
UNIVERSITY POLITEHNICA OF TIMIŞOARA 

FACULTY OF ELECTRICAL ENGINEERING 

CONTRIBUTIONS TO THE CONTROL OF 

VARIABLE SPEED GENERATORS FOR 

RENEWABLE ENERGY 

Ph.D. Thesis 

^ t i m i ş o a r a 
BIBLIOTECA CENTRALA 

Nr. voJum vcuum 

M.Sc.El.Eng. loan Serban 

Supervisor: Prof. Dr.-Ing. Ion Boldea, IEEE Fellow 

Timişoara 

2005 

BUPT



BUPT



ABSTRACT 

The present thesis is dedicated to high performance control of the variable 

speed generators for renewable energy applications in general, and for wind power 

applications in special. Thus, the thesis is offering some modem solutions based on 

the control of doubly-fed induction generator with power electronics converters 

connected in the rotor circuit as the main solution for this kind of applications. 

By the end of the 90s wind energy became the most important sustainable 

energy resource. In the last decade of the century worldwide wind capacity 

doubled approximately every 3 years and the cost of electricity from wind power has 

fallen to about one sixth of the costs in the early 80s. And the cumulative capacity is 

growing worldwide by approximately 25% per year. Currently, 5 countries -

Germany, USA, Denmark, India and Spain concentrate more than 83% of worldwide 

wind energy capacity in their countries, but the utilization of the wind power is fast 

spreading to other areas of the world and the technology has become very complex. It 

involves technical disciplines such as aerodynamics, structural dynamics, mechanics, 

electrical machinery, power electronics, signal electronics, automation and control. 

The main goal of this thesis is to offer new high performance solutions in the 

area of control of the doubly-fed induction generator with a bidirecţional power 

converter in the rotor circuit, solution which has actually more than 50% of the world 

market share of wind turbine concepts and the trend is growing. 

A very important topic of the thesis is the sensorless control of the generator 

under power system faults, as in the latest years the penetration of the wind power in 

the power systems has grown tremendously and accordingly with the latest 

regulations, the generator should remain connected during the power grid 

shortcircuits. This implies a set of measures to be taken for control and protection of 

the power electronics. 

Index terms / Keywords - renewable energy systems, variable speed 

generators, wind turbines, doubly-fed induction generator, bidirecţional power 

electronics converters, active and reactive power control 
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PREFACE 

The present thesis represents an approach, based on the doubly-fed induction 

generator vvith a bidirecţional inverter in the rotor circuit, to high-performance 

technologies for control of the \ ariable speed electric generators. 

Study motivation 

The wind energy was the fastest growing technology in the last century, and 

the utilization of the wind power is spreading continuously. The growing imposes 

higher and higher demands for the electric generator and its control. This prompted a 

lot of research and development engineers to look for advanced power electronics and 

control techniques, in order to improve the behaviour and the performances of the 

generating systems. 

The motivation of the work for the present thesis is fully based on the above 

mentioned statement. The most of the considered solutions were subject of industrial 

research and development studies. The target of the thesis was to offer concrete 

solutions for advanced control of actual electric generator systems for wind power 

applications. 

An important part of the thesis was the development of accurate simulation 

models for studying the behaviour of the system especially under power grid faults. 

This was done in Institute of Energy Technology, Aalborg University, Aalborg, 

Denmark. 

The experimental work was carried out this year in the Intelligent Motion 

Control Laboratory at Faculty of Electrical Engineering, University "Politehnica" of 

Timişoara, 7 imisoara, Romania. 
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Objectives of the thesis 

The major objectives of the thesis are to: 

offer an ovenâew of the variable speed generators and their control for 

renewable power applications and systems, including the prime moven 

gearbox, electric generator, power electronics and control; 

developing the accurate simulation models for the complete system with 

doubly-fed induction generator; 

analyse the requirements of the power systems for the generator systems, as 

the penetration of the wind power is higher and higher; 

analyze the behaviour of the doubly-fed induction generator system under 

power grid shortcircuit and search for a possible method to control and protect 

the power electronics without disconnected the system from the power system 

improve the quality of the active and reactive power control under different 

conditions; 

fmd a sensorless control strategy, robust and accurate in all circumstances: 

starting-up, under-synchronous operation, synchronous and over-synchronous 

operation; 

investigate the possibilities of the system for self-starting and motoring 

regime, mandatory for pumping in pump storage micro-hydropower 

applications or for 4-quadrant limited speed range operation in large power 

drives. 
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Outiine (organization) of the thesis 

The thesis is organized in 7 chapters following the above-presented objectives. 

The firsî chapfer presents a comprehensive ovenâew of actual variable speed 

generators and their control. Detailed information are given for all actual and also for 

some prospective solutions. 

In the secând chupîer the simulation models developed for analysis of the 

doubly-fed induction generator system with bidirecţional inverter in the rotor circuit 

are described and discussed. The simulated behaviour of the system under power grid 

shortcircuit is presented. A possible solution to control and protect the power 

electronics circuits uithout disconnected the system from the power grid is 

introduced. 

In the îhird chapter. the simulated sensorless active and reactive power control 

of the system is illustrated in detail. The power grid shortcircuit situation is again 

analyzed. Under possible power grid transients the necessity of taking into account of 

the saturation in the sensorless algorithm is demonstrated as mandatory. 

In the /or/// chapter the experimental investigation of the system in motoring 

regime is presented and discussed. New state observers and a sensorless control 

strategy were introduced and good results are shown down to 5 rpm. Also very good 

dynamics are illustrated, as the set-up is regeneraţive. 

In fîfth chapter the experimental investigation of the system in generating 

regime is presented. Two flux observers and a sensoriess algorithm based on a model-

reference adaptive system (MRAS) were developed and tested. The results are 

illustrated and discussed. Good performances of the speed and position estimation are 

proved in a!l situations and over the whole speed range. 

In the sixth chapter the test rig used for the whole experimental work is 

presented and commented and in the seventh chapter the work is summarized and the 

conclusion, contributions and the future perspectives are stressed. 
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NOMENCLATURE 

Roman letters 

V3.,, V,/,. - voltages of stator phases a. b, and c [V] 

v̂ .z, Vsp - voltages of stator a-, and p-axis phases [V] 

y.sd̂  ̂ sq ' voltages of stator d-. and q-axis phases [V] 

Vra, v̂ /)' v̂ , - \'ohages of rotor phases a, b. and c [V^ 

V̂a- v̂ /,' - voltages of rotor a-, and p-axis phases [V] 

Vrj. Vrq ' voltages of rotor d-, and q-axis phases [V] 

v'̂ j, Vgĥ  y'gc ' voltages of grid phases a, b, and c [V] 

v^ - voltages of grid a-, and p-axis phases [V] 

v>cy. - voltages of grid d-, and q-axis phases [V] 

vix - DC voltage [V] 

isâ  isĥ  isc ' currents of stator phases a, b, and c [A] 

isâ  isfi - currents of stator a-, and p-axis phases [A] 

/v.A isq ' currents of stator d-, and q-axis phases [A] 

irâ  irh. irc ' currents of rotor phases a. b, and c [A] 

irâ  irp ' currents of rotor a-, and p-axis phases [A] 

ird^ irq ' currcnts of rotor d-, and q-axis phases [A] 

î â  igĥ  igc " currents of grid phases a, b, and c [A] 

iga. igp ' currents of grid a-, and p-axis phases [A] 

igcj. igq - currents of grid d-, and q-axis phases [A] 

ims - Stator magnetizing current [A] 

J -rotor moment of inerţia [kg-m ' ] 

Ls - Stator total inductance [H] 

Uo - stator leakage inductance [H] 

I-m - magnetizing inductance [H] 

Lr - rotor total inductance [H] 
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Lro - rotor leakage inductance [ H ] 

Rs - stator resistance ["] 
Rr - rotor resistance 

P - number of pole pairs -

Tem - electromagnetic torque [Nm] 

Tn. - mechanical torque [Nm] 

Ps - stator active power [ W ] 

Qs - stator reactive power [VAr] 

Ss - stator apparent power [VA] 

Pm - mechanical power [ W ] 

Greek letters 

X - tip speed ratio -

(On, - mechanical turbine speed [rad/s] 

(Os - mechanical turbine speed [rad/s] 

(Or - mechanical turbine speed [rad/s] 

Wslip - slip speed [rad/s] 

Os - stator flux angle [rad] 

Or - rotor angle (position) [rad] 

Qslip - angle between stator flux and rotor (slip) [rad] 

Pi - angle between rotor current and stator [rad] 

P2 - angle between rotor current and rotor [rad] 

Vs - stator flux [Wb] 

Vr - rotor flux [Wb] 

V|/ni - magnetizing flux [Wb] 

a - leakage factor -

Os - stator leakage factor -

Or - stator leakage factor -
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Abbreviations 

CSCF - constant speed, constant frequency 

VSCF - variable speed, constant frequency 

DFIG - doubly-fed induction generator 

DFIM - doubly-fed induction motor 

GSC - grid-side converter 

MSC - machine-side converter 

SVM - space vector modulation 

PWM - puise width modulation 

AFC - automatic frequency control 

EMF - electromotive force 

AC - altemating current 

DC - direct current 
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Chapter 1 

Variable speed generators: a review 

Abstract 

In this chapter, an oven iew of the variable speed generators and their control 

is presented. The historical developments and the worldwide current status of the 

wind turbines are presented in the beginning. Then, the generators and power 

electronics concepts are detailed from the electrical point of view. Classical and new 

solutions are discussed based on technical aspects and market trends. 

1.1 Introduction 

The power from the wind is used since at least 3000 years ago, mainly for 

providing mechanical power to pump water or for grinding grains. 

Even if the first wind turbines have been developed in the beginning of the 

20̂ ^ century, only in the 1970s once with the '̂oil crisis'' the interest in the power from 

the wind starts to increase, and this time the main focus was on providing electrical 

energy instead of mechanical energy [1]. From then on, the technology was improved 

step by step, and in 1990s wind energy has re-emerged as the most important 

sustainable ''green" energy resource. From 1995 on, the worldwide installed wind 

capacity doubled every 3 years as the cost of electricity from wind power has fallen to 

about 1:7 from the cost in the early 1980s. And the things are far from a stop. 

According to estimations the cumulative capacity will grow annually with 25%. 

This tremendously increasing of the installed capacity pushed the technology 

very fast in the new dimensions. 15 years ago a 300kW turbine with 30 m rotor 

diameter was usual. 5 years ago 2MW turbines with 80 m rotor diameter was already 

in production at many manufacturers and now 3.6 MW turbines are available, 5MW 

wind turbines (128 m diameter) have already tested and 6-7 MW turbines will be built 

very soon. In paragraph 1.2 a more detailed status of the wind turbines worldwide is 
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1. Viiriable speed generators: a re\ iew 18 

pro\ided and in Paragraph 1.3 the actual solutions regarding the electrical generators 

and iheir power electronics and control are presented. 

1.2 Wind turbines - current status worldwide / Historical 

developments 

In 1891 Danish Poul la Cour started his work on an electrical wind turbine at 

Askov folk high school. Ihis was the first electrical wind turbine and the start of 

Danish wind turbines. During both World Wars Denmark was cut off from its supply 

of oii and thus power from wind turbines was very important. The wind turbines 

produced by F.L. Smidth in 1941-42 can be considered forerunners of modem wind 

turbine generators. The Smidth turbines were the first turbines using modem airfoils. 

At the same lime, the American Palmer Putnam built a 53m diameter wind turbine for 

the Morgan Smith Co, but with a different philosophy. The Danish turbine was based 

on an upwind rotor with stall regulation, operating at low speed. The American 

turbine was based on a downwind rotor with variable pitch regulation and it was not 

successful. Thus it was dismantled in 1945. 

In 1957 J. Juul made his 200kW wind turbine in Denmark. It was installed in 

Gedser and it generated approx. 220 000 MWh during 1956-1967. At the same time, 

the Gemian Hutter developed a new turbine with a new concept (the turbine 

comprised two slender tlberglass blades mounted downwind of the tower on a 

teetering hub). This turbine was very known for its efficiency. 

During the oii crisis in the mid if the 1970s the Danish and German wind 

turbine industry was irreversibly started. During the I980s, turbines increased in size, 

but the penetration in the electrical power systems was marginal. Thus, there were no 

major problems with the induction generators drawîng reactive power from the grid. 

At the end of the SOs the larger Danish wind turbines were equipped with a 35m rotor 

and a 350-450 kW induction generator. 

More ad\ anced drive trains have been made since the beginning of the 90s, 

and more solutions were tested, as more and more attention is paid to produce more 

energ} but environmental friendly. and the penetration of the wind turbines into the 

power systems became higher and higher. 
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1. Viiriable speed generators: a re\ iew 1 7 

The growth of wind energy was not evenly distributed around the world. 

About 75% of the capacity is installed in Europe, 18% in North America and 8% in 

Asia and Pacific (see Table 1.1). 

Table 1.1 Operaţional wind power capacity worldwide [1] 

Region Insi :alled capacity (MW) by end ol ' the year 
1995 1997 1999 2000 2001 2002 2003 

Europe 2518 4766 9307 12972 17500 21319 28706 
North 
America 1676 1611 2619 2695 4245 4708 6677 
South and 
Central 
America 11 38 87 103 135 137 139 
Asia and 
Pacific 626 1149 1403 1795 2330 2606 3034 
Middle East 
and Africa 13 24 39 141 147 149 150 

Also, between 1995-2003, about 76% of all new grid-connected wind turbines 

worldwide were installed in Europe. The trend is illustrated in Figure 1.1. 

• EU CUMULATIVE WIND POWER CAPACITY (MW) 

35000 

30000 

25000 

20000 

15000 

10000 

5000 

European Q 
Union 

• • i i l l 
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 

439 629 S44 r2M 1623 2,497 3.476 4.753 S.45C 9.S78 '2.867 '7 315 23 159 23 567 34,205 

Figure l. l Cumulative wind power capacity between 1990 and 2004 in European 

Union. [2] 

Today, five countries: Germany, USA, Denmark, India and Spain concentrate 

more than 83% of worldwide energy capacity in their countries (see Table 1.2). 

j T ! vn.>< 
j 8 I8LI0TECA CENTP*.L> 
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Table 1.2 Operaţional \vind power capacity in Europe [2] 
^ — . , 

Countrv' Installed capacity (MW) by end of the year 
1995 2003 

Germanv 1136 14609 
Denmark 619 3110 

1 Spain 145 6202 1—^ 
1 Nelherlands 236 912 
!UK 200 649 r 
! Sweden 67 399 
Italy 25 904 

1 
Greece 28 375 

! Ireland 7 186 
Portugal 13 299 
Austria 3 415 
Finland 7 51 
France 7 239 
Norwav 4 101 
Others 21 255 
TOTAL 2518 28706 

1.3 Generators and power electronics for wind turbines 

Generally speaking. there are two constructive types of electric generators: 

- Horizontal axis; 

- Vertical axis; 

Respectively, there are two operating modes in generating [3] : 

- Constant Speed - Constant Frequency (CSCF) - this system always 

needs back to back inverters; 

- Variable Speed - Constant Frequency (VSCF) - this system needs a 

speed controller to obtain the maximum from wind power and a 

converter to change Variable Frequency (VF) into Constant 

Frequency (CF); 

The task of a wind turbine is to convert the energy stored in the wind into 

mechanical energy, which can be used directly or flirther converted into electrical 

energy. Figure 1.2 presents a road map on how to convert mechanical energy into 
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1. Viiriable speed generators: a re\ iew 1 9 

electrical energy applying the opţional control concept of variable speed, i.e. 

conversion of a mechanical torque input at variable speed to an electrical power 

output at fixed frequency. Figure 1.2 includes both convenţional asynchronous and 

synchronous generator concepts and convenţional, multipolar and novei machine 

designs. The term ^^Novel Machines"' in Figure 1.2, covers e.g. the reluctance 

machine. the Windformer [4], etc. In the case of the generator in [4], the ^^Large PE 

convertef' is a simple diode bridge and the grid is a HVDC-grid. Howeven at a 

certain stage, the HVDC has to be converted into AC. 

It should be noted that the doubly-fed induction generator has two possible 

implementations, where 1) the rotor is connected to the grid through a small 

frequency converter or 2) the rotor is connected to an extemal power conversion unit 

(small power converter or passive components), as it also can be observed in Figure 

1.2. In the case of the OptiSlip concept of Vestas, the energy coming from the 

extemal power converter unit is dissipated as heat loss. 

Input 
Mechanical Energy Source 

Vanable Speed 

Transmissjon 

Rotor 

Stator 

Grid 
connection 

Machme 
îype 

Direct 
1 

Multipolar Synchronous 
& Novei Machines 

Convenţional 
Synchronous Machines 

Gearbox 

Induction Machines 

Wound Rotor 
(field control) 

I 
Wound 

Large PE 
converter 

Permanent Cage 
Magnet Rotor M 'C 

- 1 4 -
Wound Wound 

i i 
Large PE Large PE 
converter converter 

Heat loss 
dunnp load 

I 
Power 

conversion 

Wound Rotor or 
Brushiess DF 

Wound 

Sma 
conv 

II PE 
erter 

Output 
Electrical Energy Source 
Fixed Frequency or DC 

Figure 1.2 Road map: conversion process of Mechanical Energy to Electrical Energy 

in wind turbines [5].M/C: Multipole/Conventional and DF: Doubly Fed. 
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2 0 1. Viiriable speed generators: a re\ iew 20 

One way of describing the state ofthe art regarding wind turbines is to grasp 

the supplier rates of the manufacturers and then map the applied concept of each 

manufacturer with respect to the applied concept. Ref. [5] has ranked the top 10 

suppliers with respect to sold MW in 1999. This ranking has in [6] been used to 

in\ estigate the applied configuration and control concept of the large wind turbines. 

The result is shown in Table 1.3 and the particular configurations illustrated in Figure 

1.3. 

a : H S > = 0 -
Power 

C onvener 
Cap'icilof 

bonk 

c : 

d ; 

Gcar 

Power 
ConvMiei 

Power 
C ouvcrter 

P P 
Gfid / 

Power 
Converter 

Power 
Converter 

Powei 
ConvMîei 

Powei 
ConvMîei 

Figure 1.3 Applied topologies for large grid connected wind turbines with and without 

gearbox. The power tlow is indicated by arrows. [7] 

Depending on the particular topology in Figure 1.3, the term Power Converter 

covers different types of power electronic components such as: a soft starter (part a), 

an externai % ariable rotor resistance (part b ) , a rectifier (part d - rotor connected) and 

a frequency converter (part c and d). AII the configurations presented in Table 1.3 are 

3-bladed and upwind wind turbines with tubular tower. The manufacturers applying 

configuration "c" and "d" are all using IGBT-based converters. 
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Table 1.3 Applied concept of the two largest (alias newest) wind turbines from 

each manutacturer of the top 10 suppliers world wide [7] 

Manufacture 

( f ep 10 supp.) 

Wind turbine Conf. 

Fijţ 5. 

PoHcr control 

featurcs 

Comments^ 

Vestas Wind 

System 

(Denmark) 

\ - 2 MW c Pitch and 

vanable spoed 

Rani:e: 005 ipin. 

to 1^15 rpni. 
Vestas Wind 

System 

(Denmark) \ 06 - 1.65 MW b Pitch and 

OpliSUp 

Range: 1 500 rpni. 

to 1650 rpm. 

Gamesa 

(Spain) 

G>2 - S S O k W c Pitch and 

variable >peed 

Range: QOO rpm. 

lo 1650 rpm. Gamesa 

(Spain) G47 - 660 kW c Pitch aixi 

vanable speed 

RaiiL^e: 1200 rpm. 

to 1 626 rpm. 

Enercon 
(Germany) 

E . 6 6 - 1.8 MW d Pitch aixl 

variablc speed 

Geailess. Range; 

10 rpm. lo 22 rpm. 
Enercon 
(Germany) F-58 - 1 MW d Pitdi and 

vai iable speed 

Gearless. Raiige: 

10 rpn\ to 24 rpm. 

NEG Micon 
(Denmark) 

NM 2 0 0 a 7 2 a . \ctive stall Two speed NEG Micon 
(Denmark) NM 1500C64 a Sta 11 Two s p ^ d 

Bonus 
(Denmark) 

2 MW a ActiN-e stall Two speed Bonus 
(Denmark) 1.3 MW a Active stall Two speed 

Nordex 

(German-

Danish) 

N^^ 2500 kW c Pitch aixl 

vanable spced 

Rant'e: 700 ipm. 

to 1.^03 rpm. 
Nordex 

(German-

Danish) N60,1300 kW a Stall Two speed 

Enron Wind 

(USA) 

1 . 5 s - 1.5 MW c Pitch aixi 

vanable speed 

Range: 989 rpm. 

to 1798 rpm. Enron Wind 

(USA) QOOs-QOO kW c Pitch aixi 

vanable speed 

Ran^x- 1000 ipm. 

to 2000 rpm. 

Hcolccnia 

(Spain) 

1250 kW 

750 kW 

No technical intbnmtions were ax-aibble on 

the internet 

Su/lon (India) No technical infbrniations were available an the internet 

Dewind 
(Germany) 

D4 - 600 kW c Pitch and 

v-ariable speed 

Range: 680 rpm. 

lo L>27 ipm. Dewind 
(Germany) D6 - 1.25 MW c Pitch and 

x-anable speed 

Range: 700 rpm. 

lo 1350 ipm. 
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1. Viiriable speed generators: a re\ iew 22 

Thus. the present state-of-art of large wind turbines is including: 

• pitch control combined with variable speed. Moreover, the variable 

speed concept is mainly realised using configuration "c", i.e. the 

doubly-fed induction generator with a rotor connected IGBT-based 

frequency converter. The blades can be tumed out or into the wind as 

the power output becomes too high or too low respectively. This type 

of control has certain advantages like good power control (at high 

wind speeds the mean value of the power output is kept close to the 

rated power of the generator), assisted start-up and emergency stop. 

The disadvantages are technical complexity of the pitch mechanism 

and the higher power fluctuations at high wind speeds. Also, the 

instantaneous power will, because of wind gusts and the limited 

speed of the pitch mechanism, fluctuate around the rated mean value 

of the pow er [8], 

• active stall with a two speed induction generator. At low wind speeds 

the blades are pitched similarly with the pitch control in order to 

achieve maximum etYiciency. At high wind speeds the blades go into 

a deeper stall by being pitched into the direction opposite to that of 

pitch control. Thus. the turbine achieves a smoother limited power, 

without higher power fluctuations like in the case of pitch-controlled 

turbines. The active stall control has the advantage of being able to 

compensate variations in air density. The combination with the pitch 

mechanism helps in case of emergency stops and for starting-up. 

• only one of the top-10 manufacturers is building a gearless (variable 

speed) wind turbine. 

Table 1.4 presents an overv iew of the market share of each wind turbine 

concept from 1998 to 2002. Is evident that the market share of the flxed-speed wind 

turbine concepi (type A) decreased during this period, while the DFIG concept (type 

C) became the dominant concept. The full variable-speed concept (type D) slightly 
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increased its market share, thus becoming the third most important concept in 2001 

and 2002. 

Table 1.4 World market share of wind turbine concepts between 1998 and 

2002. [8] 

Concept* 
1998 1999 2000 2001 2002 

Type A 39.6 40.8 39 31.1 27.8 
Type B 17.8 17.1 17.2 15.4 5.1 
Type C 26.5 28.1 28.2 36.3 46.8 
TypeD 16.1 14.0 15.6 17.2 20.3 
Total installed power (MW)** 2349 3788 4381 7058 7248 
Percentage share of the world market 
(supply)** 92.4 90.1 94.7 97.6 97.5 
* - for the concepts see Figure 1.3. 

** - for the 13 suppliers studied: Vestas, Gamesa, Enercon, NEG Micon, Bonus, 

Nordex, GE Wind/Enron, Ecotechnia, Suzlon, Dewind, Repowen Mitsubishi, Made. 

The market position of the type B (Vestas - Optislip) was almost constant 

during this period of time, but in the last 2 years decreased seriously, its share being 

occupied by the type C concept. 

Table 1.4 presents also the total capacity installed annually by the 13 suppliers 

studied. Thus, the total capacity in 2002 was three times that in 1998, especially 

because the increased rated power of the wind turbines. 

The most significant reason for the popularity of the doubly fed induction 

generator concept is the relatively small size of power converter - approximately 10-

25 % of nominal turbine power - which is a cost efficient solution in order to obtain 

variable speed. Meanwhile, one drawback is the inevitable application of slip-rings. 

However, they have been significantly improved the last years. 

When a stand-alone generator has to be conceived and designed, a basic 

structure followed by models, analysis and digital simulations for each part of the 

system and for the entire system must be done. 

For this, before comparing different stand-alone generator solutions already 

available, some topologies together with advantages and drawbacks for electrical 
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generdtors, povver converters, control strategies already in use and already presented 

in the specialized lilerature. vvill be shown in what follows. 

1.3.1 The electrical generators 

Today, before including an electrical generator in any operating system, 

studies and analysis, especially using the finite element method of analysis, are 

expected and easy lo implement. 

rhe generator has to work with a power source (the turbine rotor) which 

supplies very tluctuating mechanical power (shaft torque). 

In what follows. some advantages and drawbacks for different electrical 

generators vvill be presented, in this way possible candidates for a stand-alone 

generator can be noticed. 

1.3.1.1 The induction generator 

Mainly used in power generating systems, the induction generator has two 

different topologies: 

A. Induction generator with squirrel cage rotor, very popular due its rotor 

mechanical simplicity, high efficiency and low maintenance requirements (type A). 

During normal operation and direct connection to a stiff AC grid, this generator is 

very robust and stable. The slip varies and increases with increasing load. The major 

problem is the full load power factor is relatively low due to the magnetizing current 

extracted from the grid by the stator winding. At high wind speeds the generator can 

produce more acti\ e power with the price of the more reactive power dravm from the 

grid. And the amount of the reactive power is uncontrollable because it is varying 

with the wind conditions. Also, in case of a fault, the generator without any reactive 

power compensation can produce voltage instability of the grid. During a fault the 

rotor speed increases and, after the fault is cleared, the stator winding draws a lot of 

rcactive power from the grid which leads to a serious decreasing in voltage [9,10,11]. 

rhe squirrel-cage induction generator can be used both in fixed-speed wind turbines 

and in full variable-speed wind turbines (with bidirecţional full-load back-to-back 

power converter). 

B. Induction generator with wounded rotor. The output power of the generator can 

be controlled and optimized, solutions in this sense were already made. Here, the 
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disadvantage is represented by the vvounded rotor, which implies more production 

costs and can affect the machine lifetime, depending on the operating conditions [12 -

23]. The wind power applications use most commonly two DFIG configurations: 

- OptiSlip^ induction generator introduced by the Danish manufacturer 

Vestas. It has a variable externai resistance connected in the rotor circuit in order to 

change the slip of the generator by modifying the total rotor resistance. This could be 

done with a converter mounted on the rotor shaft, thus no slip rings are necessary. The 

other advantage is the extended speed range compared with the squirrel-cage 

induction generator. The disadvantages are the configuration still needs a reactive 

power compensation system, the control of active and reactive power is poor and the 

slip power is dissipated into the rotor resistance as losses. 

