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ABSTRACT 

The tenn "sensor-less" in power electronic drives refers to measurement of 

mechanical shaft position and/or speed from the currents and voltages of the electrical 

machine. This thesis presents innovative sensor-Iess means (a Slip Frequency Phase Lock 

Loop (PLL) and a y-8 Axes Aligner) for implementing decoupled P-Q control of a 

doubly-fed induction generator (DFIG) for wind-turbine application. Proofs of concepts 

are by digital simulations. 

The accuracy of the Slip Frequency Phase Lock Loop in speed estimation IS 

evaluated; the origin of a shortcoming (small phase lag) located and compensated for. 

The Slip Frequency Phase Lock Loop (PLL) and a y-8 Axes Aligner are then 

evaluated as parts of the decoupled P-Q control of a wind turbine driven doubly-ed 

induction generator. The research succeeds in realizing robust decoupled P-Q control, that 

is one in which the generator parameters do not have to be known precisely and can have 

minor variations such as drifts with temperature. The system has been successfully tested 

for optimal wind power acquisition. 



RÉSUMÉ 

Ce mémoire propose un algorithme de commande découplée de la puissance 

active et réactive (P-Q) pour une machine asynchrone à double alimentation. Cet 

algorithme a la particularité qu'il n'utilise pas les mesures de position et de vitesse de 

l'arbre de la machine. En lieu de ces mesures mécaniques, il utilise les mesures des 

courants et tensions de la machine. 

L'algorithme fonctionne à l'aide d'une boucle à verrouillage de phase de la 

fréquence de glissement et d'un mécanisme d'alignement d'axe y-8. L'algorithme est 

destiné notamment à la commande de la puissance active et réactive d'un ensemble 

éolienne-alternateur asynchrone à double alimentation. L'approche est validée à l'aide de 

simulations numériques. 

La précision de la boucle à verrouillage de phase de la fréquence de glissement 

comme mécanisme d'estimation de la vitesse de rotation de la machine est évaluée. 

L'origine d'une erreur d'estimation, un certain retard de phase, est identifiée et 

compensée. 

La boucle à verrouillage de phase de la fréquence de glissement et le mécanisme 

d'alignement d'axe y-8 sont évalués séparément. On démontre que l'algorithme de 

commande est robuste, car la connaissance exacte des paramètres constitutifs de la 

machine électrique n'est pas nécessaire au bon fonctionnement de celui-ci. Donc, des 

variations mineures de température ou des conditions de vent n'ont pas d'effet sur la 

performance de l'algorithme. On démontre enfin que l'algorithme de commande permet 

au couple éolienne-alternateur d'optimiser la conversion d'énergie en fonction de la 

vitesse du vent. 
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Chapter 1 

Introduction 

1.0 Overview 

Even though hamessing power from wind can be traced back to approximately 4000 

years, there has been a renewed interest in the subject in recent years. This is because 

wind energy, as with other renewable energy sources, meets the Kyoto Protocol 

requirement of being free of Green House Gas Emissions-C02, nitro us oxide and 

methane [1]. With the development of aerodynamic designs, wind turbines that can 

capture a few megawatts of power are available [2]. 

1.0.1 Renewable Energy Research in Canadian Universities 

Literature search shows that only a few universities in Canada are involved in 

research on wind and renewable resource: the University of New Brunswick has an 

NSERC Chair in Environrnental Design Engineering (Dr. Liuchen Chang, on wind and 

solar energy for agro-business and remote communities); Dalhousie University has "Nova 

Scotia Energy Project" to demonstrate how wind energy could be used to mitigate c1imate 

change (Dr. Larry Hughes and Dr. Tim Little); the University of Quebec at Rimouski has 

researched on wind energy assessment (Dr. Jean-Louis Chaumel). As wind energy 

research has been active only in recent years, it is possible that many groups have been 

left out because of publication delays. 

Wind Energy Research in McGill University 

In the late 1960s, funded by the Brace Research Institute, McGill University 

researched on wind power for pumping potable water in remote cornrnunities. Professor 

Joos, then a graduate student, simulated a wind turbine drive for a laboratory test of a 

wind generator. In the early 1970s when the OPEC nations raised the priee of energy, the 
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Société québécoise d'exploration minière (SOQUEM) contracted McGill University to do 

a feasibility study on energizing a salt mining operation on the Magdalen Islands with 

windpower. 

At that time, the existing knowledge on wind power in North America was 

summarized by P.c. Putnam, in his book Power From the Wind [3]. The lessons leamed 

from this contract were: wind power was of low density-requiring aggregation and of 

low reliability-requiring storage. Although research on wind energy per se was put on a 

back bumer when the price of energy dropped, McGill University continued research on 

induction generators [4] and power electronic controllers of interfaces [5]. After a lapse of 

almost three decades, on retuming to research on wind energy, it is found that the doubly­

fed induction generator is a contender in the choice of wind generators. 

AC Grid 

Transformer 

Front End 
Converter 

Rotor-side 
VSC 

DFIG 

Wind 
Turbine 

Fig.l-l System Configuration of Doubly-Fed Induction Generator 

The doubly-fed induction generator (DFIG) is an excellent choice as a wind generator 

because its stator can be connected directly to the 60 HZ ac grid even though the rotor 

speed 0Jm can be change with the prevailing wind velocity Vw ' The real power p. and the 

reactive power Qs from the stator si de can be controlled at the rotor si de by a Voltage­

Source Converter (VSC) connected to the slip-ring terminaIs. As shown in Fig.l-l, the 

rotor-side VSC is connected back-to-back on its dc si de to a second VSC (Front End 

Converter) which conveys the rotor slip frequency power to 60 Hz power of the utility 

grid. A transformer is usually needed to step up the low voltages of the VSC to ac grid 

voltages. The advantage of rotor-side control cornes from the lower kV A rating of the 
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VSCs. The reduction is by a factor of the maximum operating slip S max (usually 

Isl ~ 0.3). 

Research in DFIG 

The economic and technical advantages of the DFIG and the promise of wide 

applications in wind turbines have stimulated research [6-9] which combine sensorless 

schemes together with field orientated control. The objective of field orientated control is 

to achieve decoupled P-Q control. 

As we know, decoupled control ofthe real power ~ and the reactive power Qs ofthe 

DFIG requires the dynamic equations to be formulated in the synchronously rotating 

r - 8 reference frame. An absolute position encoder, which measures the rotor position, 

facilitates the erection of r - 8 reference frame which is common to both the stator-side 

and the rotor-side voltages [10]. The rotor speed ())m is obtained by differentiating the 

position from the encoder. 

As absolute position encoders are expensive, sensorless schemes [6,8,9] are preferred. 

Sensorless schemes are based on the measurements of the stator and the rotor currents 

from which the position of the airgap magnetizing flux axis is estimated and thereafter the 

position of the r - 8 axes is inferred. L. Morel, H. Godfroid, A. Mirzaian and J.M. 

Kauffmann [8] were the earliest pioneers to propose rotor position sensing in the DFIG. 

The rotor speed OJm is then obtained by differentiating the rotor position. Since 

differentiation is inherently a noisy operation and the rotor currents contain the harmonics 

of the Voltages-Source Converter (VSC) operated by PWM switching, errors in the rotor 

speed ()) m estimation are to be expected. 

1.1 Objectives Of Thesis 

From the work of previous researchers [6-9], the following weaknesses are noted in 

existing designs: 
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(1) the estimated rotor speed is noisy because the information is obtained by 

differentiating the estimated rotor position. Differentiation is inherently noisy. 

(2) the estimated rotor position is itself noisy because it is based on the 

measurements of the rotor currents which contain switching harmonics of the 

VSC. 

(3) the estimated rotor position method relies on having accurate information 

regarding the parameters of the DFIG. 

(4) the decoupled P-Q control method relies on having accurate information 

regarding the parameters of the DFIG. 

Therefore, it is desirable to have a decoupled P-Q control which is: (i) more accurate 

in speed measurement and (ii) robust and less sensitive to parameter variation. 

This thesis presents an alternative sensorless scheme based on: 

• An innovative Slip Frequency Phase Lock Loop which directly measures the rotor 

frequency OJr and the rotor speed OJm of the doubly-fed induction generator 

(DFIG). 

• A new r - 8 Axes Aligner. 

As the alternative sensorless scheme (Slip Frequency Phase Lock Loop and r - 8 

Axes Aligner) is just invented and reported in this thesis, proofs of concepts, at this early 

stage, are entirely by simulations. Simulations proofs of the sensorless scheme which 

enable decoupled P-Q control to be implemented at the rotor terminaIs of a DFIG are 

glVen. 

1.2 Research Tools 

The sensorless decoupled P-Q control of a DFIG mode1 has been evaluated using 

digital simulations. The simulation software is EMTP(R). EMTP(R) is a revised version 

of Professor Dommel's Electromagnetic Transient Pro gram and is being developed by 

Hydro-Quebec for power system planning. EMTP(R) has many features for incorporating 
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power electronic controllers and includes a software model of the wound rotor induction 

machine which is conveniently used to represent the DPlG. 

1.3 Organization of Thesis 

This thesis is organized as follows: 

• Chapter 1: Introduction. 

• Chapter 2: Slip Prequency Phase Lock Loop and new r - 0 Axes Aligner for 

DPlG. 

• Chapter 3: Speed estimation by using Slip Prequency Phase Lock Loop. 

• Chapter 4: Sensorless Decoupled P-Q Control for DPlG. 

• Chapter 5: Conclusions and future work 

Chapter 1: Chapter 1 introduces the development and advantage of DPlG in wind 

fanns and gives a brief description of the research on the sensorless decoupled P-Q 

control of the DPlG. 

Chapter 2: Chapter 2 describes the novel Slip Prequency Phase Lock Loop that is 

adapted from a traditional Phase Lock Loop (PLL). The chapter proposes a new r - 0 

Axes Aligner. r - 0 axes alignment is required to implement decoupled P-Q control at 

the rotor side. 

Chapter 3: Chapter 3 evaluates the accuracy of the speed estimation by the novel 

Slip Prequency Phase Lock Loop. A mathematical model of Slip Prequency Phase Lock 

Loop has been constructed to pinpoint the source of inaccuracy, which appears as a phase 

shift. It is found that the inaccuracy cornes from the electrical time constants of the DPlG 

and not from the Slip Prequency Phase Lock Loop. A phase shift compensation method is 

proposed and its adequacy is demonstrated by simulations. 

5 



Chapter 4: Chapter 4 presents mathematical models which have been used in the 

simulations of the thesis: model of the DFIG, model of the wind turbine, and the phase 

shift compensation method of chapter 3. They are incorporated incorporated into 

simulation models of the Slip Frequency Phase Lock Loop and the r - cS Axes Aligner of 

chapter 2. 

The sensorless, decoupled P-Q control of the DFIG as driven by a wind-turbine is 

simulated. It is shown that the CUITent Tracking Control enables decoupled P-Q control to 

be implemented without requiring accurate knowledge of the parameters of the DFIG. 

Chapter 5: The conclusions of the study are presented and the suggestions for 

future work are given. 
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Chapter 2 

Slip Frequency Phase Lock Loop and New r - <5 Axes Aligner 

forDFIG 

2.0 Introduction 

The altemate sensorless decoupled P-Q control for the DFIG of this thesis does not 

depend on differentiating the rotor position with respect to time to obtain the rotor speed. 

It is based on measuring the rotor slip frequency Olr • The measurement of the rotor 

frequency Olr is accomplished by a Slip Frequency Phase Lock Loop (PLL). Then the 

rotor speed in electrical radians/s is obtained from the equation Olm = Ols - Olr . 

The Slip Frequency PLL, has been adapted from the PLL in Mr. Jian Hu's McGill 

University Master thesis [11]. This PLL has been shown to be capable of: (1) excellent 

phase tracking, (2) broad range acquisition, (3) very good immunity against high 

frequency noise. The adaptation is necessary because as the rotor speed passes from sub­

synchronous (Olm < Ols) to super-synchronous (Olm > Ols) speed, the rotor frequency 

Olr = Ols - Olm passes from positive frequency through zero to negative frequency. As it is 

not clear how the phase detector and the Voltage Controlled Oscillator (VCO) in the 

conventional PLL will handle positive, zero and negative frequencies, the Slip Frequency 

PLL is proposed. 

