequency and the flux. 

E =  ωs. λs                                                                                                    (2.59) 

However, λs = λsd + jλsq;  λsq = 0 

so, λs = λsd = Lm. ird + LS. isd ;       isd  ⩳ 0 or very small 

λsd = λs = Lm. ird 
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Figure 2.15: showing the current flow in the output of the rectifier 

As a result, output DC capacitor voltage can be controlled by regulating the d-component of the 

rotor current. The transfer function (approximately) can be derived from the DC-link voltage 

dynamic equations where we try to control the rate of change of voltage by using the PI regulator. 

The current flowing through the capacitor is generated by the PI controller as: 

Cdc.
dVdc

dt
=  kpdc. (Vdc

ref − Vdc) + kId. ∫ (Vdc
ref − Vdc). dτ

t

0

                                                       (2.60) 

Then, rearranging the terms, one gets the transfer function to control the DC link voltage: 

Vrd

Vrd
ref

= 
s. kpdc + kIdc

Cdc. s2 + kPdc. s + kIdc
 =  

1
Cdc

(skpdc + kIdc)  

s2 + 
 kpdc

Cdc
s + 

kidc

Cdc

                                                        (2.61) 

Comparing the transfer function with the second order transfer function: 

Vrd

Vrd
ref

= 
 ωn

2  

s2 +  2. ξ. ωns + ωn
2  

       

We get the kpdc 𝑎𝑛𝑑 kIdc value as: 

kpdc =  2. ξ. ωn. Cdc                                                                                                                                (2.63) 

kIdc = ωn
2 . Cdc 
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The bandwidth of this controller should be at least a decade smaller than the bandwidth of the 

current loop controller. Choosing, 

ξ = 0.7 , Cdc = 20 mF, and ωn = 5 Hz  

The transfer function generated is: 

43.98s + 987

s2 + 43.98s + 987
 

The PI values used in the system are:  

KP = 0.4397 

KI = 9.8696 

Figure 2.16 plots the step response of the transfer function of equation 2.61 and shows the speed 

of the voltage control loop. 

 

Fig 2.16: Outer loop step response 

The time constant is: 

τi = 
1

ξ. ωn
= 

1

0.78 ∗ (2 ∗ pi ∗ 3)
= 68.05 ms 
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                            (This determines the speed of decay of the transient response) 

So, the settling time is found to be four times the time constant that is, 259 milliseconds. 

 

Figure 2.17: Bode plot of voltage control loop 

 

Figure 2.18: Root locus plot of voltage control loop 

From the Bode plot of Figure 2.17, one notes that the bandwidth of the control loop is 64.1 rad/sec. 

The gain margin is infinite and the phase margin is 126 rad/sec. This control loop is slower than 
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the inner current controller by almost two decade (bandwidth is 816 rad/sec for the inner loop). 

The poles and zeros of the loop can be seen below in root locus plot. 

From Figure 2.18 (root locus plot), the pols are at -22.1 ± 22.4i and the zero is at -22.4 

So, with this bandwidth approach the rotor side controller should be stable for a wide range of 

control values. 

Finally, the overall control system with cascaded current control and voltage control can be 

represented as shown in Figure 2.19 (a), (b) and (c). 

This is the complete control strategy implemented for DFIG-dc system connected to an isolated 

dc load at the stator output. The rotor side is connected to the three phase PWM controlled voltage 

sourced inverter (VSI). Battery in series with the diode is used for initial flux build up. The battery 

is disconnected after the dc-link voltage is built up and higher than battery voltage. The rotor side 

converter can be controlled using pulse width modulation technique (space vector pulse width 

modulation in this implementation) to regulate the rotor side current amplitude and frequency.    

Stator flux oriented reference frame is implemented for decoupling the d-axis reactive and q-axis 

active current control loop. In stator flux oriented reference frame, q-axis stator current is 

responsible for the active power flow (since the stator back-EMF is oriented along q-axis of the 

synchronous reference frame). So, the dc load current requirement is supported by the q-axis rotor 

current control loop.  

In this control scheme, stator flux is aligned to d-axis, therefore, the d-axis rotor current is used for 

regulating the magnitude of the stator voltage and hence dc link voltage (by changing stator flux 

as the stator frequency varies with the rotor speed). Figure 2.19 (c), shows the slip generation loop. 



 

58 

As this system runs at variable frequency with limited slip operation, the lookup table has the list 

of slip values for the corresponding rotor speeds. 

 

Figure 2.19(a): DFIG, Rotor Side converter and rectifier 

Depending on these slip values, this loop generates the stator frequencies for the corresponding 

rotor speed. In this system, slip varies from +15% at low speeds to -5% at high wind speeds. The 

polynomial equations (for sub-synchronous and super-synchronous region) are used to generate 

the slip within the range.  

The control system seen in the Figure 2.19 (c) is the cascaded controller with the inner loop current 

controller and outer loop voltage controller. 
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Figure 2.19 (b): Rotor Side Converter Control system 

 

Figure 2.19 (c): Slip generation loop 

 

Figure 2.19 (d): Magnetizing current 

As seen in the previous section above, the inner current controller loop should be at least a decade 

faster than the outer voltage controller loop. So, for inner current controller, time constant is 3 

milliseconds and bandwidth used is 816 Hz. 

For outer voltage controller loop, the time constant is 68 milliseconds and bandwidth is 64 Hz. 

So the faster inner current controller looks like a constant buffer for the outer voltage control 

loop.
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CHAPTER THREE 

SIMULATION MODEL DESCRIPTION AND VALIDATION 

 

3.1 Simulation model description 

The mathematical model developed in chapter two is used to realize the model in the 

Matlab/Simulink environment and is constructed from the basic blocks available in the software. 

The simulation model consists of the generator, inverter, three phase diode rectifier and the control 

blocks used to control the behavior of the generator. The actual system is shown in Figure 3.1 and 

the modelling of the system in Simulink is shown in the Figure 3.2. 

 

Figure 3.1: Complete system diagram 

This simulation model uses the asynchronous machine model (wound rotor averaged model) as a 

doubly fed induction generator. The approximate model of the three-phase diode/IGBT converter 
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and diode bridge rectifier are connected to the rotor and the stator side respectively. A DC 

excitation source (battery) of 80V is used (for 500 milliseconds until the initial transient state 

finishes) for excitation of the rotor windings (initial start-up) in the beginning. After 500 

milliseconds, the output of the three phase diode gets connected to the DC side input of the rotor 

side converter. The voltage stored at the capacitor acts as the DC source for the inverter and 

excitation source of the rotor side windings. 20mF capacitor is used. 

 

Figure 3.2: Control system simulation in Simulink environment 

Figure 3.2 highlights all key components in the simulation model. 

3.2 Detailed descriptions of each block: 

In this section, each block in the simulation is described in details. Since, this is DFIG-DC system, 

the stator side is not connected to any supply but it is connected to either load or to the transmission 

system (such as High voltage AC or DC transmission lines).  
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3.2.1 Wound rotor induction machine block: 

This block models the actual wound rotor machine dynamics. It accepts inputs (like speed, torque) 

and provides the measurable outputs like stator and rotor voltage and currents, electromagnetic 

torque etc. as shown in the Figure 3.3. The synchronous reference frame is used in the machine to 

convert the three phase quantities into two phase quantities and vice-versa (which is required for 

the generator during the operation). 