- Doubly-fed induction generator which as already stated is one of the most 

interesting solutions with a growing market. It has a bidirecţional power converter 

connected between the rotor circuit and the power grid and the stator is directly 

connected to the power grid. If the rotor winding is properly dimensioned, no 

transformer is necessary for adapting the system to the power grid and the power of 

the converter could be reduced to only 20-30% from the total power of the generator, 

accordingly to the desired speed range. The fast and decoupled control of the active 

and reactive power could be implemented. 

Induction machines are well suited for operating at variable speed. They have 

a relatively high power density, are durable and require little maintenance (especially 

for squirrel cage induction generator). The induction generator remains a solid 

solution for wind turbine generators applications [24-40]. 

1.3.1.2 The synchronous generator 

In contrast to the asynchronous machine, the synchronous generator is much 

more expensive and mechanically much more complicated than an induction 

generator with the same power. However, the big advantage is that it does not need a 

reactive magnetizing current. 

Anyway, for high power (from hundred of kW to several MW) wind turbine 

generators applications, the synchronous generator in non-salient construction are 

properly used. Two classical types of SG are used in the wind turbine industry: 
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- wound rotor synchronous generator; Enercon and Lagenvey use this wind 

turbine concept (type D). The stator winding is connected to the grid through a full-

scale power converter and the muhipole (low speed) rotor winding is excited with 

direct current. Altematively, an exciter in combination with a rotating rectifier could 

be used. It has the ad\ antage that it does not need a gearbox, but the disadvantage is 

the large and heavy generator. The manufacturer Made also applied this concept, but 

with a 4-pole (high speed) generator and a gearbox. 

- permanent-magnets synchronous generator; the efficiency is higher than 

in the induction machine, as the excitation is provided without any supplementary 

energy supply. This allows an operation at high power factor, but the permanent 

magnets are rather expensive and the manufacturing costs of the generator especially 

al high power are also not negligible. Moreover, a full-power converter should be use 

for adapting the voltage and frequency from the generator to the parameters of the 

power grid. 

In what it follows other variable speed generators will be briefly discussed. They are 

not in series production, but could become in the future possible candidates for 

generating applications in general and for the wind turbines industry in special. 

1.3.1.3 The axial-flux generator/torus generator 

This new solution is a synchronous generator with field winding and PM, 

having a disc rotor (see Figure 1.4). 

The main disadvantages of the axial flux generator are its manufacture 

difficulty and its high inerţia, for this it is not so used in turbine applications only in 

those where a gearbox is not needed and so a design for low speed drive is required. 
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Figure 1.4 The torus generator 

With a wounded toroidal staton without slots but with PMs, this type of 

generator was already proposed as a solution for wind turbine generator systems. 

An axial-flux PM generator for a 5kW gearless wind energy system integrated 

with a photovoltaic energy converter as a hybrid stand-alone system already exists 

[41]. In order to eliminate the use of gearbox, subject of vibrations, noise and with 

appreciable maintenance costs, a direct-coupled variable-speed wind turbine is 

proposed to verify the viability of the scheme and the feasibility of integrating wind 

and photovoltaic energy converters to generate electricity and to achieve optimum 

exploitation of these two energy sources. Despite a number of practicai difficulties, 

mainly of mechanical nature, the performances measured for a prototype were good. 

1.3.1.4 The switched reluctance generator 

Proposed for generating applications, the switched reluctance machine proof 

it's simplicity, low cost, rugged configuration and most of all its fault tolerance but 

also its dependency on power electronics (for control). 

The wide speed constant power and voltage recovery under sudden load 

variation are still to be demonstrated. 
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1.3.1.5 The hybrid and synchronous reluctance generators 

Double salieni generators with stator PMs and pulsating (homopolar) flux 

linkage ha%e been proposed long ago. With the same rotor topology like switched 

reluctancc machine but having stator PMs for excitation purpose, the cogging torque 

for these machines is an important factor which has to be consider in the designing 

process. 

One PM generator of 5.5 kW was aiready analysed, using the finite element 

meihod. for wind turbine generator purpose [42]. Still rather large electrical time 

ccmstant leads to slow load rejection while homopolar flux variation in the coils 

makes onix parţial use of stator coils and the povver/volume is slighty lower than for 

PM rotor generators. Mechanical and thermal difficulties with PMs on the rotor seems 

to bc the main liability of such configurations. besides added costs and relatively low 

speed operation (because of the presence of PMs in the rotor). 

The synchronous reluctance generator (axially laminated, with flux barriers) is 

a single salient machine in which the rotor is constructed so to employ the the 

principie of reluctance torque to produce electromechanical energy conversion (see 

Figure 1.5). In this case. only the rotor has salient poles while the stator inner surface 

is the same as for the induction machine. 
AC BUS 

Figure 1.5 The reluctance s> nchronous generator in a wind turbine generator 

application [43] 

With the development of high-energy PM materials. it is possible to make PM 

generators more reiiable and compact. Recent investigations shows us a growing 
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demand for vvind generators with larger output power used as hybrid energy systems 

in remote areas. 

A prototype machine, PM outer rotor type (see Figure 1.6), was built and 

tested for wind turbine application. [44] 

The results indicate a good efficiency (86%) and operating availability for 

different work conditions but still the presence of the PMs on the rotor surface 

constitutes a real drawback. 

D-axis^ ^^^ ouler-rotor(drum) 
permanent • 

magnet 

- • \ \ • 

V \ \ \ \ J \ 

Figure 1.6 The outer rotor generator 

Of course, many other types of electrical generators like transverse flux 

machine, double salient PM machine are presented in the specialized literature. 

Choosing the right solution for a specific application remains a problem which has to 

be carefiilly handled. 

1.3.2 The power electronics 

In this part, different power converter topologies which can be approach for 

wind turbine generator applications will be presented. 

It can by easily observed that many different power converter topologies can 

be used, depending on the electrical generator type, the turbine model (CSCF or 

VSCF) and of course, on the grid type. 
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1.3.2.1 The recHfier 

The common topology is the six diode rectifier, useful only for one quadrant 

opcration, when no control before the DC bus is needed. This is the main drawback of 

the diode rectifier. 

The diode bridges with downstream direct-current regulators can flilfil many 

demands. As vvell as rapid influence of the current path, harmonic waves in the 

generator can be largely suppressed, the need for storage elements in the intermediate 

circuit is reduced. 

The control led rectifier, as part of a back to back converter, is usefiil when full 

control of grid current and/'or good power quality factor are required. 

One of the methods to assure a good power quality factor, is to increase the 

voltage on the DC link when is necesary, from the rectifier and DC link side: 

- use of high voltage rectitlers; 

- use of boost choppers; 

or from the inverter side: 

- use of a boost transformer; 

- use of a combination of boost transformers; 

1.3.2.2 The back to back power converter 

This power converter topology is used when the power flow of the grid side 

converter is controlled to keep the DC link voltage constant while the control of 

generator side is set to assure the field and the reference speed demands so, as results, 

for stand-alone applications too. 

Figure 1.7 shows us one of the back to back topologies in which the grid is in 

single phase configuration. 

BUPT



1. Variable spccd gencrators: a rcvicw 3 1 

I Vihible frtquency 
I PWMConvtrtcr 

iil̂ jQJy 

DC 
Link 

CT 

Conium 
Frequency 

PWMCocvtfto 

SinikPhiie 
I unluy wv̂ vcncf I 

I l > J "o 
, -JLnnrvv 

Figure 1.7 The back to back power converter for a wind turbine generator system with 

single phase grid 

1.3.2.3 Matrix, tandem and multilevel converters 

Due to the fast development. more complex and efficient power converters 

were introduced. 

Some of those new power converters are: 

- the matrix converter; [45] 

- the tandem converter; 

- the multilevel converter. 

Their control complexity, the increased number of switches and transducers, 

the absence of DC link and the output voltage limitation (both for matrix converter), 

filters complexity, still keeping them away from small stand-alone applications but 

near future researches might give them a real chance on this market. 

Anyway, new methods to evaluate and compare different converter topologies 

efficiency are already presented for variable speed application. One of them presents 

the advantage of using back to back converter instead of three level converter for a 

doubly-fed induction generator power system.[46] 

Using complex power converter structures in case of isolated grid, where stand 

alone generating systems are used must be avoided because of economical cost 

reasons - a complex solution implies high costs - and also because of losses - an 

increased number of power switches working in the same time will increase the 

losses. Anyway, the power converter topology mostly depends on generator type and 

of course on stand-alone energy conversion system configuration. 
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1.3.3 Control strategies 

Reliable operation must be guaranteed for stand-alone turbine generating 

systcms in all operating states. It is necessary to develop a local plant/grid specific 

pro fi le of requirements, to expand this into a strategy that takes into account the 

desires of operators, manufacturers, power supply companies. standards. 

A variet) of control methods are already developed, depending on the 

generator type. the grid and the power electronics converters [47 - 59]. 

For small vvind power plants, stand-alone wind turbine generators sensing the 

blade pitch is relatively costh. Anyway, the output power can be adjusted faster by 

electric regulators of the turbine output. this has to be considered for VSCF type of 

stand-alone vvind turbine generators. 

Simple variable speed system using a standard V/Hz control and squirrel cage 

induction generator (see Figure 1.8) was already presented. [60] 

This control essentially adjusts the applied frequency in relation to the 

mechanical speed of the turbine in order to keep the turbine operating at its maximum 

power coeftlcient. 

POWER 
SYSTEM 

INDUCTION 
MACHINE 

V/HZ 
CONVERTER 

V/HZ 
CONVERTER 

V/HZ 
CONVERTER 

y 

(O m 

FREQUENCY 
CONTRa to 

Figure 1.8 A simple control scheme for variable speed wind turbines 

The simulation results. made for a 20kW system, show us that at low speeds 

the system follovved the maximum power characteristic and at high speeds the speed 

and power were limited. 

To make power generation truly cost effective and reliable, advance control 
techniques are imperative. 
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Based on both mechanical and electrical dynamics, nonlinear and adaptive 

control algorithnis are derived. Such a technique was verified on a two-bladed 

horizontal-axis wind turbine vvith good results. [61] 

Closed-loop control system can assure maximum power transfer (look-up table 

relates the electrical power output of the system to the shaft speed). 

A control strategy for power smoothing in wind energy application, especially 

for stand-alone wind turbine generator using linearised or fuzzy controller augmented 

by a feed-forward compensation scheme (see Figure 1.9) was developed and 

presented in [62]. 

Wind Turbine 

Generator 

Pe. <0, 

A A 
DC Link 

i i 
DC Link 

i i 

V, J ş 

Grid 

V. 

Control system 

Transformer 

Figure 1.9 A variable speed wind turbine with fuzzy logic control system 

1.3.4 Stand-alone systems, different topologies 

The solution shown in Figure 1.10, can be used for stand-alone variable speed 

operation of the system for both squirrel cage and doubly fed induction generators. 

[63] 

The control complexity lies in the fact that stable grid voltages are not 

available and that power flow balance assumes a central importance. It is for interest 

to compare the complexity and converter rating of the two systems (one with squirrel 

cage and the other one with wounded rotor). 

The system for wounded rotor is more complex (see Figure 1.10), as expected 

but both strategies are promising as long as more research has to be done. 
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Figure I.IO Stand-alone vvind turbine generator with doubly-fed induction generator 

[63] 

Other control strategies. like: sliding mode, field oriented, neural networks, 

vvere detailed presented in a lot of papers. [64], [65] 

Sliding mode and fuzzy logic control seems to be a preferred solution for 

stand-alone applications. Many papers form last years are presenting such control 

strategies as an alternative to the classic ones. [66], [67], [68] 

Like power converters. the control strategy strongly depends on generating 

system structure. for stand-alone applications. fast response on load changes and 

permanent provide of maximum output power are essential. For this, it is 

recommended to be tested many control strategies (at least two of them) and choosing 

the right one after comparing simulation results. A good example in this way is that 

shown in [69] where the influence of control strategies on the turbine energy systems 

depending on some important site conditions and design parameters is presented. 

Small stand-alone WTG with a simple closed-loop control system to assure 

maximum power transfer by the aid of a look-up table which relates the electrical 

power output of the system to the shaft speed, is developed in [70]. 
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Figure 1.11 Schematic diagram of a stand-alone wind turbine generator 

A new criterion for determining optimum dimensions of a generator for wind 

energy conversion system appiications is than introduced. This criterion envisages a 

maximisation of the energy output for the chosen wind regime while keeping the 

generator costs at a minimum value. 

The power extraction for a turbine depends on three factors: 

- the available power; 

- the generator externai characteristics; 

- the capability of the generator to fast response; 

The power quality factor refers to the voltage stability, frequency stability and 

the absence of various forms of electrical noise (flicker or harmonic distortion) on the 

electrical grid side. 

One of the methods to assure a good power quality factor is to increase the 

voltage on the DC link, when is necessary, from the electrical generator by: 

- use of separate two coils in the stator; 

- shunt capacitors (to provide reactive compensation for synchronous 

generators and to improve the field for induction generators); 

- use of the second inverter to assure a capacitive current for the field: 

- use of one or three ventils after the rectifier; 

Steady state and dynamic operation of a novei stand-alone, single-phase 

induction generator scheme are presented in [71]. The load voltage and frequency are 

controlled by a single-phase, full-bridge, bipolar pulse-width modulated DC/AC 
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inverter. A batten feeding the inverter supplies real power to the generator when the 

load demand is greater ihan the power supplied by the prime mover (see Figure 1.12). 

V c - ^ 

Figure 1.12 Schematic diagram of the single-phase induction generator with a battery-

PWM inverter s> stern 

Simulation results showed that the output voltage varies almost linearly with 

the modulation index. Furthermore, the generator can operate with a lower rotor speed 

with the batter\-inverter system supplying the apparent power to meet the load 

requirements and generator losses. 

The system penurbation factors for a stand-alone generator are: 

- the unstable speed: 

load variation (weak grids); 

Results of a theoretical and laboratory experimental investigation for variable 

speed generating wind turbine system using a 5.5 kW squirrel cage induction 

generator which is controlled using a PWM voltage source inverter and a simple 

speed controller to maintain optimum power transfer for the wind turbine in varying 

wind speed conditions. is presented. [72] 

Instead of significant power extraction from wind energy, comparing to a 

constant speed operation. the additional losses incurred in frequency conversion 

demonstrates the availabilit) of this method only for WTG erected in places with 

frequent wind gusts. 

A new DC link voltage boost scheme for adequate voltage coordination in grid 

connected wind energy conversion system (see Figure 1.13) is presented in [73]. 
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Figure 1.13 Proposed DC link boost scheme 

The method provides a simple structure to solve d.c. link voltage shortage 

problem at low winds by adding one or three switches between the input legs of the 

rectifier and the middle point of the d.c. link reservoir capacitor. 

Using a multiplex control function, the symmetrical double voltage method 

can change to not-symmetrical and unbalanced generator output to a symmetrical and 

a balanced one [74]. 

1.3.5 Converter-fed variable speed pumped-storage system 

Experience with the first converter-fed variable speed pumped-storage system, 

which begun operation at the Yagisawa scheme in Japan 1990, has led to the adoption 

of this concept for further schemes in the country. Let's look at the advantages and 

characteristics of the system and outlines its prospects for application at future hydro 

schemes [75]. 

In Japan, power companies have, for some time, been investigating new 

technology to keep the frequency of the grid constant. As high quality energy is 

increasingly required, it is necessary to adjust the power generated very precisely in 

accordance with load variations, to achieve a balance whereby load matches generated 

power precisely. 

The system frequency during off-peak times (night time and holidays) is 

mainly controlled by thermal powerplants in Japan. However, as the proportion of 

nuclear power generation increases, the use of thermal units for off-peak supply is 

tending to decrease. There is now concem that the automatic frequency control (AFC) 

capacity required for the system will become inadequate. If AFC can be achieved by 
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the pumping unit of a puinped-storage unit, rather than a thermal plant, the AFC 

capacity can be maintained. 

In convenţional pumping units. however. the generator-motor rotates at 

synchronous speed constantly. In conditions of constant speed, a convenţional pump-

turbine cannot \ary the input because of its inherent characteristics. However, a 

variable speed system can do this [76]. 

This is the main incentive for the development of the variable speed pumped-

storage system. 

1.3.5.1 System configuration 

The system configuration of a converter-fed variable speed pumped-storage 

system is shown in Figure 1.14 as a single line diagram. 

The system essentially consists of a pump-turbine, a generator-moton a 

frequency converter (cycIocon\erter in Figure 1.14) and a control system. 

PumpMurbiAt GuidtvMts 

Figure 1.14 Configuration of the converter-fed variable speed pumped-storage system 

developed in Japan. 

The generator-motor and frequency converter in particular are different from 

those in a convenţional synchronous machine. The generator-motor has a cylindrical 

rotor with three-phase distributed field windings. When these windings are excited by 

BUPT



1. Variable speed generators: a re\ icw 3 9 

three phase field current, a rotating magnetic field is generated at the roton even if the 

rotor is at standstill mechanically speed controlled. The mechanical speed plus the 

electrical speed equals synchronous speed. This is one of the basic principles of the 

variable speed pumped storage system. 

The frequency converter is an excitation system which supplies three-phase 

excitation current to the field vvindings of the generator-motor. 

The control system not only controls the active and reactive power but also the 

speed of the unit. They are controlled to optimum values by a digital microprocessor 

in each of the operating conditions. 

1.3.5.2 Advantages 

Some of the main advantages of the variable speed system are as follow s. 

- Adjustable power for AFC operation in the pumping mode 

The relationship between the pumping head and the pump input is shown in Figure 

1.15. In the case of a convenţional machine, the pump input is fixed according to the 

available pumping head. On the other hand, a variable speed machine can vary the 

pump input by its speed being varied within a specified range. 
MAXIMUM PUMP WPUT 
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Figure 1.15 AFC operating in pumping mode varies the pump input. 
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At a certain pumping head. for example. when the machine increases speed, the pump 

input becomes larger. Because of this characteristics, it is possible to supply power for 

AFC using a pumped-storage plant. 

- High pump-turbine efficiency 

In the case of a convenţional pump-turbine, the unit must rotate at synchronous 

speed even if there is an optimum speed at vvhich maximum efficiency can be 

obtained. However. a Nariable speed machine can be operated at the optimum speed 

for each a\ ailabie head. The efficiency of the pump-turbine can thus be improved by 

approximately 10%. These features are shown in Figure 1.16. 

M 48 5« M 70 to 90 100 
TURBINE OUTPUT (%) 

Figure 1.16 10% increase gained in efficiency because turbine operating. 

- Supprcssion of power system fluctuation 

In the case of a convenţional machine. it is impossible to control the internai phase 

angle instantly because the rotor poles are mechanically fixed to the rotor. A variable 
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speed machine has no fixed poles. and can therefore control the internai phase angle 

directiv using the frequency converter. This characteristic not only allows for stable 

operation of the machine itself. but also contributes to the stability of the grid, in the 

e\"ent of power fluctuations occuring. Examples of cases of this suppression are 

showTi in Figure 1.17. 
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Figure 1.17 Suppression of power system fluctuation. 

- Smooth pump startup 
A convenţional machine requires additional equipment to start in the pumping mode. 

The frequency converter starts the machine without any extra equipment. The 

frequency converter starts the machine with the primary stator winding being short-

circuited and then synchronizes it with the grid, as shown in Figure 1.18. 

BUPT



4 2 1- Variable spced generators: a review 
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Figure 1.18 Pump startup. 

The \ariable speed system has various additional advantages, as follows: 

extension of the pump-turbine operating head range in the generating mode, better use 

of stored water and no air pollution because the AFC is adjusted by the variable speed 

s\ stern rather than theimal plants. 

1.3.5.3 Development and characteristics of the system 

The recent development of large-scale generator-motors, large capacity 

electronic systems. elaborate micro-processors, and digital control have made it 

possible to mo\ e ahead vvith the variable speed pumped-storage concept. 

Generator - motor 

To solve one of the most important problems of supporting the rotor coil end, 

a special IJ-bolt support was developed, consists of a high-strength, high-rigidity 

retaining ring, and a large number of non-magnetic steel U-bolts to link the coil ends 

and the retaining ring. 
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The ventilation was enhanced by choosing a system in which ventilation is 

provided in the in the radial direction from the inner bore of the rotor core by the 

centrifugal action of the radial ducts of the rotor core and spokes. 

The collector ring for the variable speed generator-motor is a three-phase 

structure, and has to withstand a high voltage and large current. To check the 

reliability and ease of maintenance, an actual six collector ring model for a 300 MW 

class generator-motor was manufactured and tested 

Frequency converter 

There are two types of frequency converter for the variable speed pumped-

storage system. One is a cycloconverter. and the other is an GTO inverter-converter. 

The cycloconverter consists of thyristors. and has been used in convenţional motors. 

so no special development or tests were required. 

Control system 

As shown in Figure 1.19, the control system comprises: a sequence control 

section, which also interfaces with other control systems, protection relaying systems, 

and operator(s); a plant control section, to control active and reactive power; a 

guidevane control section; a speed control section; and, a frequency converter and 

current control section. 

The plant control section consists of active power (P) control, and reactive 

power (Q). Signals from the q-axis component and the d-axis component of the 

secondary current of the generator-motor control P and Q, respectively and 

independently. 

In the generating mode, the active power is controlled by guidevane opening, 

and the speed is controlled to obtain high efficiency of the pump-turbine. In the 

pumping mode, on the other hand, both the speed and active power are controlled by 

the q-axis component of the secondary current of the generator-motor (Iq*), see Figure 

1.19. 

The effective control is achieved by elaborate microprocessor and digital 

control.This unit begun operation in 1990 as the world's first application of the 

converter-fed variable speed system. The ratings of the main components are shown 

in Table 1.5. The various advantages of the system have been verified by field tests 
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and commercial operation, as the unit has been operating successfully. Till now many 

othcr units vvas developed. (see the ratings of other 2 units in Japan in Table 1.6) 
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Figure 1.19 Block diagram of the control system 

Table 1.5 Ratings of the main components for Yagisawa (unit 2) 

Component Characteristic Rating 
Pump-turbuM Max. output(MW} 87.4 

Head (m) 53 to 111 
Pvunp input (MW) S3to82 
Putnping head (m) 63 to 112.5 

G«nerator>motor Rated output (MVA) S5 
Rated volUge (kV) 13.8 
Rotating sp«ed (rpm) 130 to 156 

Frequency-oonverter Typ« Cycloconverter 
Ratcd output (MVA) 25.8 
Rated voltagt (kV) 4.8 
Rated current (kA) 3.1 
Output frequency (Ht) 0.25 to 4.6 
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Table 1.6 Ratings of main components for Sabigawa (unit 3) and Okukiyotsu II (unit 

2) 
Component Chanetemtic Sabigawa unit 3 Okukiyotsu n unit 2 
Pomp^urbiot Mu. output (MW) 

Head(m) 
Puii>pinput(MW) 
Puii9ia(h«»d(oi) 

309 
304 to 372 
200 to 330 
330 to 387 

310 
432 to 494 
230 to 340 
460 CO 514 

Gcaarttor-isotor Ratedoatput(MVA) 
Rattdvoltac«(kV) 
RotatiDg speed (rpm) 

360 

375iS% 

345 
16.5 

429tS% 

Prtqu«ncy-con»efter TVpe 
Rattdootput(MVA) 
IUt«l voltage QtV) 
Rat«lcaiTeDt(kA) 
Q u ^ t frequtncy (Hz) 

Cycloconvofier 
5L1 
5.90 
5.00 

0.25 to 4 

(3T0 iovertor-fiODverter 
3L5 
3.04 
5.98 

0.25 to 2.5 

1.3.6 Dual Stator Winding Induction Generator 

The dual stator winding synchronous machine was introduced at the beginning 

of this century as a means of increasing the power capability of large synchronous 

generators. In the recent past, it was used as a source of both regulated dc and ac 

output voltages. Dual stator winding reluctance machines have also been investigated 

for both drive and autonomous generator operations. The angular speed of the 

generated voltage is equal to the electrical rotor angular speed in the dual stator 

winding synchronous generator. In the dual stator winding reluctance generator, the 

sum of the angular electrical frequencies of the currents in the two stator windings 

equals the electrical frequency of the shaft (in the steady state) - rigidly tying the 

frequency of the generated voltage to the shaft speed. In applications with variable 

turbine (rotor) speeds, load frequency control is slightly complicated by dual 

synchronous and reluctance generators. Although it is realized that dual stator 

winding induction machines may be used as generators in view of the additional 

degree of freedom given by the uncoupled relationship between the rotor speed and 

frequency of generated voltage, it has not been fully explored until now. 

Two types of dual stator winding induction machines with standard squirrel-

cage rotor structure have been proposed. In the first design, there are two identical 

three-phase windings (control and power winding sets) which are wound for the same 

number of poles. However, these two windings are electrically displaced from each 
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other. In the most recently proposed design. the control and power windings are 

wound for difTcrent pole numbers with no displacement between the power and 

control windings using the regular squirrel-cage rotor structure - ideally decoupling 

the torque production of the two w indings when individually excited. Of course, there 

are the doubly fed induction machines with specially designed rotor cage structures. 

The generator scheme presented is based on the dual stator winding induction 

machine with displaced power and control winding sets [77]. The power and control 

windings have the same number of poles. In Figure 1.20 (a), a three-phase puise width 

modulation (PWM) dc-ac inverter under sine-triangle control and fed with a battery 

source is connected to the control windings. 

Vp*: 
paa 

detect 
Of 

a) 

_J _J 

b) 

Figure 1.20 Schematic diagram of the dual stator winding induction generator with 

dc-ac inverter. (a) With a battery source. (b) With a charged dc capacitor 
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The DC-AC PWM inverter, augmenting the compensating three-phase delta-

connected capacitors Cq, provides reactive power to the generator system, fixes the 

load frequenc), and influences the magnitude of the load vohage by regulating the 

modulation index magnitude. Indeed, the frequency of the reference signal of the 

PWM becomes the frequency of the generated load voltage.. The battery source acts 

as a real power buffer. When the real power provided by the rotor shaft exceeds the 

load real power demand and system losses. the excess power is stored in the battery 

through the bidirecţional inverter. 

If. on the other hand, the real power demand of the load and losses exceeds the 

input real power from the shaft. the balance is supplied by the batter\. Another 

advantage of this scheme is the possibility of maintaining a load voltage magnitude 

with the desired load frequency. even when the rotor slip is positive for a relatively 

short period. While the machine motors. the battery provides the needed real power 

through the inverter to the load. 

C*C I.OM 
(a) 

;.J J 
(b) 

Figure 1.21 Generator waveforms: a) load voltage (V) and current (A): time in 

seconds requiring the decrease of the duty ratio (increasing the effective discharge 

resistance value) so as to maintain the reference capacitor voltage 
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Ihe scheme in F igure 1.20 (b) has a charged dc capacitor connected to the 

inxerter inpul. II the load is light. the dc capacitor may overcharge and the system 

hecomes instable. It the load is hea\\ , the capacitor discharges. and the load voltage 

collapses. Io ensure stable operation, a discharge resistor is connected across the 

charged capacitor throiigh a transistor or MOSFET under PWM duty ratio control. 