The Slip Frequency PLL sidesteps the difficulties by letting the Voltage Controlled 

Oscillator (VCO) generate a frequency Olx ' treated as an algebraic unknown, which is 

added to the frequency Olr of the rotor currents. The VCO of the Slip Frequency PLL is 

then made to track the stator frequency Ols' The phase detector compares the sum 

(Olr + Olx ) with the stator frequency Ols and applies the error to the input of the VCO in 

negative feed back. As the PLL applies Olr + Olx to track the stator frequency Ols' the 

output frequency Olx of the VCO is always positive. Furthermore, the detector does not 

have to deal with zero or negative frequency. 
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On successful locking to the stator frequency, one has the equality (wr + wJ = ws ' 

Since one also has the relationship (wr + wm ) = W s from induction machine the ory, it 

follows that the frequency output of the VCO is the measurement of the rotor speed, i.e. 

W x = W m and furthermore the rotor frequency W r = W s - W x • 

From the Slip frequency PLL, one has the angular frequency (wr + wx ) which is the 

speed at which the r * - J* axes of the rotor currents rotate. Unfortunately, this rotor 

current r * - J* axes is not the r - J axes of the stator voltages which is required for the 

decoupled P-Q control of DFIG. A new r - J Axes Aligner is then proposed. It applies 

negative feedback to determine the angle <D by which the r * - J* axes of the rotor 

currents must be rotated in order to locate the stator voltage r - J axes. 

The information extracted by the Slip Frequency PLL are: (i) the rotor speed wm ' (ii) 

the rotor frequency W r • 

The information extracted by the r - J Axes Aligner is the position of the r - J 

frame at which decoupled P-Q control can be implemented by the rotor-side VSc. 

2.1 Traditional Three-Phase Lock Loop (PLL) 

For completeness, it is first necessary to present the traditional three-phase PLL which 

is illustrated in Fig.2-1 [11]. In the single phase PLL, there is the double frequency 

component after the detection stage which has to be filtered out. The double-frequency 

term is automatically cancelled out in the three-phase or two-phase PLL. This is 

important in power system application because the double frequency term is 120Hz and 

the filter will be costly for such low frequency. 

The first stage of three-phase PLL has a transformation from the a-b-c frame to the u­

~-O frame using the equations: 
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where Xa'Xb and Xc (e.g. stator side voltage or rotor side cUITent) are three-phase 

quantities in the a-b-c frame. 

X a' X fJ and Xo are three-phase quantities in the a-p-O frame. 

The Phase Lock Loop consists of a phase detector, a P-I block and a block of gainKv, 

which relates the input signal U f to the output frequency through the 

equation dOJ = KvU f. The central frequency of PLL OJo is added so that OJ = OJo + dOJ to 

improve the overall tracking performance of the PLL. After the lis block which relates 

angular frequency 0) to angle 8 are two function generators sinO and cosO. The Phase 

Detector in nulling the error Bu = V ca COS () - V cp sin () locks the phase 8 of the PLL to the 

phase angle of the a-p frame signaIs. As reported in [11], the Phase Lock Loop has 

excellent phase trac king performance with broad frequency acquisition range and good 

immunity against high frequency noise. 

Fig. 2-1 Structure of traditional three-phase Phase 
LockLoop 
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2.2 Slip Frequency Phase Lock Loop (PLL) 

The block Diagram of the Slip Frequency PLL, as shown in Fig.2-2 (a), is adapted 

from the traditional three-phase PLL of Fig. 2-1. Fig.2-2 (a) contains two phase Mixers 

(schematic shown in Fig.2-2 (b», the operation ofwhich is explained in 2.2.1. In Fig. 2-2 

(a), the block labeled as VCO comprises the three blocks [Kp+K/s], [Kv] and [lis] in 

Fig.2-1. 

The 3-phase voltages on the stator side are transformed to the 2-phase a-p frame 

voltage vector VJCOS(lVst + b.), sin(lVJ + b.)f . After transformation from the a-b-c 

frame to the 2-phase a-p frame, the rotor currents are represented by the rotor current 

vector: IR[coS(lVRt+bR), sin(lVRt+bR)f. The Phase Mixer adds the phase of the vector 

of the rotor currents IR [COS(lVRt + bR)' sin(lVRt + bR)]T to the phase of output vector of 

the VCO [COS(lVxt + bJ, sin(lVxt + bJf to yield the vector 

IR {COS[(lVRt + bR) + (lVi + bJ], COS[(lVRt + bR) + (lVi + bx)]} T. 

2.2.1 Phase Mixer 

The "summers" and "multipliers" in Phase Mixer block of Fig.2-2 (b) implement 

phase addition (or subtraction) in 2-phase systems. This is based on the trigonometric 

identities: 

(::~ : ~)=( :~:x :::X ::;J (2.2) 

As is well known, (2.2) also describes a rotational reference frame transformation. 

In fact, the Phase Mixer can be employed for transformations from the a-p frame to the y­

Ô frame and vice-versa. This transformation will be used in the decoupled P-Q control 

(see FigA-4). 

2.2.2 Phase Detector 
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The phase [(lURt+oR)+(mi+oJ] of the Phase Mixer output is compared with the 

phase of the output vector of the stator voltage VJ cos( lU st + os), sine m st + 0.) f in the 

Phase Detector. The Phase Detector outputs sin{(ms -lUx -lUR)t + (os -Ox -OR) which 

is applied as an "error" to the input to the VCO control block in negative feedback. Inside 

the VCO control block (see detail in Fig. 2-1), the "phase error" passes through a 

Proportional-Integral (P-I) block. The output of the P-I block is added to a constant 

frequency lUû to become lUx. The frequency lUû is set near to the stator frequency ms for 

fast frequency acquisition. After passing an Integrator Block, the output is (lUi + 0x) 

where the phase angle 0x arises as a constant of integration. When the phase error is 

small, sin{(lUs -lUx -mR)t+(os -ox -OR)} == {(lUs -lUx -mR)t+(os -ox -OR)} . When 

the error is nulled by the negative feedback, 

(2.3) 

2.2.3 Speed Estimation 

From (2.3), it follows that the Slip frequency PLL achieves the frequency equality 

(ms -lUx - mR) = 0 on tracking. As lUs = lUR + lUm from induction machine theory, the 

solution of the two simultaneous equations is lUx = lUm , the rotor speed in electrical 

radians/s. There is PWM switching noise from the rotor currents in the signal lUx which 

can be removed by a second-order filter as will be shown in Fig.3-11(Page 36). The 

filtering introduces a phase shift. If necessary the phase shift can be compensated for by a 

Lead-Iag block as will be discussed in section 3.4.1. 

The rotor frequency is lU R = ms - lU x . 

2.3 Proof of Concept of Slip Frequency PLL 

Fig.2-3(a) shows the simulation of the rotor currents in the vector [iRa, iRP]T=IR[ 

COS(roRt+DR), sin(roRt+DR)]T when the DFIG is extemally driven to undergo a transition 
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from sub-synchronous (positive slip) to super-synchronous (negative slip) rotor speed 

OJm • Fig.2-3(b) shows the outputs COS(CVRf + bR) and sin(OJRf + bR) of the lower Phase 

Mixer of Fig.2-1(a). This Phase Mixer deducts the phase angle (OJJ + bJ of the VCO 

control block from the phase angle (CVsf + b,) of the stator PLL. In both Fig.2-3(a) and 

(b), the current iRa lags i RfJ when the slip is positive and iRa leads i RfJ when the slip has 

changed to negative. Comparing Fig.2-3(b) with Fig.2-3(a), one concludes that the Slip 

Frequency PLL tracks the frequency and phase of the rotor currents. Fig.2-3( c) also 

shows the rotor speed and the estimated speed cv x' The estimate OJ x overlaps the rotor 

speed OJm • 

1500 2000 2500 
time (ms) 

(a) 

~ 0.5 

~ 

S 

2000 
time (ms) 

(h) 

1.1r----~---~ ___ ---~--_::::;;;--..... 
IDm 

Rotor Speed 

"il 1.05 
01- IDS 

~ 1 --------------------------~------------

~ 0.95 

°1~Io;;:OO~~~-::1-::'5'="'OO=-----=2~OO::-::O,-----:::-25::":0::-;::0,----""'30""'O:-:::O,....J 
tlme(ms) 

(c) 

Fig.2-3 Proof of Slip Frequency PLL: (a) a-~ frame rotor currents 

(h) Output of Rotor Slip PLL (c) Rotor Speed OJm and estimated speed CV x 
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2.4 a-p to y-3 Transformation 

2.4.1 Stator Voltage Transformation 

For decoupled P-Q control, it is desirable to set up a synchronously rotating y-3 frame 

by which the equations of the DFIG (see (2.4) below) has for its stator voltage vector the 

form[Vsr ' Vs8 f = vJl,of . In general, the 3-phase stator voltages on transformation to the 

u-p frame is[Vsa ' VsP f = VJcos(m/ + 8,),sin(wst + 8,)f . The Stator PLL in Fig.2-2 (a) 

acquires the information [cos(w/ + 8,),sin(mst + 8,)]. As mentioned in relation to (2.2), 

the Phase Mixer operation is the same as a rotational frame transformation. Applying the 

Phase Mixer to transform the stator voltages from the u- p to the y-3 frame: 

(2.4) 

The synchronously rotating r - 8 frame is established. 

2.4.2 Rotor Current Transformation 

The rotor CUITent vector, which originally isIR[cos(wRt+8R),sin(wRt+8R)f, has 

been transformed by the upper Phase Mixer III Fig. 2-2 (a) 

to 1 R[cos{(mxt + 8x) + (mRt + 8R)} , sin {(mi + 8J + (mRt + 8R)} f . The y-3 frame rotor 

currents is obtained by using a Phase Mixer to subtract the phase (mst + 8s) acquired by 

the Stator PLL. The resultant vector is IR[cos{(wi+8J+(wRt+8R)-(w/+8s)} ' 

cos{(mxt+8X)+(mRt+8R)-(Wst+8s)}]T. SincemX+wR-m
S 

=0, it follows that the 

which are in the synchronously rotating y*-3* frame of the rotor CUITents. The asterisks * 
in y* and 3* are to emphasize that although the rotor CUITents are in the synchronously 

rotating frame, the frame is not aligned to the desired stator voltage y-3 axes of (2.4). Fig. 
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2-4 illustrates the y*-cS* frame which is separated from the y-cS frame (defined by (2.4)) by 

an angle cD. The currents in the frame with asterisks and in the frame without asterisks are 

related by the angle rotation matrix in (2.5), an operation which can be implemented by 

the Phase Mixer of Fig. 2-2 (b): 

( ~ RY) = ( co.s <l> 
lRt5 - sm <l> 

sin <l»( ~ Ry* ) 

cos <l> l Rt5* 
(2.5) 

8* 

'-:::-------.----- Y 

y* 

Fig.2-4 y-8 and y*-8*axes frames separated by ~ 

2.4.3 y-cS Axes Aligner 

This thesis is oriented towards applying decoupled P-Q control to the DFIG. It is to be 

recalled that in the r - J reference frame, the stator-side real and reactive power are 

respectively p. = vsrisr + vs;)ss and reactive Qs = vsriss - vssisr. Decoupled P-Q control 

consists of making vss = 0 so p. = vsriss and Qs = vsriss. Therefore when the r - J axes 

are aligned such that vss = 0, the stator-side real and reactive power are obtained by 

controlling the currents isy and iss. Decoupled P-Q control requires establishing the 

r - J axes for which vss = 0, which is simple enough to do with an absolute position 

encoder to locate the axis of the a-phase rotor winding. The challenge in sensorless drive 
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research is to use electrical measurements to estimate mechanical measurements of 

position and velocity. 