 

Fig 3.3: Doubly fed Induction generator (Wound rotor) used in the simulation 

3.2.2 Parameters of the Actual machine in the Laboratory: 

The parameters of the actual machine in the laboratory are adapted to the machine model during 

the simulation so that the results after the simulations and experiments can be compared. As seen 

in Table 3.1, the 7.6 Kw machine with 3 pole pairs is used in the simulation. The rated stator and 

rotor voltages are 230V and 195V. All other physical parameters such as winding inductance and 

resistance are given in the Table 3.1 below: 
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Table 3.1: Parameter of the doubly fed induction machine used 

Parameter  Rated value 

Power  7.6 Kw 

Number of poles  6 

Stator voltage  230V/460V 

Stator current 28 Amps 

Rotor voltage  195 Volts 

Rotor currents 26 Amps 

Stator Resistance 0.214 Ohms 

Rotor resistance 0.453 Ohms 

Leakage inductance 0.09 mH 

Stator inductance  24.81 mH 

Rotor inductance 24.81 mH 

Magnetizing inductance 23.92 mH 

Stator/rotor turns ratio 230/195 = 1.18 

 

3.2.3 Stator side rectifier: 

 

Fig 3.4: Three phase diode bridge rectifier (Simulink model) 

This bridge block seen in the Figure 3.5 contains three phase rectifier that consists of six power 

diodes connected in a bridge configuration. In the main system, the diode bridge is connected 
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directly to the stator and rectifies the generated three phase voltages at the stator to charge the 

capacitor at the output and power the load or transmit through high voltage DC transmission lines.  

 

Figure 3.5: The six diodes in bridge form is the real circuit represented by the Simulink model 

shown above 

 

During the sub-synchronous region, the stator side powers both the rotor side converter and the 

load and so the power flowing through the stator side may be higher than the rated power of the 

machine. So, the rectifier used is full rated (7.6 kW in this case). At super-synchronous region, the 

power flowing through the stator decreases and so, fully rated rectifier is not required. Figure 3.4 

shows the block used in Simulink model and Figure 3.5 represents the actual circuit inside that 

Simulink block represented in averaged form. 

3.2.4 Rotor side Converter (RSC):  

This converter controls the voltages and currents of the rotor side windings of doubly fed induction 

generator. The DC side is connected to the low voltage battery in the beginning for the initial 

excitation (for 500 milliseconds) and after the voltage is built up, the battery is disconnected. Then, 

the voltage stored in the output capacitor of the three phase diode rectifier acts as a power source 

to this inverter. 
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Figure 3.6: Three phase IGBT/diode pair converter 

 

 

Figure 3.7: Three phase IGBT/diode pair inverter (this is the exact circuit represented by the 

Simulink model given above) 

 

The rated voltage of the rotor windings of the machine is 195V. The input of this inverter is 

maintained constant (at steady state) to 200V (230V being rated voltage at the stator side). Figure 

3.6 shows the Simulink block used during simulation and Figure 3.7 represents the actual circuit 

of Rotor side converter (RSC). 

3.2.5 PI controller blocks: 

There are three separate PI controllers, one for each axis on the inner and outer loops. The structure 

of the PI controller blocks are described in previous chapter in detail. 
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The proportional and integral gain parameters used in the PI during simulation are given below in 

the Table 3.2. 

Table 3.2: PI parameters used during simulation 

PI  Proportional Gain (Kp) Integral gain (Ki) Time constant 

PI 1 (d- rotor current 

controller) 

1.8467 1031.91 4 milliseconds 

PI 2 (q-rotor current 

controller) 

1.8467 1031.91 4 milliseconds 

PI 3 (DC-link voltage 

controller) 

0.4398 9.8696 68 milliseconds 

 

3.3 Model validation: 

This section briefly discusses the testing and verification of the model realized to meet the control 

objectives of this thesis:  

A low DC voltage source is (Vbus = 80V) is connected to the dc bus via a diode in order to generate 

the initial flux in the system. As soon as the DC-link voltage becomes higher than the battery 

voltage, it is disconnected from the system and DC-link capacitor provides power to the rotor side 

converter. The dc load resistance is set to 20 ohm to limit the power within the rated value which 

is 7.5 kW. So, at 20 ohm the load power is 2000 Watts (2 KW). The output of the rectifier contains 

a DC link capacitor Cdc = 20 mF . 

3.3.1 Step change in DC output Voltage reference: 

As seen in Figure 3.8, the DC output voltage of the system is suddenly changed from 200V to 

230V and again to 200V to observe the response of the d-axis control loop. Figure 3.8 shows the 
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rotor speed variation from 1000 RPM to 1600 RPM and the tracking of load voltage and reference 

by the controller. 

In Figure 3.9, the d-component of the rotor current changes to make the voltage constant.  

 

Figure 3.8: DC output voltage and reference voltage 

When the voltage increases from 200V to 230V (at t = 1s), the q-axis rotor current (q-axis stator 

current or load current) also increases since the load is constant. Additionally, the stator voltage is 

reduced because of the decrease in DC-link capacitor or load voltage. The d-rotor current increases 

at t =1 second, which increases the flux of the machine by small amount because the stator 
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frequency is also increasing. At constant frequency, the flux should increase by higher amount 

than this current case. But this is the case which simulates the continuous wind speed (rotational 

speed) variation and the voltage suddenly changes at some points.  

 

Figure 3.9: d-axis rotor current 

As the rotor speed is varying within the range 900 rad/mins to 1400 rad/mins in Figure 3.8, the 

stator frequency also varies from 314.2 to 431.2 radians. The product of the stator frequency and 

the stator flux gives the stator voltage. It can be verified by looking into the stator flux in Figure 

3.9 (d-rotor current) and stator voltage graph in Figure 3.8 that the product of stator flux and stator 

voltage should be a constant term. Because at t = 0 to 1 seconds, the stator frequency is 314.2 (low 

value), d-rotor current is 26 amps and at t = 2 to 3 seconds, the stator frequency increases to 349.1 

radians but the rotor current decreases to 24 Amps. The DC voltage being constant at 200 V in 

both of these cases. 

The electromagnetic torque generated increases with the increase in voltage because power 

consumption in the fixed resistive load increases, the power being the product of torque and the 

rotational speed. This can be observed in the Figure 3.11. We can see in the Figure 3.11, during t 
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= 0 to 1 seconds, and t = 2 to 3 seconds, the torque are almost equal. But as the rotor speed 

increases, we expect to get low torque because the power consumed at the output in both the cases 

are equal. But as the rotor speed increases, the power conversion efficiency of the system also 

increases and so, the torque is significantly equal. But at t = 5 seconds, the rate of speed increase 

is higher than the rate of efficiency change. 

 

Figure 3.10: Stator frequency graph 

 

Figure 3.11: Electromagnetic torque generated  
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3.3.2 Speed change above and below the synchronous speed: 

Here the speed goes from the sub-synchronous speed (800 RPM minimum speed) to the super-

synchronous speed (1600 RPM at maximum) within the slip range of +15% to -5%. The Figure 

3.12 shows that DC output voltage is maintained constant for the change in speed within the range. 

When the speed changes from sub-synchronous speed to the super-synchronous speed at t = 2 

seconds, the voltage is maintained fairly constant. 

 

Figure 3.12: DC link voltage with respect to the rotational speed 
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Figure 3.13: d and q-component of the rotor current versus rotational speed 

It can be seen in the Figure 3.13 that the load current or q-component of the stator current (which 

is approximately equal to the q-component of the rotor current) is higher at the sub-synchronous 

speed than at the super-synchronous speed. It is because the stator supplies power to both sides 

during this operation region. 

 

Figure 3.14: Load current flowing through 20 Ohm resistor 

Figures 3.14, 3.15 and 3.16 show that at sub-synchronous speed, the stator current supplies both 

rotor and the load. 
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Figure 3.15: current at the output of the rectifier 

 

Fig 3.16: DC side Rotor current 

But at super-synchronous speed, the stator current decreases and the current injected to the rotor 

also reduces. At t = 0 to 1 seconds, load current is 10 Amps, stator current is 13.3 Amps and the 

rotor input current is 3.5 Amps. So, sum of rotor current and the load current gives the stator 

current. So, high stator current is observed for the constant load in the sub-synchronous speed. q-

axis rotor current is smaller in super-synchronous operation than in sub-synchronous operation.  