The dut\ ratio control, which seeks to regulate the capacitor voltage , presents a 

\ariablc rcsistance (which dissipates the excess real power) to the charged capacitor. 

The invener PWM modulation index magnitude control regulates the load voltage. A 

teedback control scheme is required to operate the system stably. Since there is no 

source of acti\ e power on the inverter side if the rotor slip is positive the load voltage 

deca> s and may ultimateK collapse. 

rhe generator wa\etorms (load voltage and ciirrent) are illustrated in Figure 

1.21 a) and b). I he change ot the load impedance was performed and the results are 

shown in Figure 1.22. In Figure 1.22 a) the reference and the measured load voltage 

are illustrated and in Figure 1.22 b) the inxerter input currents are shown. 

1 \ 

t.Oft 1 .>* 1 . , i t i 

(a) 

(b) 

Figure 1.22 I)\ namic^ ot generator to change in load impedance from 20 to 200 

voltage reference - 120V a) Reference and peak load voltage (V), b) Inverter input 

current (A), time in seconds 
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1.3.7 Direct Power Control of DFIG 

Conventionally, grid-connected cage rotor induction machines are used as 

wind generators at medium power level. When connected to the constant frequency 

net\\ork. the induction generator runs at near synchronous speed drawing the 

magnetizing current from the mains, thereby resuhing in constant speed constant 

frequency (CSCF) operation. Howeven the power capture due to fluctuating wind 

speed can be substantially improved if there is flexibility in varying the shaft speed. 

In such variable speed constant frequency (VSCF) application rotor side 

control of grid-connected doubly-fed induction machine is an attractive solution. In 

the system under consideration. the stator is directly connected to the three phase grid 

and the rotor is supplied by two back-to-back PWM converters (see Figure 1.23). 

TM$320F240DSPtased 

Digital Controiter 

rotor 

Indvctfon m^cttiiw 

Figure 1.23 Schematic block diagram of the DFIG system. [59] 
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tjsh 

Figure 1.24 Approximate equivalent circuit 

The equi\alent circuit is shown in Figure 1.24. Such an arrangement provides 

tlexibility of operation in subsynchronous and supersynchronous speeds both in the 

generating and motoring modes. The rating of the povver converters used in the rotor 

circuit is substantially lower than the machine rating and is decided by the range of 

operating speed. Of the two converters. the function of the line side converter is to 

regulate the dc bus \ oltage and act as unity power factor interface to the grid for either 

direction of power flow. The machine side converter has to control the torque and flux 

of the machine or ahemativeh' the active and reactive powers. The convenţional 

approach for independent control of active and reactive pow^ers handled by the 

machine is stator flux oriented vector control with rotor position sensors. The 

performance of the system in this case depends on the accuracy of computation of the 

stator flux and the accuracy of the rotor position information derived from the position 

encoder. Alignment of the position sensor is moreover difficult in a doubly-fed wound 

rotor machine. Position sensorless vector control methods have been proposed by 

several research groups in the recent past. A dynamic torque angle controller was 

proposed. This method uses integration of the PWM rotor voltage to compute the 

rotor flux; hence satisfactor> performance cannot be achieved at or near synchronous 

speed. Mosi of the other methods proposed make use of the measured rotor current 

and use coordinate transformations for estimating the rotor position. Varying degree 

of dependence on machine parameters is observ ed in all these strategies. 

Alternative approaches to fleld oriented control such as direct seif control 

(DSC) and direct torque control (DTC) have been proposed for cage rotor induction 

machines. In these strategies, two hysteresis controllers, namely a torque controller 

and a flux controller, are used to determine the instantaneous svvitching state for the 
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inverter. These methods of control are computationally very simple and do not require 

rotor position information. 

In what follows, a recently developed algorithm [59], for independent control 

of active and reactive powers with high dynamic response in case of a doubly-fed 

induction machine is described. The instantaneous switching state of the rotor side 

converter is determined based on the active and reactive powers measured in the stator 

circuit. Thus. unlike existing DTC techniques, measurements are carried out at one 

terminal of the machine whereas the switching action is carried out at another 

terminal. Here the directly-controlled quantities are the stator active and reactive 

powers; hence, the algorithm is referred to as direct pow er control (DPC) in the text. 

q-axis 

d-axis 

Figure 1.25 Phasor diagram 

The proposed algorithm also differs from convenţional DTC in that it does not use 

integration of PWM voltages. Hence, it can work stably even at zero rotor frequency. 

The method is inherently position sensorless and does not depend on machine 

parameters like stator/rotor resistance. It can be applied to VSCF applications like 

wind power generation as well as high power drives. The concept of direct power 

control is first introduced and details of the control strategy are discussed. 
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1.3.7.1 The concept of DPC 

The basic concept of direct control of active and reactive powers can be 

appreciated from the phasor diagrams based on the equivalent circuit of the doubly-

fed machine as shovvn in Figure 1.24. From the phasor diagram in Figure 1.25 it is 

noted that the component of the stator current isq has to be controlled to control the 

stator active power Ps and isd has to be controlled to control the stator reactive power 

Qs. This is achieved in turn by controlling the rotor currents irq and ird, respectively, in 

convenţional field oriented control strategy. The effect of injection of these rotor 

currents on the air-gap and rotor fluxes can be derived by subtracting and adding the 

respective leakage fluxes. The variation of the rotor flux with variations in the active 

and reactive power demand is shown in Figure 1.26 a) and b). 

In Figure 1.26 a) ipj = O i.e.. the reactive power is fed completely from the 

stator side. Under this condition if irq is varied from O to full load, the locus of ^ 

\ aries along A-B which indicates a predommant change in angle 5 between ^ and 

whereas the magnitude of ^r does not change appreciably. In other words, a change in 

the angle 5 would defmitely result in a change in the active power handled by the 

stator in a predictable fashion. 

In Figure 1.26 b) the stator active power demand is maintained constant so that 

irq is constant and ird is varied from O to the rated value of i . Here the locus of varies 

along C-D, resulting in a predominant change in magnitude of whereas the 

variation of 5 is small. Therefore, the reactive power drawn from the grid by the stator 

can be reduced by increasing the magnitude of the rotor flux and vice-versa. 
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q-axis 

q-axis 
(a) 

d-axis 

r<i 

(b) 

Figure 1.26 Phasor diagram showing variations in rotor flux with change in active 

and reactive power. 
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It may be noted that the phasor diagrams as indicated in Figure 1.26 a) and 

1.26 b) remain the same irrespective of the reference frame; the frequency of the 

phasors merely changes from one reference frame to the other. It can be concluded 

trom the above discussion that: 

i) I he stator active power can be controlled by controlling the angular 

position of the rotor tlux vector. 

ii) The stator reactive power can be controlled by controlling the 

magnitude of the rotor flux vector. 

These two basic notions are used to determine the instantaneous switching 

state of the rotor side converter to control the active and reactive power as discussed 

in the follovving section. 

1.3.7.2 Voltage Vectors and Their Effects 

Phascb 

Phascc 

Phasea 

m 
53 (010) 

S5 (001) 

Figure 1.27 (a) Orientation of the rotor winding in space with respect to which the 

voltage space phasors are drawii and (b) voltage space phasors. 
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Assuming that the orientation of the three phase rotor winding in space at any 

instant of time is as given in Figure 1.27 a), the six active switching states SK S2...S6 

would result in the vohage space vectors U2 U6 (see Figure 1.27 b) at that 

instant. 

In order to make an appropriate selection of the voltage vector the space 

phasor plane is first subdivided into six 60^ sectors 1,2...6. The instantaneous 

magnitude and angular velocity of the rotor flux can now be controlled by selecting a 

particular voltage vector depending on its present location. The effect of the different 

vectors as reflected on the stator side active and reactive powers, when the rotor flux 

is positioned in Sector 1 is illustrated in the following subsections. 

1.3.7.3 Effect of Active Vectors on Active Power. 

(b) 

Figure 1.28 Flux vectors in (a) motoring mode and (b) generating mode. 

BUPT



^ ^ 1. Variable speed generators: a review 

Considering anti clockwise direction of rotation of the flux vectors in the rotor 

reference franie to be positive, it may be noted that VIŢ5 is ahead of vĵ r in motoring mode 

of operation and y/sis behind vĵ  in generating mode. This is illustrated in Figure 1.28 

a) and b) respectively. 

In the rotor reference frame the flux vectors rotate in the positive direction at 

subsynchronous speeds. remain stationary at synchronous speed and start rotating in 

the negative direction at supersynchronous speeds. 

Assuming that the rotor flux is positioned in Sector 1, application of voltage 

vectors y 2 and U3 accelerates vĵ  in the positive direction. In the motoring mode of 

operation. this reduces the angular separation between the two fluxes resulting in a 

reduction of active power dravvn by the stator. In the generating mode of operation, 

application of \ ectors U2 and UŞ results in an increase in angular separation between 

the two and thereby an increase in the active power generated by the stator. (Ps being 

negative for generation. application of U2 and U3 still results in a reduction of 

positi\ e active power.) Similarly it can be seen that the effect of U5 and U6 on the 

active power would be exactiy opposite to that of y 2 and U3 in both the motoring and 

generating modes. 

Power drawn by the stator being taken as positive and power generated being 

taken as negative, it may therefore. be concluded that. if the rotor flux is in the k-th 

sector, where k = 1.2. 3....6 application of vectors U (k+I) and U (k+2) would result 

in a reduction in the stator active power and application of vectors U (k-1) and U (k-2) 

would result in an increase in the stator active power. 

1.3.7.4 Effect of Active Vectors on Reactive Power. 

From the phasor diagrams Figure 1.26 a) and b) it can be seen that the reactive 

power drawn by the stator depends upon the component of vjŢt along ^ i.e. . The 

angle between and ^ i.e. 8 being small, the magnitude of ^ is approximately equal 

to vjjrd- Therefore. when the rotor flux vector is located in Sector 1, voltage vectors Ui , 

U2. and 1)6 and increase the magnitude of ^ whereas, U3, U4, and U5 reduce it. This 

holds good irrespective of whether the machine is operating in motoring or generating 

mode. An increase in magnitude of y/r indicates an increased amount of reactive 

power being fed from the rotor side and hence, a reduction in the reactive power 
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dravvTi by the stator resulting in an improved stator power factor. A decrease in 

magnitude of ^ amounts to lowering of the stator power factor. As a generalization it 

can therefore, be said that if the rotor flux resides in the sector, switching vectors 

U(k), U(k+1), and U(k-l) reduce the reactive power drawn from the stator side and 

U(k+2), U(k-2), U(k+3) increase the reactive power drawn from the stator side. 

1.3.7.5 Efîect of Zero Vector on Active Power. 

The effect of the zero vectors is to stall the rotor flux without affecting its 

magnitude. This results in an opposite effect on the stator active power in 

subsynchronous and supersynchronous modes of operation. 

In subsynchronous motoring, application of a zero vector increases 5 as ^s 

keeps rotating in the positive direction at slip speed. Above the synchronous speed, ^s 

rotates in the counter clockwise direction thereby reducing 5. Hence active power 

drawTi by the stator increases for subsynchronous operation and decreases for 

supersynchronous operation. Active power generated being negative, the same 

conclusion holds true for the generating modes as well. 

1.3.7.6 Effect of Zero Vector on Reactive Power. 

Since a zero vector does not change the magnitude of the rotor flux its effect 

on the reactive power is rather small. Nevertheless, there is some small change in Qs: 

its effect being dependent on whether the angle between the stator and rotor fluxes 

increases or decreases due to the application of a zero vector. 

Table 1.7 Effect of zero vector on reactive power 

speed Motoring Generating 

Subsynchronous 5p î => Wrd ^ => Qs^ âp i => (l/rd ^ => Qs^ 

Supersynchronous => î => Qs^ ăp ^ => 11/rd * => Qs'f 

Note: ^ denotes increasc, ^ denotes decrease 

An increase in angular separation between the two fluxes reduces ^ d resulting 

in an increment of Qs drawn from the stator side. The converse is true when 5 reduces. 

BUPT



5 8 1- Variable spced generators: a review 

It is observed that the change in Qsdue to the application of the zero vector is different 

in all the 4 modes of operation. This is summarized in Table 1.7. 

1.3.7.7 Control Algorithm 

With the inferences drawn in the previous section it is possible to switch an 

appropriate vohage vector in the rotor side at any given instant of time to increase or 

decrease the active or reactive power in the stator side. Therefore, any given 

references for stator active and reactive powers can be tracked within a narrow band 

by selecting proper switching vectors for the rotor side converter. This is the basis of 

the direct power control strategy. The details of the control algorithm are discussed in 

the following subsections. It should be noted that the torque reference for the machine 

is decided by an outer loop for either motoring or generating application. The 

reference for the stator power can, therefore, be calculated as: 

(1.1) 

Qş' is set according to the desired power factor at the stator terminals. 

1.3.7.8 Measurement of Stator Active and Reactive Power 

The active and reactive powers on the stator side can be directly computed 

from the stator currenls and voltages. Assuming a balanced three phase three wire 

system, only two currents and two voltages need to be measured. The active and 

reactive powers can be expressed as: 

+ (1.2) 

2 
Qs (1.3) 

where: 

(1.4) 

(V\,+2V^3) (1.5) 
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and. 

(1.6) 

(1.7) 

1.3.7.9 Defining References and Errors 

As shown in Figure 1.29. P̂ * is the reference for stator acti\ e power. 

p » .B 

p* 
/ 

Vv 
^ F 

band 

f 

V c 
Figure 1.29 Hysteresis control of active power 

The actual power Ps is to be controlled to stay within a band of width Pbiind 

about Ps*. This is achieved by defining an auxiliar\^ reference Ps** and switching as per 

the following logic. 

if{p„,>o)pr = p; + p, hanJ (1.8) 

else P" =P' -R hanJ 

In a similar manner the error and reference for the reactive power can be 

written as: 

hanJ (1.9) 
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1.3.7.10 Switching Vector Selection 

In order to determine the appropriate switching vector at any instant of time, 

the errors in Ps and Q,. and the sector in which the rotor flux vector is presently 

residing are taken into consideration. Thus the following tv^o switching tables for 

active vector selection can be generated. Tables 1.8 and 1.9 correspond to negative 

Perrand positive P r̂r. respectivei) . 

1 able 1.8 Selection of active switching states when (Perr <= 0) 

Sector 1 ! Sector2 > SeciorS Sector 4 Sector 5 Sector 6 
Qetr>0 j S5 ' S6 1 SI S2 S3 S4 

OcrT<=0 1 S6 1 SI i S2 S3 S4 S5 

Table 1.9 Selection of active switching states when (Perr >0) 

Sector 1 Sector 2 Sector 3 Seclor4 1 Sector 5 Sector 6 
OetT>0 S3 1 SA S5 S6 I SI S2 
Qerr<=0 52 S3 S4 S3 1 S6 SI 

If the rotor side converter is switched in accordance to these tables it is 

possible to control the active and reactive powers in the stator side within the desired 

error bands. But the use of active vectors alone would result in nonoptimal switching 

of the converter and also a higher switching frequency. 

By considering the effect of the zero vector on active and reactive powers, the 

logic for selecting the zero vector can be summarized as in Table 1.10. 

Table 1.10 Condition for selection of zero vector 

Speed Motoring Generating 

Subsynchronous Qerr > 0 & & P^ > 0 Qerr < 0&& P,rr > 0 

Supcrsynchronous Qm < 0 & & Perr < 0 1 Qerr k 0 & & Perr < 0 

During subsynchronous motoring mode of operation, the application of a zero 

vector will increa.se Q, as seen from Table 1.7. As 8p increases under this condition, Ps 

also increases. Hence, when the errors in Qs and Ps are positive, a zero vector is 
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applied to effect an increment in both the stator active and reactive powers and 

thereby bring down the errors. The other entries in the table can be worked out in a 

similar manner. Whenever a zero vector has to be applied, the one nearest to the 

present active vector is selected to minimize the number of switchings. 

Also, it is obser\'ed that the effect of the zero state on Ps is opposite in the 

subsynchronous and supersynchronous modes of operation. This criterion is used in 

detecting the transition from subsynchronous to supersynchronous operation and vice-

versa. 

1.3.7.11 Sector identification of Rotor Flux 

In order to implement the switching algorithm the present sector of the rotor 

flux has to be identified. The exact position of the rotor flux space phasor within the 

sector is not of importance as far as the selection of the switching vectors is 

concemed. The proposed method of sector identification is based on the direction of 

change in Qs w^hen a particular switching vector is applied. The concept is illustrated 

by the following example. Suppose that the present position of the rotor flux is in 

Sector 1 and it is moving in the positive direction (corresponding to subsynchronous 

operation). Therefore, application of switching states S2 and S6 results in a reduction 

of Qs and application of S3 and S5 results in an increase of Qs. When the rotor flux 

vector crosses over to Sector 2, the effect of states S3 and S6 on Qs would reverse. 

Vector IJ3 would now act to reduce Qs instead of increasing it. Similarly the effect of 

vector y 6 on Qs would also be opposite. These reversals in the direction of change of 

Qs, when a particular vector is applied, can be detected and a decision for sector 

change may be taken on this basis. Similarly, if the flux vector is rotating in the 

negative direction (supersynchronous operation) the effect of states S2 and S5 on Qs 

would change in direction when ^ changes over from Sector 1 to Sector 6. Thus in 

any particular direction of rotation there are two vectors which can provide the 

information for a change in sector. Since the rotor flux vector cannot jump through 

sectors the change will always be by one sector, either preceding or succeeding. In 

this method, even though the exact position of the flux is unknown, the sector 

information can be updated just by observing the changes in Qs due to the applied 
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vectors. It may be noted that the effect of the vectors on would not provide a 

conclusive inference about the change in sector. 

The expected direction of change in Qs due to the application of any switching 

state in the different sectors can be summed up as shown in Table 1.11. 

Table 1.11 Expected direction of change Qs 

1 SO , , SI 1 1 S2 S3 1 S4 S5 S6 S7 
Sector 1 ' 0 1 - . 1 + + - 0 
Scctor2 ! 0 • " 1 - + 4- + 0 
Sector? 0 - * 1 + + 0 
Sector 4 0 - 1 + 0 
Sector 5 0 - • ) • 0 
Sector 6 0 - 1 > — A 0 

It may however. be noted that in a particular sector not all vectors will be 

applied. For example, in sector k, vectors U(k) and U(k+3) will never be applied. 

These vectors would have predominant effect on the reactive power, but their effect 

on the active power would depend on the actual position of the rotor flux vector in the 

sector. In most applications there is hardly any requirement for fast transient changes 

in reactive power; so it is not necessar>' to apply the strongest vector to effect any 

change in Q .̂ In the switching logic, therefore, only those vectors are selected which 

have uniform effects on P̂  and Qs in terms of their direction of change irrespective of 

the position of the rotor flux in a particular sector. 

For any given vector applied in a particular sector the expected direction of 

change in Qs can be read off from Table 1.11 The actual direction of change can be 

computed from the present value of Qs and its previous value. 

Table 1.12 Direction of change of sector 

SO i SI S2 83 34 S5 S6 37 
Sector 1 0 0 -1 + 1 b •1 1 0 
Sector 2 0 ! +1 0 • l + 1 0 I -1 0 
Sector 3 0 i -1 + 1 j 0 J -1 + 1 0 0 
Sector 4 0 j 0 -1 1 +1 0 -1 + 1 0 
Sector 5 0 ! +1 0 -1 + 1 0 -1 0 
Sector 6 0 i .1 + 1 0 ' i -1 + 1 0 0 

If the actual direction of change is opposite to the expected direction of change 

then a decision on change of sector is taken. Whether the sector change has to be 
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effected in the clockwise or anti clockvvise direction depends on the applied vector 

and the observed change in. This information is stored in another lookup table (Table 

1.12). 

The method of sector identification is therefore. independent of any machine 

parameter but relies on directly measurable fixed frequency quantities. It is also 

independent of the rotor frequency and can work stably at or near synchronous speed. 

1.3.8 Vector Control of DFIG 

In the following sections the principie of vector control of doubly-fed 

induction generator with two inverters connected back-to-back in the rotor circuit will 

be presented (see also Figure 1.23 for a general schematic of the system). 

1.3.8.1 Control of suppiy (line) - side PWM converter [12] 

The objective of the supply-side converter is to keep the DC-link voltage 

constant regardless of the magnitude and direction of the rotor power. A vector-

control approach is used with a reference frame oriented along the stator voltage 

vector, enabling independent control of the active and reactive power flowing 

between the suppiy and the supply-side converter. The PWM converter is current 

regulated, with the direct axis current used to regulate the DC-link voltage and the 

quadrature axis current component used to regulate the reactive power. A standard 

regular asymmetric sampling PWM scheme [12] is used. Figure 1.30 shows the 

schematic of the supply-side converter. 
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Figure 1.30 Supply-side converter arrangement 
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The voltage balance across the inductors is: 

r d 
'L' 

V,. = R 'h + L 
dt h + 

V _ L _ 

+ L 
dt 

i _ c _ .^cl. 

(1.10) 

where L and R are the line inductance and resistance, respectively. using the 

transfoimations Equation 1.10 is transformed into a dq reference frame rotating at coe: 

di 
(1.11) 

With the scaling factors used in the transformations, the active and reactive 

power flow is: 

The angular position of the supply voltage is calculated as: 

(1.12) 

co^.dt = tan (1.13) 

where Vu and vp are the a, (3 (stationary 2-axis) stator-voltage components. 

Aligning the d-axis of the reference frame along the stator-voltage position 

given bv Equation 1.13, Vq is zero, and, since the amplitude of the supply voltage is 

constant v̂  is constant. The active and reactive power will be proporţional to /a and /q 

respectivei). 

Neglecting harmonics due to svvitching and the losses in the inductor 

resistance and converten we have: 
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r 

2V2 
(1.14) 

/.. = 
2V2 

fn^ij 

dt = 'os -'or 

From Equation 1.14. it is seen that the DC-link voltage can be controlled via 

/d. The control scheme thus utilizes current control loops for ia and /q. with the id 

demand being derived from the DC link voltage error through a standard PI controller. 

The /q demand determines the displacement factor on the supply-side of the inductors. 

The strategy is shov^n in Figure 1.31. 

OC l.rk 

* 'q 

3-phase 
supply 

Figure 1.31 Vector control structure for the supply-side converter [12] 

From Equation 1.11 the plant for the current control loops is given by: 

1 
VJ(s) LS + R 

(1.15) 

where 
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vili 

In Equation 1.16. v'ji and v'qi are the references values for the supply-side 

con\ erter. and the terms in brackets constituie voltage-compensation terms. 

1.3.8.2 Control loop designs 

The design of the current controllers follows directly from Equation 1.15, 

vN hich can be written in the z domain as: 

(1.17) 
(z-A) 

where T, is the sample time (0.5 ms). The converter may be modeled by a pure delay 

of two sample periods yielding the control schematic of Figure 1.32 for which 

standard design techniques may be applied. For the inductors used, R=0.1 Q, L = 12 

mH. a design for a nominal closed-loop natural frequency of 125 Hz and ^=0.8 can be 

obtained using the PI controller: 

G(r) = 4 .72 ( r -0 .96 ) / ( z - l ) (1.18) 

The design of the DC-link voltage controller may be carried out in the 

continuous domain. and it is assumed that the imier ia loop is ideal. From Equation 

1.14 the effective transfer function of the plant is: 

/,(.v) 2V2Q 

and the closed-loop block diagram is shown in Figure 1.32 , in which iot is represented 

as a disturbance. Again, standard classical design is appropriate. Inserting values of E* 

= 550 V, m, = 0.75 (for V^ = 250V). C = 2.4 mF and Ts= 5 ms, a controller of 0.12(z-

0.9248)/(z-l) can be shown to give a nominal closed-loop natural frequency of 25 

rads"', with ^ = 0.7. This is 50 times slower than th loop sampling frequency, and 

justifies the continuous design. 
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Figure 1.32 Supply-side converter current control loop and DC-link voltage control 

loop. 

1.3.8.3 Machine control 

The induction machine is controlled in a synchronously rotating dq frame with 

the d-axis oriented along the stator-flux vector position. In this way, a decoupled 

control between the electrical torque and the rotor excitation is obtained. The rotor-

side PWM converter provides the actuation, and the control requires the measurement 

of the stator and rotor currents, stator voltage and the rotor position. There is no need 

to know the rotor-induced EMF, as is the case for the implementation with naturally 

commutated converters. 

Since the stator is connected to the grid, and the influence of the stator 

resistance is small, the stator magnetizing current i^s can be considered constant. 

Under stator-flux orientation, the relationship between the torque and the dq axis 

voltages, currents and fluxes (all scaled to be numerically equal to the AC per-phase 

values) may be written as: 
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= = = ^sUs + ^o'jr 

di. 

dl 
P 

/ (1.20) 
" I . 

The stator flux angle is calculated from: 

^a. = 
= 

(1-21) 

where 9s is the stator-flux vector position. The integral in Equation 1.21 is solved 

using the digital passband filter, with cutoff frequencies of 0.5 Hz and 1 Hz to 

eliminate DC offsets. From Equation 1.19. the torque is proporţional to iqr and can be 

regulated using Vqr- The rotor excitation current idr is controlled using Vdr- Assuming 

that all reactive power to the machine is supplied by the stator, i*dr may be set to zero. 
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Wsiip OLfiqr • DC I.r« 
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Figure 1.33 Vector-control structure for DFIG 

Figure 1.33 shows a schematic block diagram for the machine control. The 

reference q axis rotor current can be obtained either from a outer speed-control loop 

or from a reference torque imposed on the machine. These two options may be termed 

a speed-control mode or torque-control mode for the generator. 

A similar analysis for the control of the dq current can be carried out for the 

supply-side converter can likewise be done for the control of the dq rotor machine 

currents. From the rotor voltage equation in Equation 1.20 we have: 

r di 
at 

di 

dr 

(1.22) 

The idr and iqr errors are processed by the PI controller to give v'dr and v'qr. 

respectively. To ensure good tracking of these currents, compensation terms are added 

to v'dr and v'qr to obtain the reference voltages v*dr and v*qr according to: 
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which is analogous with Equation 1.16. 

1.3.8.4 Control loop designs 

The plant for the current-control design is similar to the case of the supply-side 

converter current controller (see Figure 1.32) with the following variable 

subsiitutions: 

id, iq = > idr. iqr 

v ' d . v ' q = > v'dr. v'qr 

L => oLr 

ac => ai 

With Ts ^ 0.5 ms, a nominal closed-loop natural frequency of 130 Hz with ^ = 

0.8 is obtained, with the controller 20 (z-0.985)(z-l). 

A speed controller is needed when the machine operates in the speed 

controller is carried out in the continous domain, in a similar way to that of the 

voltage controller for the supply-side converter, assuming also that the current 

controllers are much faster than the speed loop and are thus considered ideal. The 

second order systern of Figure 1.32 is obtained (without the ior disturbance) with the 

following variable substitutions: 

E = > (Or 

id = > i q r 

0.24) 

ios = > Te 
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1 1 
Cs Js + B 

Kc => Fvo 

The rotor speed is obtained from a rotor-position measurement, which 

provides 720 pulses per revolution. With a sample time of 0.1 s a resolution of 

0.833rpm is obtained. The magnetizing current can be obtained as ims = Vs/cOeLo- With 

Ts = O.ls and with the appropriate parameters, a nominal closed-loop natural 

frequency of 0.05Hz with ^ = 0.9 is obtained, with the controller 0.49 (z-0.988)/(z-l). 