The mathematical model of the DFIG in the y-8 frame will be presented as (4.12) in 

the chapter 4. The method of aligning the y-8 axes is weIl known [10] and consists setting 

vsJ = 0 in the second row in (4.12). However, it has been found that it is more reliable to 

use the equivalent by using first row of (4.12). This consists of equating vsr as computed 

in the first row of (4.12) to its measured value V.. 

The voltage vsr evaluated using the first row of (4.12) is: 

Vsr = Rsisr - OJs (Lmi;g + LJsg) 

It is based on omitting the d Idt termsin (4.12). 

(2.6) 

The voltage Vs is calculated from (2.4), where (Vs a, vsfl) have been transformed from the 

a-b-c frame stator voltage measurements and (cos( aJst+i\), sin( (1)st+i\}) are taken from the 

stator voltage PLL. 

Vs 

Fig.2-5 Block diagram ofy-8 Axes Aligner 

As shown in Fig. 2-5, the computed value of vsr is compared with Vs and the error E: after 

passing through a P-I Block becomes the angle <1>. The phase mixer rotates the phase 

angle of iRy*, iRa* by the angle <1> to yield an estimate of iRy, iRa in the vsr computation 

block which evaluates (2-6). When vsr = Vs, the equivalent vsJ = 0 is satisfied and the y-

8 axes is located for decoupled P-Q control to be implemented. 

After aligning the rotor to the stator y-8 axes, it can be shown by back substitution 

that: 

(1) <1> + ((1)J + bJ is the position of the rotor a-axis with respect to the stator a-axis. 

(2) the a-~ rotor frame voltage vector is: 

[VRa , VRP f = [VRr COs{ (pJst + bs) -<1>- (01) +bx)} ,vRJ sin {(01st + bs) -<1>-((1)) +bx)} f (2.7) 
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2.4.4 Proof of Concept-- y-8 Axes Aligner 

v, 
0.8 r--~\--_--~-__ ,'iJ"'N"_"""'_--__ --.I 
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(a) 

6r-----~----~----~----~~ 

.§ Absolute Position Encoder 

~2 \ fi. ~-~- Estimated Position ----- / 
~ Ol------.J 
0::: 

(b) 

Fig.2-6 Proof ofy-o Axes Aligner (a) vsr and Vs (b) Rotor Position 

(absolute Position encoder, estimated) 

In a simple test, the rotor of the DFIG is given a constant speed. Fig. 2-6 (a) shows 

the voltage vsr be/ore and after the activation of the y-8 axes aligner. In the same 

experiment, Fig. 2-6 (b) shows the estimated position of the DFIG rotor a-axis based on 

the formula cP+( {j)xt+5xJ. The software module ofthe DFIG is equipped with an absolute 

position encoder and its position is also displayed. The fast convergence of vsr to Vs and 

the overlap of the two graphs of rotor positions are indirect proofs of the success of the y-

8 axes aligner. 

2.4.5 Influence of error in Rs, Lis and Lm on Estimated Rotor Position 

From the previous section, the location of the y-8 axes is based on the equality 

Vsr = RJsr - OJ s (Lmi;o + Lsiso) . This implies that Rs,Ls and Lm must be 
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measured accurately before the decoupled P-Q control of the DFIG can be implemented. 

Furthermore, saturation and nonlinearity of iron core, as well as temperature-dependence 

of resistors, may cause deviations from the measured inductances and resistances in the 

DFIG. It is most desirable that the method is robust, i.e. the implementation is not too 

sensitive to parameter variation. In the following subsections, three different experiments 

have been performed to evaluate the sensitivity to the parameters Rs,Ls and Lm . The index 

chosen for evaluation is the rotor position which is estimated from the 

equationCl>+(lüxt+ox)where Cl> is obtained from the y-8 Axes Aligner of Fig.2-5 and 

(oJi + 0x) is obtained from the Slip Frequency PLL of Fig. 2-2 (a). 

2.4.5.1 Case Study-- Parameter Sensitivity -- Rs 

6.-----~----~----~----~~ 

500 R~~(ms) 504 

(a) 

506 

6.-----~----~----~----~~ 

'Ô5 Absolute Postion 
ri. Encoder 

'§4 S .. 
~ 3 ~~~~~ ..... - Estimated Position 

~ / 
~2 

~ 
0::1 

500 502 504 
fime(ms) 

506 

(b) 

Fig.2-7 Simulated waveforms of estimated (solid lines) and actual (dotted lines) rotor position 

(a) Rs =0; (b) Rs =2 X actual value. 

As we know, resistances are sensitive to temperature variation.1t means that the value 

of Rs is not fixed, but may be change with time. Fortunately, for the induction machine, 

Rs and RR are designed to be small to decrease power loss. In the case study, Rs and RR 
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are 0.0085, 0.01 p.u., respectively. Fig.2-7(a) and (b) shows the effect of variation in 

Rs on the estimation process. In the first case, Rs used in the estimation algorithm is 0 

and, in the second case, it is 2 times of the actual value. The plots show almost negligible 

errors in the computation of the rotor position, even at starting. 

2.4.5.2 Case Stndy Parameters Sensitivity - LIs and Lm 

LIS is the per phase stator winding leakage inductance. LIs is less sensitive to 

temperature variation than R s. Iron saturation affects both the leakage inductance LIs 

and the magnetizing inductance Lm ' the latter more so than the former. 

Estimated and measured values of the rotor position are compared in two tests for the 

variation of the parameter LIs. In the first case LIs in the control circuit is changed from 

nominal value of 0.086 p.u. to 0.0 p.u. In the second case, LIs takes the value 0.172 p.u. (2 

times 0.086 p.u.). Fig. 2-8 (a) and (b) show the difference between estimated and real 

rotor position based on the influence of the error on the leakage inductance of LIs. 

Another two tests have been performed to assess the sensitivity of the magnetizing 

inductance Lm . The differences between the estimated and real rotor position are 

represented in Fig.2-9(a) and (b), respectively for the value Lm =4.75 p.u. (1.5 times 

actual value) and the value Lm =1.55 p.u. (0.5 times actual value). The plots in Fig.2-8 

and Fig.2-9 show that the influence of the error on LIs and Lm is almost negligible in the 

estimation of the rotor position, even at starting. 

2.5 Explanation for Robnstness 

It is well known that Rs' OJsLls are very much smaller than OJsLm. The parameters in 

Appendix A bear this out. Because OJ.Lm dominates in size, it follows that the 

magnetizing current imJ = Ci RJ + isJ ) is small. In general, i Rt5 is comparatively 

large 
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Fig.2-8 Simulated waveforms of estimated (solid lines) and actual (dotted lines) rotor position 

(a) Lis = 0 and (b) Ls =2 X actual value 
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and roughly equal and opposite to istS ' The robustness shown in Fig. 2-7, 2-8 and 2-9 

follows from the relative parameter sizes which are typical in induction machines. 

When Rs is small, vsy = RSiSY -(Ùs(Lmi;o + Lsisô) of (2.6) is approximately 

the same as vsy ~ -(Ùs(Lmi;ô + L)sô) . This is the explanation for the robustness shown 

in Fig. 2-7. 

Because m.LIs is small compared to msLm' it follows that m.Ls = msLls + msLm can 

be approximated as msLs ~msLm Thus vsy = R)SY - ms (Lmi;t5 + L)st5) is approximately 

the same as vsy ~ Rsisr - msLm (i;t5 + ist5 )' This explains the robustness shown in Fig.2-

8. 

Because Rs and msLls are small, dividing vsr ~ Rsisy - msLm (i;t5 + ist5 ) by the large 

magnetizing reactance msLm , one has the approximate magnetizing current 

imt5 = vsy / msLm on the left-hand-side. Equating it to the right-hand-side, the equation 

becomes imtS ~ (i;tS + ÎstS ) • Inaccuracy in the large magnetizing reactance msLm has 

minor influence only since imtS is the small difference between the large, almost equal 

and opposite i;t5 and ist5 in the relation imô - i;ô ~ iso. This explains the robustness 

shown in Fig. 2-9. 

2.6 Conclusion 

This chapter has described an innovative Slip Frequency Phase Lock Loop (PLL) 

which measures the slip frequency correctly even as the rotor speed passes from sub­

synchronous to super-synchronous speed. It also has excellent phase tracking capability. 

Furthermore, the Slip Frequency PLL has fast response and very good immunity against 

high frequency noise, the same as the conventional PLL. Simulations, in test circuits 

where the rotor currents are controlled by a Voltage-Source Converter, have shown that it 

works well even when the rotor currents contain large PWM switching noise. The B­

output of the PLL has no phase error and negligible high frequency ripples. Its 

21 



performance proves that it can be used in power electronics systems with large PWM 

nOIse. 

This chapter has also proposed a r - 5 Axes Aligner, which used in conjunction with 

the Slip Frequency Phase Lock Loop (PLL), makes sensorless P-Q control of the DFIG 

possible. The DFIG can be operated even at synchronous speed, which corresponds to 

operating at zero rotor frequency. In most situations, the DFIG rides through synchronous 

speed from sub-synchronous speed to super-synchronous speed and vice-versa. 

This chapter has shown that the estimation of rotor position is not sensitive to 

machine parameters. 
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Chapter 3 

Speed Estimation by 

Slip Frequency Phase Lock Loop (PLL) 

3.0 Introduction 

In most motor drive systems, automatic control requires speed and/or position sensors 

in the feedback loops. Eliminating speed and/or position sensor results in lower cost and 

increased reliability and ruggedness in the overall drive system. 

As discussed in Chapter 2, the rotor speed can be estimated by a Slip Frequency Phase 

Locked Loop (PLL). This method compares favourably with methods [6,8,9] which 

estimate the rotor position first and then obtain the rotor speed by differentiation. 

The first objective ofthis chapter is to evaluate the accuracy ofspeed measurement by 

the Slip Frequency Phase Locked Loop (PLL). The first step is to design a simulation 

experiment by which errors in speed estimation can be measured. The simulation 

software EMTP(R) has a model of a wound rotor induction machine which can represent 

a doubly-fed induction generator (DFIG). The rotor speed can be precisely controlled by a 

dc machine (software) coupled to the shaft of a DFIG (software). The rotor speed is 

measured by a speed sensor (software) which is used as the benchmark against which the 

error of the estimated speed of the Slip Frequency Phase Locked Loop (PLL) is 

measured. The software "equipment" have been assembled to measure the accuracy of 

speed estimation by the Slip Frequency PLL. 

As the Slip Frequency Phase Locked Loop (PLL) is intended to be a component ofthe 

sensorless decoupled P-Q control of a DFIG, the test is orientated to finding how 

accurately the Slip Frequency PLL estimates the speed in the dynamic situation. For this 

reason, the error (against the measurement from the software speed sensor) is presented as 

a function in the frequency domain, as in a Bode Diagram. This is obtained by using the 

software dc machine to produce an oscillating perturbation speed over a frequency range. 

It is found that there is a significant inaccuracy when the oscillation speed frequency is 

high. The error appears in the form of a phase lag which increases with frequency. This 

suggests that there is a time delay in the sensorless method of speed measurement. The 
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recent publication by the author [12], it has stated that the time delay did not prevent the 

implementing of a decoupled P-Q controlled DFIG for wind-turbine applications. 

However, from a fundamental research standpoint, it is important to pinpoint the 

sources of the inaccuracy and this forms the second objective ofthis chapter. There are 2 

places where the time delay may be introduced: (i) the P-I Block in the veo of the Slip 

Frequency PLL; (ii) the time constants related to leakage inductances of the DFIG. By 

analysis using the mathematical model of the Slip Frequency Phase Lock Loop and by 

simulations, it has been established that the culprit is in the leakage inductances of the 

DPlG. Since the leakage inductances of the electric machine cause the machine currents 

to lag the applied voltage and since "sensorless" speed and position measurements rely on 

measurements of currents and voltages, one conc1udes that this type of error is inherent in 

"sensorless" methods, even in those of [6,8,9]. 

ln addition to this delay, there is a second delay which is common to sensorless 

methods when used in conjunction with power electronic controllers. This is the time 

delay from the filter required to remove the noise associated with the PWM switching 

before the voltage and/or current measurements can be used by the sensorless methods. 