At super-synchronous operation, the rotor current consumption decreases, but still the stator side 
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powers both the rotor side and the output load as opposed to the theory that the rotor also supplies 

current to the stator. This should be because of the lower slip power during super-synchronous 

operation which does not become sufficient to compensate the losses of the system. Later, I will 

look at this by increasing the slip range to higher value like 30%. 

Further expanding the observation in the same graph, At t = 2 seconds, current output at the 

rectifier is 12.7 amperes, of which 2.35 amperes goes to the rotor and remaining10.35 Amperes 

flows to the load. Similarly, at t = 6 seconds, the current flowing through the rectifier is 11.06 

Amperes, and 1.34 Amperes goes to the rotor converter, so, remaining 9.72 amperes flows though 

the load. The current at the load should be 10 amperes (but because of the ripples it is oscillating 

around 10 Amperes). 

 

Figure 3.17: Stator voltage and currents (phase a) 

Figure 3.17 shows the stator current and voltage waveform at sub-synchronous speed. As they are 

out of phase to each other, stator is generating power at this region of operation. The rotor current, 

as shown in Figure 3.18, phase changes at point t = 2 seconds and voltage reaches zero (as slip is 

almost zero at this point of time), this shows that the power flow tends to change the direction but 
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because of the very small slip in super-synchronous region, the slip power generated is also small 

and must be less than the losses of the system (as can be seen later in the next chapter analysis, the 

efficiency of the system is around 84% for maximum speed. So, there is around 14% losses in the 

system). 

 

Fig 3.18: Rotor currents and voltage 

3.3.3 When the load is changed: 

The dc load is decreased to 15 ohms from 20 ohms and the load power is increased to 2.67 

kilowatts. Then, the DC link voltage and the current flowing through the DC side output of the 

rectifier is observed. d-axis and q-axis rotor currents are observed as well. Stator flux magnitude 

and rotor currents has been plotted and shown below in Figure 3.20.  These results are obtained 

when the rotational speed of the rotor is 900 r/min (sub-synchronous speed). As shown in the 

Figure 3.19, the load resistance changes at time 2 seconds. 

In Figure 3.19 as the load resistance decreases, there will be small decrease in the dc-voltage, 

which is restored by the controller to 200V within small period of time. 
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Figure 3.19: DC link voltage output at 20 ohm and 15 ohm resistive load at the output 

 

The reactive power demand of the diode rectifier increases as the load resistance decreases and so 

d-component of the rotor in Figure 3.20 increases to increase the magnetizing current of the rotor 

to fulfill the reactive power requirement. 

 
Figure 3.20: d and q-component of the rotor current 

 

In Figure 3.20 q-component of the stator current (and so q-component of the rotor current changes 

accordingly) increases with the decrease in load (as output voltage is constant).  

Response of current controller can be seen in the Figure 3.20 during the transition at 2 seconds 

which is within 50 milliseconds.  
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Figure 3.21: Torque graph 

As the load resistance decreases, the stator current increases (and so the q-component of the stator 

and rotor current increases). The d-component of the rotor current increases and hence torque rises 

as compared to the high load resistance. Figure 3.20 shows the torque behavior and corresponding 

d- and q-rotor currents. Torque is proportional to the product of d- and q- rotor current. 

These simulations results correspond to the rotor speed at 900 rad/mins.  

When the rotational speed of the rotor is higher at 1800 r/mins (super-synchronous speed): 

 

Figure 3.22: Output DC voltage (in volts), at 2 seconds the load resistance changes to 15 ohm 

The output DC voltage waveform in the Figure 3.22, d- and q- component of the rotor current in 

the Figure 3.23 and the torque response in the Figure 3.24 has been plotted here for 1800 RPM. 
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Figure 3.23: q-component of the Rotor current 

 

Figure 3.24: Torque graph 

It can be clearly observed from the results in sub-synchronous operation (900 rad/mins) and super-

synchronous operation (1800 rad/mins), the stator current significantly changes from 10 Amperes 

at low speed to 7 Amperes and from 13 Amperes at high speed to 9 Amperes. Similarly, rotor 

current (magnetizing current) also decreases for the same load. In addition, the voltage settling 

time is larger at sub-synchronous speed than at higher speed.
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

 

4.1 Results and discussion: 

In this chapter, we observe and analyze the fulfillment of our control objectives using the 

simulation results generated from Matlab/Simulink tool. Observation of results obtained from the 

simulation and detailed analysis has been presented gradually throughout the chapter. 

4.2 Objectives: 

The objectives of this control system implementation are listed as below: 

1. Voltage regulation 

2. Rotor side converter rating 

3. Speed range extension 

4. Operation at optimal frequency to improve the system efficiency (in terms of power) 

Each control objectives are described thoroughly in following sections. 

4.2.1 Voltage regulation:  

In stand-alone system shown in Figure 4.1, the main objective of the control strategy is to build up 

and regulate the DC output load voltage. The regulated voltage should remain fairly constant for 

different requirements of load power and in various operating conditions (such as steady-state and 

dynamic operating conditions) [10]. Stator-flux oriented control strategy has been implemented 

for DC voltage regulation. Direct (d) - component of the rotor current (flux loop) is controlled to 

regulate the stator voltage magnitude and hence DC link voltage of the system. And the q-axis 
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stator current supports the load current. But, in this control algorithm, the stator frequency is 

variable, so, to control the voltage, stator flux needs to change accordingly.  

The relationship between the stator voltage and the dc link voltage can be written as: 

vs = 
3

π
. vdc                                                                                 (4.1) 

The stator flux and hence the stator voltage build up depends on the magnitude of the magnetizing 

current which is completely supplied from the rotor side because stator is supplying to an isolated 

dc load (is not connected to the external source). So, the magnetizing current required to control 

the voltage is generated by the voltage loop which controls the d-axis rotor current. 

ims = (1 + σs). isd + ird                                                       (4.2) 

For the stand-alone system, isd is nearly equal to zero. 

So, the Stator flux of the system is, 

𝜆s = Lm. ims = Lm. ird                                                          (4.3) 

The flux and frequency product gives the induced stator voltage. So, if frequency is constant in 

this case, then by changing the value of ird we can control the stator voltage and then the output of 

the diode rectifier (this has been described in chapter two as well).   

For supplying isolated dc load, the controlled dc voltage is an important issue, though it may not 

be major control objective in case of DC micro-grids. 

In this doubly fed induction generator configuration, the stator is connected to the uncontrolled 

diode bridge rectifier instead of controlled three phase converter. This removes the IGBT and the 

control circuitry required to control the voltage at the output of the diode bridge (DC side) and 

hence simplifies the system in control perspective and reduces the cost of the overall system as it 
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removes the stator side converter used to control the input voltage of the Rotor side converter and 

also removes the controlled rectifier at the output of the stator.  

 

Figure 4.1: Complete system diagram  

The voltage regulation simulation has been dealt briefly for limited speed range (1000 RPM to 

1600 RPM) in chapter 3 as well. Figure 4.2 shows the regulated voltage and reference voltage 

result. It shows that the voltage is fairly constant with change in speed from 800 RPM to 2000 

RPM of the rotor speed.  

To make this voltage constant the stator flux and stator frequency product needs to be constant. 