Although a faster speed controller can be designed for the speed-control mode. in 

practice it is found the noise considerations limit the closed-loop natural frequency. 

This derives from the fact that the speed demand is obtained from a mechanical 

torque observen which effectively estimates the shaft acceleration from a limited-

resolution speed encoder.[78] 

Conclusion 

In this first chapter a review of the existent systems with variable speed generators is 

presented. The historical developments and the present status of the variable speed 

generators especially for wind power applications (which, through their nature, 

introduce the concept of variable speed generators) are presented in detail. The market 

trends and solutions applied by several wind turbines manufacturers are discussed. 

Then an overview of the generators, power electronics and of the control systems is 

presented. There are both, solutions being in series production and also non-

commercial solutions, but possible candidates in the future for renewable energy 

generating systems. 

Finally, three systems, considered by the author as "key applications'' are analyzed in 

this chapter: 

- the doubly-fed induction generator with a cycloconverter connected in the rotor 

circuit for variable speed pump-storage hydropower plant. This solution was 

implemented in Japan for a several stations, including the big hydropower group 

in the world (400 MV A). Also, 2 similar groups are operaţional in Germany, at 
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Goldisthal on Schvvarza river in the south of Thuringen (2x331 MV A, 18 kW, 66 

MVA cycioconx erters + 30 MVA starting converter) 

- the induction generator with dual stator winding 

- the doubly fed induction generator, with two inverters connected back-to-back in 

the rotor circuit. Here two control solutions are presented and discussed: direct 

power control and vector control. The following chapters will deal only with the 

vector control of the doubly fed induction generator. 
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Chapter 2 

DFIG modeling for power grid operation 

Abstract 

This chapter deals with the simulation of the complete DFIG system for power 

grid operation. The behavior of the system is deeply analyzed under normal 

conditions and under fault conditions of the power grid. The operation under fault 

conditions, especially under shortcircuits of the power grid is \ er\' important, due to 

the last power system requirements that clearly specifies that the high power wind 

generators should '^ride through faults'' coming from the power grid. This means that 

during the shortcircuits of the network, the generator should not be disconnected, in 

order to be able, after the shortcircuit is cleared, to provide immediately the power 

necessar>' to recover the voltage of the grid, and to prevent oscillations of the power 

system (penetrated higher and higher by the power coming from the wind generators). 

Thus, special measured should be taken into account in order to prevent serious 

damages of the power electronics or of the generator, especially in the case of off-

shore turbines, where the equipments are installed on the sea, at 20 km or more from 

the land and any intervention requires additional important fmancial support. 

The simulated system includes the turbine, the gearbox, the DFIG itself, the 

two power converters (grid-side converter and machine side converter, both vector 

controlled), the DC link, the line-filter and the power grid. First, the models of all 

mentioned components are described and commented. Then, the operation of the 

system under the normal conditions of the power grid is presented and discussed. 

In the second part of the chapter, the operation of the system under shortcircuit of the 

power grid is analyzed. Possible measured to protect the converters and to improve 

the behavior of the system under these conditions are discussed 
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2.1 Introduction 

When a short-circuit fault occurs in the network, then the voltage dip and the 

current transients in the generator windings and in the converter occur. Although, due 

to the lack of power transfer from the generator to the network, the turbine severely 

accelerates. In this situations, there are two risks: 

- damage of the con\ erter due to the over-currents 

- mechanical damage of the turbine due to the overspeeding 

A lot of attention must be paid in order to avoid these problems. The actions 

that may be taken are different. and are dependent of the type of the turbine: small on-

land or large oiT-shore. 

In the case of small on-land wind turbines farms, no technical specifications 

are made. and the turbines could be automatically tripped and stopped when the 

settings of the monitored values are exceeded. The converter could be blocked, the 

rotor could be opened or short-circuited and a ^'safety stop" procedure could be 

initiated. This can be realized by aerodynamic breaking which means pitching the 

blades at the maximum reference and locking the shaft at the zero speed. Extended 

discussion of these methods is made in [1]. 

The technical requirements for the wind turbines in large off-shore wind farms 

are defined in standards. Those wind farms are treated as large power supply units and 

their disconnection will not be accepted as the turbine should contribute with power 

after the fault. 

In those cases. other methods for improving the performance under such 

conditions. and protection should be taken into account. 

In the follow ing paragraphs the extended presentation of the studied system (2 

MW, 4-pole generator) and how it was modeled will be made, its control will be 

discussed and various simulation results (in normal operation and under a power grid 

short-circuit) will be presented. 
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2.2 Simulation models of the DFIG system 

A schematic diagram of the overall studied system is shown in Figure 2.1. Two 

vohage-fed PWM converters are inserted in the rotor circuit, with the supply-side 

PWM converter connected to the grid via a RL fiher, which limits the high-frequency 

ripple due to switching harmonics.[2]. 

- / 

/ 
- / 

/ / 
/ / 

- / 

/ / — c / 7 / / 
/ -

/ / 
4/5 

GSC MSC 

DFIG 

Figure 2.1 The doubly-fed induction generator connected to the power grid. 

The complete simulation model of the system was implemented in Matlab-

Simulink (see Figure 2.2), and the parts are explained in what it follows. 

Figure 2.2 The overview of the simulation system 
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2.2.1 The wind turbine model 

The wind turbine is modeled in terms of optimal tracking, to provide 

maximum energ> capture from the wind. The implemented characteristics are 

presented in Figure 2.3. 
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Figure 2.3 Implemented wind turbine characteristics: a) aerod>Tiamic characteristics. 

b) the turbine torque model, c) the simulation model 

These characteristics are based on: 

(2.1) 

viiiere Cp - power efficiency coefficient: V - wind velocit>; p - pitch angle: R - blade 

radius: Pm - mechanical power produced by the wind turbine: pair - air densit> 

(usually 1.225 kg W ) 

Apphing the tip speed ratio K : 

X = m 

V 
(2.2) 

vk-bere oim is the mechanical speed of the turbine, equation (2.1) may be re%\Titten as: 

n-R' 
C opi 

^^opi 
0)1 = K^ col (2.3) 

where K ,̂ is the wînd turbine dependent coefficient. 

Equation (2.3) holds the key of the optimization of the variable-speed wind 

turbine by tracking the optimal turbine speed at a given wind speed. The result of the 

optimization is reaching in fact the optimal power efficiency at the given speed. In the 

simulation the optimum power is retumed by the model through a 2D look-up table 

having the wind speed and the speed of the generator as inputs. wîth interpolation of 

the turbine characteristics. wîth the action of the govemor considered as 
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instantaneous. These data can be obtain from the manufacturer, for a specific type of 

the turbine. 

2.2.2 The DFIG model 

Stator and rotor voltages expressed in terms of d and q axes quantities rotating 

in an arbitrar}' reference frame with the speed (Ok are given by [3]: 

V . / ( 2 . 4 ) 

(2.5) 

= K • K, + ^ - K - ( O ( 2 . 6 ) 

= ^r • K, + ^ + {(O, - c o ; ) - ( 2 . 7 ) 

Stator and rotor fluxes are expressed in ftinction of the current by: 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

Also. the electromagnetic torque: 

(2.12) 

The implementation of the above equations, the structure of the whole DFIG model 

and the corresponding mask of the system are illustrated in Figure 2.4 [4]. 
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Figure 2.4 The model of the DFIG: a) mask of the model, b) implementation of the 

model, c) implementation of the equations 
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Usually a speed range of ± 25% is chosen around the synchronous speed [5]. 

To have a lower current at the rotor-side of the machine equivalent with a lower 

converter sizing. and the same voltage at the rotor-side and the stator-side at the limits 

of the speed range (the voltage adapting transformer between the converter and the 

power system is avoided), a transformer ratio K of the generator windings of 4 is 

chosen: 

^'rmax - ^ I •(••-) ratcJ (2.13) 

2.2.3 The grid-side converter (GSC) model 

The supply side converter is used to control the DC link voltage regardless of 

the level and the direction of the rotor power (Figure 2.5). A vector-control strategy is 

used, with the reference frame oriented along the stator voltage [6]. The converter is 

current regulated with the direct axis current used to control the DC-link voltage, 

meanwhile the transverse axis current is used to regulate the displacement between 

the voltage and the current (and thus the power factor) [7]. In fact, the reference of Igq 

should be imposed as zero, if no circulation of reactive power is desired through the 

rotor circuit, and this is the present case. 

The voltage equations (see Figure 2.1) are: 

^ dt 

ha 

^ dt 
+ * 

* (2.14) 

where Lf and Rf are the line inductance and resistance of the filter, iga, i^t, igc are the 

phase currents, and v̂ ,̂ v^. v^ are the phase voltages should be produced by the 

converter. 

Respectively, using the transformations into a dq reference frame rotating at coe the 

equations yield: 
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di K'l 
dl 

(2.15) 

(2.15') 

The voltage being aligned with the grid d-axis. Vĝ^ = 0. and the terms 

Vgd+(jiê (igq and cOeLf/gi? are added respectively subtracted as compensation terms. 

Figure 2.5 The block diagram of the supply-side converter control. 

The angular position of the supply voltage 0e is calculated as: 

=tan (2.16) 

where Vga and Vĝ  are the grid voltages expressed in terms of a and p axes (stationary). 

The design of the current controllers follows from the transfer function of the 

plant in the z-domain, the sampling time being 0.45 ms. For a nominal closed-loop 

natural frequency of 125 Hz and a damping factor of 0.8 the transfer function of the PI 

controller is: 
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G,G(Z) = I 8 . 6 9 ( z - 1 3 3 5 . 4 ) / ( z - l ) ( 2 .17 ) 

The current loop is designed much faster Ihan the DC voltage loop and thus 

considered ideal. The transfer function of the DC voltage controller results in: 

Gi.rx(z) = 17.95(z-2640)/(z-l) (2.18) 

2.2.4 The machine-side converter (MSC) model 

The generator is controlled in a svnchronously rotating dq-frame, with the d-

axis aligned with the stator-flux vector position, which ensures a decoupled control 

betvveen the electromagnetic torque and the rotor excitation contribution (see Figure 

2.6). In fact decoupled active and reactive power control [8,9] of the generator is 

obtained (Figure 2.6). 

q-axis 

Stator axis 

Figure 2.6 Location of different vectors in stationary coordinates. 

Under stator-flux orientation (O)K = (Oe), the rotor equations (2.6 - 2.7) could be 

re-written as: 

Vny = Kir j + ^^^ ^ - (2.19) 

di 
= RrK, + + aLJ^,) (2.20) 

where: 
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o - leakage factor: 

( 2 . 2 1 ) 

L.L 
(2.22) 

Lo is the cyclic magnetization inductance: 

(2.23) 

And ims is the stator magnetization current: 

(2.24) 

Figure 2.7. presents a schematic block diagram of the machine-side converter 

vector control. 
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o 

Figure 2.7 The block diagram of the machine-side converter control in a doubly-fed 

wind turbine. 
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Again knowing the transfer function of the plant and imposing the natural 

closed-loop frequency and the damping factor, the transfer function of the current 

controllers results in 

G , K ( Z ) - 1 2 ( z - 0 . 9 9 5 ) / ( z - l ) ( 2 . 2 5 ) 

The power loops are designed much slower than the current loops and the 

transfer function for the power controllers are thus obtained: 

GPQ(Z) - 0 . 0 0 0 0 9 ( z - 0 . 9 ) / ( z - L ) ( 2 . 2 6 ) 

The reference voltages generated by the current control loops with back-EMF 

compensated are transformed back to the rotor reference frame and space vector 

modulated to generate the pulses for the inverter (VSC). 

2.2.5 The active and reactive power calculator 

Knowing the stator currents and voltages (measured), the stator active power 

is calculated as: 

P = ( 2 . 2 7 ) 

Also. the stator reactive power could be calculated as: 

Q = (2.28) 

2.3 Operation of the DFIG system under normal conditions 

of the power grid 

Extended simulations were performed on the model thus implemented, in 

order to deeply analyze the behavior of the system under different conditions. 

First some control situations are presented, as the accuracy of the active and 

reactive power control is checked. In Figure 2.8 the active power reference (see also 

control block diagram in Figure 2.7) is modified from -1.2 MW to -1.4 MW 

(generating). The reference and the response in terms of active power is shown in 

Figure 2.8 a. 
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Figure 2.8 Simulated step in reference of the active power: a) the reference and the response 

of the system, b) the stator currents, c) zoom in stator currents around the time of the step. 
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The stator currents for the step in active power reference are shown in Figure 

2.8 b. For more clarity a zoom in time scale around the time of the step (6 sec) is 

performed in Figure 2.8 c. 

Similarly with the active power, the response in terms of reactive power is 

analyzed. As alread\ discussed, this is even more important than the response of 

acti\ e power. vvhen the grid is weak and a very quick control of the voltage is desired. 

For this purposes the reference of the reactive power is modified from 300 kVAr 

(absorbing) to -300kVAr (producing). The response is shown in Figure 2.9. 

I o 

6 8 6 6 5 6 9 6 96 7 7 06 7 1 7 15 7 2 

Figure 2.9 Simulated step in reference of the reactive power 

Then. another more complex situation was analyzed: at 1.5 sec the wind speed 

is increased from 7 to 11 m/s, then at 6 sec the reference of active power is increased 

from -1.2 MW at -1.4 MW while the reference of the reactive power is kept at 300 

kVAR. 

f l 

^ 2 3 4 5 6 7 8 
brv^B] 

Figure 2.10 Speed of the generator 
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The speed of the generator is illustrated in Figure 2.10. The response at step in 

vvind speed can be observed, as acceleration. Also, at 6 sec. due to the limited power 

of the system, the modification of the generated active power (loading) leads to a 

reduction of the speed. 

The rotor currents are shown in Figure 2.11. During the acceleration of the generator, 

produced by the increasing of the wind speed, a passing through the synchronous 

speed is recorded. This could be observed at 2.2 sec. 

soo ) 
i 

-500 , I 

, 1 

' J I ' 

Ti' i . ^ 

-1000 - • , - ^^ ^ . i ' 

-1500 - . 
1 1 2 1 4 1 6 1 B 2 Z2 2 4 2 6 2 8 3 

t>mi<s] 

Figure 2.11 Rotor currents during transient in wind speed (the passing through 

synchronism can be observed) 

In Figure 2.12 are presented the turbine torque and the electromagnetic torque, 

respectively, and in Figure 2.13 the DC bus voltage is illustrated. 

From the grid-side point of view, the voltages from the grid are shown in 

Figure 2.14 a and the currents in the grid-side (through RL filter) are shown in Figure 

2.14 b. A phase angle of 180^ could be observed between the voltages and the 

currents, as a sign of no reactive power is circulated through the grid side but the 

active power is generated (corresponding to over-synchronism operation). 

Also the total grid currents are illustrated in Figure 2.14 c. The phase angle 

corresponding to the level (and the direction) of ''ordered" active and reactive powers 

could be observed there, between these currents ("seen" from the power system) and 

the grid voltages. 
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Figure 2.12 a) The torque from the turbine, b) the electromagnetic torque 
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Figure 2.13 DC voltage. 
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Figure 2.14 a) The grid voltages, b) grid-side converter currents, c) grid total currents. 
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The reference and the response of the s> stern in terms of active power are 

illustrated in Figure 2.15 a. The loading is quick and stable. The reactive power 

control is shown in Figure 2.15 b, The reference is kept at a constant value, and the 

control is also stable. 

.10̂  

0 1 2 3 4 5 6 7 8 

a) 

r 

2 3 4 5 6 7 8 

b) 

Figure 2.15 The control of powers: a) active power, b) reactive power 

For the same step in the active power reference, a few further waveforms are shown in 

what it follows. In Figure 2.16 a, the stator voltages are shown, quite constant in terms 

of amplitudes and frequency, as the grid is strong. The stator currents are shown in 

Figure 2.16 b, where the step in active power could be seen, and the puise width 

modulated rotor voltages (from the output of the machine-side converter) are 

illustrated in Figure 2.16 c. 
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Figure 2.16 Generator waveforms during the active power reference step: a) stator 

voltages, b) stator currents, c) rotor voltages. 
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2.4 Case study: three-phase shortcircuit of the power grid 

In order to study the behavior of the whole system imder a three-phase short-

circuit on the power grid, without taking any protective measure, the grid is modeled 

as in Figure 2.1 and divided in two parts [10]. The short-circuit is applied at the 

middle of the line (see Figure 2.1) at 3.1 sec. and is cleared at 3.6 sec. 

First, the stator voltages and currents are shown in Figure 2.17 a and b, 

respectively. 

a) 

b) 

Figure 2.17 Three-phase short-circuit on the power grid: a) stator voltage, b) stator 

currents 
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Then, the rotor quantities are illustrated, the voltages in Figure 2.18a and the 

currents in Figure 2.18 b. 
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b) 

Figure 2.18 Three-phase short-circuit on the power grid (cont.): a) rotor voltage, b) 

rotor currents 

It can be seen there are two dominant current peaks, one at the start of the 

short-circuit, and one even more severe when the short-circuit is cleared. 

The speed of the generator is shown in Figure 2.19 a and the turbine torque 

and the electromagnetic torque are shown in Figure 2.19 b and c, respectively. 
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Figure 2.19 Three-phase short-circuit on the power grid (cont.): a) speed, b) turbine 

torque, c) electromagnetic torque. 
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Two severe transients in torque also occur, and a transient in speed, which 

means that during the fault the electromagnetic torque is very small and thus the 

generator accelerates. The torque of the turbine is naturally decreased during the fault 

as the generator speed is increasing and the wind speed remains constant (see the 

characteristics in Figure 2.3) 

Finally, the active and reactive power responses are illustrated in Figure 2.20. 

3 Z2 3 4 3 6 3 8 4 4 2 4 4 4 6 4 8 5 

bmels] 
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I . 
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Figure 2.20 Three-phase short-circuit on the power grid (cont.): a) active power, b) 

reactive power. 
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2.5 Mechanism to improve the performance of the system 

during fault 

To reduce the transients due to short-circuit a few methods were investigated. 

The first was to reduce the active and reactive power references immediately after the 

fauh occurs. But this did not produce any improvement. 

The most efficient method according to this study w âs to limit the rotor 

currents. This was done by limiting the reference of the rotor currents, in fact the 

output of the active and reactive power PI controllers at the ±1.5 Im in q-axis and at 

±0.5 Im in d-axis. The results are presented in what follows. 

First the stator and rotor currents and the rotor and DC voltage are shown in 

Figure 2.21. 
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d) 

Figure 2.21 Three phase short-circuit on the power grid, with limited rotor currents in 

the generator: a) stator currents, b) rotor currents, c) rotor voltages, d) DC voltage 

Notable improvements can be easily noticed. First and the most important is 

the reduction of the second rotor current peak (when the short-circuit is cleared) with 

50%. The stator current second peak is also reduced with the same amount. 

The speed of the generator, the turbine torque and the electromagnetic torque 

are shown in Figure 2.22. 
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Figure 2.22 Three phase short-circuit on the power grid, with limited rotor currents in 

the generator (cont): a) speed, b) turbine torque, c) electromagnetic torque 

BUPT



2. DFIG modeling for power grid operation 1 0 3 

The acceleration of the generator is not avoided but, when the system is 

restoring, the deceleration is not so pronounced and the speed of the generator is 

stabilizing earlier (practically the system is recovering something more quickly than 

in the case with no limitations in the rotor currents). 

Conclusion 

For large power wind farms continuous operation during short-circuit fauhs is 

required. This mode becomes more and more important as the wind turbine should be 

able to contribute with power just after a short circuit. A detailed investigation on the 

control and behavior on the doubly-fed induction generator under power grid short-

circuit was done in this chapter. The good dynamic performances and accuracy of the 

active and reactive power control were demonstrated. 

Also the waveforms of the generator in a three-phase short-circuit are 

presented. For better continuous operation during short-circuit faults different 

methods were investigated. The modification of the power references during the fault 

in order to prevent the rotor overcurrents and generator overspeeding was performed 

but it did not produce the expected results. The best situation was obtained with the 

limitation of the rotor currents references (through the output limitation of the active 

and reactive power controllers). 
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Chapter 3 

Sensorless control of DFIG at power grid with 

faults 

Abstract 

The previous chapter deah with the behavior of the 2 MW DFIG system 

during power grid shortcircuit, and with the mechanism to improve the performance 

of the system during fauhs, without disconnecting the generator from the power 

system. 

In this chapter another problem is bring into discussion, regarding also the 

behavior of the system during fauhs. But, this time. the sensorless algorithm is 

introduced and deeply analyzed. especially during power grid shortcircuit. 

The investigation is done especially in order to fmd the influence of magnetic 

saturation on the rotor position and speed estimators, and, in generaL the system 

behavior in a sensorless vector control scheme during transients and shortcircuit faults 

(sensorless DFIG system •'riding through fault") 

The DFIG is driven by a wind turbine whose torque vs. generator speed at 

different wind speeds is optimized by the pitch control system. 

A sudden three-phase shortcircuit at the middle of a typical local power grid is 

investigated. 

A complete simulation under Simulink*^ environment for the whole system has 

been developed and applied to simulate transients as described above with and 

without considering the magnetic saturation in the machine. 

It is shown by digital simulations that during shortcircuit the sensorless control 

fails without considering the magnetic saturation and, even during the sudden 

connection to the grid, the errors in position and speed estimation are notable. 
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3.1 Introduction 

The electrical schematic of the whole system is shown in Figure 3.1. The 

sNstem includes the wind turbine (not represented here), the generator itself, the 

vector controlled grid-side inverter, the vector controlled machine side inverter, the 

RL filter and the power grid. 

Figure 3.1 The doubly-fed induction generator connected to the power grid 

The grid is modeled as divided in two equal parts in order to apply the 

shortcircuit at the middle. 

As all the models were "in extenso" described in the previous chapter, in what 

it follows only the generator model will be again discussed, as the magnetic saturation 

was included in the model. 

3.2 The DFIG model with magnetic saturation included 

Stator and rotor voltages expressed in terms of d and q axes quantities rotating 

in an arbitrar> reference frame with the speed cok are given by [1]: 

y - R i 

at 
(O, -11/ sq (3.1) 

dl// 
(3.2) 
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dt 
(3.3) 

(3.4) 

Stator and rotor fluxes are expressed in function of the current by: 

rJ (3.5) 

(3.6) 

sj (3.7) 

u/ = L i + L • / T rq ^r rq ^ ̂ m .sq (3.8) 

where variation of Lm is implemented as in Figure 3.2. 
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Figure 3.2 The magnetic saturation: variation of Lm versus magnetization current 
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AISCK thc electromagnetic torque: 

(3.9) 

The implementation of the abo\ e equations. the structure of the whole DFIG model 

and the corresponding mask of the s\ stem are illustrated in Figure 3.4 [2]. 

Wound Rotor 
Induction Machine 

•.vith saturation 

a) 

O 
J i UVVv ftPeiajV» 

CD-

ABC 

theta 
DQ 

ABC 

tneta 
DQ 

CE> 
c.T^c; .^le: 

vcjq? idqs 

vdqr idqr 

omega Te 

Vol tage 
equat ions 

[tnetaî >—• 
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Figure 3.3 The model of the DFIG: a) mask of the model, b) implementation of the 

model, c) implementation of the equations 

Usually a speed range of ± 25% is chosen around the synchronous speed [3]. 

To have a lower current at the rotor-side of the machine equivalent with a lower 

converter sizing, and the same voltage at the rotor-side and the stator-side at the limits 

of the speed range (the voltage adapting transformer between the converter and the 

power system is avoided), a transformer ratio K of the generator windings of 4 is 

chosen: 

(v.). raled 
(3.10) 

3.3 Position and speed estimation 

The generator is controlled in a synchronously rotating dq-frame, with the d-

axis aligned with the stator-flux vector position, which ensures a decoupled control 
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between the electromagnetic torque and the rotor excitation contribution (see Figure 

3.4). 

In fact decoupled active and reactive power control [4,5] of the generator is 

obtained 

Figure 3.4 Location of different vectors in stationary coordinates. 

3.3.1 Posîtion and speed estimation without saturation included 

In order to avoid using an encoder the position should be estimated for the 

vector control. Also speed information for the back-EMF compensation is needed. 

The sensorless algorithm is based on the vector diagram in Figure 3.4 and is 

adapted from [6]. The rotor current (which can be measured in rotor coordinates) 

makes an angle pi with the stator axis and an angle p2 w4th the rotor axis. The 

difference between pi and p2 is the rotor position 0r which must be determined. In 

Figure 3.6 the block diagram of the sensorless algorithm is presented and in what it 

follows it will be explained in detail. 
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Figure 3.5 Block diagram of the position/speed sensorless algorithm. 

The position of the stator flux magnetizing current is calculated assuming the 

stator resistance is very small and, hence, the stator flux is in quadrature with the 

stator voltage. 

The magnitude of the stator magnetizing current is: 

= 
co^L^ 

(3.11) 

The ims components in stator coordinates can be calculated as: 

h„sa =Ls -sin^. (3.12) 

W cos (3.13) 

The rotor currents in stator coordinates are: 

Ka = Va - O + '̂ .X (3.14) 

Kp =in,sp - 0 + ^vX/ (3.15) 

where: 
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cr, = — . Lsi - Stator leakage inductance 

Hence, the angle pi results: 

( 3 . 1 6 ) 

As the rotor currents are directiv measured in the rotor circuit, the angle p2 can 

be immediately computed as: 

( 3 . 1 7 ) 

With angles pi and pi thus calculated, the rotor position can be now easily 

calculated: 

( 3 . 1 8 ) 

The speed is estimated with the following equation: 

= - sin ^^ ^ • cos + cos sin (3.19) 

The differential terms introduces some noise which has to be eliminated using 

a first order low-pass fiher with a transfer function: 
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3.3.2 Position and speed estimation with saturation included 

The accuracy of computation of the rotor position depends on the value of i^s-

To estimate the magnetization current the magnetizing inductance L^ is required. If 

there is a serious variation in the grid vohage or in the supply frequency Lm will most 

likely saturate. In this condition the estimation of the rotor position is seriously 

affected. 

Howeven any change in the magnitude of the stator flux can be correctly 

estimated using the following adaptive algorithm [7]. 

First, the algorithm is started with the value of i^s in equation 3.11. After that. 

ims is computed by transforming the present rotor current sample to the stator 

coordinates using the unit vectors computed in the previous interval. 

This is based on the following equations: 

/V. [k] = ira • C O S - 1 ] - /V, [k]. Sin - 1 ] (3 .21) 

/V/.[k] = i r , • c o s - 1 ] -f /V,[k]. S in0^[k- \] (3.22) 

= + (3.23) 

= + (3.24) 

L (3-25) 

The block diagram with the adaptive computation of the ims is presented in 

Figure 3.6. 
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Figure 3.6 The block diagram of the position/speed sensorless algorithm with the 

adaptive computation of ims. 