The advantage of the Slip Frequency PLL is that it does not have a third delay as in 

the speed measurements of [6,8,9], which have been obtained by differentiating the 

estimated of rotor position. Differentiation is an inherently noisy operation and requires 

filtering which introduces the third time de1ay. 

The final part of this chapter addresses the composite first and second time delays. 

Simulation shows that a lead-Iag block can compensate for the composite time delay. 

3.1 Calibrating Slip Frequency PLL 

An experimental set up by simulation, as shown in Fig.3-1, has been designed to 

evaluate the accuracy of the speed estimated by the Slip Frequency PLL. The DFIG is 

represented by the software model of a slip ring wound rotor induction machine (SRIM). 

The speed measured by a software speed sensor, coupled to the shaft, is used as the speed 

standard for comparison. On the stator side, the SRIM is excited by a balanced 3-phase ac 
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source. The slip rings of the induction machine (SRIM) are connected to a bank of 

balanced 3-phase resistors. Thus the Slip Frequency PLL has the stator voltage, stator 

CUITent and rotor current measurements required for speed estimation. 

AC 
Source 

Transmission Une 

Induction 
Machine 

R 

Fig.3-1 Configuration oflnduction Machine system 

Resistor 

The induction machine (SRIM) is driven by a software external DC motor. To study 

the response of estimating rotor speed under different conditions, the DC motor, which 

supplies the mechanical torque Tm to the induction motor, is operated under speed 

feedback control. Fig.3-2 shows the torque control block diagram. 

Fig.3-2 Torque Control Black Diagram 

This block accepts the measured rotor speed O)m (from the software speed sensor) and 

the reference rotor speed 0): as inputs and outputs the mechanical torque Tm. The error 

8 = 0). -0) ,after passing through P-I (proportional-integral) block, is taken as the 
Cùm m m 

input torque of the induction machine. By applying this block, the actual speed will 

follows the reference speed 0): accurately. The constants Kp and Ki in the P-I block 

(Fig.3-2) have been obtained by trial and error. 

3.2 Frequency Domain Evaluation of Slip Frequency PLL 
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The simulation experiments planned for the Slip Frequency PLL consist of using the 

dc motor to drive the induction machine (SRIM) at an average speed of 21 0 rad/sec. (The 

SRIM operates as an induction generator as this average speed is above the synchronous 

speed of 188.8 rad/sec.) In addition, the speed is varied sinusoidally between 205 and 

215 rad/sec. With this fixed amplitude of 5 rad/sec, the frequency of the sinusoidal 

variation is changed. 

Fig.3-3 (a),(b),(c),(d),(e),(f),(g) and (h) are records of the estimated speed and actual 

speed under f=lhz, 2hz, 3hz,4hz, 5hz, 10hz and 15hz, respectively. 

From the data of Fig.3-3, one constructs the Bode Diagram. As the perturbation 

magnitudes of speed do not differ much, the Bode Diagram of the Magnitude Error is 

omitted. Fig.3-4 shows the Error in the Phase Angle which increases with frequency. The 

monotonic increase in the phase error with frequency, although not linear, suggests that 

the phase error is due to a time delay. This time delay can be from the P-I Block in the 

VCO of the Slip Frequency PLL in Fig.2-2(a). The second possible source is the leakage 

inductance of the induction machine. In the next section, the analytical model for Slip 

Frequency PLL is developed and examined to find out if the de1ay has its origin in the 

Slip Frequency PLL. 
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Fig.3-3 Estimated Speed and Actual Speed under different Frequencies: 
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Fig,3-4 Phase Difference between Estimated Speed and Actual Speed (Bode-diagram) 

3.3 Analytical Model of Slip Frequency PLL 

The master thesis of Jian Hu [11] has a linearized model of the conventional PLL. As 

the Slip Frequency PLL is an adaptation of the conventional PLL, the same methodology 

can be applied to the Slip Frequency PLL. 

3.3.1 Linearized Model of Slip Frequency Phase Lock Loop 
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It is weIl known that the infonnation carried by the input signal of the Phase Lock 

Loop is neither the magnitude, nor the frequency, but the phase. At this point, it is useful 

to remember that "phase angle" and is the time integral of the "angular frequency". 

Phase 

/Detector 

---( ,-----------1 ~o 
Il I~ J>: r -1 P-I 1 U

f -1 K, ~Ysl- (), 
1/1 ~i-
1 / 1 1 

---- 1 ------------
1 

Error = V/R sin {(ms -OJx -OJR)t + (bs -bx -bR)} 

Fig. 3-5 Block Diagram ofVCO 

The analysis centers around the VCO of Fig.2-2 which is redrawn in detail as in 

Fig.3-5. The central frequency tenn, ma, which is added to Lim in Fig. 3-5, complicates 

the linear analysis. The complication is lessened by defining the phase angles (8] and 82) 

and the angular frequency (ro] and ro 2) shown in the linearized model in Fig. 3-6 using 

the operations as follows: 

BI (t) = (ms (t) - OJR (t))t + (bs - bR) -mot. 

B2 (t) = Bx (t) -mot 

ml (t) = dBI (tYm = OJs (t) -mR (t) - OJo 

OJ
2 
(t) = dB2 (tYm = mx (t) - OJo 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

The central frequency ma is assumed to be constant. Applying (3.1) to (3.4) to 

remove the central frequency, the angular veIocity of the input and the output of the Slip 

Frequency PLL are characterized by the variables ro] and ro 2 respectively. The next step is 

to derive the transfer function that relate ro] and ro2 . 
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3.3.1.1 Transfer Function of Phase Detector: 

The output of Phase Detector is VJ R sin {( W s - W x - W R )t + (8s - 8 x - 8 R)} where 

Vs is the magnitude of the stator-side voltage and IR is the magnitude of the rotor­

side CUITent. The sine function of the Phase Detector is a nonlinear element. However 

upon frequency acquisition, once the phase 

Phase Detector block can be linearized as follows: 

Substituting (3-1) and (3-2), the equation can be rewritten as 

error = VJR(OI - °2 ) 

eITor IS 

(3.5) 

(3.6) 

3.3.1.2 Close Loop Transfer Function of Linearized Slip Frequency PLL 

small, 

By removing the constant central frequency W o and by linearizing the phase detector, 

the close loop transfer function blocks of the linearized Slip Frequency PLL is shown in 

Fig.3-6: 

IK,=V,I·I·LJ- Kv B2(S) llJ2(S) 
S -S 

-

Fig.3-6 Linearized Mode1 of SLIP Frequency Phase Lock Loop 

3.3.1.3 Transfer Function of P-I Block: 

The transfer function of the P-I block yields: 

Uj(s)=K +K! 
Ud(S) P S 

(3.7) 

where K p is proportional gain 

K! is integration gain. 
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3.3.1.4 Transfer Function of Linearized Slip Frequency PLL 

The input of the combination of the sum, the Pure Gain block and the Integral block is 

the output of P-I block. From Fig.3-5, the output of the whole combination is actually 

output of the PLL which can be expressed as: 

t t 

Bx(t) = f[mo+~m(r)]dr=mot+ fKvuf(r)dr (3.8) 
-00 -00 

Assuming the central frequency ofVCO, mo' to be constant, then 

(3.9) 

By substituting eq.(3.9) into the above equation (3.8), the feedback can be rewritten: 

t 

BzCt) = fKvuf(r)dr (3.10) 
-00 

Then the transfer function of the combination can be demonstrated as: 

(3.11) 

The c10sed loop the transfer function of Fig. 13 is: 

(3.12) 

= (3.13) 

r"n -_ ~Kd'T'Kv where: the natural frequency LV • 

the damping ratio 

3.3.1.5 Parameters Design 
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From eq.(3.12), the transfer function is a second-order system. The Slip Frequency 

PLL is designed to lock to a signal with the frequency range from 42Hz to 78Hz( due to 

the limited range of the machine slip s). The central frequency is chosen to be 60Hz, and 

the damping factor to be 0.707. Following the design procedure of Jian Hu [11], the 

parameters ofP-1 block K[=30.78 and K p =0.1633 are chosen, and then the close loop 

transfer function of the linearized Slip Frequency PLL can be expressed as: 

mz(s) 377s+71054 
=-------

m\(s) sZ+377s+71054 (3.14) 

The Bode-Diagram of the eq.(3.14) is shown in Fig.3-7. 
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Fig.3-7 Bode diagram of transfer function of linearized Slip Frequency PLL 

From the phase angle of the Bode diagram in Fig.3-7, one sees that up to 15 Hz the 

phase shift is very small. It should be recalled that the frequency deviations are from the 

central frequency of 60 Hz. The rotor speed mm is related to mz of Fig. 3-6 by (3.4) 

through the equation mm = mx = mz + ma. Therefore, one concludes that the phase shifts in 

the speed measurements in Fig.3-4 are not from the Slip Frequency PLL. 
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3.3.2 Phase Shift Caused by Time Delay in Current Measurement 

The "sensorless" measurements of rotor speed and position are computed from motor 

currents and voltages. Instantaneous rotor speed 0J,n appears electrically as instantaneous 

Blv voltages (where the velo city v=OJ,nr and r is the radial distance of the conductors) 

induced across the rotor conductors. The rotor circuit has a time constant TR= LlR/RR 

associated with the rotor leakage inductance LlR and resistance RR. Likewise, the stator 

circuit has a time constant Ts= LIsiRs associated with the stator leakage inductance LIs and 

resistance Rs. Because the DFIG currents lag the instantaneous rotor speed 0J,n, the 

estimated speed from the "sensorless" measurement method will have phase lags 

associated with the time constant delays. To prove the hypothesis, the simulations of 

Fig.3-1 have been repeated in a second induction machine, DFIG2. DFIG2 is identical to 

the original machine of Fig.3-1, which is labeled as DFIG1, except that the leakage 

inductances are reduced by a factor of 0.01. The parameters of the two DFIGs are listed in 

per unit values in Table.1. 

DFIG 1 DFIG2 

Stator leakage inductance LIS (p.u.) 0.085 0.00085 

Rotor leakage inductance LlR (p.u.) 0.11 0.0011 

Stator resistance Rs (p.u.) 0.01 0.01 

Rotor resistance RR (p.u.) 0.00662 0.00662 

Magnetizing inductance Lm (p.u.) 3.1 3.1 

Table 1 Parameters oftwo Induction Machines 
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Fig.3-8 Phase Difference Shift between Estimated Speed and Actual Speed versus Frequency 
forDFIG 2 

Fig.3-8 shows the phase angle error in the fonu of a Bode-diagram. Comparing it with 

Fig.3-4, it is c1ear that the reduced leakage inductance reduces the phase shift 

significantly. This simulation proves the hypothesis that the time delay in the current 

measurements is the source of the phase shift error. 

3.4 Speed Estimation of DFIG Connected to Voltage-Source Converter (VSC) 

Up to this point, speed measurement by the Slip Frequency PLL is for the induction 

machine connected as shown in Fig.3-1. In decoupled P-Q control of a DFIG, the rotor 

slip rings are connected to a Voltage-Source Converter (VSC) as shown in Fig.l-l. The 

rotor currents will contain the switching noise of Pulse Width Modulation (PWM) 

strategy. In spite of the switching noise, the estimation of the rotor position, by a 

combination of the Slip Frequency PLL and y-ô Axes Aligner, is of very good quality. 

However, the speed estimation by the Slip Frequency PLL contains unacceptable noise 

which must be eliminated by a low pass filter. As the low pass filter introduces time 

delay, the objective is to find a compensation method. 