We can look at the d-component of the rotor current in Figure 4.4 and stator frequency at rad/sec 

in Figure 4.3 that as the stator frequency increases with the speed, the rotor d-component current 

gradually decreases (at point 2 seconds the current seems to increase because during the simulation 

the load decreases to 15 ohm from 20 ohm but after 2 seconds the variation is similar).  
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Figure 4.2: DC output voltage with respect to the rotational speed 

 

Fig 4.3: Stator frequency 

 

Figure 4.4: Rotor d- and q-component of the current 
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We can again look at the DC voltage regulation when the output load changes. Due to the presence 

of the diode rectifier, the reactive power requirement of system changes when the output load 

varies. This brings up the variation in the d-axis reactive rotor current to make the output capacitor 

voltage constant. Figure 4.5 shows the constant output DC-link voltage along with the change in 

the output load. As the load changes from 15 ohm to 20 ohm and then into 25 ohm, the DC voltage 

is fairly constant. 

Change in output load current should directly affect the q-component of the stator current (which 

supports the current at the output of the rectifier). So q-component of the rotor current changes 

accordingly because the stator q-component is directly related to the output current of the rectifier. 

Figure 4.6 shows the variation of q- and d-axis rotor current. We observe from the Figure 4.6 that 

at t = 3 seconds and t = 7 seconds, the load resistance changes to 20 ohms and 25 ohms respectively, 

and the corresponding decrease in q-rotor current is seen. At t = 10 seconds, the load resistance is 

20 ohms and q-rotor current increases and so, the load current should increase.  

With these rotor d- and q-component graphs, we can see how the torque changes. With decrease 

in load, the electromagnetic torque increases as the d-axis (d-component of the stator flux) and q-

axis rotor current increases.   

Tem = 
3

2
. P.

Lm
2

LS
. (ims. irq)  

λsd = λs = Lm. ims 

λsd = Lm. ird + LS. isd ;       isd  ⩳ 0 or very small 

The flux depends directly on the d-component of the current, q- component of the flux being zero. 

The magnetizing current responsible for generating this flux comes solely from the rotor winding. 
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Figure 4.5: Output capacitor voltage (made constant despite the change in load) 

 

Figure 4.6: d-axis of rotor current 
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The voltage regulation and efficiency of the control system can be seen by changing the DC output 

voltage reference as well. Similar results for limited speed range has been presented in chapter 

three. So, we have presented the results only with brief descriptions for the reference voltage 

changes. When the DC reference voltage is changed from 180V to 200V and to 230V, the actual 

voltage developed in the capacitor tracks the reference voltage set. Figure 4.7 shows the changes 

in DC link voltage and the reference voltages given. Figures 4.8 and 4.9 show the variation of d-

rotor current (represents the stator flux of the machine) and stator frequency variation while 

changing the voltage. 

 

Figure 4.7: DC output Voltage change due to change in reference Voltage 

 

Figure 4.8: d and q component of the rotor current 
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Figure 4.9: Stator frequency 

4.2.2 Rotor Side Converter rating: 

This section describes about the usefulness of variable frequency operation to reduce the converter 

rating and improve the mechanical drive speed range. The converter rating has important relation 

with losses of the system. The losses that occur in the power electronics component depends on 

the current flowing through the switches and so power rating of the converter.  

WECS based on DFIG are designed for variable speed operation. So, the main aim of the DFIG 

control strategy is to regulate the generator speed so that the wind power extracted is maximized 

for that speed. But the generator cannot be run in full speed range if the rotor side converter rating 

used is lower than the generator rated power. So, the speed range of the DFIG is determined by 

the converter rating. During maximum power tracking operation, the real tracking curve may not 

match with the optimal tracking curve because of the limited range of operating speed. It can be 

seen in the Figure 4.10 where the actual DFIG tracking curve and optimal tracking curve do not 

match due to the limited speed range of operation of the generator. So, it is necessary to increase 

the range of operating speed of the DFIG so that the real tracking curve of the generated power 

converges to the optimal tracking curve and the DFIG can operate at optimal tip speed ratio (λ) for 
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low wind speeds as well. Extension of speed range (that is the deviation from synchronous speed) 

at fixed stator frequency results in increase of machine slip and hence increase in the power flowing 

through the rotor side converter (RSC). This requires the system to use higher rated converter in 

the rotor side and maximizes the losses due to the large amount of current flowing through the 

power electronics components. 

 

Figure 4.10: Tracking characteristics of the typical DFIG  

A variable frequency operation of wind generator can be a very good option to avoid the problem 

mentioned above (converter rating problem). In DFIG-DC system connected to a diode bridge at 

the stator side, the stator frequency is free and can be exploited as an additional degree of freedom. 

The slip or stator frequency of the system is in control system designer’s hand. So, by limiting the 

slip of the machine (limiting the range of the stator frequency), the power flowing through the 

rotor side converter and so the power rating can be limited. In reference [4], the linearly sliding 

frequency concept is used to vary the stator frequency and limit the machine slip for a given speed 
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range. Because of the degree of freedom (stator frequency), the power distribution between the 

rotor and the stator can be changed. 

Ptotal = PS + PR                                                                                                                                        (4.4) 

PS = 
Ptotal

1 − s
=  

ωS

ωR
. Ptotal 

PR = −s. PS = −
s

1 − s
. Ptotal 

s =  
ωS − ωR

ωR
. Ptotal 

In fixed stator frequency operation, changing mechanical speed of the rotor changes the slip of the 

generator but in variable frequency operation, the stator frequency is free and can be changed to 

limit the operating slip (within certain limits) independent of the rotor speed.  

Figure 4.11 shows the power distribution profile of DFIG in rotor and stator side during constant 

frequency operation. 

 

Figure 4.11: Power distribution in a DFIG wind turbine with fixed stator frequency (source: [6]) 

In variable stator frequency operation, the active power flow can be controlled as shown by the 

distributed power flow in Figure 4.12 to decrease the power flowing through the rotor. As a result, 

higher load flows through the stator. 



 

88 

 

Figure 4.12: Power distribution in a DFIG wind turbine with fixed stator frequency (source:[6]) 

 

In reference [4], they have used linearly sliding frequency with the range of 17% and 10% to 

simulate the variable frequency operation of DFIG based HVDC-link. Similarly, Feehally et al in 

reference [5] have used the concept of frequency-limited operation to vary the frequency linearly 

within 2:1 range to operate the DFIG as an aero generator. Muljadi et al. in reference [3] has also 

used linear relationship to generate the variable frequency within the range of 5%.  

As the stator frequency is set free, we can limit the slip to decrease the stator frequency range with 

respect to the rotor speed. So, we assumed the variation of slip between +15% at low speeds to the 

-5% at high speeds and generated the polynomial to obtain the slip corresponding to the rotor 

speed. The stator frequency reference can be written as: 

f ∗ =
1

(1 − s)
. fr 

f ∗ = stator frequency and fr = rotor frequency 

y = 0.0125x2 − 0.0025x + 0.2125                800
rad

mins
< x < 1200

rad

mins
                               (4.5)  

y = −0.05x + 0.05                                               1200
rad

mins
< x < 2000

rad

mins
                        (4.6) 
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In the above equations, ‘y’ represents the slip value corresponding to each speed (in radian/mins) 

‘x’ in the equation. Two different equations are used to calculate the slip in sub- and super-

synchronous regions. 

This equation is used to estimate the slip that falls within +15% for low wind speed and -5% for 

high wind speed. The second order polynomial is assumed because the slip value will be more 

uniformly distributed within the range. 

Table 4.1: Stator frequency table (non-optimal) 

 

Rotational Speed [RPM] Slip (-5 %< slip < 20%) Rotational Speed [RPM] Slip 

800 15% 1500 -2.5% 

900 10% 1600 -3% 

1000 5% 1700 -3.5% 

1100 1% 1800 -4% 

1200 -5% 1900 -4.5% 

1300 -1% 2000 -5% 

1400 -2% - - 

                                                    

The Table 4.1 is generated from the equations 4.5 and 4.6 and has been implemented as a look-

up table in the Simulink environment. And the simulation is run to see the relationship between 

the rotor power, stator power, RSC rating and other results of our interest.  

In the first section, we describe and show the simulation results depicting the relationship of the 

rotor power and the slip.  