The algorithm is implemented on the simulation and the results are presented in what 

it follows. 

3,4 Simulation results 

AII the control strategies, parameters etc, are as presented in the previous 

chapter. 

In figure 3.7a) the comparison between the measured and the estimated rotor 

position is presented and in 3.7b) the comparison between the estimated and the 

measured speed is shown. 

The results are satisfactory even during (3.1-3.6s) and after the shortcircuit 

(after 3.6s). The active power reference is maintained at 1.4MW. The reactive power 

reference is set at 0.4 MV Ar. The control in terms of active and reactive power and 

also in rotor currents is rather accurate as it is shown in Figure 3.8 and 3.9 

respectively. 
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Figure 3.7 The estimated and measured rotor position a), the error in position 

estimation b) and the estimated (1) and measured (2) speed c). 
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Figure 3.8 The active (a) and reactive (b) powers. 
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Figure 3.9 The rotor currents 

In order to study the influence of taking into account the magnetic saturation 

in the estimator, the adaptive algorithm for calculation of ims is neglected, and the 

value of ims is considered constant along the simulation (see Paragraph 3.3.1). In this 

BUPT



118 3 Sensorless control of DFIG at power grid with faults 

new circumstance Figure 3.10 shows the comparison between the measured and 

estimated angle and between the estimated and measured speed. 

It could be easily observed that immediately after the shortcircuit occurs the 

estimation is totally compromised due to imprecision in calculations with constant L^. 

but the system works with the motion observer with variable Lm as it was discussed 

above. 
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Figure 3.10 The estimated (1) and measured (2) rotor position a), the error in rotor 

position estimation b) and the estimated (1) and measured (2) speed c) without 

considering the saturation in the estimators. 
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Figure 3.12 The rotor currents without considering the saturation in the estimators. 

Also the control is irreversibly lost. For the same transient the control failure 

in power and rotor current (with constant Lm) is further illustrated in Figures 3.11 and 

3.12. 

This is a conclusive evidence that magnetic saturation is a must in the motion 

observer for successful robust control even during grid faults. 

Conclusion 

Position sensorless control is a very desirable feature for the DFIG for wind or 

hydro-power applications. 

A motion state estimator was implemented, and it was described and discussed 

along this chapter. The taking into account of the magnetic saturation (or knowing the 

accurate value of the magnetizing inductance Lm) is shown mandatory, especially 

during the transients. 
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Chapter 4 

Sensorless DFIM drive control and performance 

Abstract 

The present chapter deals with the wound rotor induction machine (DFIM) 

drive. The machine is fed in the rotor by 2 inverters connected back to back, both of 

them vector controlled. This is similar with the doubly-fed induction generator setup 

discussed in the previous chapters, but with the difference the stator is short-circuited 

instead of being connected to the power grid. This operation mode is required for seif 

(or assist) starting in pump storage and wind generator applications. 

The inverters used are commercial. They share the same DC bus and one is 

connected with the output on the power grid (through an inductance), and the other 

with the output on the rotor of the DFIM. 

Different kinds of tests were performed. Two combined flux observers were 

investigated and compared. one with the voltage model in parallel with the current 

model and one with both models connected in series. 

A sensorless strategy based on a MRAS (model reference adaptive system) 

was implemented and tested at low^ speeds. 

The control strategies, the flux observers and the MRAS were developed in 

Matlab-Simulink^ and implemented using a dSpace*^ DS1103 single-board control 

and acquisition interface. The schemes used are illustrated in the chapter. and the 

experimental results are shown and discussed. 
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4.1 Introduction 

The setup presented is similar vvith the DFIG setup discussed in the previous 

papers. But. the machine will be most of the time here in motoring regime, and the 

stator is short-circuited. The rotor side is kept the same as in the wind generator cases. 

This vvay, a dual inx erter regenerative drive is in discussion. Its usage for seif or assist 

starting in pump-storage or wind generators is of main interest here. 

The main components models in the DFIM system are described in what it 

follows. The electrical schematic of the whole system is shown in Figure 4.1. 

For pre-charging the DC link capacitors. a 3x1 OOQ resistor was used (not 

illustrated here) between the grid and the L filter; the resistors were short-circuited 

after the voltage in the DC link did reach approx 500V. 
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Figure 4.1 The DFIM drive system. 
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4.2 The DFIM drive system and its control 

4.2.1 The motor 

Stator and rotor voltages expressed in terms of d and q axes quantities rotating in an 

arbitrary reference frame with the speed cok are given by [1]: 

dl// 
I . + (4.1) 

dt — 

/ ^ 

V. + (4.2) 
dt 

where v̂ , ^ are the stator voltage, stator current and stator flux space vectors, [r. 

!Fr are the rotor voltage, rotor current and rotor flux space vectors, R̂  and Rr are the 

stator and rotor resistances, cok is the chosen coordinate system speed and cOr is the 

rotor electrical speed. 

Stator and rotor flux vectors, ^ and y^, expressed in terms of stator and rotor 

currents, y and are: 

(4.3) 

(4-4) 

The electromagnetic torque Te is: 

(4.5) 
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The parameters for the motor are given in Chapter 6, which is flilly dedicated 

lo the experimental test rig. 

As the original motor had a rated rotor voltage of 78V and a rated current of 

23 A, a re-wounding of the rotor was made. in order to fit the converters ratings 

without inserting a transformer in the rotor circuit. The number of tums per coil was 

increased 5 times and the cross section of the conductor was decreased 5 times. Thus 

a rated stator voltage of 380 V was obtained together with a 5 times lower rated rotor 

current. 

4.2.2 The grid-side converter and its control 

The grid-side converter is used to control the DC link voltage regardless of the 

level and the direction of the rotor power (Figure 4.2). A vector-control strategy is 

used, with the reference frame oriented along the stator voltage [2]. The converter is 

current regulated with the direct axis current used to control the DC-link voltage; 

meanwhile the transverse axis current is used to regulate the displacement between 

the \ oltage and the current (and thus the power factor) [3]. 
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O PI 
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PI 

'gq — 
• O - ^ PI 

Figure 4.2 The grid-side converter control (GSC). 
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One of the most important tasks when connecting a power converter to the 

electrical grid is to make a fast and accurate measurement of the grid voltage phase 

angle in order to be able to control properly the power flow in or out of the power 

converter [4]. There are some methods well described in the literature. One of the 

simplest is zero crossing detection and in most cases this is sufficient, but will cause 

problems due to the switching noise and it is not precise when the grid is unbalanced 

[5]. Another method is to use a synchronous c/q^-reference PLL [6], synchronized with 

the input voltage frequency, but it still has problems when the grid is distorted. The 

angle produced will have harmonics, in that case. Filtering of the high-order 

harmonics is possible, but the low-order harmonics cannot be filtered, otherwise the 

bandwidth of the PLL will be too low. 

Finally, one of the best methods is to split the three-phase system into positive, 

negative and zero sequence and to use only the positive sequence part of the signal for 

PLL [7]. But these methods will not be covered here. In the present case, a simplest 

method to get information on the grid voltage phase angle is used, due to its simplicity 

and due to the grid, which was without disturbances. This is briefly described in what 

it follows. 
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Figure 4.3 The computation of the grid voltage angle used for the coordinate 

transformations and for the SVM on the grid side converter control. 

The line voltages are measured using two LEM LV 25-P voltage transducers 

with appropriate signal condition, thus at 500 V the output is IOV, required for the 

A/D channels. The phase voltages are calculated from the line voltages (see Figure 

4.3) and the a[i components of the grid voltage are calculated from the phase voltages. 

Finally, the angle of the grid voltage is extracted [7]: 
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0. = tan -l (4.6) 

A third LEM LV 25-P is used to measure the DC voltage with the same signal-

conditioning interface. The grid currents are measured using two LA 55-P current 

transducers interfaced such that at lOA output will be IOV. The third grid current is 

calculated from the two measured, taking into account that the sum of all three 

currents is always zero. 

Between grid converter and the grid itself a line filter was introduced to 

protect the inverter and to reduce the higher harmonic content in the line current, 

produced by ihe switching. This is in fact a simple I-filter. An LC or an LCL filter 

could be used, but the Z-filter was chosen for simplicity. The frequency response of 

the LCL filter has a resonance peak. so the latter has to be designed such that the 

resonance peak not to interfere with the frequency response of the inverter output 

voltage; altematively. a series resistor must be inserted to damp the resonance peak. 

The value for the inductance per limb was chosen 13 mH, but a rather good design 

value for the inductance in the filter is [4]: 

L = max 
' V ' 
yBcoJ.j 

(4.7) 

where & is the order of the harmonic and V3 the phase RMS value of the output phase 

vohage harmonic. 

The design of the PI current controllers follows from the transfer function of 

the plant ( in this case the line filter itself). The controllers produce the reference grid 

voltage vector Vg*= v^Z+jv^^*: 

(4.8) 
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= - 'W (4.9) 

where Kpig and Ki,g are the PI controllers gains and ejgj and e,gq are the errors of the 

grid currents igd and igq respectively. 

Applying as design constraints a damping ratio of 0.7 and a closed-loop natural 

frequency of 125 Hz, the gains of the controllers resuhs: 

KP,G = 3 0 

Kuo= 1000 

The design for the DC-link voltage controller may be carried out assuming the 

inner current loop is ideal and knowing the value of the DC link capacitor (in our case 

470 ^iF). 

The controller produces the reference d-axis grid current igd^ 

^PVIX' 
^Il'DC (4.10) 

where K r v d c and K i v d c are the P I controller gains and e v o c is the error of the DC 

voltage vdc. 

Thus the controller gains yields: 

KpvDC ~ 0-1 

K i v d c ^ 0 . 3 . 

This is 10 times slower than the inner current loop. 
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4.2.3 The machine side converter and its control 

The generator is controlled in a synchronously rotating t/^-frame, with the d-

axis aligned with the stator-flux vector position, which ensures a decoupled control 

between the electromagnetic torque and the rotor excitation contribution [8] (see 

Figure 4). 

ROTOR 

STATOR 

Figure 4.4 Location of vectors in stationary coordinates. 

The control strategy is shovvn in Figure 4.5. 

As it can be seen, rwo rotor currents and two stator currents are measured, and 

the third current in each case is calculated taking into account that always the sum of 

the currents is zero. The sensors are also type LEM LA 55-P. 

The rotor currents are measured in their coordinates (rotor coordinates) and 

transformed into synchronous coordinates using the angle: 

-Or (4.11) 

where ê  is the stator flux angle, and d, the rotor position [9, 10]. 
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Figure 4.5 The machine-side converter control (MSC). 

Reference voltages generated by the current control loops are transformed 

back to the rotor reference frame, using the same angle . Standard space vector 

modulation is employed to generate the pulses for the inverter. 

The current controllers are designed using the same strategy as in the case of 

the current controllers for the grid-side inverter. The controllers produce the reference 

rotor voltage vector v*= Vrd^jVrq*-

^rJ = 
K hr 

UrJ (4.12) 

= Kr. + 
K hr 

Urq 
(4.13) 

where Kpir and Kur are the PI controllers gains and Cird and eirq are the errors of the 

rotor currents ird and irq respectively. 
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The gains of the rotor current controllers thus results: 

Kp,r = 40 

K,ir= 1500 

The design for the speed controller may be carried out assuming again that the 

inner current loop is ideal. The controller produces the reference q-axis grid current • 
igd : 

(4.14) 

where Kpo, and Kio, are the PI controller gains and e^ is the error of therotor speed. 

Thus the controller gains yields: 

Kp,o = 0.1 

Kto = 0.3 

This is almost 30 times slower than the inner current loop. 
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4.3 Flux and rotor speed position estimation 

4.3.1 The stator flux estimation 

As it was already stated two tlux estimators were developed and used during 

the tests. Both of them are based on the voltage and the current stator tlux models. 

The estimator using the vohage and current models connected in parallel is 

illustrated in Figure 4.6. Estimated stator flux, as produced by the voltage model, is: 

(4.15) 

where Xsap = O in this case (the stator is short-circuited). Thus this model is supposed 

to be inaccurate, as any error in Rs is causing errors in the estimated stator flux. 

l/-compa/i 

Figure 4.6 The flux estimator with parallel voltage and current models, 

and the rotor speed-position estimator MRAS. 
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The current model is based on (4.3): 

The rotor current is measured. but a transformation to stator coordinates is 
A needed. using the estimated rotor position^^. 

The flux error between the voltage model (4.15) and the current model (4.16) is 

passed through a PI controller, with Kp̂ omp = 10 and Kicomp = 10, which outputs a 

correction signal used to compensate the voltage model (see Figure 4.6): 

^ tompaP 
K ^ 

„ ^ komp 

^ l'comr / 

(4.17) 

where: 

(4-18) 

This way the dc-offset drift of the ideal integrator (15) is eliminated. The PI 

compensator selects the current model at low speeds, while the voltage model prevails 

at medium and high speeds. Thus, the corrected stator flux vector is ij/.̂ p as given by 

(4.15). For comparison purposes only the stator flux obtained only from the current 

model, v^!^//. vvas also considered. 

The angle Os is obtained from the resultant stator flux components [11]: 

^̂  (4.19) 
^sa 

Differences were noticed between the stator flux ij/̂ ^p obtained from the 

compensated voltage model (4.15) and the stator flux obtained from the current 
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model only (4.16). This was mainly due to parameter mismatch between the model 

and the real machine. To have one more view of this problem, another tlux estimator 

was developed. This is an estimator that employs the voltage and the current models 

connected in series. as shown in Figure 4.7. 

compafj 

Figure 4.7 The altemative flux estimator with the voltage and current models 

connected in series. 

It is basically relying on the same equations. but the current model is vvritten 

such that the stator flux obtained from the voltage model is now used to estimate the 

rotor current in stator coordinates: 

(4.20) 

where estimated stator flux is now: 

^sap - _ iysaP ^Jsa/I ^\omrafi ) (4.21) 
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The rotor current is measured and transformed into stator coordinates using the 

estimated rotor position Or. The rotor-current error between the measured and 

estimated (4.20) rotor current is passed through a PI controller, with the same 

parameters as for the one in Figure 4.6. and its output is used to compensate the 

voltage model (Figure 4.7): 

•\y 
compap 

, , komp (4.22) 

where: 

(4.23) 

4.3.2 The rotor speed-position estimation 

A speed-position estimator is developed based on MRAS (model reference 

adaptive system) algorithm. It is chosen for this purpose, due to its relative simplicity 

and proven efficiency over an extended speed range. There is quite simple to develop 

such a method because the flux estimator with parallel voltage and current models 

(Figure 4.6) offer ap components of the flux vectors obtained from both models [12]. 

The MRAS flux position error s was calculated from the phases of the two 

flux estimations (4.24). The voltage model is the reference model, while the 

current model is the adaptive model with the rotor position as adaptive 

parameter. 

^ = (4.24) 
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This error is used to extract the rotor speed and position using a phase-locked 

loop (PLL) technique (Figure 4.6). The output of the PI compensator gives the 

estimated rotor speed Or. and after the integration, the estimated rotor position Gr is 

obtained: 

co^ = ^Pcomp 
>mp s : 6= â)dî (4.25) 

Optimum parameters of the PI compensator were searched as a compromise 

between the speed of the PLL, especially during transients. and the level of 

oscillations in speed estimation, especially at low speeds. 

The best parameters. seem to be: K̂ pcomp = 100. and 7/ = 5ms (time constant of 

the compensator. Ti = K ^Pcomp / A Vcomp). 

Overall. this scheme has shown good accuracy o\ er the whole speed range. 

4.4 The test rig and experimental results 

1000 

^800 
CM 

1 
^ 600 o 
T3 

I 3 ce 
s 

400 

r 

200 
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Time [s] 

Figure 4.8 1) Estimated speed, and 2) measured speed at step speed from 15 rpm to 

1000 rpm. 
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First, a speed response is shown at a step in reference speed from 15 to 1000 

rpm. In Figure 4.8, the estimated speed 1), and the measured speed 2) are illustrated. 

The speed was measured for comparison using a Teiemecanique - 5000 pulses 

encoder. 

I 

1 

t . . . f i 

1 

Tîm. (.] 

Figure 4.9 Phase stator currents at step speed from 15 rpm to 1000 rpm. 
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Figure 4.10 Phase rotor currents at step speed from 15 rpm to 1000 rpm. 
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For the same experiment, the stator phase currents are shown in Figure 4.9, 

and the rotor phase currents are shown in Figure 4.10 

0.7 

0.6 

0.5 

(D 
I ^̂  
(U 
X 

h 
I 

1 2 

Time [s] 

Figure 4.11 Stator flux estimation at step speed from 15 rpm to 1000 rpm: 1) parallel 

estimator, 2) series estimator, 3) parallel estimator, current model. 

The estimated stator flux is illustrated in Figure 4.11 for the same step in 

reference speed from 15 to 1000 rpm. 

Both estimations from the parallel estimator are shown: voltage compensated 

model 1), and current model 3); also, the estimation from the series estimator 2). It 

seems that the current model from the parallel estimator is quite the same with the 

series model, but the parallel estimator (voltage compensated model) has 

unrecoverable errors. 

In Figure 4.12, also speed transients are shown, but from 500 to -500 rpm 

(reversal). The estimated rotor speed 1), and measured rotor speed 2) with the encoder 

are illustrated. 

In Figure 4.13, the reference DC link voltage 1), and the measured DC link 

voltage 2) at the speed reversal from 500 to -500 rpm are shown. 
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Figure 4.12 1) Estimated speed, and 2) measured speed 

at step speed from 500 rpm to -500 rpm. 
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Figure 4.13 1) Reference DC voltage, and 2) measured DC voltage 

at step speed from 500 rpm to -500 rpm. 
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Figure 4.14 1) Estimated speed, and 2) measured speed at 5 rpm. 
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Figure 4.15 1) Estimated speed, and 2) measured speed at step speed from 10 

rpm to -10 rpm. 
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The speed estimator was tested at low and very low speeds. Its behavior is 

salisfactory up to 5 rpm. In Figure 4.14. the steady state speeds at 5 rpm are shown. 

The estimated speed (1) and the measured speed (2) with the encoder are 

illustrated. 

The estimated speed is better than the measured at 5 rpm due to the limited 

number of the lines of the encoder. which became insufficient at this speed. 
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Figure 4.16 1) Reference DC voltage, and 2) measured DC voltage 

at step DC voltage from 550 V to 600 V. 

A transient at low speed is shown in Figure 4.15, from 10 rpm to -lOrpm. The 

estimated rotor speed 1), and measured rotor speed 2) with the encoder are presented. 

The behavior of the estimator is also very good, still better than the encoder. 

For testing the control of the grid-side converter, some experiments have been 

made. In Figure 4.17, a step in reference of DC voltage from 550 to 600 V is shown. 

The reference DC voltage 1), and the measured DC voltage 2) are illustrated. Very 

fast and accurate response in DC vohage is proved. 
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Conclusion 

The motion-sensorless DFIM driving control from rotor with short-circuited 

stator, with back-to-back inverters connected in the rotor circuit of the machine. 

was presented in this chapter. Both inverters are vector controlled; the machine-side 

converter controls the speed and the reactive rotor current, the grid-side converter 

Controls the DC vohage, regardless of the level and the direction of the rotor power. 

and the reactive current dra\vn from the grid. The resuhs of the tests were illustrated 

and discussed. Rather fast responses of the drive during fast reference speed transients 

were shown. The drive has higher braking capabilities due to the grid-side inverter 

and its control. That is, fast injecting the power back to the grid during braking 

periods is obtained. 

Two stator flux observers were developed and compared. Both are based on 

the voltage and on the current models, but one is using them in parallel and one in 

series. The topologies and the results are also illustrated and discussed. 

A motion sensorless control method. with speed estimation based on a MRAS 

algorithm from flux stator was implemented, tested and described in the present 

chapter. The results are also shown. Also, at fast transients the speed estimation is fast 

and precise. The behavior of the position and speed estimator is satisfactor>' down to 5 

rpm. 
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Chapter 5 

New state observers and sensorless behavior of 

DFIG at power grid with experimental 

characterization 

Abstract 

In this chapter the complete experimental characterization of the DFIG s\ stem 

is performed. The system includes the DFIG itself, the back-to-back inverters 

connected to the rotor circuit sharing the same DC link, the line filter and the 

acquisition and control system dSpace DSl 103 with its interface. 

Two different stator flux observer topologies were in\ estigated and compared, 

one with the voltage model in parallel with the current model and the other one with 

both models connected in series. A speed estimation strategy, which also works also 

during the synchronization procedure, was implemented and tested. It is based on 

model reference adaptive system (MRAS) principles. 

AII control strategies, the flux observers and the MRAS, were developed in 

Matlab-Simulink^ and implemented using a dSpace" DSl 103 single-board control 

and acquisition interface. Different tests were performed, and sample results are 

presented and discussed in this chapter. The schemes used are illustrated in the 

chapter, and the experimental results are shown and analyzed. 

5.1 Introduction 

AII what it foilows is based on a 3kW DFIG setup, which was developed and 

implemented by the author, as the main central work at the present thesis. 

First the main aspects of the wind power and control are discussed. The whole 

3kW setup is described in Section 5.3, and the totally new issues (state observers and 

rotor position-speed estimators) are detailed in Section 5.4. Being entirely an 
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experimental vvork, a lot of experimental results are presented and discussed in 

Section 5.5. 

5.2 Wind power and control principie 

The mechanical power produced by the wind turbine, P.v/, is given by [1]: 

(5.1) 

where Cp - power efficiency coefficient of blade: V- wind velocity; /? - pitch angle; R 

- blade radius; pair - air density (1.225 kg/m^) 

Applying the tip speed ratio Â: 

A = ^ (5.2) 
V 

where oj^ is the turbine mechanical speed, equation (5.1) becomes the optimal 

mechanical power: 

1 "P' 
(5-3) 

where K,, is the wind turbine dependent coefficient. 

Commercial wind turbines are designed to extract the maximum power at a 

given wind speed, as given by equation (5.3). Figure 5.1 shows the normalized 

electrical power versus normalized rotor speed at various wind velocities. 

When the turbine reaches the nominal power, the pitch control system starts to 

tum the blades slightly out of the wind, and thus the power is limited. Conversely, the 

blades are tumed back into the wind when the power output drops [2]. 
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Figure 5.1 Electrical power versus rotor speed at different wind speeds. 

5.3 DFIG experimental system and its control 

The main components models in the DFIG system are described in vvhat follows. 

Electrical block-diagram of the whole system is shown in Figure 5.2. 
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Figure 5.2 The DFIG system and its control. 
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For the DC link capacitors pre-charging, a resistor was used (not illustrated 

here) between the grid and the line filter; the resistors were short-circuited after the 

voltage in the DC link reached approx. 500 V. Also in the rotor circuit, in parallel 

with the K2 switch. three lamps were inserted, as a visual indicator for the 

synchronization condition. In this way, K2 could be switched on when the lamps are 

off. The DFlG-to-grid synchronization procedure is described in Paragraph 5.5. 

For driving the DFIG. a 3 kW/ 1475 rpm induction motor is used. The motor 

was supplied with a 4.3 kVA Danfoss VLT5004 commercial voltage source inverter 

with the original interface for constant speed control mode. In this way, the variable 

wind speed could be easily simulated. 

5.3.1 The generator 

DFIG mathematical model in the arbitrary reference frame rotating at speed (Ok 

are 

dij/ 

+ (5-4) 

V, + (5-5) 
at 

where Vy, ^ are the stator voltage, stator current and stator flux space vectors, /r, 

are the rotor vohage, rotor current and rotor flux space vectors, Rs and Rr are the 

stator and rotor resistances, cok is the chosen coordinate system speed and cOr is the 

rotor electrical speed. 

Stator and rotor flux vectors, and expressed in terms of stator and rotor 

currents, y and ir, are: 

(5.6) 

(5-7) 

The electromagnetic torque Te is: 
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(5.8) 

The generator name-plate data and parameters are given in Chapter 6. 

As the original machine had a nominal rotor voltage of 78 V and a nominal 

current of 23 A, a re-wounding of the rotor has been performed, in order to fit with the 

converter ratings, without inserting a transformer in the rotor circuit. 

The number of tums per coil was increased five times and the cross section of 

the conductor was decreased five times. Thus a nominal stator voltage of 380 V, and a 

five times lower nominal rotor current were obtained. 

5.3.2 The grid-side converter (GSC) 

The grid-side converter is used to control the DC link voltage and the input power 

factor regardless of the level and the direction of the rotor power (Figure 5.3). A 

vector control strategy in stator voltage reference [3] frame is employed for this 

purpose. The converter is current regulated with the direct axis current used to control 

the DC-link voltage, meanwhile the transverse axis current is used to regulate the 

displacement between the voltage and the current, and thus the input power factor [4], 

[5]. 

The angle of the grid voltage is: 

= tan-» ^ 

Between the grid converter and the grid itself, a line filter was introduced to reduce 

the higher harmonic content in the line current, produced by the switching [6]. This is 

a simple L - filter. The value for the inductance per phase is 13 mH [7,8], and it will 

be dependent of the grid and power level of the wind turbine. 

BUPT



1 5 0 5 New state obscn ers and senst>rless behavior of DFIG at power grid with experimental characterization 
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Figure 5.3 The grid-side converter control (GSC). 

The design of the PI current controllers [9] follows from the transfer flinction of the 

plant (in this case the line filter itself). The controllers produce the reference grid 

voltage vector v^Z+jv^^*: 

= - (5.9) 

K,.,^ + • 
K 

(5.10) 

where Kpig and Ki.g are the PI controllers gains and ejgd and ejgq are the errors of the 

grid currents iĝ i and igg respectively. 

Applying as design constraints a damping ratio of 0.7 and a closed-loop 

natural frequency of 125 Hz, the gains of the controllers results: Kpig = 30 and Kug = 

1000. 

The design for the DC-link voltage controller [10] may be carried out 

assuming the inner current loop is ideal and knowing the value of the DC link 
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capacitor (in our case 470 |iF). The controller produces the reference d-axis grid 

current /g/: 

K Il'lX 
^nx (5.11) 

where K p v o c and KIVDC are the P I controller gains and evoc is the error of the DC 

voltage VDC-

Thus the controller gains yields: Kpvdc 0.1 and Kivdc ^ 0.3. This is 10 times 

slower than the inner current loop. 

5.3.3 The machine-side converter (MSC) 

The generator is controlled in synchronous reference frame, with the d-ax\s 

aligned with the stator-flux vector, which ensures decoupled control between the 

electromagnetic torque and the rotor excitation contribution [12] (Figure 5.4). The 

control strategy block diagram is shown in Figure 5.5. As it can be seen, two rotor 

currents and two stator currents are measured and the third current in each case is 

calculated taking into account that the sum of the currents is always zero. 

R O T O R 

S T A T O R 

Figure 5.4 Location of stator voltage and flux vectors in stationary frame. 
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The rotor currents are measured in their natural frame (rotor coordinates) and 

transfomied into synchronous frame using the slip angle: 

(5.12) 

where is the stator flux angle. and (9, the rotor position. 