Low-Pass Filter Design 

Fig.3-9 shows the spectrum of the rotor current when the triangle carrier frequency 

is 2000 Hz. Most of the noise occur at 2kHz. From Fig.3-9, it is reasonable to de ci de on 
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500Hz as the cut-off frequency for designing the second order low-pass Butterworth filter 

[13]. 
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Fig.3-9 FFT of Rotor CUITent 

5000 

From the transfer function of the second order low-pass Butterworth filter given as: 

(3.15) 

where ne is cut-off frequency, and the poles are Sk = ne exp(j[JZ' + (k + 0.5) JZ']) 
2 2 

k=O,1 

The resultant transfer function ofthe second order low-pass filter is: 

1 
H (s) - ----------

a - 1 + 0.0004504s + 0.000000102s 2 
(3.16) 

Speed Measurement with Butterworth Filter 

Fig.3-10 compares the estimated speed signal after passing through the Butterworth 

low-pass filter with the actual rotor speed in an experiment in which the speed of the 

induction machine is ramped down from super-synchronous speed (slip=-O.I) to sub­

synchronous speed (slip=0.04). 

35 



220r---~----~----~--~----~----~ 

'2210 
'E 
E 
,ê:200 
"'C 
al 
al 

~190 

1~~00 

........ , 
" 

R 1 S d 
\ Estimated Speed 

eapee \ / 
~ \ 

\\ 
' ...... 

.......... ~ ........ 

1200 1400 ti~~Ol?ns) 1800 2000 2200 

Fig.3-10 Estimated Speed by U sing Butterworth Filter 

The shortcoming of the low-pass filter is its inherent delay that becomes very 

apparent in the fast transition from super-synchronous speed to sub-synchronous speed. In 

the next section, a method will be introduced to compensate it. 

3.4.1 Lead-Lag Block Design 

As illustrated in Fig.3-11, the 2 time delays: (i) from sensorless method (Slip 

Frequency PLL) and (ii) from the Butterworth low-pass filter can be added together and 

compensated by a Lead-Lag Block [14]. 

Usa 

U sb 
A 

Use Slip Frequency OJm 
Phase Lock OJx Lead-Lag 

Loop 
Block 

Low-Pass Filter 

Fig.3-11 Estirnating Rotor Speed Diagram 

The transfer function of the lead-lag block is given by: 
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(3.17) 

The design values chosen in the example are: al = 0.1 and a z = 0.068 

Speed Measurement with Butterworth Filter and Lead-Lag Block 

Fig.3-12 shows the experiment of Fig.3-10 with the difference that the Lead-Lag 

Block is added as shown in Fig.3-11. The time delay in Fig.3-1 0 has been eliminated by 

the Lead-Lag compensation. 

3.5 Conclusion 
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Fig.3-12 Estimated Speed after passing through lagging-leading block 

The chapter has shown that there is a time de1ay in the speed measurement of the 

Slip Frequency Phase Lock Loop (PLL). This time de1ay is related to the time 

constants TR= LlR/RR (associated with the rotor leakage inductance LlR and resistance 

RR) and Ts= LIS/Rs (associated with the stator leakage inductance LIs and resistance 

Rs). The identification of the existence of such time delay as inherent in "sensorless" 

measurement methods is important from the theoretical foundation viewpoint. 

This chapter has identified another source of time de1ay which will come from the 

low pass filter needed to remove the switching noise of the Voltage-Source 

Converters which contaminate the speed measurement from the Slip Frequency Phase 

Lock Loop (PLL). 
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This chapter has also shown that the time delays can be compensated by Lead-Lag 

Blocks. 

As the mechanical time constant is very much larger than the electrical time 

constants, the time delays discussed in this chapter may be of little consequence for 

most drive applications. 
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Chapter 4 

Sensorless Decoupled P-Q Control for DFIG 

4.0 Introduction 

As mentioned in the Chapter 1, the doubly-fed induction generator (DFIG) is a very 

promising candidate for wind turbine application. The DFIG allows the stator to be 

connected directly to a constant frequency, three-phase grid even though the wind turbine, 

to which it is coupled, has a variable speed. Variable speed operation is indispensable for 

optimal wind power acquisition because the DFIG speed must track the changing optimal 

speed which is a function of the wind velo city as the wind fluctuates in time. The DFIG is 

economical because when controlled by a Voltage-Source Converter connected to the 

rotor slip-ring terminaIs, its MV A rating is reduced by a factor of Smax, the maximum slip 

being Smax= 0.3. 

This thesis is oriented towards applying decoupled P-Q control to the DFIG. It is to be 

recalled that in the r - 8 reference frame, the stator-side real and reactive power are 

respectively p. = vsrisr + vs1sÏSI'j andQs = vsriso - vsoisr. When the r - 8 axes are aligned 

such that vso = 0, the stator-side real and reactive power are obtained by controlling the 

currents iso and iso because p. = vsriso andQs = vsriso. The challenge in sensorless drive 

research is to align the r - 8 axes using electrical measurements to estimate mechanical 

measurements of position and velo city. For this reason, chapter 2 has been devoted to 

describing the novel sensorless Slip Frequency PLL and the r - 8 Axes Aligner which 

acquire the mechanical measurements of speed and position. 

One criticism of sensorless measurement methods is that they reqmre preCIse 

information of the DFIG parameters. For that matter even if the parameters are known 

precisely, they may change under operation conditions. For example, parameters such as 

resistances drift with temperature. In chapter 2, sensitivity tests have been performed on 

the novel sensorless Slip Frequency PLL and r - 8 Axes Aligner. It has been found that 

they are quite robust. This chapter follows up on this finding and shows how sensorless, 

robust, decoupled P-Q control of the DFIG can be realized. 
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This chapter incorporates the Slip Frequency PLL, the r - t5 Axes Aligner (of chapter 

2) and the Phase Shift Compensation (of chapter 3) to realize decoupled P-Q controller of 

the DFIG in the system of Fig. 1-1. The rotor side of the DFIG transfers slip power via 

two back-to-back IGBT Voltage Source Converters (VSCs) to the three-phase ac grid. 

The two degrees of control of the rotor-side VSC are used to implement the decoupled P­

Q control. The Front-End Converter (FEC) operates as a power slack by operating as a 

DC Voltage Regulator of the dc bus voltage. The second degree of control of the FEC is 

available to control the reactive power. Both the rotor-side VSC and the FEC have 

reactive power control capability which can be used to regulate the ac bus voltage or to 

provide capacitive Var. The many options of Q-control are not pursued in this thesis. 

The first section of this chapter will describe the mathematical model of the doubly­

fed induction generator (DFIG). The control of decoupled P-Q control of the DFIG is 

configured with the Slip Frequency PLL and the y-8 Axes Aligner of chapter 2. The 

control system is presented in a block diagram. The block diagram shows how the system 

is simulated by EMTP (R). As already mentioned, the DFIG is represented by the 

software module of a wound rotor induction machine which is available in EMTP (R). 

without position sensors will be explained under wind turbine. On the mechanical side of 

the wound rotor induction machine is Tmech, the mechanical torque from the wind turbine 

driving the induction generator. The author has made use of a software module of a wind 

turbine which has been developed by Dr. Lianwei Jiao of Tsinghua University [15]. The 

wind turbine module accepts the wind velo city V w and the wind turbine speed lVm as 

inputs and outputs the wind turbine torque T mech . A section of this chapter is devoted to 

reviewing the dependence of wind power on turbine speed lVm and wind velo city V w. In 

the last section, it will be shown that the control strategy is inherently robust and an 

explanation is given for such good fortune. 

4.1 Review of Doubly-fed Induction Generator Model 

4.1.1 Stationary and Rotating Coordinates 
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In general, voltages and currents in the 3-phase a-b-c frame can be transformed in the 

a - f3 - 0 frame. The zero sequence will be neglected throughout this thesis and hereafter 

the thesis will only consider the 2-phase a - f3 frame. The relation between the 

stationary a - f3 coordinate frame and the y - 8 coordinate frame (which is 

synchronously rotating at the stator angular velocity of ms(t)) is illustrated Fig. 4-1 . The 

a -axis is fastened to the stator a-phase. When the rotor speed is mm (t) electrical 

radian/s, the rotor angle Br (t) , between the axes of the stator a-phase and the rotor a-phase 

is expressed as: 

e r (t) = f: OJ m (t) dt + e r (0) rad. (4.1) 

Likewise, when the y - 8 coordinates are rotating at an angular velo city OJs electrical 

radian/s, then the angle of the angle made between the y -axis and the a -axis is: 

e s (t) = f t OJ d t + e s ( 0 ) rad. 
o s 

(4.2) 

The angles, Br (0) and Bs(O), are the initial values of these angles at time t=O 

seconds. 

fJ-axis 

bs t 

br ... --
..... ----"'---~---~ a - axis 

cr 
cs y-axis 

Fig.4-1 Relationship between a - f3 and y - 8 frames 

Because the stator voltage vector is aligned with the 8 axis, the stator currents isr 

and iso control the real power Ps and the reactive power Qs respectively. 
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4.1.2 Circuit Model of a Three-Phase Induction Machine 

Using the coupled circuit approach and the motor convention, the voltage equations of 

the magnetically coupled stator and rotor circuits in the original a-b-c frame can be 

written as follows [16]: 

Stator Voltage Equations 

v abc = i abc R + dA abc / dt _s _s s -s v (4.3) 

where 

Rotor Voltage Equations 

vabc = i abc R + dA abc / dt 
_R -R R _R v (4.4) 

where 

Flux Linkage Equations 

In matrix notation, the flux linkages of the stator and rotor windings, in terms of the 

winding inductances and currents, may be written compactly as 

[
Â abC] [LabC 
-s _ ss 

Â abc - Labc 
-R Rs 

LabC][ .abC] sR !s 
Tabc .abc 
ûRR !R 

Weber-turns (4.5) 
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The submatrices of the stator-to-stator and rotor-to-rotor winding inductances are of 

the form: 

IS 

[LŒ + Lss LSm LSm 
Labc L LIS +Lss 

L
Sm 1 ss - Sm H (4.6) 

LSm L Sm LIS +Lss 

[Lm + LNN LRm LRm 
Labc L LlR +LRR 

L
Nm 1 RR - Rm H (4.7) 

LRm LRm LlR +LRR 

Those of the stator-to-rotor mutual inductances are dependent on the rotor angle, that 

(4.8) 

COS(()r + 2ff /3) 

cos()r 

cos(()r - 2ff /3) 

COS(()r - 2ff /3)] 
cos(()r + 2ff /3) H 

cos()r 

where LIS is the per phase stator winding leakage inductance, LlR is the per phase 

rotor winding leakage inductance, Lsm =-0.5 Lm is the mutual inductance between stator 

windings, LRm =-0.5 Lm is the mutual inductance between rotor windings, and Lss 

LRR =LsR= Lm' (Lss+LIs) is the self-inductance of the stator winding and (LRR + LlR ) is the 

self-inductance of the rotor winding, 

According to the above equations, the idealized machine is described by six first­

order differential equations, one for each winding. These differential equations are 

coupled to one another through the mutual inductance between the windings. In 

particular, the stator-to-rotor coupling terms are a function of rotor position; thus, when 

the rotor rotates, these coupling terms vary with time. It is convenient to transform the six 

equations with time-varying inductances to other six equations with constant inductances 

by using the a-b-c to r - J - 0 mathematical transformation. 