Here, as can be seen in the Figure 4.13, the rotor voltage decreases as the rotor speed increases 

(in other words voltage at the rotor side decreases linearly with the operating slip).  
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Figure 4.13: The fundamental component of the rotor voltage  

 

Figure 4.14: The rotor current (decreases by small amount) 

Similarly, the rotor current in Figure 4.14 also decreases with the rotational speed (rpm). Here, the 

rotor voltage goes to zero as the slip becomes zero and it further starts increasing as the slip 

increases in the negative side.  

At time = 6s in Figure 4.13 (when the wind speed is 1300 RPM (9 m/s), the value of slip changes 

to negative so that current changes the direction). As the voltage decreases with the slip, the rotor 

power also decreases with the slip as shown in the Figure 4.15. This shows the proportional relation 

between the rotor power and the slip of the machine.  

But as seen in the Figure 4.15 the rotor active power flow does not change the direction at time = 

6 seconds when the slip changes to negative. It is because of the small slip within -5% is used in 

the super-synchronous region. So, the slip power is not fully sufficient to compensate the losses in 
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the system. So as the wind speed increases, the rotor current decreases showing that RSC consumes 

less power at the high speed.  

Figure 4.15: Rotor active power which decreases with the decrease in the slip 

Now, following section observes the rotor power, stator power and the efficiency of the system for 

variable frequency operation.  

Total output power from the system is calculated as the sum of the rotor power and stator power. 

In calculation, total output power is taken as the total power flowing through the resistive load 

which is the product of voltage and current flowing through the resistor. 

P =  PS + PR = VDC ∗  IDC (As the resistive load is used in the output) 

Converter rating =  
PR

PS
 

The efficiency is calculated as the ratio of total electrical output power (from the rotor and the 

stator) to the mechanical input power, neglecting the converter losses and generator core and stray 

losses. Similarly, converter rating is measured in terms of the power flowing through the rotor as 

compared to the power flowing through the stator. So, the ratio of rotor power and the stator power 

gives the converter rating. As we see in the Table 4.2 below, the input power is decreasing which 

is in contrast to the basic relation that power available at the input is proportional to the cubic of 

the rotational speed in radians/sec. But, the current system has constant load resistance and the 
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output voltage is also made constant by the control system and so, the power consumed by the load 

is constant in this simulation model. The input power in the generator is given by the product of 

electromagnetic torque and the rotational speed of the rotor. As the rotational speed increases, the 

efficiency of the system also increases (as the output power is the available input power minus the 

losses in the system), the control system controls the electromagnetic torque to control the input 

power and make the load power constant. The simulation of the complete system shows the 

following results: 

Table 4.2: Converter rating, speed range and the efficiency of the system (DC output voltage is 

constant at 200 V during this simulation) 
 

DC-Link Voltage  200V 200V 200V 200V 200V 

Speed (RPM) 800  1000 1200 1500 2000 

Slip 15% 8% 2.5% -3.38% -1% 

Stator power  -3346 -3121 -2783 -2730 -2597 

Rotor Power (% 

Rating) 

700 

(21%) 

462.22 

(14.81%) 

306.13(11.18%) 210 (7.8%) 180.4 

(6.47%) 

Mechanical 

Power  

3.21 

KW 

2.98 KW 2.86 KW 2.57 KW 2.44 KW 

 Efficiency (%) 60.10% 66.91% 69.74% 77.71% 81.97% 

 

From Table 4.2, it can be seen that the system efficiency is lowest at the minimum speed of 800 

r/min at 60.10%, which corresponds to the maximum circulating power (the rotor consumes 

maximum amount of power at this speed). The efficiency is highest at 2000 r/min (81.97%), where 

both rotor and the stator are supplying the power. Because of the circulating power, the sub-

synchronous operating condition requires a significantly higher rating of both the rotor converter 
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and the stator side rectifier, compared with the super-synchronous operation with the same 

magnitude of slip.  

 

Figure 4.16: Rotor converter power rating and power efficiency curve 

Now, running the same simulation model for fixed frequency operation to calculate the power 

flowing through the rotor, stator and the efficiency of the system. The result obtained after the 

simulation is presented below in the Table 4.3. The simulation is run within ±40% slip range and 

the rotor speed varies from 800 rad/min to 1600 rad/min (in 2:1 speed range). The output DC-link 

voltage is constant in this case also. The power efficiency and converter rating graph shown in 

Figure 4.17 shows the efficiency of the fixed frequency system at the lowest speed (800 rad/min) 

to be 57.98% which is lower compared to the variable frequency and at the highest speed is 78.1%  

(is comparable to the variable frequency operation). The stator power and rotor power generated 

by the system is used to calculate the rotor side converter rating and it can be observed that the 

converter rating at sub-synchronous speed is higher than the converter rating at the super-

synchronous speed. Similarly, the efficiency of the system increases with the speed and it is higher 

in the super-synchronous operation region. 
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Table 4.3: For fixed frequency operation (the efficiency and the rating of the converter (include 

converter rating 

DC-link 

voltage (V) 

200V 200V 200V 200V 200V 

Speed (RPM) 800 1000 1200  1400 1600 

Slip 40% (60 Hz) 20% (60 Hz) 0% (60 Hz) -20% (60 Hz) -40% (60 Hz) 

Stator power   -3690 -2730 -2086 -1880 -1802.1 

Rotor Power  1500 (41%) 808 (29%) 300 (14.38%) -342 

(18.19%) 

-618.8 

(34.3%) 

Mechanical 

Power  

-3508.3 -2842.4 -2667.2 -2630.5 -2564.1 

Efficiency 

(%) 

57.16% 70.37% 75% 76.03% 78.1% 

 

 

Figure 4.17: Converter rating and efficiency at constant frequency 

4.2.3 Speed range extension 

The deviation from the synchronous speed gives the speed range. For fixed frequency system, if, 

for example, the synchronous frequency is 60 Hz (equal to 1200 RPM), then the system is running 
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at 40% slip. This reduces the efficiency of the system drastically and in addition, it increases the 

converter rating as the speed goes higher (away from the synchronous speed). This is the reason 

of operating the fixed frequency system around the synchronous speed. But, this prohibits the wind 

generator from running at optimal tip speed ratio (TSR) and so, the aerodynamic losses increases 

by large amount.  

From the observation in Table 4.2 (variable frequency operation) and Table 4.3 (fixed frequency 

operation), it can be seen that the converter rating has direct relationship with the mechanical speed 

range of the turbine. So, when the turbine speed range is 1800 to 2000 radians/min, the rating of 

the converter is smaller as compared to the speed range at 800 to 2000 RPM. It shows that as the 

speed range decreases, the converter rating can be reduced and with the increase in the converter 

rating, the mechanical speed range of the system can also be increased. This reduces the 

aerodynamic losses because the system can capture the power from the very low wind speed as 

well as very high wind gusts. So, this can be run at optimal tip-speed ratio even at very low speed. 

The histogram shown in Figure 4.18 shows the trend of converter rating for different speed range. 

For the speed range (800 to 2000 RPM), the converter rating required is 21.24% and as the speed 

range decreases further towards the left, the converter rating also decreases. The converter rating 

for the speed range (1800 – 2000 RPM) is only 9.26%. The Table 4.4 following the Figure 4.18 

compares the two different system on the basis of mechanical speed range and the converter rating. 

The Table 4.4 clearly shows that, for the fixed frequency operation the speed range is 2:1 and the 

converter rating is 41% if the system is allowed to run at 40% slip. For the variable frequency, the 

converter rating is 21% (as the system is run at limited 15% slip for the lowest wind speed) and 

the speed range is 2.5:1 for the frequency variation of 2:1.  
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Figure 4.18: Converter rating versus speed range graph 

Table 4.4: Mechanical speed range vs converter rating 

Generating mode Mechanical speed range Electrical frequency 

range 

Converter rating (% 

system rating) 

Constant frequency 2:1 (±33%) Constant 41% 

Variable frequency 2.5:1 2:1 21% 

 

So, one can see the improvement in both speed range and the converter rating as compared to the 

constant frequency operation, and the DC output voltage is kept fairly constant within the speed 

range.  