Reference voltages generated by the current control loops are transformed 

back to the rotor reference frame. using the same angle Standard space vector 

modulation is employed to generate the pulses for the inverter. 

f j ^ T o ( 

'rq 

G S C 

Figure 5.5 The machine side converter control (MSC). 
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The current controllers are designed using the same strategv as in the case of 

the current controllers for the grid-side inverter. The controllers produce the reference 

rotor voltage vector v /= 

^'m = (5.13) 

= V , (5.14) 
y 

where Kpir and Ki,r are the PI controllers gains and eird and e.rq are the errors of the 

rotor currents ird and irq respectively. 

The gains of the rotor current controllers thus results: Kpir = 40 and Ki,r = 

1500. 

5.4 Flux and rotor-speed position estimation 

5.4.1 The flux-estimation 

Two stator flux estimators were developed and used during the tests. Both of them are 

based on the voltage and the current stator flux models. The estimator using the 

voltage and current models connected in parallel is illustrated in Figure 5.6. The 

voltage model is given by (5.4). Estimated stator flux, as produced by the voltage 

model, is: 

y^sa/^ = ujmpaP )dt (5.15) 

The stator resistance errors due to temperature changes are neglected, and thus 

this model is supposed to be inaccurate, as any error in Rs is causing error in the 

estimated stator flux. 
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Figure 5.6 Stator flux eslimator with voltage and current models in parallel. 

The current model is based on (5.6): 

^'.afi ^ Kap) (5.16) 

The rotor current is measured. but a transformation to stator coordinates is 

needed, using the estimated rotor position^^. 

The flux error between the vohage model (5.15) and the current model (5.16) 

is passed through a PI controller with Kpcomp = 10 and K̂ comp = 10, which outputs a 

correction signal used to compensate the voltage model (see Figure 5.6): 

compaP ^rcomn 
K Icomp (5.17) 

where: 

(5.18) 
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This way the dc-offset drift of the ideal integrator (5.15) is eliminated. The PI 

compensator selects the current model at low speeds, while the voltage model prevails 

at medium and high speeds. Thus, the corrected stator flux vector is v̂ /̂y as given by 

(5.15). For comparison purposes only the stator flux obtained only from the current 

modeL , was also considered. The stator flux position is obtained from the 

resultant stator flux components: 

= tan -l l ' sp 

¥ s c 

Differences were noticed between the stator flux obtained from the 

compensated voltage model (5.15) and the stator flux obtained from the current 

model only (5.16). This was mainly due to parameter mismatch between the model 

and the real machine. 

To have one more view of this problem, another flux estimator was developed. 

This is an estimator that employs the voltage and the current models connected in 

series, as shown in Figure 5.7. For the tests, however, the stator flux estimator with 

voltage and current models in parallel is used. 

It is basically relying on the same equations, but the current model is written 

such that the stator flux obtained from the voltage model is now used to estimate the 

rotor current in stator coordinates: 

(5.19) 

where estimated stator flux is now: 

¥sap = (5-20) 
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compfifi 

Figure 5.7 Stator flux estimator with voltage and current models in series. 

The rotor current is measured and transformed into stator coordinates using the 

estimated rotor position Or- The rotor-current error between the measured and 

estimated (5.19) rotor current is passed through a PI controller, with the same 

parameters as for the one in Figure 5.6, and its output is used to compensate the 

voltage model: (Figure 5.7) 

cornpa/i ^Pcomn 
K ^ 

Icomp (5.21) 

where: 

Va/? ^rap (5.22) 

5.4.2 The rotor speed-position estimation 

A speed-posilion estimator based on model reference adaptive system (MRAS) 

principles is used for this purpose, due to its relative simplicity and proven efficiency 

over an extended specd range [13]. 
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The rotor current in stator coordinates is calculated similar with (5 .19) but using the 

stator flux calculated by the parallel estimator: 

(5.23) 

and then transformed into rotor coordinates using the estimated rotor position angle 

e, coming through feed-back: 

(5.24) 

The MRAS error s is calculated as the phase difference of the estimated rotor current 
/V 

and the measured rotor current irap (5.25). The real system is the reference model, 

while the current model is the adaptive model, with the rotor position Or as adaptive 

parameter. 

^ = -irairp+irJrp (5.25) 

Figure 5.8 The rotor speed and position estimation MRAS. 

This error is used to extract the rotor speed and position using a phase-locked 

loop (PLL) technique (Figure 5.8). The output of the PI compensator gives the 
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estimated rotor speed cOr. and after the integration, the estimated rotor position 6r is 

obtained: 

co. = 
j . komp 
^ Pcomp £-e,= Q),dt (5.26) 

Optimum parameters of the PI compensator were searched as a compromise 

between the speed of the PLL. especially during transients, and the level of 

oscillations in speed estimation. especially at low speeds. 

The best parameters. seem to be: K'pcomp = 100, and Ti = 5ms (time constant of 

the compensator. Ti = K'pcomp ' K'icomp)- Overall. this scheme has shown good 

accurac}' o\ er the whole speed range and also during the start-up procedure. 

5.5. Test rig and experimental results 

5.5.1 Synchronization procedure 

The synchronization procedure at start-up consists on the following steps:the 

generator is driven with the motor which simulates the wind turbine close to the 

synchronous speed, and in the same direction of rotation as that of the network; the 

DC link is charged from the network through the line filter and the pre-charging 

resistors. 

The resistors are disconnected afterwards; K\ is switched on, and the control 

algorithms are started with the reference current for the machine side converters 

(MSC) set to zero;when the stator voltage becomes almost equal to the grid voltage 

(lamps in parallel with Kj are off), Kj is switched on;the reference currents for the 

machine side converter (in fact the reference for the stator active and reactive power) 

are then set at desired values. 

BUPT



1 50 5 New state obscn ers and senst>rless behavior of DFIG at power grid with experimental characterization 

5.5.2 Experimental results 

1. DC Link Control. 

First, as the grid side converter (Figure 5.3) was analyzed, a step-up in the DC 

voltage reference was applied, and the response is shown in Figure 5.9. 

As can be noticed, fast and well-damped dynamic response was obtained. The 

grid side converter is able to accurately control the DC vohage, and the power may 

bidirectionally flow through the rotor. 
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Figure 5.9 DC link voltage dynamic response at step reference from 550 V to 600 V at 

t -2 s. 

2. Subsynchronous operation. 

The stator reactive and active power are direct proporţional with irj and irq, It 

means that by controlling the rotor currents ird and /V̂  a fast decoupled response in 

terms of stator reactive power Qs and stator active power Ps is obtained. 
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The following tests will deal with control of ird and irq. Please note that a 

negative d or q rotor current means a negative reactive or active power (generating), a 

positive d or q rotor current means a positive reactive or active power (absorbing). 

For zero reactive power current ird reference (see Figure 5.5), with the 

generator in subsynchronous operation (rotor speed below 1000 rpm), a step reference 

of active power current irq from O to - 5 A (generating) was applied at t = 2 s. 

The dynamic response of rotor currents ird and irq is illustrated in Figure 5.10, 

and the measured and estimated rotor speed response is shown in Figure 5.11. 
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Figure 5.10 Measured rotor currents /V̂  (1) and irq (2) for a step reference of irq* from 

O to - 5 A, and ird = O, at t=2 s in generating subsynchronous operation 
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Figure 5.11 Measured (1) and estimated (2) rotor speed for a step reference of irq* 

from O to - 5 A, and ird = O, at t=2 s in generating subsynchronous operation 

For the same experiment the stator currents are shown in Figure 5.12, and the 

rotor currents in Figure 5.13. 
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Figure 5.12 Stator currents during step in irq from O to - 5 A, and ird = O 
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Figure 5.13 Rotor currents during step in Irq from O to -5A, Ird* = 0. 

Also in subsynchronous operation, for constant zero reference of Uq* current, a 

step-up in /V/ current from - 3 A (generating) to +3 A (absorbing) was applied. The 

dynamic response of rotor currents ird and irq is shown in Figure 5.14, and the 

measured stator currents for the same experiment are shown in Figure 5.15. 
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Figure 5.14 Rotor currents î d (1) and irq (2) for a step reference of ird* from 

-3 A to 3 A, irq* = O, at t = 2 s in subsynchronous operation 
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15 
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Figure 5.15 Measured stator phase currents for a step reference of i r / from 

-3 A to 3 A, irq* = O, at t = 2 s in subsynchronous operation. 

The measured and estimated speed are illustrated for this experiment in Figure 

5.16, and the measured rotor phase currents in Figure 5.17. 
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Figure 5.16 Measured (1) and estimated (2) rotor speed for a step in reference of Ird 

from -3A to 3A, Irq* = 0. 
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05 1 1 5 
Time [s] 

25 

Figure 5.17 Measured rotor phase currents for a step in reference of Ird from -3A to 

3A, Irq = 0. 

3. Oversynchronous operation. 

The previous subsection dealt with the experimental results for imder-

synchronous operation of the DFIG. The behavior in oversynchronous operation was 

also investigated. With the generator running at about 1200 rpm, and with the 

reference current /V/ set at - 3 A, a step reference of irq* from - l A to - 5 A was 

applied. The rotor current dynamic response is shown in Figure 5.18, and the 

measured and estimated rotor speeds are shown in Figure 5.19. 

In this case, negative direct current ird means magnetization from the stator. 

The limited power of the prime mover IM drive makes the speed to vary with DFIG 

loading. 
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Figure 5.18 Rotor currents for a step reference of irq"̂  from - l A to -5 A, 

ird = -3 A, at t = 2 s in generating oversynchronous operation 

1500 

1400 

1̂ 1300 

S. 1200-̂  
S 
§ 1100 

8 1000-
? 
(0 
£ 900 

1 I 800 

700 

1 1.5 2 2 5 3 3 5 
Time [s] 

Figure 5.19 Measured (1) and estimated (2) rotor speed for a step in reference of /V̂ ' 

from - l A to - 5 A, /V/ = -3 A, at t = 2 s in oversynchronous operation. 
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For the same step in irq' from - l A to - 5 A (with the reference current /V/ set at - 3 A) 

the measured rotor currents are shown in Figure 5.20, while the measured stator 

currents are shown in Figure 5.21. 

Figure 5.20 Measured rotor currents for a step in reference of Irq from - l A to -5A, 

= -3A. 

1 2 1.4 1.6 18 2 2.2 2.4 2.6 2.8 
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Figure 5.21 Measured stator currents for a step in reference of Irq from -IA to -5 A, Ird* 

= -3 A. 
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4. Passing through S>iichroiiism. 

One of the most interesting features of the doubly-fed induction generator with two 

back-to-back converters in the rotor circuit is passing through the synchronism and 

even s>Tichronous operation. 
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Figure 5.22 Measured (1) and estimated (2) speed at passing through synchronism. 
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i-igurc 5,23 Mca^urcd rotor currents at passing through synchronism. 
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Speed and current transients from 930 to 1160 rpm during passing through 

synchronism are presented in what it follows. The measured and estimated speeds are 

shovvTi in Figure 5.22, and the measured rotor currents are shown in Figure 5.23. The 

passing through synchronism occurs at t = 5 s. 

Also to compare the three estimators an example is illustrated in Figure 5.24. 

The stator flux from parallel estimator, from parallel estimator current model 

only and from the series estimator are shown. 

As it could be seen, the differences between the flux estimated by the parallel 

estimator and the one estimated by the current model only from the parallel estimator 

are negligible. 

The series estimator in this situation has an enormous error, and it cannot be 

considered in the experiments. Please note that for all the experiments, the estimated 

stator flux (and its angle) used, vvas the one estimated by the parallel estimator. 
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Figure 5.24 Stator flux during passing through synchronism estimated by: parallel 

estimator (1), parallel estimator current model only v>! (2), series estimator 

(3) 
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5. Synchronous operation. 

The DFIG is able of stationar)' synchronous operation, as a native synchronous 

generator. In this case, the rotor currents are DC and the generator becomes an 

electrically excited synchronous generator. In Figure 5.25, the measured rotor phase 

currents are sho\\Ti for the generator driven at synchronous speed of 1000 rpm. 

This is an important advantage of this generator and its control, i.e. the 

possibility to impose and maintain the synchronous speed and to generate more 

reactive power when needed, similarly to the overexcited synchronous generator. This 

could be realized by setting a negative ini current reference and fixing the rotor speed 

at its standard synchronous value {rir = f j p ) ' 
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Figure 5.25 Measured rotor currents during stalionary synchronous operation. 

Conclusion 

A complete system with a doubly-fed induction generator was presented and 

analyzed in this chapter. The main target-application for this system is the wind power 

generation. Other possible applications are hydropower generation. or other turbines 

using unconventional power sources like tides or marine currents. The wound-rotor 
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induction generator uses two back-to-back connected converters in the rotor circuit, 

both of them vector controlled. 

The machine-side converter controis the active and reactive rotor currents (in 

fact the stator active and reactive powers), w^hile the grid-side converter controis the 

DC vohage regardless of the magnitude and the direction of the rotor power, and the 

reactive current dravvn or injected from/in the grid. Both control strategies are 

presented and discussed. A new start-up procedure with a synchronization sequence is 

presented. 

Two stator flux estimators were developed and compared. Both are based on 

combining of the voltage and current models, One is using them in parallel and the 

other one in series. A rotor speed and position estimator was developed, based on 

MRAS principles. The speed and position estimation is accurate over the whole speed 

range and it has the advantage that is efficient also during the start-up procedure. 

Different operaţional tests were performed, and the results are shown and 

discussed. Rather fast response in terms of stator active and reactive power is proven. 

The same holds in terms of DC voltage and reactive current on the power grid side. 

The passing through synchronism and stationary synchronous operation were 

presented. An interesting feature and, in fact, an advantage of this generator and its 

control is synchronous operation like as a native synchronous generator. The level of 

the generating (or absorbing) reactive power could be easily set through the rotor flux 

current reference. 
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Chapter 6 

The experimental test platform 

Abstract 

This chapter deals with the extended description of the laboratory setup used 

for all the tests presented in Chapters 4 and 5. 

It was realized in the Intelligent Motion Control Lab, Facuhy of Electrical 

Engineering Timişoara, with the intended purpose to prove and gain new information 

about the control of the doubly-fed induction machine with two back-to-back 

connected inverters in the rotor circuit, as the main part of the thesis. 

6,1 Introduction 

The setup consists of a 3kW doubly-fed induction generator mechanically 

connected with a driving squirrel-cage induction motor supplied from an usual 

frequency converter for speed control operation. 
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Figure 6.1 The DFIG system. 
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The DFIG is connected to the power grid directly with the stator, and through 

the two back-to-back in\ erters with the rotor. 

Besides those main components, there are measuring circuits, the control 

system, the line fiher etc. Figure 6.1 shows the principie schematic of the setup. 

6.2 Hardware specifications 

6.2.1 The rotat ing machinery 

The main component in the setup is the 3kW doubly-fed induction generator 

manufactured by IME SA Bucharest Romania. It is a 6-pole machine, star connected 

stator and rotor. As the original machine had the nominal stator voltage Vsn = 380 V 

and the nominal rotor voltage Vrn == 78 V a re-wounded was necessary to fit with the 

converters requirements without inserting a transformer in the rotor circuit. Thus, a 

new rotor winding was designed in IMC Lab. and executed in Electromotor SA 

Timişoara. Hence, the rotor voltage (at slip S = 1) was increased to V'RN 380 V and 

the rotor nominal current was decreased from 23 A to 4.6 A. 

Figure 6.2 The DFIG (left) and its driving motor (right). 
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The name-plate data of the doubl> -fed induction machine: 

Type - asynchronous motor vvith slip rings 

Manufacturer: IME SA Bucharest, Romania 

Nominal power: Pn = 3 kW 

Stator nominal voltage Vsn == 380 V 

Rotor nominal voltage Vrn = 380 V (after re-wounding: the original rotor voltage was 

78 V) 

nN = 940 rpm. 

Parameters of the doubly-fed induction machine: 

Stator resistance: Rs= \ .6 Q 

Rotor resistance: Rr = 1.6 Q 

Leakage stator inductance: Lsa = 17.51 mH 

Leakage rotor inductance: Lro = 17.51 mH 

Magnetizing inductance: Lm = 96.13 mH. 

Number of pole pairs: p = 3 

The DFIG is mechanically connected with a 3kW, 4-pole squirrel-cage 

induction motor (not represented in Figure 6.1) manufactured by Electromotor SA 

Timişoara and with an encoder (see Figure 6.2 for a photo of the machines). 

The induction motor (acting as wind turbine) is supplied from a Danfoss VLT 

5004/3 kW commercial irtverter with the original interface for the speed control mode. 

6.2.2 The power inverters and their interface and protection 

The power inverters are commercial VLT 5004, 4.2 kVA manufactured by 

Danfoss Drives, Denmark (see Figure 6.3 for a photo of the inverters). The main data 

for them are given in Table 6.1. 
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I igure 6.3 The Dantbss power inverters equipped with interface and protection cards 

(IP(^) left - GSC\ middle - MSC. In the right side is the inverter for the driving motor 

with the original interface for speed control mode. 

Table 6.1 Power inverters specifications 

; Rated Power 1 4.2 kVA 

Nominal Voltage 380 V 

Nominal Ciirrent 6.5 A 

i Maximum DC I.ink Voltage 1200 VDC 

1 Switching Frequency 
1 

lOkHz 
1 

The inverters have the DC links accessible through the DC sharing connectors. 

By realizing an electrical connection betvveen them, the inverters can be easily 

connected back-to-back. But for the DC link capacitors pre-charging, a resistor vvas 
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used (not illustrated in Figure 6.1) betwcen the grid and the line fillcr: thc rcsislors 

were short-circuited after the voltage in the DC link reaehed approx. 500 V 

Their original interface cards and control panels were replaced with interface 

and protection cards (IPC - see Figure 6.4), produced by IFT, Aalborg University. 

Figure 6.4 Physical layout of the Interface and Protection Card for the power 

inverters 
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The IPC is a PCB card vvith the same dimensions and mounting layout as the 

original VLT5004 control card. It has two flat cables connected to VLT power-card 

MK103 and MK104 sockets and four BNC sockets for output currents lU-VLT, IV-

VLT, IW-VLT and DC-voltage UD-VLT signals (not used in our case). 

The gate signals can be brought-in via optic fiber using the eight receivers on-

board or directly in TTL format, using the J2-socket. Besides the seven IGBT gate 

signals (UP, UN, VP, VN, WP, WN and BR), there is an enable signal (EN) that 

inhibits the gate drivers if it is kept low (coasting). 

The interface board is featured with two push-buttons: RESET (RST) and 

MANUAL TRIP (MT) as they are labeled on the card. Any fault that might occur 

need to be cleared out by pressing RST in order to release the gate signals. MT forces 

a trip when pressed. AII fauits can be read out the LED digit display, as shown in 

Table 6.2. 

Table 6.2 VLT fault description. 

Over Temp. (OT) 

- Manual Trip (MT) 

Shoot Through (ST) 

1 DC Over Voltage (OV) 

1 
Over Current (SC) 

1 VLOG out of range 

1 Coast (EN) 

IGBT gate signals. The VLT5004 gate drivers require the gate signals to be 

modulated with 4 MHz. AII seven gate signals (UP, UN, VP, VN, WP, WN and BR) 

are brought to a CPLD where 4 MHz modulation with edge synchronisation is carried 

out. Because the optic fiber receivers are inverting devices, gate signals are inverted at 

the input of the CPLD logic block. 

An asynchronous clear is performed by the active high INHIBIT signal, which is 

obtained by NAND-ing ENABLE (no trip condition) with the latched ST (shoot-

through) detection signal. ST is generated by AND-ing the upper and lower gate 
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1 75 

signals signals, OR-ing them for all three phases and negating for tuming it in an 

active high signal. 

Note - In this design a 2 us dead-time was implemented in the CPLD. Hence, each 

inverter is controlled through 3 signals (UP, VP, WP) - for the upper IGBTs - and an 

enable signal (EN) - see Figure 6.5. The ST protection is useful when all gate signals 

are high as a resuh of DSl 103 reset or a computer crash (DSl 103 goes into reset state 

every time new code is downloaded). ST action inhibits the gate pulses fast (within a 

few ns.) 

VLT5004 
POWER 
CARD 

(MK103) 

Figure 6.5 Interface and protection card (for one inverter - for the other is identical) 

Shortcirciiit protection. All three phase currents signals (lU-VLT, IV-VLT and IW-

VLT) are compared (see Figure 6.6) against the maximum positive output current 

(+Isc) and the maximum negative output current (-Isc) levels (Isc threshold= 

2.5*Inom(1.6V)*sqrt(2)- ±4.0 V for the whole VLT 5000 series due to the current 

scaling). 6 fast comparators (AD790 with 45 ns response time) are used. So lUPSC, 

lUNSC, IVPSC, IVNSC, IWPSC and IWNSC active high signals are generated. 

These logical signals are brought to the CPLD for latching, AND-ing with the other 

fauhs signals for tripping and LED signaling. 
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+lsc 

LUPSC 

+lsc 
IVPSC 

+lsc 
IWPSC 

Figure 6.6 The shortcircuit protection implemented on the IPC 

DC overvoltage protection. DC voltage signal UD-VLT is compared against a 

threshold that equals 130% of the rated DC-voltage using the same type of fast 

comparators (see Figure 6.7). The active high UDOV produced signal is then brought 

to CPLD for latching, AND-ing with the other faults signals for tripping and LED 

signaling. 

Additionally, the UD-VLT signal is compared against 75% of the rated dc voltage 

value in order to generate the /INRUSH signal that releases the INRUSH relay from 

the VLT power board when it is active low. 

UDOV 

/INRUSH 

Figure 6.7 The DC overvoltage protection implemented on the IPC 

Overtemperature protection. The temperature signal TEM? produced on the VLT 

power board using a 10 kQ@25° NTC and has a nonlinear scaling. This signal is 

double compared against 40 °C with ± 5 °C hysteresis and against 90 °C (1.44V) for 

generating active low /FANO and /OT, respectively (see Figure 6.8). The /FANO 
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signal is connected directly to MK104-16 for controlling the fan while /OT is brought 

to the CPLD for latching. AND-ing with the other faults signals for tripping and LED 

signaling. A double comparator (MAX932) with adjustable built-in hysteresis and 

internai reference is used. 

90 deg C 

45 +/-5 deg C 

/FANO 

Figure 6.8 The overtemperature protection implemented on the IPC 

SMPS check. VLOG signal is compared against 4.75V and 5.25V windovv generating 

VLOV (high if VLOG > 5.25V) and VLUV (high if VLOG < 4.75V) - see Figure 

6.9. 

The two comparators are supplied from VPOS and it works only if for some reasons. 

VLOG is out of range, but VPOS is still alive. A tripping out of range signal VLOR 

(active high) is generated by OR-ing VLUV and VLOV which is brought also to the 

CPLD for latching, AND-ing with the other faults signals for tripping and LED 

signaling. 

5.25 V _ 

^ VLOV 

Figure 6.9 The SMPS check implemented on the IPC 
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AII tripping signals are AND-ed in a general TRIP signal, and then AND-ed 

wilh active low COAST, active low manual trip (MT) signals to generate an active 

high ENABLE signal for gate signals conditioning. 

6.2.3 Line filter 

Between grid converter and the grid itself a line filter was introduced to 

protect the inverter and to reduce the higher harmonic content in the line current, 

produced by the switching. This is in fact a simple I-filter. An I C or an LCL filter 

could be used, but the I-filter was chosen for simplicity. The frequency response of 

the LCL filter has a resonance peak, so the latter has to be designed such that the 

resonance peak not to interfere with the frequency response of the inverter output 

voltage: altematively, a series resistor must be inserted to damp the resonance peak. 

The value for the inductance per limb was chosen 13 mH, and is depending by 

the grid and the power rating of the turbine. A rather good design value for the 

inductance in the filter is [2]; 

L = max 
/ \ 

ySco.i,^ 

where 3 is the order of the harmonic and v^ the phase RMS value of the output phase 

voltage harmonic. 

6.2.4 Voltage and current sensors 

As can be seen in Figure 6.1, 6 currents and 3 voltages were acquired to fulfill the 

control system requirements. These are: 

- 2 rotor currents (the third is calculated in the software taking into account that the 

sum of them is zero) 
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- 2 Stator currents (the third is calculated in the software taking into account thal the 

sum of them is zero) 

- 2 grid currents on the grid-side converter side (the third is calculated in the software 

taking into account that the sum of them is zero) 

- DC vohage 

- 2 grid voltages line-to-line which are in fact also the stator vohages (the phase 

voltages are calculated later in the software from the line voltages) 

Thus the acquisition system was designed. It includes: 

- 3 small boards with 2 current sensors each - type LEM LA 55-P with adequate 

signal conditioning such that at lOA measured current the sensor output will be IOV, 

required for the control system's A/D channels. 

- a voltage measurement box with 3 voltage transducers type LEM LV 25-P with 

appropriate signal conditioning such at 500 V measured voltage the output of the 

sensor is IOV, required for the control system's A/D channels. 

6.2.5 Position sensor 

To prove the sensorless position estimation techniques, a position estimator 

had to be included in the system. The chosen device was an Telemecanique encoder 

type XCC which provides a resolution of 5000 lines per revolution. The output is a 

usual A QUAD B (A+, A-, B+, B-, N+, N-) which can be directly connected to the 

control system as it provides encoder interfaces. 

6.2.6 Control Hardware 

The DS1103 PPC is a very flexible and powerful system featuring both high 

computaţional capability and comprenhensive I/O periphery (see Figure 6.10). 

Additionally, it features a software SIMULINK interface that allows all applications 

to be developed in the Matlab/Simulink friendly environment. All compiling and 

downloading processes are carried out automatically in the background. 
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An experimenting software called Control Desk. allows real-time management 

of the running process by providing a virtual control panel with instruments and 

scopes. 

m i t t 

Figure 6.10 The single board control system dSpace DS 1103 

The DS1103 is a single board system based on the Motorola PowerPC 

604e/333MHz processor (PPC). which forms the main processing unit. 

Figure 6.11 gives an overvievv of the funcţional units of the DSl 103. 
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I 
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Maşter PPC 
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ADC Analog/Digital Converters 
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DAC Digital/Analog Converters 

DPMEM Dual-Port Memory 
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Digital Signal Processor 

TMS320F240 

Power PC 604e Processor 

PWM Puise Width Modulation 

Figure 6.11 DSl 103 internai funcţional block diagram 

BUPT



6 The experimental test plattonn 1 87 

I/O Units 

A set of on-board peripherals frequently used in digital control systems has been 

added to the PPC. They include: analog-digital and digital-analog converters, digital 

I/O ports (Bit l/O), and a serial interface. The PPC can also control up to six 

incremental encoders, which allovv the development of advanced controllers for 

robots. 

DSP Subsystem 

The DSP subsystem, based on the Texas Instruments TMS320F240 DSP fixed-point 

processor, is especially designed for the control of electric drives. Among other I/O 

capabilities, the DSP provides 3-phase PWM generation making the subsystem 

useful for drive applications. 

CAN Subsystem 

A further subsystem, based on Siemens SOC 164 micro-controller (MC), is used for 

connection to a CAN bus. 