4.1.3 Machine Model in r - J - 0 Reference Frame 
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As the idealized three-phase induction machine has a uniform airgap, there is no 

difficulty in transforming the a-b-c equations to a new set in the r - 0 - 0 frame which 

rotates at the speed OJs of the stator magnetic flux. 

r - 0 - 0 Voltage Equations 

The stator winding a-b-c voltage equation, expressed as (4.3), is transformed to the 

r - 0 - 0 frame as: 

[

0 
yoO 

.!::s = OJs ~1 (4.9) 

where 

[
1 0 0] 

E;oO = Rs 0 1 0 

o 0 1 

Likewise, the rotor quantities must be transferred onto the same r - <5 frame. As we 

have done with the stator voltage equations, we obtain the following r - 0 - 0 voltage 

equations for the rotor windings: 

~:"' = (m, - m, {~1 ~ ~ ]~:;" + d~:;" / dt + R:;" G" (4.1 0) 

where 

r - 0 - 0 Flux Linkage Relation 

The stator and rotor flux linkage relationships can be expressed compactly as 
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Asr Ls 0 0 Lm 0 0 isr 

Aso 0 Ls 0 0 Lm 0 iso 

AsO 0 0 Lis 0 0 0 iso 

ARr Lm 0 0 LR 0 0 iRr 
(4.11) 

ARo 0 Lm 0 0 LR 0 iRJ 

ARO 0 0 0 0 0 LlR iRO 

where 

Ls = Lis +Lm 

LR =LlR +Lm 

In summary, a set of voltage-cuITent differential equations of two-pole doubly-fed 

induction machine on the r - b coordinates is shown as following [10]: 

d 
Rs + -Ls -msLs ~L - m sL m 

[V" 1 
dt dt m 

['" 1 
d ~L msLs Rs + -Ls msLm v sa _ dt dt m 1 sa 

VRy ~L -(ms-mm)L m RR 
d 

- (ms - mm )Lm i R Y +-L 
V Ra 

dt m dt R 
iRa 

~L ' 
d 

(ms-mm)L m dt m 
(ms-mm)L R RR +-L 

dt R 

(4.12) 

From the above matrix equations, the equivalent circuit shown in Fig. 9 can be 

derived. 

r - b - 0 Torque Equation 

The electromechanical torque developed by the machine is given as: 

Tem = P (Asriso - Asoisr) 
2 

P L ('. ") N ='2 m lRrlso-lRolsr .m. 

where p is the number of poles. 

(4.13) 
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The mechanical equation of motion of the motor is obtained by equating the inertia 

torque to the accelerating torque, that is 

J
dOJm 

=Tem + Tmech -Tdamp N.m. (4.14) 
dt 

Tem is the electromechanical torque of(4.13) of the DFlG. Tdamp is the damping 

torque and the negative sign is to indicate that it acts in the direction opposite to rotation. 

In wind turbine generation application, the positive wind turbine torque Tmech accelerates 

the rotor until it meets an equal and opposite counter torque Tem of the DFlG. The 

operating speed is determined by the decoupled P-Q controller which pro duces the 

requisite Tem such that T:m + Tmech - Tdamp = 0 at the operating speed. 

4.2 Wind Turbine Model 

The research has made use of a software module ofthe wind turbine which has been 

developed by Dr. Lianwei Jiao of Tsinghua University. The wind turbine module is 

coupled to the wound-rotor induction machine module in EMTP (R). This section 

contains the technical background of the wind turbine model. 

The product of wind turbine torque Tmech and rotor speed OJm is the wind turbine 

From [17], the amount of power (~) capable of being produced by a wind turbine is 

given by 

(4.15) 

where 

P is the air density 

Cp is the power coefficient of the wind turbine 

v w is the wind velo city 

r is the turbine rotor radius 
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Cp is dependent on the ratio between the tangential velo city of the blade tip 

(R· aJm.gear _ratio) and the wind velo city (vw). This ratio, known as the tip-speed ratio, 

is defined as 

where 

OJ ·r 
Â = m gear _ ratio 

Vw 

aJm is the angular velo city of the DFIG 

r is the radius of the turbine 

v w is the wind velo city 

(4.16) 

Fig.4-2, taken from [18], shows a typical relationship between Cp and the tip-speed 

ratio À for a given pitch angle. In this thesis, it is assumed that the pitch angle remains 

fixed. From the Cp -vs-À curve of Fig. 4-2, (4.15), (4.16) and a knowledge of the gear 

ratio relating the turbine speed and the DFIG speed, one can construct the Pt-vs-OJm curves 

of Fig. 4-3 for a family ofwind velocities vw ' 

0.2 

o ~--~----~--~----~--~ 
2 4 6 8 

Fig.4-2 Power coefficient as a function oftip speed ratio 

Fig. 4-3 shows a Pmax-vs-OJm curve which passes through the peaks of Prvs-OJm curves 

for each wind velo city Vw• The Pmax-vs-OJm curve corresponds to the maximum point 

( Cpmax ,Âmax) in Fig. 4-2. In order to maximize the output power of generator, it is 

desirable that the DFIG is controlled so that at each rotor speed 0Jm, it is made to output a 

power corresponding to the value in the Pmax-vs-OJm curve in Fig.4-3 [15]. Under such 
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control, the DFIG would produce a counter-torque Tem =P max / l4n to match the turbine 

torque Tmech • This means that in (4-14), T"m + Tmech - Tdamp = 0 . 

Since p. = vsrisô and Qs = vsrisô in decoupled P-Q control refers to complex power at 

the stator side terminaIs, one is reminded that the rotor delivers slip power (sPmax) by way 

of the back-to-back VSCs (see Fig. 1-1). As the slip is s=(1-OJ,n/OJs), it follows that the 

stator power reference, Ps-rej, of the decoupled P-Q control be programmed to assign Ps­

rejVs-l4n characteristics where Ps-rerPmaxl4n/eùs. Fig.4-3 illustrates the P s-rejVs-l4n 

characteristics graphically. 

2 Vw=12m/s 

~ Vw=11m/s 
}' 1.5 
0... 

Pmax 

li> 1 ./ 
~ ~_-::?":~_/ ... V:."Cw,-== 1 OmIs 

0... 0 ~~~~--r~E=~9m~/s~=====~J Q) .5L 
.5 /' 
~ 0 Vw=7m/s 
1-

Vw=8m/s 

Rotor Speed Wr(p.u.) 

-0.5 0.7 0.8 0.9 1 1.1 1.2 

Fig. 4-3 Wind Power-ys-rotor speed 

4.3 Control of Rotor Side Converter (VSC) 

1.3 

The block diagram ofthe proposed decoupled P-Q control of the rotor side VSC is 

shown in Fig.4-4. Following in the footsteps of [8,9], for a specification of the stator-side 

complex power as inputs, the outputs of Fig.4-4 are the rotor voltages (v ra' V rb' V rc ) which 

are the modulating signaIs of the SPWM control ofthe rotor-side VSc. 

Explanation of the operation of the decoupled P-Q control is given block by block. 

Phase Mixers 

As mentioned in chapter 2, the Phase Mixer of Fig.3-2 (b) can be used to add or 

subtract the phases (oost+8s) and (<I>+OOxt+8x) which have been extracted by the Slip 
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Frequency PLL and the y-8 Axes Aligner Block. Such operations are equivalent to 

making transformations from one reference frame to another. 

Thus the lower pair of Phase Mixers transform the rotor currents ira,irb,irc in the a-b-c 

frame to iRy, iR8 in the 2-phase y-8 frame. Likewise, the upper of Phase Mixers transform 

the voltage references V*Ry,v*R§in the y-8 frame to v*ra,v*rb,v*rc in the a-b-c frame. 

Note that asterisks * are used to denote reference values. 

The references for the rotor currents i;y and i;" are derived from the active and 

reactive power references P.o and Q; respective1y. 

cL 

Rotor Voltage and 
Current Control 

~.-t---------"'">--I Calculating 1 •• _~:-=s",-8_1 
Ps and Qs lsy 

is" 

Fig.4-4 Block diagram of rotor side VSC control 

4.3.1 Slip Frequency PLL and r - J Axes Aligner Block 

Slip Frequency PLL 
and 

y -" Axes Aligner 

V sa , V sb , V sc . . . 
lsa' lsb' lse 

This block contains the Slip Frequency PLL of Fig.2-2 and the r - J axes Aligner of 

Fig.2-4. Its inputs are the stator voltagesvsa ' vSb ' vsc ' the stator currentsisa,isb,isc and the 

rotor currentsira,irb,irc' Its outputs are the estimated rotor position (l[J+mx/+Jx), and the 

rotor speed COrn. By applying the estimated position, the rotor currents and voltages can be 

transformed into the same r - J frame of the stator. It then computes (iSY' i s'" vsy ' VS" ) 

which are used in the Ps and Qs Computation Block. Ps and Qs are the feedback complex 
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power components. Inside the Slip Frequency PLL, there is another PLL which measures 

the phase (OJst+os). 

4.3.2 P. and Qs Reference Generator Block 

Fig. 4-5 (a) shows the detail of the p.* Reference Generator of Fig. 4-4. The PS-rejvs­

aJm curve of Fig. 4-3 is programmed in a Lookup Table. Corresponding to the rotor speed 

OJm measured by the Slip Frequency PLL, it outputs the reference stator power 

reference P; . 
This thesis has not investigated on how the reactive power should be controlled. This 

will be a good topic for future research. For the present, it is assumed that a reference Q*s 

will be set for a rotor speed aJm. 

Pmax 

~ r----~ Ps-re.r=PmaxaJm/OJs 

(a) 

:1 
1 Tm.:ch 

Wind Turbine r--
(b) 

Fig.4-5 (a) p. reference generator 

(b) Tmech generator 

On the subject of Lookup Table, this is a good place to point out that the wind turbine 

has a wind torque which appears as Tmech in (4-13) and Tmech is obtained from another 

Lookup Table. The simulation software ofthe DFIG ofEMTP(R) has a port for inputting 

Tmech. Tmech in tum is the output of a black-box whose inputs are the wind velo city Vwand 

rotor speed aJm as shown in Fig. 4-5 (b). The black-box has the Cp-vs-Â curve of Fig. 4-2 

programmed in a Lookup Table. For inputs Vw and rotor speed aJm, Â is computed from 

(4.16). The corresponding Cp(Â) is read frofu the Lookup Table. From (4.15), the wind­

turbine power Pt is available and the output Tmech= Pt/aJm. 
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4.3.3 ~ and Qs Computation Block 

The inputs of the block are isr ,iso ' vsr ' vso which come from the Slip Frequency PLL 

and r - t5 axes Aligner block. Since vso = 0, ~ = vsrisr and Qs = vsriso are ca1culated in 

this block. The measurements ~ and Qs are used as feedback signaIs. 

4.3.4 Negative Feedback of Complex Power 

The errors B p = ~. - ~ and BQ = Q; - Qs' after passing through P-I (proportional 

integral) blocks, are taken as the CUITent references i;r and i;o in the outer feedback loop. 

This is valid since vso = 0 and the voltage vsr is merged with the proportionality 

constants of the P-I blocks. 

4.3.5 Rotor Voltage and Current Control Block 

This block accepts the stator CUITent references i;r' i;o and the stator voltages v Sr' V So 

as inputs and outputs the rotor-side current references i;r,i;o. The outputs are based on 

the first two rows of(4.14) with the assumption that the d_ Idt tenns are zero. The rotor-

side CUITent references i;r' i;o are: 

(4.17) 

Rotor Current Tracking: 

From 4.17, it is clear that it is possible to achieve robust control by using the rotor-

side VSC to operate as a rotor current tracker. The reference CUITent vector [i;r' i;o r is 

only dependent on parameters msLs, msLm and Rs. Furthennore, since OJsL~msLm and 
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Rsi msLm ~, it is expected that decoupled P-Q control can be implemented in spite of 

inaccuracies in the stator resistance Rs and the stator leakage inductance LIs. Because the 

other parameters, the rotor resistance RR and the rotor leakage inductance L/R, do not enter 

into the picture, the decoupled P-Q control by CUITent track is not sensitive to their 

variation also. 

As illustrated in Fig. 4-4, the current tracking is accomplished by negative feedback. 

The feedback current vector is [i Ry' i RJ f . The errors CRy = U;y - i R) and 

cRJ = U;" - iRJ) after passing through P-I blocks, form V;y and v;". Note that the gains, 

notably the integral gain in the P-1 blocks, will ensure that V;y and v;" will be high 

enough to null the errors CRy and C RJ so that the rotor CUITent vector [i Ry' i R" f tracks the 

reference vector [i;y' i;s f . 

The feedback rotor current vector [iRy,iRJf has to be transformed from the a-b-c 

frame to the y-3 frame. Likewise, the command voltage vector [v;y' v;s]I in the y-3 

frame has to be transformed to the a-b-c frame to control each phase voltage of the VSc. 

4.4 Control of Front End Converter (Stator Side Converter) 

The function of the Front End Converter (Stator Side Converter) is to provide a path 

for the rotor slip power of the DFIG to and from the ac grid. As the magnitude and the 

direction of slip power changes with the operating slip, this VSC must rectify or invert the 

right amount of power to keep the power balance in the dc link. As is well known, this 

power slack property is built into the VSC by configuring the real power control to 

regulate the dc link voltage. 