The Figure 4.19 shows the speed range for constant frequency and the speed range for variable 

frequency operation can be observed in the Figure 4.20. The converter rating is kept constant at 

21% during this simulation. It can be clearly seen that the speed range is way smaller at the constant 

frequency as compared to the variable frequency. 
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Figure 4.19: Constant frequency converter rating and efficiency 

 

Figure 4.20: Variable frequency converter rating and efficiency 

This is one very important observation that distinguishes the important of the variable frequency 

operation in the extension of the mechanical speed range of operation of the doubly fed induction 

generator based wind energy conversion system. 
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4.2.4 Optimal frequency generation: 

Stator frequency does not have direct relationship with any of these parameters but as it affects the 

slip of the machine, stator frequency definitely should have relation with the losses, torque 

generated and power flowing through the air gap. So, it should affect the overall efficiency of the 

system. So, optimal stator frequency can be found so that the air-gap power generated is maximum 

for that rotational speed. Simulation is completed to generate the optimal frequency of the system 

within ±20% slip (constraint) by making d- component of the rotor current (which determines the 

stator flux) constant to some rated value (22 Amperes in this simulation) and allowed the voltage 

to change with the stator frequency. As the rotational speed is fixed and the stator frequency is 

varied by changing the slip within ±20% range so that system can look at the efficiency for the 

stator frequency above and below the frequency set for the given constant speed. In the simulation 

model, d-rotor component used is 22 Amps and the slip is varied within the range of ±20%.  

Through the iterative simulation for each individual speed within the speed range of 800 RPM to 

2000 RPM, the optimal stator frequency (that gives maximum efficiency in terms of power) for 

each rotational speed is found as shown in the Figures 4.19 to 4.21 for the rotational speeds of 

800 RPM, 1600 RPM and 2000 RPM respectively. The Table 4.5 following the graphs shows 

stator frequency values for all the rotational speeds within the speed range of 800 RPM to 200 

RPM. The graphs in Figure 4.19 to Figure 4.21 shows the variation of the efficiency of the 

system (ratio of the output power and the input power) with respect to the stator frequency range 

defined by the ±20% slip range for individual rotor speeds (800, 1600 and 2000 RPM in these 

graph respectively). 
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Figure 4.21: Optimal stator freq. at (a.)1600 RPM                 Figure 4.21 (b): At 800 RPM 

 

Figure 4.21 (c): Optimal stator frequency at 2000 RPM 

Table 4.5: Generated Optimal Frequency Table (constraint within 20% slip) 

Rotor Speed 

in RPM 

800 900 1000 1100 1200 1300 

Optimal Slip +20% +15% 12% +5% -5% -7.5% 

Frequency 

[RPM]  

960  1035  1120  1155  1140  1202 

Frequency 

(Hz) 

50.96  54.93 59.45  61.31  60.51  63.83  
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Speed [RPM] 1400 1500 1600 1700 1800 1900 2000 

Optimal slip -9% -10% -12% -12.6% -13% -14.8% 16% 

Optimal Frequency [RPM] 1274  1350  1408  1566  1566  1618.8  1680  

 

Finally, we developed a lookup table of the optimal frequencies for each rotor speed and simulated 

the whole system to observe the rotor and the stator power flow. In this case, the slip range varies 

within the constraint of ±20%. The output DC link capacitor voltage is maintained constant at the 

rated value of 200 Volts.  

 

Figure 4.22: Efficiency graph (the efficiency values are in percentage) 

Figure 4.22 shows the variation of efficiency and converter with respect to the mechanical speed 

range in revolutions per minute (RPM). The same data is also summarized in tabular form in the 

Table 4.6 below. 
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Table 4.6: Converter rating and efficiency for the optimal frequency 

 

Drive speed 

(RPM) 

800 1000 1200 1500 2000 

Slip 20% 6.5% -5% -10% -16% 

Rotor Power 

(% Rating) 

24% 8% 7% -4% -14% 

 Efficiency 

(%) 

61.79% 70.34% 78.32% 83.32% 85.68% 

 

By close observation of the graph of Figure 4.22 and Table 4.6, it can be seen that the efficiency 

at the low speed is around 61.79% with 24% of the power flowing into the rotor side converter. At 

high wind speeds, the efficiency is 85.68% with the converter rating of -14%. Negative sign shows 

that the rotor is also injecting power into the load, which means, the rotor and the stator power are 

distributed to supply the load power.  

Now, comparing this observation at the optimal frequency to the result from the assumed 

polynomial slip variation, the efficiency of the system is increased, having 85.68% efficiency at 

the highest frequency and 61.79% at lowest frequency. Moreover, the power seems to be 

distributed better than the previous one with non-optimal operation slip consuming almost equal 

rotor power in both synchronous and super-synchronous region. 
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CHAPTER FIVE 

CONCLUSION 

 

Objective of this thesis was to implement the Stator Flux oriented Control System to regulate the 

output DC link voltage of the DFIG-DC system and perform further analyses to increase the speed 

range of the generator and reduce the rotor side converter rating. In addition, some work has been 

done to find the optimal frequencies to improve the power efficiency of the whole system.  

The simulation results show that the operating speed range increases beyond the range of 2.5:1 

without increasing the converter rating (keeping it around 21%). This helps in operating the 

generator system in optimal tip speed ratio and near the optimal tracking characteristics. The 

variable frequency operation of the DFIG-DC system allowed the limitation of slip (as variable 

stator frequency provides an additional degree of freedom) to reduce the power flowing through 

the rotor and to increase the speed range of operation without increasing the converter power rating 

significantly. As compared to fixed frequency system, the speed range was increased to 2.5:1 (2:1 

was for constant frequency operation) and the converter rating was decreased to 21%. Complete 

simulation model was used to find the optimal stator frequency (for each rotational speed) at which 

the power efficiency of the system is maximum. This simulation was run under the slip constraint 

of ±20% so that efficiency can be improved without exceeding the converter rating of 

approximately 24%. The optimal stator frequency table thus generated was used as a lookup table 

to operate the DFIG-DC system. It was observed that the system efficiency increased by 4% but 

the converter rating increased by 3% as well. As described above, the overall observation of 
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efficiency, RSC rating and Speed range (for fixed frequency operation, variable frequency 

operation with and without optimal stator frequency) is summarized below in Table 5.1: 

Table 5.1: Summary of the complete analysis 

 

 Constant Frequency 

operation 

Non-optimal slip 

(assumed) 

Optimal Slip 

Efficiency 78.1% 81.97% 85.68%  

RSC Rating 41 % (@ 40% max. slip) 21% (@ 15% max. 

slip ) 

24 % (@ 20% max. 

slip) 

Speed Range 2:1  2.5:1 2.5:1  
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APPENDIX A 

MATLAB CODE USED FOR THE SIMULATION 

 

close all 

clear all 

clc 

 

% DFIG paramters -> Rotor parameters referred to the stator 

 

Ps = 7600;                                          % Rated stator power (W) 

Vs = 230;                                           %Rated stator voltage (V) 

Is = 14;                                               % Rated stator current (A) 

fs = 60;                                               % nominal stator frequency (Hz) 

n = 1200;                                            %Rated Rotational speed (rev/min) 

RPM_max = 2000; 

Tem = Ps/(2*pi*fs);                           % Rated torque (Newton-meters) 