Maşter PPC Slave DSP Slave MC 

The PPC has access to both the DSP and the CAN subsystems. Spoken in terms of 

inter-processor communica-tion, the PPC is the maşter, whereas the DSP and the 

CAN MC are slaves. 

The DSl 103 PPC Controller Board provides the following features summarized in 

alphabetical order: 

• A/D Conversion 

ADC Unit providing: 

• 4 parallel A/D-converters, multiplexed to 4 channels each, 16-bit 

resolution, 4 |is sampling time, ± IOV input voltage range 

BUPT



6 The experimental test plattonn 1 8 7 

• 4 parallel A/D-converters with 1 channel each, 12-bit resolution, 800 ns 

sampling time ± IOV input voltage range 

Slave DSP ADC Unit providing: 

• 2 parallel A/D converters, multiplexed to 8 channels each, 10-bit 

resolution, 6 |is sampling time ± IOV input voltage range 

- Digital I/O 

Bit I/O Unit providing: 

• 32-bit input/output, configuration byte-vvise 

Slave DSP Bit I/O-Unit providing: 

• 19-bit input/output, configuration bit-wise 

• CAN Support 

Slave MC flilfilling CAN Specifications 2.0 A and 2.0 B. and ISO/DIS 11898. 

• D/A Conversion 

DAC Unit providing: 

• 2 D/A converters with 4 channels each, 14-bit resolution ±10 V voltage 
range 

" Incremental Encoder Interface 

Incremental Encoder Interface comprising: 

• 1 analog channel with 22/38-bit counter range, 

• 1 digital channel with 16/24/32-bit counter range, and 

• 5 digital channels with 24-bit counter range. 
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• Interrupt Control - Interrupt HandlinR. 

- Serial I/O 

Serial Interface providing: 

• standard UART interface, altematively RS-232 or RS-422 mode. 

• Timer Services 

Timer Services comprising: 

• 32-bit dowTicounter with interrupt function (Timer A), 

• 32-bit upcounter with pre-scaler and interrupt function 

• 32-bit downcounter with interrupt function (PPC built-in Decrementer), 

and 

• 32/64-bit timebase register (PPC buih-in Timebase Counter). 

• Timing I/O 

Slave DSP Timing I/O Unit comprising: 

• 4 PWM outputs accessible for standard Slave DSP PWM Generation, 

• 3 x 2 PWM outputs accessible for Slave DSP PWM3 Generation and Slave 

DSP PWM-SV Generation, 

• 4 parallel channels accessible for Slave DSP Frequency Generation, and 

• 4 parallel channels accessible for Slave DSP Frequency Measurement 

(F2D) and Slave DSP PWM Analysis (PWM2D). 

6.2.7 Interface system 

An interface board was designed in order to use the PWM outputs of the slave 

DSP unit for controlling the IGBT drivers of the both inverters. 
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It contains 8 pcs. SFH 750 fibcr optic cmitters (3 SPWM+ 1 ENABIJ: tor 

each inverter) and a SN74HCT541 non-inverting octal bulTer to increasc thc DSl 103 

P\\ M signals current capability according to SFH750 optic fiber driver rcquirements 

(see Figure 6.5). Additionally, series connected 1J:D mounted on the front panel 

display the logic state of the optic fiber signals. 

Figure 6.12 The interface system (the boards vvith current sensors and with tlber optic 

emmiters are visible. In the right side the terminal of the dSpace 

6.3 Software 

AII the software was developed under Simulink environment, compiled 

automatically using Microtec C compiler for Motorola Power PC and Texas 

Instruments C compiler and built/downloaded automatically using the dSpace system 

specialized MLIB/MTRACE mechanism. 
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L^v, ' 
Ne Edt View Simiation Format Tools Hdp 

i A ! ; • • iNofmal 3 ! m ^ 

DS1103SL DSP PWMINT 

Tfi«er 

M<a$ur« and proUction Control 

Figure 6.13 The Simulink software (measure and protection + control) 

The software is divided in two major parts (see Figure 8): 

- measure and protection where acquisition, software signal conditioning and 

software protection are made 

- vector control and estimation algorithms. This part is also divided in two major 

parts: grid-side converter (GSC) control and machine-side converter (MSC) control. 

6.3.1 Measure and protection software 

The measure and protection is the first main part of the developed software and 

has three main parts: 

- acquisition software 

- scaling and digital filtering of the acquired signals 

- encoder interface 

- protection 

In the acquisition software the ADC channels are settled for acquiring the above 

discussed 6 currents and 3 voltages. The grid and rotor currents are acquired on the 4 

nonmultiplexed A/D channels with 12-bit resolution, 800 ns sampling time. The rest 
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of the currents and voltages are acquired on the multiplexed channels with 16-bit 

resolution, 4 \xs sampling time. The acquisition process is triggered with the help of 

the slave-DSP timer interrupt with the same frequency as the switching (10 kHz) and 

at the 10% of the PWM puise period (see Figure 6.13). 

Afterwards the measured quantities are scaled taking into account the scaling 

factors of the sensors and fihered with a low-pass fiher with a time constant of 10 ms. 

Also here the third current in each case is calculated from the other two measured. 

In the encoder interface the position of the rotor and its speed are calculated. This 

could be done counting the pulses coming on the dedicated hardware interface and 

knowing the resolution of the encoder (number the pulses for one revolution) and the 

sampling time the encoder is ^'readed'' with. 

In the software protection part all the desired protection for the 

inverter/generator are designed. 

In the present case 6 protections were implemented: overcurrent in the rotor; 

overcurrent in the grid; overcurrent in the stator; overv^oltage in DC link; undervoltage 

in DC link: overspeed. The implementation is done as follows: the measured 

quantities are compared with the threshold values and the negated output of the 

comparators passed through an OR gate together with the ENABLE signal. Thus the 

output is inhibited with any of the measured values exceeds its threshold value. 

6.3.2 The grid-side converter control software 

The grid-side converter is used to control the DC link voltage and the input 

power factor regardless of the level and the direction of the rotor power (Figure 6.14). 

A vector control strategy in stator voltage reference [3] frame is employed for this 

purpose. The converter is current regulated with the direct axis current used to control 

the DC-link voltage, meanwhile the transverse axis current is used to regulate the 

displacement between the voltage and the current, and thus the input power factor [4], 

[5]. 
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Figure 6.14 The grid-side converter control (GSC) 

The phase voltages are calculated from the line voltages (see Figure 6.15) and 

the ap components of the grid voltage are calculated from the phase voltages. Finally, 

the angle of the grid voltage is extracted [6]: 

This can also be done with more complex structures like filters, PLL, controllers. 

Vrs 

VsT 

• 
Line to 
phase phase 

voltages 

Vr 

Figure 6.15 The computation of the grid voltage angle used for the coordinate 

transformations and for the SVM on the grid side converter control. 

There are three parts in which the software for controlling the grid-side 
A 

converter is divided (see Figure 6.16 a): computation of grid voltage angle see 

above; vector control and coordinate transformation for calculation of igj and igg 
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(Figure 6.14); space vector modulation and dead-time compensation for calculation of 

the duty-cycles required for the slave-DSP PWM generation. Those are implemented 

in a C S-Function. The inputs are the DC voltage, the components a and P of the 

reference voltage vector and the measured phase currents for dead-time compensation 

purposes. The outputs of the function are the duty-cycles ^^ordered" to the slave-DSP 

which generates the PWM signals for the inverter with the specified switching 

frequency. 

The GSC control software implementation using Simulink is illustrated in 

Figure 6.16 a. A real-time interface was implemented in the dedicated Control Desk 

environment for the control and the management of the control software for GSC. A 

screenshot is presented in Figure 6.16 b. 
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iuure 6.16 The Simulink CiSĈ  control software a), and real-time interface b) 

6.3.3 The machine-side converter control software 

I he generator is eontrolled in synchronous reference trame, with the c/-axis 

aligned with the stator-llux vector, which ensures decoupled control between the 

electromagnetic torque and the rotor excitation contribution [7]. The control strategy 

block diagram is shown in Figure 6.17. 

In tact controlling the rotor currents and /V,/ the fast decoupled control of the 

stator reacti\e and acti\e power is obtained [8.9J. The rotor currents are measured in 

their natural frame (rotor coordinates) and transformed into synchronous frame using 

the slip angle^)^^ ,̂. Reference \ oltages generated by the current control loops are 
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transformed back to the rotor reference frame, using the same angle^^/,^ [10]. Standard 

space vector modulation is emplo> ed to generate the pulses for the inverter. 

^ T o 
( GSC 

Figure 6.17 The machine-side converter control (MSC) 

There are six parts in which the software for controlling the machine-side 

converter is divided (see Figure 6.18 a):computation of the angle^,,,^,: stator flux 

estimator with the voltage and current models connected in parallel; stator tlux 

estimator with the voltage and current models connected in series; MRAS algorithm 

for rotor position and speed observation; vector control and coordinates 

transformation for calculation of the irj and ; space vector modulation and dead-

time compensation for calculation of the duty-cycles required for the slave-DSP PWM 

generation. This is identical with the procedure described at the GSC converter 

software - see the final of previous paragraph. 
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The implemented Simulink software for control of the MSC is illustrated in 

Figure 6.18 a) and the Control Desk real-time management interface for the control 

software is shown in Figure 6.18 b) 

The detailed discussions with '̂in extenso" experimental results about the both 

vector Controls, flux estimators and MRAS used during this project are given in [11]. 
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Fieure 6.18 MSC control software a) and real-limc Control Dcsk Intcrtacc b) 

Conclusion 

The experimental test platlbrm used during the tests of state observers and 

sensorless control of a \ariable speed doubly-fed induction generator s\stem was 

presented in this chapter. 

The main application for this system is wind povver. but the platform is also 

suitable to investigate the motion-sensorless control of pump-storage hydro-turbine 

doubly-fed induction generator motor, from selfstarting and s\ nchroni/ation freel\ 

within the design speed range to sub- and o\er-synchronous motoring (pumping) and 

generating. 
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The platform is also suitable to characterized the motion-sensorless doubly-fed 

induction motor limited speed range 4-quadrant large drives. 

AII the hardware components of the system were presented, discussed and 

analyzed. The software used for measurements and protections, signal conditioning, 

vector control for both inverters, flux estimators and MRAS position-speed 

observation is explained. 
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Chapter 7 

Conclusion and contributions 

7.1 Conclusion 

The present work was dedicated to the advanced control of the variable speed 

generators. 

The main application for this system is wind powen but the platform is also 

suitable to investigate the motion-sensorless control of pump-storage hydro-turbine 

doubly-fed induction generator/motor, from selfstarting and synchronization freely 

within the design speed range to sub- and over-synchronous motoring (pumping) and 

generating. 

The platform is also suitable to characterized the motion-sensorless doubly-fed 

induction motor limited speed range 4-quadrant large drives. 

The thesis focused on several major topics like: 

• variable speed concept of electric generators; 

• hydro power applications; 

• wind power applications; 

• doubly-fed induction generator system (with cycloconverter or back-to-back 

inverter in the rotor circuit) as the main candidate for the hydro power 

generation applications; 

• doubly-fed induction generator system (with back-to-back inverter in the rotor 

circuit) as the main candidate for the wind power generation applications: 

• behavior of the DFIG system during power grid faults (shortcircuits); 

• improvement of the performance of the DFIG system during power grid faults; 

• sensorless robust vector control of the DFIG system including during power 

grid faults; 
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• experimental sensoriess motoring control of the system with the machine 

having the stator short-circuited; 

• experimental new state observers and sensoriess control of the DFIG system. 

The experimental new state observers and sensoriess control of the DFIG system is 

also the central main topic of the present work. 

In relationship with these topics the main conclusion are as follows: 

• the variable speed concept was introduced by the wind energy, but is 

extremely useful also for hydropower generators, for adding more flexibility to 

the generator (synchronous generators used mainly in hydropower applications 

are totally inflexible due to the constant speed they should work at); 

• constant attention is paid nowadays for introducing flexibility into the power 

systems. Flexible AC transmission systems (FACTS) w êre introduced and 

developed , but the generators should also become flexible, and the constant 

speed electric generators are not the proper solution for this; 

• from the hydro turbine point of view a 10% increase of effîciency could be 

obtained by using the variable speed electric generators. This was proved in 

the hydropower applications in Japan with pump storage (including the biggest 

generator in the world: 400MW with doubly-fed induction generator/motor 

with cycloconverter in the rotor circuit) and in two similar applications in 

Germany at Goldisthal on the river Schwarza in the south Thuringen; 

• the wind energy technology is the fast growing technology in the world during 

the last century. From 1995 on, the worldwide installed capacity doubled 

every three years and according to estimations it will grow annually with 25%. 

• in the wind power applications the doubly-fed induction generator with two 

back-to-back inverters in the rotor circuit is a proved, robust and widely 

considered solution having in the present 47% of the world market share of 

wind turbine concepts and the market is growing. The present thesis is 

dedicated especially to the control of the doubly-fed induction generator; 

• due to the higher and higher penetration of the wind power into the power 

system, according to the latest regulations, the high power wind turbines 
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should remain on during faults (shortcircuits) in the power grid. This is called 

^ r̂ide through fault" capability. This is necessar>' for re-establish rapidly the 

voltage in the power system immediately after the fauh is cleared, in order to 

avoid vohage drops and oscillations. Thus, special measures should be taken 

in order to protect the power electronics and the generator from damaging: 

• under power grid faults, another serious problem appears in the case of 

sensorless control. The algorithm for calculation of the rotor position should 

take into account the variation of the parameters of the machine, especially of 

the magnetizing inductance (Lm). If the magnetic saturation is not taken into 

account in the sensorless algorithm, during the power grid shortcircuit a huge 

error appears in the estimation of the rotor position, the vector control is lost 

and, fmally, the generator should be disconnected from the power grid. That"s 

why special attention should be paid to the sensorless algorithm and 

especially, magnetic saturation should be taken into account in order to be sure 

the algorithm is accurate during all the faulty situations could appear; 

• the doubly-fed induction motor setup (with the same back-to-back inverters 

connected in the rotor circuit but with shortcircuited stator) has fast responses 

during fast references speed references, and high braking capabilities due to 

the grid-side inverter and its control, which injects fast the power back to the 

grid during braking periods. Also with the state observers and the sensorless 

algorithm developed during this investigation (see Chapter 4), the estimation 

of the rotor position is satisfactory down to 5 rpm; 

• the experimental DFIG setup shown fast and accurate active and reactive 

power control. The state observers and the sensorless algorithm should be 

accurate on all speed range, including at synchronism, and during the start-up 

and synchronization procedure; 

• The platform, beyond the sensoriess wind power applications and 

motoring/generating pump-storage hydro power application, is suitable also 

for motion-sensorless doubly-fed induction motor limited speed range 4-

quadrant large drives. 
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7.2 Original contributions 

The present thesis includes, from the author, point of view, the following original 

contributions: 

• overview of the systems with variable speed generators and their applications 

in renevvable energy: wind, hydro. tides and marine currents; 

• simulation under Simulink^ environment of the whole 2 MW DFIG system, as 

one of the most preferred solution for wind power applications. The simulation 

includes the models of the wind turbine, DFIG itself and the both inverters 

each of them with its vector control; 

• simulation and analysis of the 2 MW DFIG system behavior under power grid 

shortcircuit: 

• development of a possible method for improving the performance of the DFIG 

system, under power grid shortcircuit, without disconnecting the generator 

from the power network; 

• development and analysis of a sensorless algorithm for DFIG system, with fast 

and accurate rotor position estimation including under power grid shortcircuit 

(taking into account the magnetic saturation, mandatory under such faulty 

conditions); 

• implementation of the 3kW DFIM setup (with 2 back-to-back inverters in the 

rotor circuit & shortcircuited stator), with advanced experimental 

characterization: fast dynamic responses with regeneraţive braking control of 

the grid-side inverter, accurate state observers and rotor position estimation 

down to 5 rpm; 

• implementation of the 3kW DFIG setup with ''in extenso'' experimental 

analysis & results: fast rotor current control (and, in fact, the control of active 

and reactive power in the stator), state observers fast and accurate over the 

entire speed range and on all possible working regimes including start-up and 

network synchronization. 
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Summary in Romanian 

Sumar 

Teza de fata este dedicata controlului de inalta performanta al generatoarelor 

cu turatie variabila pentru aplicaţii avand ca sursa primara energii regenerative in 

general si pentru aplicaţii cu turbine de vant in special. Astfel, teza oferă cateva soluţii 

modeme pentru controlul generatorului de inducţie dublu-alimentat cu invertor 

bidirecţional conectat in circuitul rotoric, ca si soluţie principala pentru acest tip de 

aplicaţii. 

La sfarsitul anilor 90 energia vântului a devenit cea mai importanta resursa de 

energie inepuizabila. In ultima decada a secolului 20. in intreaga lume capacitatea 

instalata a turbinelor eoliene s-a dublat la aproximativ fiecare 3 ani iar costul 

electricitatii provenite de la energia vântului a scăzut la aproximativ 1/6 din costul 

avut la începutul anilor 80. Iar in zilele noastre, capacitatea cumulata este in creştere 

pe plan mondial cu aproximativ 25% in fiecare an. Actualmente, 5 tari - Germania, 

SUA, Danemarca, India si Spania deţin impreuna mai mult de 83% din capacitatea 

instalata in lume, dar utilizarea energiei vântului se extinde rapid si in celelate zone. 

iar tehnologia aferenta a devenit extrem de complexa. Ea implica discipline tehnice 

precum aerodinamica, dinamica structurilor, mecanica, maşinile electrice, electronica 

de putere, electronica de semnal, teoria sistemelor si controlul automat. 

Obiectivul principal al tezei este de e oferi noi soluţii performante in domeniul 

controlului generatorului de inducţie dublu alimentat cu invertor bidirecţional in 

circuitul rotoric, soluţie care deţine la ora actuala mai mult de jumatate din cota de 

piaţa mondiala a generatoarelor electrice utilizate de turbinele eoliene si tendinta este 

in continuare in plina creştere. 

Un subiect amplu dezvoltat in teza este controlul fara senzori de mişcare 

(sensorless) al generatorului dublu-alimentat in condiţii de avarie a reţelei pe care 

acesta este conectat. Acesta este un subiect extrem de actual, deoarece datorita 

creşterii masive a prezentei turbinelor de vant in sistemul energetic, ultimele 

reglementari prevăd ca generatoarele de vant sa ramana conectate in timpul 
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scurtcircuitelor pe reţeaua de alimentare, pentru ca dupa eliminarea scurtcircuitului sa 

se poata restabili rapid si fara perturbaţii tensiunea in nodul energetic aferent. Aceasta 

insa implica luarea unui set de masuri suplimentare pentru prevenirea avariei 

electronicii de putere sau a generatorului. Astfel o parte importanta a tezei a ocupat-o 

dezvoltarea de modele complexe de simulare a intregului sistem, analiza 

comportamentului sistemului in diferite condiţii de avarie ale reţelei si gasirea de 

soluţii posibile pentru protectia echipamentului cu electronica de putere. Aceste 

activitati au fost efectuate in perioada de cercetare desfasurata de autor in cadrul 

'institute of Energy Technology'", Universitatea din Aalborg, Danemarca. 

Partea experimentala in intregime a fost desfasurata in cadrul Laboratorului de 

Reglaj Inteligent al Mişcării, Facultatea de Electrotehnica, Universitatea "Politehnica" 

Timişoara, Romania. 

2. Obiectivele tezei 

Obiectivele urmărite in cadrul tezei au fost urmatoarele: 

oferirea unei imagini de ansamblu asupra soluţiilor existente sau posibile in 

domeniul generatoarelor de vant pentru aplicaţii care utilizeaza energii 

regenerative, incluzând maşina primara, transmisia, generatorul electric, 

electronica de putere si reglajul automat; 

dezvoltarea de modele complexe si precise pentru generatorul de inducţie dublu-

alimentat si sistemele aferente; 

analiza specificaţiilor din partea reţelei electrice pe care sistemul este conectat, tot 

mai restrictive din cauza pătrunderii masive a generatoarelor de vant in sistemele 

energetice; 

analiza comportării sistemului cu generator de inducţie dublu-alimentat la avarii 

ale reţelei electrice, in special scurtcircuite si gasirea de soluţii posibile pentru 

controlul si protectia convertorului cu electronica de putere; 

creşterea calitativa a controlului puterii active si reactive in toate circumstanţele 

posibile; 
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- gasirea unei strategii de control fara senzori de mişcare (sensorless), robusta si 

precisa in toate situatiile de funcţionare: conectarea la reţea, funcţionare sub-

sincrona, funcţionare la sincronism si supra-sincronism; 

- investigarea posibilităţilor de auto-pomire ca motor si funcţionare in regim de 

motor, obligatorii in cazul micro-hidrocentralelor cu pompaj sau in cazul 

acţionarilor in 4 cadrane cu domeniu de viteza limitat. 

Organizarea tezei 

Teza este organizata in 7 capitole, urmărind obiectivele mentionate anterior. 

In primul capitol o privire de ansamblu asupra generatoarelor cu turatie 

variabila si a controlului lor este prezentata. Sunt prezentate detaliat atat soluţii 

existente cat si posibile. 

In capitolul doi modelele de simulare dezvoltate pentru analiza sistemului cu 

generator de inducţie dublu-alimentat si invertor bidirecţional in circuitul rotoric sunt 

descrise si discutate. Simularea comportării sistemului in condiţii de scurtcircuit a 

reţelei electrice este prezentata. Este, de asemenea, introdusa o posibila soluţie de 

control si protectie a convertorului static fara deconectarea sistemului de la reţeaua 

electrica, condiţie necesara conform reglementarilor actuale in sistemele energetice. 

In capitolul trei, controlul sensorless de putere activa si reactiva al sistemului 

este ilustrat in detaliu. Scurtcircuitul reţelei electrice este din nou simulat si analizat. 

Este in acest capitol dovedit ca in regimuri tranzitorii ale reţelei de alimentare este 

imperios necesara luarea in considerare a saturatiei magnetice in algoritmul de calcul 

al poziţiei rotorului. 

In capitolul patru, experimental, controlul sistemului in regim de motor este 

prezentat. O strategie sensorless este introdusa si discutata cu rezultate satisfactoare 

pana la 5 rpm. Standul fiind recuperativ, regimuri dinamice foarte bune sunt dovedite. 

In capitolul cinci, experimental, controlul sistemului in regim de generare este 

prezentat. Doua observatoare de flux si un algoritm sensorless bazat pe un model de 

referinţa adaptive (MRAS) au fost dezvoltate si testate. Rezultatele sunt ilustrate si 

discutate. Estimarea precisa a poziţiei si vitezei rotorului este dovedita in toate 

situatiile si pe toata gama de turatie. 
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Capitolul sase este dedicate standului experimental utilizat pentru toate testele 

iar in capitolul şapte o sinteza a tezei este prezentata iar contribuţiile si concluziile 

tezei sunt subliniate. 

Contributii originale 

Dupa parerea autorului, teza conţine urmatoarele contributii originale: 

• oferirea unei priviri de ansamblu asupra sistemelor cu generatoare cu 

turatie variabila, inclusive electronica de putere aferenta si controlul 

acestora. Descrierea este facuta in contextual aplicaţiilor la care aceste 

sisteme se preteaza: turbine de vant, turbine hidraulice, sau chiar 

aplicaţii mai puţin convenţionale: turbine care utilizeaza energia 

valurilor sau turbine submersibile pentru curenţi marini sau oceanici. 

• simularea sub mediul Simulink® a intregului sistem cu generator de 

inducţie dublu alimentat avand puterea nominala de 2MW. Simularea 

include modelele turbinei de vant, generatorul propriu-zis si ambele 

invertoare conectate spate in spate in circuitul rotoric, fiecare avand 

propriul control vectorial. 

• simularea si analiza comportării sistemului de 2MW cu generator de 

inducţie dublu-alimentat in condiţii de scurtcircuit ale reţelei 

• dezvoltarea unei metode de imbunatatire a comportamentului 

sistemului DFIG, in condiţii de scurtcircuit ale reţelei, fara 

deconectarea sistemului de la reţeaua energetica 

• dezvoltarea si analiza unei metode de control fara senzori de mişcare 

(sensorless) pentru sistemul DFIG, cu estimarea precisa a poziţiei 

rotorului inclusive in condiţii de scurtcircuit ale reţelei energetice (cu 

luarea in considerare in algoritmul de estimare a saturatiei magnetice, 

condiţie obligatory, in cazul funcţionarii sistemului in condiţii de 

scurtcircuit sau alte posibile avarii ale reţelei) 
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• implementarea unui stand cu motorul de inducţie dublu-alimentat 

avand puterea de 3 kW (aceeaşi topologie cu generatorul de inducţie 

dublu alimentat cu invertor bidirecţional in circuitul rotoric, cu singura 

deosebire ca in acest caz statorul este scurtcircuitat). Este efectuata 

analiza experimentala amanuntita in special in ceea ce priveşte 

regimurile dinamice rapide cu recuperare de energie, posibile in acest 

caz datorita controlul invertorului de pe reţea, care pe perioadele de 

franare, scoate energia din circuitul intermediar de current continuu si 

o injecteaza in reţea. De asemenea sunt dezvoltate noi observatoare de 

stare si un algoritm de control fara senzori de mişcare, rapid si precis in 

estimarea poziţiei rotorului pana la turatii foarte mici (5 rpm) 

• implementarea unui stand cu generatorul de inducţie dublu-alimentat 

avand puterea de 3 kW si analiza experimentala amanuntita. Este 

obtinut controlul rapid si precis al curenţilor rotorici (si de fapt prin 

aceşti curenţi, al puterii active si reactive din stator). Sunt dezvoltate 

noi observatoare de stare si un algoritm de control fara senzori de 

mişcare, rapid si precis in estimarea poziţiei rotorului pe toata plaja de 

turatii si pe durata tuturor regimurilor de funcţionare, inclsuiv al 

pomirii si sincronizării cu reţeaua. 
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Abstract: The present paper presents recent 
progress on variable speed electric generators for 
applications ranging from: pump-storage hydroplants, 
windpower. Diesel genseîs (mobile. UPS for trains or 
ships) to home electric power generation hy linear 
generators driven by Stirling engines running on natural 
gas. 

Variable speed provides flexibility, more stability 
and better energy conversion ratio, so much needed in the 
flexible distributed power systems of the future or in 
standalone applications. 

L Introduction 

Until not long ago the norm in electric 
generators was to use synchronous machines at 
constant speed to obtain constant frequency vvith 
regulated voltage output. Environmental and safety 
constraints and more demanding control 
requirements have led to variable speed generators 
electronically controlled for constant frequency and 
voltage. Wind power took the lead in this respect and 
there are now a few companies which manufacture 
doubly-fed induction wind generators at variable 
speed for higher wind energy extraction and better 
stability when the wind speed varies ±20% around a 
base (design) value [1]. 

Also, this time for power fast control in 
power systems with nuclear power plants, variable 
speed doubly fed induction generator-motors up to 
330MW per unit have been put rather percently to 
service in pump-storage hydroelectric power plants 
[2]. 

It is only natural to assume that hydropower 
plants - existing or new, large or small - will take 
advantage of this technology in the future, to produce 

peak power in a fast-controlled manner for higher 
efficiency and with notable environmental benefits. 