The dc link consisting of back-to-back converters, consisting of the Rotor-Side VSC 

and Front End Converter, is well known and is not part of the research of this thesis. 

Nevertheless, it is inc1uded in this chapter because designing it is part of the educational 

experience of a master student. In order to broaden the leaming experience, the hysteresis 

current control method is adopted. As is well known, hysteresis current control is simple 
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to implement and it has fast response. As shown in [19], it is capable of: 1) unit y and even 

leading power factor, 2) bilateral power transfer. 

4.4.1 Hysteresis Current Control 

Before proceeding to 3-phase Hysteresis CUITent Control, the single phase bridge 

converter, which has sufficient simplicity, is used to explain the operation of Hysteresis 

CUITent Control. FigA-6 shows the schematic in which the solid-state switches VU and 

VL are triggered ON and OFF complementarily by logic signaIs from the Hysteresis 

CUITent Control Logic Block. The inputs of the Control Logic are: the reference signal 

i R (t) , the tolerance band h and measured value of i a (t) . 

L 

-=- E 

Fig.4-6 Single Phase hysteresis CUITent controlled converter 

Switching Function 

The switching states of power electronics valves VU and VL are described by the 

switch function Sa which assumes the values of: 

Sa = + 1 when VU is switched ON and VL is switched OFF 

Sa = -1 when VU is switched OFF and VL is switched ON 

The switch function allows for two possible polarities of the applied dc voltage E to 

be applied to the loop consisting of the ac source va and the inductance L in the ac-side. 

From the kirchhoffs Voltage Law, one has the equation by which the CUITent ia can be 

solved for the two switching states. 
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(4.18) 

The solution is: 

ia (t) = ia (to) + fVa (t) -LSaE(t) dt 

10 

(4.19) 

Current Gradients 

From (4.18) the CUITent gradient is defined as follows: 

(4.20) 

Fig. 4-7 [20] shows broken lines which join the trajectories of possible solutions of 

(4-20) for Sa=+ 1 and Sa=-I. They have the gradients defined by (4.20). 

t 

Fig.4-7 ia (t) tracks reference CUITent iR (t) within the tolerance band h 
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In Fig. 4-6, E has been assumed to be a constant value with E> 1 Va(t) l, and va(t) is 

a sinusoidally time varying function. In a general way, the CUITent ia follows the 

traj ectory of the solution of either Sa= 1 or -1. One can use portions of two families of 

curves to approximate any desired waveform iR (t) within a tolerance of ± 0.5h where h 

is tolerance bandwidth. The switching is activated by the Hysteresis Control Logic when 

ia crosses the bounds defined by iR (t) ± 0.5h. 

As illustrated in Fig.4-7, starting at ia(t) = 0, by switching state Sa = -1, the CUITent 

grows along BC. When it exceeds the Upper Bound defined as i R (t) + 0.5h , the switching 

state is changed to Sa = +1. The CUITent follows the trajectory of Sa = +1 along CD until 

it reaches the Lower Bound defined as i R (t) - 0.5h. At D, the switching state is changed 

to Sa=-1 and again the ascending trajectory is followed. Thus by altemately switching to 

and from Sa = + 1, Sa = -1 , the CUITent is kept within the upper and lower bounds. When 

h is made small, the approximation to i R (t) improves at the expense of fast switching 

rates. 

Vcon c (t) 
+ "--' )---+---+-' 

Three - Phase Hysteresis 

Control Logie 

Phase - Current Waveform 
Generator 

VUC 

C 

VLC 

Fig. 4-8 Three-phase converter with inner hysteresis CUITent loop and outer voltage regulator loop 
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So far, one has reviewed the properties of the single-phase hysteresis control. The 

single-phase hysteresis CUITent control is extended to three-phase hysteresis current 

control as shown III Fig.4-8. The measured 3-phase currents 

compared with the reference currents 

(i;on_a(t),i;on_b(t)'(on_c(t)) respective1y and are made to track the references when the 

resulting errors cross the hysteresis-band defined by "h" in the manner described by the 

example of the single-phase converter. 

Control of the real power P and the reactive power Q of the FEC is based on 

designing negative feedback control in which the measured complex power components 

P and Q are compared to the references ~:n and Q;on and using the reference currents 

Q control is not the subject of this thesis. The control of the FEC is configured to 

regulate the DC link voltage and this makes it operate as a power slack. The dc link 

voltage Vdc is measured and compared to the reference DC voltage Vd:. The error Vd: - Vdc 

is applied to ~:n in negative feedback to null the error. 

4.4.2 De Voltage Regulator 

by transformation from the a-b-c frame to the y-8 frame. There are 2 nested feedback 

loops. 

The inner feedback ensures that the measured active power Peon tracks the reference 

• 
~on . The measured active power Peon is obtained by using the equation 

~:n ,after passing through the proportional and integral control blocks, is applied to the 

converter current references (on_r After reference frame transformation from the y-8 
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frame to the a-b-c frame, (on_r becomes the reference current 

(i;on_a(t),i;on b(t)'(on_e(t)) of Hysteresis Current Control. 

When decoupled P-Q control is also applied to the FEC, the 2 nested controls can be 

merged into one. This is by omitting the inner real power regulation loop. This is because 

Peon = veon_rieon_r and it is sufficient to apply the dc voltage error directly to i;on_r as 

shown in Fig. 4-9 (a). 

By nulling the DC voltage error, the DC voltage regulator sends or absorbs the right 

amount of real power to balance the system demand so that its capacitors can be kept 

charged at V;e. Thus the DC voltage regulator is a power slack. 

This thesis has not treated Q-control of the FEC. Q-control, if required, is obtained 

using the block diagram of Fig. Fig. 4-9 (b). 

(a) 
Qon=(~o';eo1J!5 -~o,JeolJY) 

Qrej +~6- GQ ~ Ir--P-_I----,~;on_o 
(b) 

r;;7:~:::::::7J__----.r::_a71_- iCO!!l 

(c) 

ico!!! 

ico7$ 

FigA-9 The outer-Loop (Phase-CUITent Generator) 
(a) DC Voltage Control (b) Q Control 

(c) CUITent Transformation From r - t5 frame to a-b-c frame 

4.4.3 Simulation test of De Voltage Regulator 

In the test of the Front End Converter with the DFIG control, the reference value of 

Vde is set as 1500V and the reference value of the reactive power Q;on =0.00 p.u. The 

schematic and parameters used for the simulation are listed in Appendix A. 
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Fig.4-10 shows the system response to a step change in which V;c is changed from 

1500v to 1550v. The simulation Fig. 4-10 (a) shows fast response in Vdc that settles to the 

desired value in 0.01 second. Fig. 4-10 (b) shows the ~on and Qeon during this transient. 

Fig.4-11 is a test to show that the Front End Converter (stator-side converter) 

automatically conveys the slip power of the rotor output. In the test, the DFlG runs from 

super-synchronous speed to sub-synchronous speed as shown in Fig.4-11 (a). Fig.4-11 (b) 

shows the reversaI of real power from -0.07p.u to 0.05 p.u. This "power slack" capability 

is made possible by regulating the dc voltage which as shown in Fig.4-11 (c) is 

maintained roughly constant. 

1580r---~--~--~--~~--~--~---' 

1560 

.g1540 
> 

........ 
::J 

.e, 
c o 

OU 
"C 
c: 

1520 

1500W"'~~. 

148&00 900 1000 1100 1200 1300 1400 1500 
time (ms) 

(a) 

0.1..----.......----r-----r----..----....-----r-----, 

ro -0.1 

a. 
c 
o 
U 

-o·~o 900 1000 11.00 (1200 1300 1400 1500 
bme ms) 

(h) 

Fig.4-10 Step change of V;c from 1500 V to 1550 V at t=1000rns (a) Vdc (b) Peon and Qeon 
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Fig.4-11 DFIG running from sub-synchronous speed to super-synchronous speed 

(a) Slip s (b) ~on (c) Vdc 

4.5 Simulation tests on DFIG 

The simulation tests have been tested on the software module of a slip-ring induction 

machine of EMTP (R) which is used to represent the DFIG of this thesis. The parameters 

of the 1 MW DFIG are taken from [21] and are listed in Appendix A. 
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4.5.1 Static simulation tests of sensorless decoupled P-Q control 

FigA-12 shows the simulation results of static tests in which the rotor speed is held 

constant. The reactive power reference Qs ref is given a sinusoidal variation. The real 

power reference P s ref is held constant so that it is easy to see if the Q-control couples on 

to the P-control. How weIl the sensorless control of Fig.4-12 succeeds in implementing 

decoupled P-Q control can be seen in how c10sely the simulated values of Qs and Ps 

overlap their references Qsref and Psref. 

In Fig.4-12, the simulations are for the case in which the parameters entered in the 

control blocks correspond exactly to the parameters of the DFIG listed in Appendix A. 

Fig. 4-12 is used as the benchmark in the tests (Fig.4-13 to 4-15) on robustness. 
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Fig. 4-12 Simulation ofDFIG: Qs refvariable, Ps reFconstant 
(a) Qs ref and measured Qs 
(b) Ps ref and measured Ps 
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4.5.2 Test on Robustness 

In Chapter 2, it has already been shown that the Slip Frequency PLL and y-8 Axes 

Aligner together offer robust estimation of rotor position. The motivation ofthis section is 

to verify that the decoupled P-Q control can also be made robust by making the rotor 

VSC operate as a CUITent tracker. Three simulation case studies, conceming Rs, LIs and 

Lm' will be presented below to give assessments of the c1aims to robustness of the 

control. 

4.5.2.1 Stator Resistor Uncertainty--Rs 

The first source of uncertainty is that the parameters have been measured 

inaccurately. The second source is that the resistor values may vary with changes in 

temperature. It means that the stator and rotor resistors have different values according to 

different working conditions. In general, the stator resistance is small compared with the 

magnetizing reactance. For instance, when we can neglect the stator resistance and with 

VS" = 0, the rotor CUITent references are: 

(4.21) 

which are substantially the same numerically as in (4.17). 

This is borne out by FigA-13 (a) and (b) which show the simulation results when in 

the controls of Fig. 4-4 the stator resistance is set to Rs=O (based on the same test setup as 

in section 4.5.1). The DFIG retain the parameters of Appendix A. As Qs and Ps overlap 

their references Qsref and P sref, it is c1ear that the parameter Rs has very little effect on the 

ability to implement decoupled P-Q control. 
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Fig. 4-13 Simulation ofDFIG: Qs ref variable, Ps reFconstant When Rs=O 
( a) Qs ref and measured Qs 
(b) Ps ref and measured Ps 

4.5.2.2 Stator Leakage Inductance Uncertainty--L1s 

Fig.4-14 shows the simulations when the stator leakage inductance in the controls 

of Fig.4-4 is doubled the size ofthat of the DFIG in Appendix A, i.e Lls=0.172 p.u. As Qs 

and P s almost coincide with their references Qsref and Psref, it is c1ear that the control is not 

sensitive to the parameter LIs. The insensitivity cornes from the fact that the magnetizing 

inductance is very large (Lm=3.10 p.u.) compared to the leakage inductance (L Is=O.086 

p.u.). Therefore, as LI/Lm:::!), Ls / Lmz1 because Ls=Lm+LIs. Thus (4.21) reduces to 

(4.21.a) 
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Fig. 4-14 Simulation ofDFIG: Qs refvariable, Ps reFconstant When value of Lis (0.172 p.u.) used in 

computation equals 2 times the actual value. 
( a) Qs ref and measured Qs 
(b) Ps ref and measured Ps 

4.5.2.3 Magnetizing Inductance Uncertainty--Lm 

The value of the magnetizing inductance of the DFIG in Appendix Ais Lm=3.10 p.u. 

Simulations show that the decoupled P-Q control fails altogether when the magnetizing 

inductance in the control of Fig. 4-4 deviates beyond the following lower limit Lm <1.2 

p.u. and beyond the upper limit Lm >5.6 p.u. 