  

p = 3;                                                  % Pole pair 

Vr = 195;                                            % Rated rotor voltage (V) 

u = Vs/Vr;                                           % Stator/rotor turns ratio 

Ir = 26;                                                % Rated Rotor Current (A) 

smax = 1/3;                                         % Maximum slip 

Vr_stator = (Vr*smax)*u;                  % Rated rotor voltage referred to the stator 

  

Rs = 0.2167;                                       % Stator resistance (ohm) 

Lsl = 0.751e-3;                                   % leakage inductance (stator and rotor) 

Lm = 19.922e-3;                                 % Magnetizing inductance 

Rr = 0.4570;                                        % rotor resistance in stator reference frame 

Ls = Lm + Lsl;                                    % stator resistance  

Lr = Lm + Lsl;                                    % rotor resistance in stator reference frame 

  

Vbus = Vr_stator*sqrt(2);                   % DC_link capacitor voltage 

% Vbus = Vr*sqrt(2);                          % DC_link capacitor voltage 

  

sigma_s = Lsl/Lm; 

  

%%Turbine Aerodynamic parameters from references [1, 2]  

 

J = 127;                                               %Inertia 

D = 1e-3;                                             %Damping 

G_ratio = 7;                                         % Gear box_ratio 

rho = 1.225;                                         % air density 
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Radius = 3.24;                                     % length of the blade 

Cp_max = 0.44;                                               % Maximum power coefficient 

lambda_opt = 7.2;                                           % Optimum TSR 

  

K_wind = ((0.5*rho*pi*(Radius^5)*Cp_max)/(lambda_opt^3)); 

   

fsw = 20e3;                                                       %switching frequency 

Ts = 1/fsw;                                                       %sampling time (s) 

 

% PI controller parameters (inner loop current controllers) 

 

fi = 450;                                                           % frequency of the inner current control loop (HZ),   

wn_i = 2*pi*fi;                                                % in rad 

zeta_i = 0.78; 

  

tau_r = Lr/Rr; 

sigma = (1 - power(Lm,2)/(Ls*Lr)); 

  

Kp_id = (2*zeta_i*wn_i*sigma*tau_r) - 1; 

Kp_iq = Kp_id; 

  

Ki_id = (wn_i^2)*tau_r*sigma; 

Ki_iq = Ki_id; 

  

% Transfer function 

num = [Kp_id/(sigma*tau_r) Ki_id/(sigma*tau_r)]; 

den = [1 (1+Kp_id)/(sigma*tau_r) Ki_id/(sigma*tau_r)]; 

sys = tf (num,den); 

 

% outer_loop HVDC Voltage controller parameters 

C_HVDC = 20e-03; 

f_dc = 5;                                             % frequency of the inner current control loop (HZ) 

wn_dc = 2*pi*f_dc;                           % in rad 

zeta_dc = 0.7 ; 

  

Kp_dc = zeta_dc*wn_dc*C_HVDC;  

Ki_dc = wn_dc.^2*C_HVDC/2; 

  

% Transfer function 

num_hvdc = [(2*Kp_dc)/C_HVDC (2*Ki_dc)/C_HVDC]; 

den_hvdc = [1 (2*Kp_dc)/C_HVDC (2*Ki_dc)/C_HVDC]; 

sys_hvdc = tf (num_hvdc,den_hvdc); 

 



 

106 

APPENDIX B 

 

CONSTANT FREQUENCY SIMULATION 

 

 

The plot in figure shows the efficiency and converter rating for 20% slip range simulation. The 

stator frequency look-up table is non-optimal. 

 

Figure B.1: Converter rating and efficiency curve for 20% slip variation simulation 

Maximum efficiency is 80.48% at maximum speed 2000 RPM.  

Maximum converter rating is 22% at minimum speed of 800 RPM.                



 

 
 

107 

REFERENCES 

1. “Energy statistics 2015”, a report by Danish Energy Agency. Retrieved from 

https://ens.dk/sites/ens.dk/files/Statistik/energy_statistics_2015.pdf. 

 

2. G. Abad, J. Lopez, M. Rodriguez, L. Marroyo, and G. Iwanski, “Doubly fed induction 

Machine modelling and control for wind energy applications”, Wiley-IEEE Press, 2011. 

 

3. R. Pena, J.C. Clare, and G.M. Asher, “Doubly fed induction generator using back-to-back 

PWM converters and its application to variable-speed wind-energy generation,” IEE Proc. 

Elect. Power Appl. Vol. 143, No 5, September 1996. 

 

4. G.D. Marques and M.F. Iacchetti, “Stator frequency regulation in a field-oriented 

controlled DFIG connected to a dc link”, IEEE Transactions on Industrial Electronics, Vol. 

61, no. 11, pp. 5930-5939, Nov. 2014. 

 

5. E. Muljadi, M. Singh, and V. Gevorgian, “Doubly fed induction generator in an offshore 

windfarm operated at rated V/Hz,” IEEE Transactions on Industry Applications, Vol. 49, 

No. 5, September/October 2013. 

 

6. C. Feltes, and I. Elrich, “Variable frequency operation at DFIG based wind-farm connected 

to the grid though VSC-HVDC link,” IEEE Power Engineering Society General Meeting, 

June 2007. 

 

7. E. Muljadi, M. Singh, and V. Gevorgian, “Variable Frequency Operation of a HVDC-VSC 

Interconnected Type 1 Offshore Wind Power Plant”, IEEE Power and Energy General 

Society Meeting, 2013. 

 

8. Tom Feehally, and Judith M. Apsley, “The Doubly fed induction Machine as an Aero 

Generator,” IEEE Transactions on Industry Applications, Vol. 51, No. 4, July/August 

2015. 

 

9. M.F. Iacchetti, G.D. Marques, and R. Perini, “A scheme for power control of DFIG 

connected to a dc-bus via a diode rectifier,” IEEE Transactions on Power electronics, Vol. 

30, No. 3, pp. 1286-1296, March 2015. 

 

10. Himanshu Mishra, Akhila Gundavarapu, and Amit Kumar Jain, “Control Scheme for DC 

voltage Regulation of Stand-alone DFIG-DC system”, IEEE Transactions on Industrial 

Electronics, Vol 64, No. 4, April 2015. 

 

 



 

108 

11. M.F. Iacchetti, and G.D. Marques, “Voltage control in a DFIG-DC system connected to a 

stand-alone dc load,” in proceedings 9th international conference Compat. Power 

Electronics, June 24-26, 2015, pp 323-328. 

 

12. Ned Mohan, “Electric machines and Drives: a first course”, Wiley, 2012. 

 

13. A. Gerlando, G. Foglia, M. F. Iacchetti, and R. Perini, “Comprehensive Steady-state 

analytical model of a three-phase diode rectifier connected to a constant DC voltage 

source”, IET Power electronics, 3rd January 2013. 

 

14. J.A.M Bleijs, “Continuous conduction mode operation of three-phase diode bridge rectifier 

with constant load voltage”, IEE Proc.-Electrical Power Appl., Vol. 152, No. 2, March 

2005. 

 

15. R. Pena, J.C. Clare, and G.M. Asher, “doubly fed induction generator using back-to-back 

PWM converters supplying an isolated load from a variable speed wind turbine,” Proc. 

Inst. Elect. Eng. Elect. Power Appl. Vol. 143, pp 231-241, May 1996. 

 

16. S. Muller, M. Deicke, Rik W., and De Doncker, “Doubly fed Induction Generator systems 

for wind turbines,” IEEE Industry Applications Magazine, May/June 2002. 

 

17. Dawei Xiang, Li Ran, Jim R. Bumby, Peter J. Tavner, and Shunchang Yang, “Coordinated 

control of an HVDC Link and Doubly Fed Induction Generators in a Large Offshore Wind 

Farm,” IEEE Transactions on Power Delivery, Vol. 21, No. 1, January 2006. 