Fig. 4-15 shows the case when the magnetizing inductance used in Fig. 4-4 takes the 

value of Lm=1.55 p.u., which is half the value of the parameter of the DFIG in the 

simulation. Comparing the simulation of Ps in Fig.4-15 (b) with those in Fig. 4-13 (b) and 

4-12 (b), one conc1udes that the sensorless decoupled P-Q control is more sensitive to Lm 

than to Rs and Lis. Nevertheless there is coarse tracking. This is because VSy /(LmOJS ) in 
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(4.2l.a) a small magnetizing current. When the magnetizing current is sufficiently small, 

(4.21.a) reduces to another approximation: 
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Fig. 4-15 Simulation ofDFIG: Qs rervariable, Ps reFconstant When Lm = 1.55p.u. 

(a) Qs ref and measured Qs 
(b) Ps ref and measured Ps 

4.5.2.4 BasÎs of Robustness 

reactance (LmOJ
S

) is often approximated as an open circuit in the equivalent circuit of 

induction motor. In such an approximation, the rotor currents are taken as equal to the 

stator currents. This practice correspond to the approximation of (4.2l.b) and for this 
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reason the robust control in FigA-4 has a solid theoretical base. The only requirement is 

that (LmOJS ) is large. In general (LmOJS ) can be easily and precisely measured. 

4.5.3 Dynamic Tests 

The dynamic tests planned for the control of Fig. 4-4 are in optimal wind power 

acquisition application. It is assumed that the wind turbine operates with a fixed pitch 

angle for which the wind power characteristics are as shown in Fig. 4-3. The control of 

Fig. 4-4 makes the rotor speed COrn track the Pmax-vs-COrn curve as the wind velo city Vw 

changes. 

As mentioned, two software black boxes, FigA-5 (a) and (b), have been developed to 

be used with the software DFIG of EMTP (R) and the control of Fig. 4-5 (b) represents 

the wind turbine. It has the wind velo city Vw and the rotor speed rom as inputs and the 

wind turbine torque Tmech as kits output. FigA-5 (a) represents the optimal wind power 

acquisition strategy. It has the rotor speed COrn as its input and outputs the stator power 

reference P; as its output. 

4.5.3.1 Dynamic Test of Slip Frequency PLL and y-ô Axes Aligner 

Optimality in wind power acquisition has been proven by showing that the Cp of equ. 

(4.15) computed from the simulation results of the simulations, remains at the peak value 

in the Cp -vs-Â, curve in Fig. 4-2. As the objective of this section of the chapter is to 

demonstrate that the decoupled P-Q control is robust, the results are presented to prove 

robustness only. 

The simulation results in Fig. 4-16 are for the case in which the parameters entered in 

the control of Fig. 4-4 correspond exactly to the parameters of the DFIG in Appendix A. 

As a dynamic wind turbine problem, the wind velo city Vw is given a sinusoidal variation 

as shown in Fig. 4-16 (a). Fig. 4-16 (b) shows the rotor speed COrn tracking the peak wind 

power corresponding to the wind velocity Vw• Fig. 4-16 (c) shows the stator power 
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reference PSref of the optimal wind power acquisition strategy. In this test, the reactive 

power reference QSref is held constant. 

The success of the control of Fig. 4-4 lies in the measurements Ps and Qs overlapping 

their references PSref and QSref. AIso, the varying real power is not coupled to the reactive 

power. 

4.5.3.2 Dynamic Test of Robustness 

Fig. 4-17 repeats the previous test except for the change made to the parameters 

entered in the control blocks from the parameters entered in the DFIG software. 
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Fig.4-17 Simulation ofDFIG in Optimal Wind Power Acquisition: Variable wind speed, Qs feFconstant 

when R. =0,4s =0 and Lm = 1.55 p.u. 

(a) Ps fefand measured Ps; (b) Qs fef and measured Qs. 
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In the control blocks the changes made are: Rs=O, LIs=O and Lm=1.55 p.U. Otherwise, the 

other parameters are the same as in Appendix A which are used in the DFIG. In spite of 

the significant parameter differences, Qs tracks QSrefand Ps tracks PSrefclosely. 

In general, one sees that robustness has been built into the control by the CUITent 

tracking strategy. 

4.6 CONCLUSION 

In this chapter, the two novel sensorless means, the Slip Frequency PLL and the 

r - g Axes Aligner, have enabled decoupled P-Q control to be implemented at the rotor 

terminaIs of a DFIG. In simulation tests, the sensorless control has been applied to 

capture maximum wind power which is dependent on the wind velo city. 

This chapter has shown that the decoupled P-Q control can be made robust by making 

the rotor-side Voltage-Source Converter function as CUITent tracker. Simulation results 

show that the sensorless control is insensitive to parameter variations in Rs and LIs. 

Tolerance to variation in the magnetization reactance Lm is restricted. However, this is 

not of great concem since this parameter can be precisely measured. 
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Chapter 5 

Conclusions and Future Work 

The primary objective of this thesis is to realize a new sensor-less, P-Q control 

strategy to a DFIG. As mentioned in the introduction in chapter 1, there already exists a 

sensor-less P-Q control strategy for the DFIG. The existing method is based on 

computing the instantaneous position of the y-ô frame and the rotor position from the 

stator and rotor measurements of currents and voltages using the y-ô frame equations of 

the induction machine. Then the rotor speed is obtained by differentiating the rotor 

position. 

This thesis has proposed an altemate method. Because the ideas of this thesis have 

just been formulated and proven only by simulations, it is still too early to know how 

competitive the method is. The new sensor-less method relies on two components: (i) the 

Slip Frequency Phase Lock Loop (PLL) which locks on to the 3-phase rotor currents and 

establishes the rotor current y*-ô* axes. The measurements available are: the rotor speed, 

the phase and the frequency of the rotor currents; (ii) the y-ô Axes Aligner for aligning 

the rotor current y*-ô* axes to locate the stator voltage y-ô axes. 

Slip Frequency PLL 

The novel Slip frequency PLL is adapted from the conventional PLL. The innovative 

adaptation is required because the conventional PLL may not be able to handle with the 

positive slip frequency, the zero slip frequency and the negative slip frequency as the 

rotor passes from sub-synchronous speed to synchronous speed and then to super­

synchronous speed. Simulation tests show that this Slip Frequency PLL tracks the rotor 

current phase and frequency without difficulty and has excellent transient response, even 

in the presence of large switching noise from the PWM switching of the rotor-side 

Voltage-Source Converter. 

Furthermore, its attractiveness lies in the fact that one of the outputs of the Slip 

Frequency PLL is the estimated rotor speed. The speed is obtained directly and not by 
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differentiating the estimated position as in the method used in [6,8,9]. As differentiation is 

notoriously noisy and filtering of the noise incurs a phase lag, the Slip Frequency PLL is 

potentially more accurate than the method of [6,8,9]. 

Phase Lag in Estimated Speed 

However before such a claim can be made, it is necessary to find out if the Slip 

Frequency PLL is itself free of phase lag. The frequency response of the Slip Frequency 

PLL has been measured and there is a phase lag which increases with the frequency of the 

mechanical perturbation on the rotor. To determine the source of the phase shift, the Slip 

Frequency PLL is analyzed in detail and the conclusion reached is that the phase shift 

does not come from the Slip Frequency PLL. 

The next possible location for the source of the phase lag is the wound-rotor induction 

machine (DFIG) itself. The suspected culprit is the time delay between the currents and 

the speed induced rotor voltage which is related to the time constants Ts= LzslRs and TR= 

LlR/RR of the stator and rotor windings. This suspicion has been proven by simulations. 

Phase Lag in Estimated Speed by Sensor-less Methods 

Both methods, the method of [6,8,9] and the Slip Frequency PLL rely on current 

measurements in their sensor-Iess estimations and therefore this phase lag, associated 

with electrical time constants, is necessarily common to both methods. However, the Slip 

Frequency PLL does not have an additional delay from the filter required to remove noise 

of the differentiation operation, in deriving speed from rotor position. 

The thesis has shown that, should it be necessary, the phase lag can be compensated 

by a Lead-Lag Transfer Function Block. 

It should be remembered that the application of the sensor-Iess speed estimator is in a 

wind turbine-generator system where the mechanical time constant is very much larger 

than the e1ectrical time constants. The improvement in accuracy is academic only and not 

likely to affect the overall performance of the DFIG. 

However, the existence of such time delay as inherent in "sensor-Iess" measurement 

methods is important from the viewpoint of measurement theory. 
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y-ô Axes Aligner 

The Slip Frequency PLL is capable of setting up the y*-ô* frame ofthe rotor currents 

which rotates synchronously at ms, the same speed as the y-ô frame of the stator voltages. 

For decoupled P-Q control, it is the y-ô frame of the stator voltages which must be located 

and since the y* -ô* frame of the rotor currents is available it is a matter of phase shifting 

it until the voltage of the stator ô-axis Vs,FO. The Axes Aligner is based on a negative 

feedback loop which rotates the y*-ô* frame until Vs,FO. (Equivalently, the negative 

feedback loop rotates the y*-ô* frame around until vsyreaches the predetermined value for 

which Vs,FO.) Once, the y*-ô* frame is aligned, it becomes possible to implement 

decoupled P-Q control. 

Robust Sensor-Iess Decoupled P-Q Control of DFIG 

The work ofthis thesis has followed in the footsteps of[9,10]. As these publications 

have given the impression that all the parameters of the DFIG must be known before in 

Sensor-Iess Decoupled P-Q Control of a DFIG can be successfully implemented, the 

challenge is to find a robust method, which is not dependent on knowing the parameters 

accurately. 

The thesis has shown by analysis that by applying rotor CUITent tracking control, 

Decoupled P-Q Control ofDFIG can be implemented even when the parameters (such as 

the magnetizing inductance, the rotor winding resistance and leakage inductance) are 

known imprecisely. The robustness, predicted by the analysis, has been substantiated by 

simulations. 

Optimal Wind Power Acquisition by Robust Sensor-Iess Decoupled P-Q Control of 
DFIG 

The thesis has successfully simulated Robust Sensor-Iess Decoupled P-Q Control 

as part of a wind-turbine driven doubly-fed induction generator (DFIG) in a situation 

where the wind velocity is given a sinusoidal fluctuation in time. The wind-turbine 

dynamics is modeled by a software block which accepts the wind-velocity and the wind-
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turbine speed as inputs and which outputs the corresponding wind torque as output. The 

Optimal Wind Power Acquisition strategy is programmed in a Lookup Table which is 

addressed by the wind-turbine speed and which outputs the stator power of the DFIG, 

Ps-ref to the Decoupled P-Q Controller. The successful simulation of this dynamical 

test has est ab li shed further credibility of: 

(i) the Slip Frequency PLL and the y-8 Axes Aligner as robust sensor-Iess methods 

(U) the rotor current tracking control as the means to achieve robustness in Decoupled 

P-Q Control doubly-fed induction generator (DFIG) 

Suggestions for Future Work 

(i) The simulation research of this thesis needs experimental substantiation. 

(U) It should be possible for the Slip Frequency PLL and the y-8 Axes Aligner to 

be compacted into a single unit. This is because both the Slip Frequency PLL 

and the y-8 Axes Aligner track phase angles. The Slip Frequency PLL tracks 

the rotor current a-phase. The y-8 Axes Aligner tracks the stator voltage a­

phase. 

(iU) The system of the thesis should be tested under severe fault conditions. 
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AppendixA 

The Schematic of the circuit used in the EMTP(R) simulation is shown in Fig.A.I 

The simulation step is 5 microsecond. 

The parameters of the Doubly-fed Induction Generator in Fig.A.1 are: 

Rated Power 1MV A 

Stator 3.3 kV 

StatorlRotor Tums Ratio 1: 1 

Frequency 60Hz 

Rs=0.00662 p.u. 

Lm=3.1 p.u. 

Ls=3.185 p.u. 

LR=3.21 p.u. 

RR=O.Ol p.u. 

Zbase= 10.98 n 
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