 

18. G.D. Marques, and Matteo F. Iacchetti, “Field-Weakening Control for Efficiency 

Optimization in a DFIG Connected to a DC-link,” IEEE Transactions on Industrial 

Electronics, Vol 63, No. 6, June 2016. 

 

19. I. Boldea, and S.A. Nasar, the Induction machine Handbook. Boca Raton, FL, USA: CRC 

Press, 2002, Chapter 16. 

 

20. Bodin, A. “HVDC Light-A Preferable Power Transmission System for Renewable 

Energies.” Proceedings of the 2011 Third International Youth Conference on Energetics; 

July 7-9, 2011, Leiria, Portugal. 

 

21. Heng Nian, and Xilu Yi, “Coordinated Control strategy for doubly-fed induction generator 

with DC connection topology,” IET Renewable power generation, 2015, Vol 9, Issue 7, 

pp. 747-756. 

 

22.  Li. Wang, and Kuo-Hua Wang, “Dynamic stability analysis of a DFIG-based offshore 

wind farm connected to a power grid through an HVDC link”, IEEE Transactions on Power 

systems, 2011, Vol. 26, No. (3), pp. 1501-1510. 



 

109 

 

23. S.M. Muyeen, and Takahashi Rion, Junji Tamura, “Operation and control of HVDC-

connected offshore wind farm”, IEEE transactions on sustainable energy, 2010, Vol1, No. 

(1), pp. 30-37. 

 

24. G. Gail, A.D. Hansen, and T. hartkopf, “Controller design and analysis of a variable speed 

wind turbine with doubly-fed induction generator”, in proceedings EWEC, Athens, Greece, 

pp. 1-6, 2006. 

 

25. Gil D. Marques, and Matteo F. Iacchetti, ”Sensor less Frequency and Voltage Control in 

the Stand-alone DFIG-DC system”, IEEE Transactions on Industrial Electronics, Vol. 64, 

No. 3, March 2017. 

 

26. P. Karlsson, and J. Svensson, “DC bus voltage control for a distributed power system,” 

IEEE Transactions on Power electronics, vol. 18, no 6, pp 1405-1412, Dec. 2003. 

 

27. M.F. Iacchetti, G.D. Marques, and R. Perini, “Torque ripple reduction in a DFIG-DC 

system by resonant current controllers,” IEEE Transactions on Power Electronics, Vol. 30, 

no. 8, pp. 4244-4254, Aug. 2015. 

 

28. G. Iwansky, and W. Koczara, “DFIG-based power generation system with UPS function 

for variable-speed applications,” IEEE Transactions on Industrial Electronics, Vol. 55, no. 

8, pp. 3047-3054, Aug. 2008. 

 

29. R. Cardenas, R. Pena, S. Alepuz, and G. Asher, “Overview of control systems for the 

operation of DFIGs in wind energy applications,” IEEE Transactions on Industrial 

Electronics, Vol. 60, no. 7, pp. 2776-2798, Jul. 2013. 

 

30. Li Mengjie, Wang Lingxiang, and Xie zhen, “Control strategy of wide-speed-range doubly 

fed induction generator based on stator-winding short circuited in low speed mode,” 

proceedings of the 36th Chinese Control Conference, July 26-28, 2017, Dalian, China. 

 

31. B. Hopfensperger, D. J. Atkinson, and R. A. Lakin, “Stator-flux-oriented control of doubly 

fed induction machine with and without position-encoder,” Proceedings of Inst. Elect. 

Eng.-Elect. Power Appl., 147(40: 241-250, 2000. 

 

32. Tetsuji Daido, Yushi Miura, Toshifumi Ise, and Yuki Sato, “Characteristics on Stand-alone 

Operation of a Doubly-fed Induction Generator Applied to Adjustable speed Gas Engine 

Cogeneration system”, Journal of Power electronics, Vol. 13, no. 5, September 2013. 

 

33. W. Leonhard, “Control of electrical drives”, Springer Verlag, 1985.  

 



 

110 

34. Himanshu Mishra, and Amit Kumar Jain, “Analysis of Stand-alone DFIG-DC system and 

DC Voltage Regulation with Reduced Sensors”, IEEE Transactions on Industrial 

Electronics, Vol. 64, No. 6, June 2017. 

 

35. G. Iwanski, and W. Koczara, “Rotor current PI controllers in the method of output voltage 

control of variable speed standalone DFIG”, proceedings IEEE International Symposium 

Ind. Electronics, June 2008, pp. 2450-2455. 

 

36. G.D. Marques, and M.F. Iacchetti, “A self-sensing stator-current-based control system of 

a DFIG connected to a dc-link”, IEEE Transactions on Industrial Electronics, Vol. 62, no. 

10, pp. 6140-6150, October 2015. 

 

37. G.D. Marques, D.M. Sousa, and M.F. Iacchetti, “Air-gap Power based sensor less control 

in a DFIG connected to a DC link”, IEEE Transactions Energy Conversion, Vol. 30, no. 1, 

pp. 367-375, March 2015. 

 

38. R. Pena, R. Cardenas, and G. Asher, “Overview of control systems for the operation of 

DFIGs in wind energy applications”, in Proceedings 39th annual Conference IEEE 

Industrial Electronics Society, Nov. 2013, pp. 88-95. 

 

39. M.F. Iacchetti, G.D. Marques, and R. Perini, “Operation and design issues of a DFIG Stator 

connected to a DC-net by a diode rectifier,” IET Electric power applications, Vol. 8, no. 8, 

pp. 310-319, September 2014. 

 

40. Qian Liu, and Kay Hameyer, “Wind Turbine with Mechanical Power split Transmission to 

reduce the power electronic Devices: An experimental Validation”, IEEE Transactions on 

Industrial Electronics, Vol. 64, No. 11, November 2017. 

 

41. Ming Cheng, and Ying Zhu, “The state of the art of wind energy conversion systems and 

technologies: A review”, Energy conversion and management 88 (2014) 332 – 3.



 

 
 

 

BIOGRAPHICAL SKETCH 

Manish Niraula was born in Khotang, Nepal. He received his Bachelor of Engineering (B.E.) in 

Electronics and Communication engineering from Purbanchal University School of Engineering 

and Technology (PUSET), Biratnagar, Nepal in 2014. He entered the Master of Science in 

Electrical Engineering program in fall 2016 at The University of Texas at Dallas. He works as a 

Research Assistant at Renewable Energy and Vehicular Technology Laboratory (REVT) at The 

University of Texas at Dallas. His research interests include advances in power electronics and 

controls, electric machines and drives.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CURRICULUM VITAE 

MANISH NIRAULA 

Address: 800 West Campbell Rd, Richardson, TX 75080 

Email: mxn161130@utdallas.edu 

 

EDUCATION 

Master of Science in Electrical Engineering 

(Power electronics and Energy Storage systems)                                                                May 2018 

The University of Texas at Dallas, Richardson, Texas                                                    

 

Bachelor of Engineering (Electronics and Communication)                                              Dec. 2014 

Purbanchal University School of Engineering and Technology [PUSET], Nepal         

 

PROFESSIONAL EXPERIENCE 

 

Research and Development member and Trainer                             February 2014 – May 2016 

Robotics Association of Nepal – [RAN] 

 

RESEARCH ASSISTANT EXPERIENCE 

 

Graduate Student Researcher                                                             November 2016 – May 2018 

Renewable Energy and Vehicular Technology Laboratory (REVT) 
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RESEARCH INTERESTS 

 

Power electronic circuits, Electric machines and drives, Renewable energy and applications, 

Electrical vehicles technology 

 

TECHNICAL SKILLS 

 

Software: MATLAB/SIMULINK, Altium Designer, Eagle, ANSYS (Maxwell and Simplorer), 

Cadence designs 

Embedded Controllers: TI MSP430, AVR, Raspberry pi, Arduino 
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