For distributed industrial power generation 
high speed combined cycle gas turbines should also 
use doubly-fed induction generators to cope with 
stabilit) and control aspects while producing energy 
with minimum fuel consumption. 

Power systems are today strained to the limit 
by transients and flexible ac transmission systems 
(FACTS) are proposed to bring more flexibilit> by 
parallel/and (or) series power electronics con\erters 
with or without storage or by intermediarv full power 
dc power lines. The variable speed generators, in any 
power plant, even within ±5% speed range - with the 
power electronics designed at 5-IO?/o rated power, as 
it feeds the rotor windings - should produce more 
flexibility to the power system at less costs, with 
lower hannonics pollution. 

It is perhaps thinkable that not only the new 
generators for power systems will be variable speed, 
but, when retrofitting existing generators, the existing 
stator may be maintained and only the rotor core, 
windings and control will be changed. 

AII the above tasks should bring 
extraordinar) opportunities for the research, 
development communities and for industries related 
to power system electric generators and their control. 

Diesel electric trains and vessels are aiready 
using in some proportion, synchronous generators 
and d.c. comutator or a.c. (induction or synchronous) 
motors for propulsion. 

The existing power electronics converters 
that control them are to be upgraded substantially 
based on the recent large power IGBT and MCT 
technologies. 
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Stand alone Diesel-engine or gas turbine 
gensets on the markets are still using synchronous 
generators with constant speed for constant 
frequencx and controlled voltage. Doubly-fed 
induction generators vvith rotor-side power 
electron ies at 20-30% rating or, more recently , PM 
s\nchronous generator with full power rating 
converters [4] are being proposed for tens and 
hiindreds of kW. They may run at variable speed but 
at constant (or controlled, for the PM generator 
s> stern) frequency and voltage. Faster power control 
and better efficiencv characterize such new systems 
[4]. 

Traditionally avionics uses thermal engine -
synchronous generators at high speed and 400Hz for 
auxiliar> power. Constant speed control is implicit. 

The gradual introduction of inverter fed 
dri\en electric actuators may impose a d.c. power 
bus. on board of aircraft. In this case a simple half-
controlled rectifier at the terminals of a PM generator 
of high efficiency and small size, might become a 
strong new solution, to give only one example. 

Electric generators on road and oflF road 
vehicles are required to deliver more and more 
electric power (actuators for comfort and better 
performance) to such an extent that the 42V d.c. 
power bus is by now recognized as the near future 
standard in automobiles. 

If the power increases as generator, the 
question arises if it wasn't better to eliminate the 
electric starter andcombine both functions in an 
integrated starter generator [5]. Thus a '^mild'' hybrid 
vehicle working directly on 42V d.c. power bus is 
obtained. Besides, in "strong"hybrid or electric 
vehicles a larger motor-generator with 150-600V 
battery supply (or back up) is required. 

The very wide generator constant power 
speed range (typical from 1000 to 6000rpm for M/G 
coupled directly to the crankshaft) and high starting 
(assist) torque required at tightly constraint motor 
volume, low costs and system low losses, make the 
design of such motor-generator systems and their 
control a formidable challenge for Academia and 
Industry. 

The mild or strong hybrid or electric vehicles 
are the way of the future. The first commercial 
hybrids of Toyota and Honda are a great success. 

The induction machine used so far for the 
scope [5] is under severe scrutiny as the losses are 
too high. 

As the residential areas extend well outside 
the big cities or in villages with natural gas as the 

fuel for home heat production, it seems only natural 
to attempt to produce also electric energy in the 
home. 

Free linear piston Stirling engines, stabilized 
recently , have been demonstrated to drive reliably 
(for more than 50000 hours on a prototype) a linear 
PM generator [6], of 350W at an efficiency above 
85%, connected to the commercial power grid. 

The low noise and low pollution level 
(natural gas is bumed) of Stirling engine though with 
an efficiency of 15%, makes it a favourite candidate 
as a prime mover. For an 1 kW of electric power 
7kW of heat power is produced, which corresponds 
to the order of magnitudes required for home heating 
systems. Either used as standalone systems or only to 
cover peak power needs such decentralized systems 
might gain popularity soon, because of overall larger 
energy efficiency, reliability, fast energy control and 
low^ total costs (energy distribution and delivery costs 
are eliminated). Now that we presented a panoramic 
view of variable speed generators let us introduce 
some sample competitive configurations and their 
performance, related directly to their appiication 
fields. 

2. Variable speed wind-generator systems 

The total of wind power generators existing 
in the worid by the end of 1999 was 13,932 MW [7], 
with 3920 installed only in 1999. 

Most commercial wind-turbine-generators up 
to 2 MW per unit, in general, consist of cage-rotor 
induction generators at power grid (or standalone) 
with active stall or pitch control of the turbine blade 
angles for power limitation and protection when 
wind speed gets too high, above 15 m/s. A soft-
starter is used to connect the generator to the power 
grid with limited transients. Power factor 
compensation by step-switched capacitors at 
generator terminals is also common, Fig. 1 [8]. Still 
notable starting transient power pulsations remain 
due to wind gusts. 

1 ; B L A D E A N G L E l f 
: ! C O N T R O L i : 

ê Hade 

I L ^ A E R O D Y N A M l c i î I z i J i T R A N S W I S S I O N 
L î ^ M O D E L M O D E L 

Fig. 1. Wind turbine induction generator system with 
blade angle control and soft-starter 
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Fig. 2. Doubly-fed IG (DFIG) vvind turbine system 
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Fig. 3. Vector control of DFIG a), and step active 
power response b), without and with decoupled 

control [1] 

The introduction of the doubly-fed induction 
generator with 4 quadrant converter in the rotor (Fig. 
2) [1] provides for variable speed operation at 
constant voltage and frequency and unity power 
factor. 

Position sensorless schemes have been 
developed recently [11] that are capable of ver\ good 
starting and loading performance. 

Starting is performed from the rotor with the 
stator in shortcircuit (mode I). Then the stator is 
opened and the stator voltage, frequency and phase, 
are quickly '"driven'' to the power grid voltage vector 
reference through adequate machine-side rotor 
converter control (mode II). Mode II is short-lived 
and thus the inerţia holds the speed (Fig. 4) and then 
the machine is accelerated to the desired speed 
,according to wind speed and load requirements. 

The voltage adaptation transformer reduces 
the converter rating in relation to maximum speed. 

The availabilit>' of rotor current feedback 
makes the flux and rotor position (and speed) 
observers more robust and simple than in usual 
sensorless drives. Still, the influence of IG 
magnetization inductance error has to be corrected to 
avoid unacceptable errors in rotor position estimation 
[11]. This only shows that there is more work to do, 
in this field. 

Fig. 4. Sensorless DFIG with operating modes I, II, 
III 

Also system design optimisation approaches 
are far from a widely accepted methodology. The 
bidirecţional power converter is still somewhat 
expensive and thus other , less expensive, 
configurations (even matrix converter) should be 
explored, especially as the power goes up. The 
literature abounds in DFIG theory, performance and 
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control [see Ref. 12 for a recent update]. For directiy 
driven (at 16 rpm - 30 rpm) 2.0MW or more off 
shore units PM-rotor, high voltage stator (wind-
fomiers from ABB) with diode rectifiers are 
proposed to transport the energy in d.c. form on 
shore. where a full power converter will deliver 
constant trequency and voltage output. 

It may well be feasible above 1.5MW, even 
at such low speeds, to tr> using the DFIG with a 
large number of poles, as long as the pole pitch to 
airgap ratio t /g >50, to keep the magnetization 
(reactive) power within reasonable limits. 

3. Variable speed hydrogenerator systems 

Pump storage necessities prompted by 
nuclear power usage led to the design and application 
of two rather large (310MW) power DFlGs: one with 
a CN cloconverter and the other with a GTO inverter-
converter in the rotor circuit (Table 1 [2]). 

Though the total system costs seem to be 
70-80% more than for constant speed pumping-
generating system with d.c. rotor excitation control, 
DFIG brings quite a few advantages [13] 
- optimum efficiency in pumping (above 
^^synchronous'^ speed) and turbining (below 
"synchronous'' speed) 
- wider static and dynamic stability limits in 
motoring and generating at variable speed 

better selfsynchronisation and starting (with 
shortcircuited stator) performance 

the ±5% speed control interval leads to low 
relative power rating of the converter (especially 
with the GTO inverter-converter) 

the machine may be controlled to act also as 
synchronous generator (motor) with zero frequency 
excitation control in the rotor, that is, as a 
synchronous condenser as well 
- decoupled fast active and reactive power 
control 

Table 1 . Ratlngs of the maIn components for Yagisawa (unit 2) 
Component Characterislic Ha ting 
Pump-turbine Max, output (MW; B7.4 

Head ;m;. 53 to 1 1 1 
Pump .nput i'MW) 53 to 82 
Pumpir.cj hend 63 to 112 5 

Genera tor-mo tor RjjLed output (NfV'A; 85 
Ratcc voltage (kV; 13.8 
Rotâi nj; .ţpeed ;rpm inOto 156 

Frequcncy-converter Type Cycioconvert̂ r 
P-atec ou-.pv î 'Nr.'A^ 25 8 
Rated voltage (r;V; 4.8 
Ratec currcnt (kA, 3.1 
Output frequency (HZJ 0.25 to 4.6 

The solution, with still to be implemented 
sensorless vector (DTC) control, can be generalized 
for all power levels, especially downwards. 

Micro-hydro-power-plants are to be targets 
for DFIG, with or without pumping facilities. The 
availability of motoring and generating below and 
above "'synchronous'' speed with smooth transition 
through it, makes DFIG ideal for fast and robust 
active and reactive power or speed control. 
Cogeneration with Diesel or gas-turbine or steam 
generators may be included here and dedicated 
DFIGs can suit them either at the commercial power 
grid or standalone. 

4. Standalone variable speed generators 

Emergency generators sets for public 
buildings (hospitals, banks) require fast starting 
(intervention) and power delivery to fill in for 
voltage short or longer sags and for power failure. 

Diesel engine 
or gas turbine 

_ i Synchronous 
- : i generator U 

Speed 
govemof 

speed (Or* 

' Chopper-< 

i Batter> 

Voltage 
controller ^ ~ 

Voltage 

Fig. 5. Stand-alone typical gensets 

Typically a Diesel-engine or more recently a 
gas-turbine drives a synchronous generator with 
speed (frequency) and voltage control (Fig. 5) 

The main advantage to gain from variable 
speed would be to run the primary mover at max. 
efficiency (that is at variable speed at variable load). 

The time required to start the thermal engine 
is not trivial and it may be too long for a 
computerized banking system in case of power 
failure. 

So, a battery acts through a full power 
generator or converter first, until the thermal engine 
accelerates, when we may commutate the converter 
to the generator. In this case a PM a.c. generator with 
diode rectifier may be more adequate as it has higher 
efficiency, works at variable speed and is more 
compact (Fig. 6) 
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A more sophisticated siich systeni without 
the short-term hack iip batter> and with 50, 60. or 
400 Hz output and a 28 Vd.c. power soiirce has been 
recenţi) proposed for a mobile genset, Fig. 7 [4J. 

load 

enc'.nc 
or cas turbine 

PM 
ên 

dc-ac 
con\cncr 

Fig. 6. Standalone MG generator - con\ erter with 
batter> quick back up 
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Fig. 7 PM generator advanced mobile genset 
( A M G S ) 

The energ> saving (in fuel consumption) 
with variable speed is evident in Fig. 8 [4] 

50 - -T 0.4 

1800 2200 2600 3000 3400 

Engine Speed (rpm) 

3800 

Fig. 8. Peak torque, power and fuel consumption 
( A M G S ) 

The whole hardware is shown in Fig. 9 [4J 

It is a multipurposc s\stern and produces a 
50° o rcduction in s i / e and notable impro\emcnt in 
fuel consumption. 

For less demanding applications cage-rotor 
induction generators-single phase and three phase 
with parallel terminal capacitors and an auxiliar} 
stator winding fed through a power M con\erter 
fed from a batter\ or a capacitor with a paralleled 
resistor and switch have been recentK proposed (Fiu. 
1 0 ) [ 1 4 J 5 ] 

Figure 9. PM alternator genset w ith Diesel engine [4] 

The con\erter, with fractional power rating. 
provides constant voltage and frequencx at the main 
stator winding terminals for all loads. Only slight 
speed \ariation is ailowed, but the costs and volume 
of the svstem seem lovver than for s \nchronous 
generator sets. 
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Fig. 10. Dual stator winding IG w ith reduced count 
inverter - batter> system [15] 
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5. Automotive starter (torque-assist)/alternator 
systems 

The 42 V d.c. power bus on the near future 
automobiles facilitates the extension of power 
electronics use on board, as the conduction power-
switch losses are, in relative temis, much lower than 
for 14 V d.c.. 

The integration of starter and altemator 
functions into one system becomes now feasible. The 
electric machine starts the engine and assists it at lovv 
speeds and then tums to generator function to 
produce electric energy for various loads. This is the 
"mild hybrid'' car (vehicle) which allows for 
automatic engine tum-off during trafTic jams and at 
traffic lights as it is capable of quick (within 100 ms) 
repetitive starting. Quite a few electric machines such 
as PM-assisted reluctance (or IPM) synchronous [16-
18] transverse flux PM-rotor [19-21] or SRM [22] 
schemes with adequate dc-ac converters and controls 
have been proposed. Only the induction machine [5, 
23] has reached the markets already in the heavy 
(high voltage battery) hybrid cars of Toyota and 
Honda. 

So there is the low voltage (42 V d.c.) 
starter-altemator and the high voltage (150-400 V 
d.c.) motor-generator for mild and heavy hybrids 
electric vehicles. 

Typical peak torque and voltage versus speed 
for a PM-RSM mild hybrid starting and, respectively, 
torque-assist mode are shown in Fig. 11 [18], with 
corresponding efflciency in Fig. 1 Ib. 

140Nm of peak torque may be provided up 
to SOOrpm (about 4kW) and the peak power of 4kW 
may be maintained up to 6000 rpm. 
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Fig. 11. Peak torque, voltage a) and corresponding 

machine eflTiciency versus speed b) [18] 
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Figure 12. 42V battery voltage versus d.c. current 
load [24] 

Unfortunately the peak phase RMS current 
would be 270A in this case [18]. However above 
150A, the battery voltage falls rapidly below 30V 
(Fig. 12) [24] 

Thus a winding switch or a boost converter 
(Fig. 13) is required to cover the SOOrpm to 6000rpm 
constant 4kW power range below 150A of d.c. 
battery current, which is safe for the battery in the 
long run and secures high system efficiency. Only 
three existing 14V d.c. car batteries in series are 
required in a mild hybrid car. This is why the 
solution is so attractive. 

The winding switch (Fig. 13a) operates while 
the inverter is disengaged so it should be low 
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(thermal) rating (and cost) and fast closing at zero 
current. 

Fig. 13b illustrates a boost-buck-boost 
intermediate converter that allows for a higher 
voltage PWM dc-ac converter and may eliminate the 
winding switch. While the wide constant power 
range is secured the slightly higher costs of both 
converters is apparently offsetted by better overall 
system efficiency [16], at lower than 150A d.c. for 
the 42V d.c. battery. 
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a) 

Qi 
D l 

6. Home and space electric generator systems 

A free piston Stirling thermal engine [27] 
linear electric generator system (Fig. 14) [28] has 
been proven capable to produce heat and electricity 
in the ratio of 7/1 so typical for home purposes. 
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( a r c a A J 

- - Cold space 

Fig. 14. Stirling engine linear PM generator 

350W electric with 1.8kW thermal power 
have been provided for 45000 hours of continuous 
and quiet operation at the power grid. 

The connection to the power grid is 
controlled from the Sterling engine side, basically. 
There are quite a few PM linear generator 
configurations capable of more than 85% of 
efficiency above 150W [28] (Fig. 15) 
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Fig. 13 Potential 42V d.c. automotive 
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Fig. 15. Various PM linear alternators [28, 29] 

They differ mainly in power per volume and 
manufacturability. The PM-stator linear altemator 
with convenţional SRM-like core and mechanical 
flexures acting as both linear bearings and energy 
storage (springs) elements at excursion end, working 
at resonance conditions, seems very adequate for the 
scope [29]. It is basically a single phase PM 
synchronous machines with low voltage regulation. 
With a series capacitor, higher output for given 
machine and grid voltage is obtained. Full 
compensation of machine inductance by the series 
capacitor produces only RI voltage regulation as in 
d.c. machines. 

For reduced output power, the linear motion 
amplitude - at rated frequency - is reduced. The 
efficiency stays high as if the speed was reduced 
through pole pitch variation in an a.c. machine. 

Lower weight (down to less than 12kg per 
kW of linear power) while maintaining the efficiency 
above 85% is required to make the Stirling engine -
linear altemator systems competitive for home 
applications in terms of $/kW (electric plus thermal). 
Similar configurations have already been used for 
space applications with radioactive - isotope - heat 
source. 

7. Conclusion 

The present paper leads to conclusions such 
as: 
• variable-speed generator technologies for power 
systems are already available up to 330MW with 
doubly-fed induction generator motors. They bring 
more flexibility to power production and 
transportation for distributed/power systems wind 
and hydro electric generators are prime candidates 
for variable speed 
• better system design optimisation and sensorless 
control methodologies are still desired 
• automotive starter-altemator system for mild 
(42V d.c.) and heavy (150-600V d.c.) hybrid vehicles 
have been proposed in various configurations. The 
IM solution has been brought to markets by Toyota 
and Honda. Up to 35% ftiel consumption reduction 
in town driving has been reported for Toyota Prius 
but the additional electrical equipment has been rated 
at 3000 USD. PM-RSM or transverse flux PM rotor 
configurations are currently proposed as they are 
credited with slightly less iniţial system costs for low 
total system losses. N e w progress is expected in this 
area in the near future as all main vehicle 
manufacturers are close to market with their hybrid 
or electric prototypes. 
• PM or induction generators with full 
(respectively fractionary) power electronics rating are 
proposed for dedicated stand alone or mobile gensets 
in the tens or hundreds of kW. Faster availability, 
lower volume and better energy conversion ratio with 
faster response for load transients are expected for 
such solutions. 
• Home combined electricity and heat production 
through buming natural gas has been demonstrated 
with quiet, free piston Stirling engines and linear PM 
generators for efficiency above 85%, and at the 
power electric grid for tens of thousands of hours in 
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the kW range. More compact configurations vvith still 13. 
high efficiency and lower iniţial costs are required to 
make home electricit> generation trulv practicai with 
all implicit advantages. 

14. 
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ABSTRACT 

This paper represents a literature study made by the author 
for one of his reports. It is based on the concept of direct 
active and reactive power control of a grid connected 
wound rotor induction machine fed by back-to-back 
connected voltage source inverters on the rotor side. This 
solution is suitable for both wind and hydro power 
generation, provides good dynamic performance and there 
is no need for rotor position sensing. 

Keywords: power control, sensorless control, variable speed 
constant frequenc\ applications, power generation 

1 INTRODUCTION [IJ 

Until not long ago the norm in electric generators was to use 
synchronous machines at constant speed to obtain constant 
frequency with regulated voltage output. Environmental and 
safety constraints and more demanding control requirements 
have led to variable speed generators electronically control led 
for constant frequency and voltage. Wind power took the lead 
in this respect and there are now a few companies which 
manufacture doubly-fed induction wind generators at variable 
speed for higher wind energy extraction and better stabilit> 
when the wind speed varies ±20% around a base (design) value 
[2]-
Also. this time for power fast control in power systems, with 
nuclear power plants, variable speed doubly fed induction 
generator-motors up to 330MW per unit have been put rather 
percently to service in pump-storage hydroelectric power plants 
[3]. 
It is only natural to assume that, hydropower plants - existing 
or new, large or small - will take advantage of this technology 
in the future to produce peak power in a fast-controlled manner 
for higher efficiency and with notable environmental benetlts. 
For distributed industrial power generation high speed 
combined cycle gas turbines should also use doubly-fed 
induction generators to cope with stability and control aspects 
while producing energy with minimum fuel consumption. 
Power systems are today strained to the limit by transients and 
flexible ac transmission systems (FACTS) are proposed to 
bring more flexibility by parallel/and (or) series power 
electronics converters with or without storage or by 
intermediary full power dc power lines. The variable speed 
generators, in any power plant, even within ±5% - with the 
power electronics designed at 5 - 10% rated power, as it feeds 
the rotor windings - should produce more flexibility to the 
power system at less costs, with lower harmonics pollution. 

It is thinkable that not only the new generators for power 
systems will be variable speed, but, when retrotltting existing 
generators. the existing stator may be maintained and onl\ the 
rotor core, windings and control will be changed. 
AII the above tasks should bring extraordinar) opportunities for 
the research, development communities and tor industries 
related to power system electric generators and their control. 

2 THE SYSTEM |4| 

As mentioned above there has been an increased attention 
toward wind power generation. Conventionally. grid-connected 
cage rotor induction machines are used as wind generators at 
medium power level. When connected to the constant 
frequencv network, the induction generator runs at near 
synchronous speed drawing the magnetizing current from the 
mains, thereby resulting in constant speed constant frequencv 
(CSCF) operation. However, the power capture due to 
fluctuating wind speed can be substantially improved if there is 
flexibility in varying the shat^ speed. 
In such variable speed constant frequency (VSCF) application 
rotor side control of grid-connected wound rotor induction 
machine is an attractive solution. In the system under 
consideration, the stator is directly connected to the three phase 
grid and the rotor is supplied by two back-to-back PWM 
converters (Fig. I). 

Fig. I Schematic block diagram 

Fig. 2 Approximate equivalent circuit 
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Such an arrangement provides ficxibility of operation in 
subsynchronous and supersynchronous speeds both in ihe 
generating and motoring modes. The rating of the power 
converters used in the rotor circuit is substantially lower than 
the machine rating and is decided by the range of operating 
speed. Of the two converters, the ftinction of the line side 
converter is to regulate the dc bus vohage and act as unity 
power factor interface to the grid for either direction of power 
tlow. The machine side converter has to control the torque and 
t1u\ of the machine or altematively the active and reactive 
powers. 
The convenţional approach for independent control of active 
and reactive powers handled by the machine is stator flux 
oriented vector control with rotor position sensors. [5]. [6]. The 
performance of the system in this case depends on the accuracy 
of computation of the stator tlux and the accuracy of the rotor 
position information derived from the position encoder. 
Alignment of the position senst)r is moreover, difficult in a 
doubly-fed wound rotor machine. Position sensorless vector 
control methods have been proposed by several research groups 
in the recent past. [7] - [8]. In [7], a dynamic torque angle 
controller is proposed. This method uses integration of the 
PWM rotor voltage to compute the rotor flux: hence 
satisfactor> performance cannot be achieved at or near 
synchronous speed. Most of the other methods proposed make 
use of the measured rotor current and use coordinate 
transformations for estimating the rotor position.[8] - [10]. 
Var>ing degree of dependence on machine parameters is 
obsen ed in all these strategies. 
Alternative approaches to field oriented control such as direct 
seif control (DSC) [11] and direct torque control (DTC) [12], 
[13] have been proposed for cage rotor induction machines. In 
these strategies. two hysteresis controllers, namely a torque 
controller and a flux controller, are used to determine the 
instantaneous switching state for the inverter. These methods of 
control are computationally verv' simple and do not require 
rotor position information. 
Recently an algorithm [14], [15] for independent control of 
active and reactive powers with high dynamic response in case 
of a wound rotor induction machine was developed. The 
instantaneous switching state of the rotor side converter is 
determined based on the active and reactive powers measured 
in the stator circuit. Thus, unlike existing DTC techniques. 
measurements are carried out at one terminal of the machine 
whereas the switching action is carried out at another terminal. 
Here the directly-controlled quantities are the stator active and 
reactive powers; hence, the algorithm is referred to as direct 
power control (DPC). The proposed algorithm also differs from 
convenţional DTC in that it does not use integration of PWM 
voltages. Hence, it can work stably even at zero rotor 
frequency. The method is inherently position sensorless and 
does not depend on machine parameters like stator/rotor 
resistance. It can be applied to VSCF applications like wind 
power generation as well as high power drives. The concept of 
direct power control was first introduced and details of the 
control strategy have been discussed. Relevant simulation and 
experimental results have been presented to validate the 
performance of the proposed method. 
The basic concept of direct control of active and reactive 
powers can be appreciated from the phasor diagrams based on 
the equivalent circuit of the doubly-fed machine as shown in 
Fig. 2. From the phasor diagram in Fig. 3 it is noted that the 
component of the stator current iŝ  has to be controlled to 
control the stator active power P̂  and has to be controlled to 
control the stator reactive power Qj. 

q-axis 

7 
im J « 

'r 

d-axis 

Fig. 3 Phasor diagram 

This is achieved in turn by controlling the rotor currents and 
ird. respectively, in convenţional field oriented control strategy. 
The effect of injection of these rotor currents on the air-gap and 
rotor fluxes can be derived by subtracting and adding the 
respective leakage fluxes. The variation of the rotor flux with 
variations in the active and reactive power demand is shown in 
Fig. 4(a) and (b). In Fig. 4(a) ird = O . i.e., the reactive power is 
fed completely from the stator side. Under this condition if irq is 
varied from O to full load, the locus of ^ varies along A - B 
which indicates a predominant change in angle 8 between y^ 
and whereas the magnitude of ^ does not change 
appreciably. In other words, a change in the angle 8 would 
defmitely result in a change in the active power handled by the 
stator in a predictable fashion. 

q-^is 

d-axis 

q-axis 

hd d^axis 

(b) 

Fig. 4 Phasor diagram showing variations in rotor flux with 
change in active and reactive power. 
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In Fig. 4(b) the stator active power demand is maintained 
constant so that irq is constant and ird is varied from O to the 
rated value of i . Here the locus of varies along C-D, resulting 
in a predominant change in magnitude of ^ whereas the 
variation of 6 is small. Therefore, the reactive power drawn 
from the grid b\ the stator can be reduced b\ increasing the 
magnitude of the rotor flux and vice-versa. It may be noted that 
the phasor diagrams as indicated in Fig. 4(a) and (b) remain the 
same irrespective of the reference frame: the frequency of the 
phasors mereh changes from one reference frame to the other. 
It can be concluded from the above discussion that: 
The stator active power can be controlled b\ controlling the 
angular position of the rotor flux vector. 
The stator reactive power can be controlled b\ controlling the 
magnitude of the rotor flux vector. 
These two basic notions have been used to determine the 
instantaneous switching state of the rotor side converter to 
control the active and reactive power as discussed in the 
following section. 

3. CONTROL OF SUPPLY (LINE) - SIDE PWM 
CONVERTER [61 

The objective of the supply-side converter is to keep the DC-
link voltage constant regardless of the magnitude and direction 
of the rotor power. A vector-control approach is used with a 
reference fr^mc oriented along the stator \oltage vector, 
enabling independent control of the active and reactive power 
flowing between the supply and the supply-side converter. The 
PWM converter is current regulated. with the direct axis current 
used to regulate the DC-link voltage and the quadrature axis 
current component used to regulate the reactive power. A 
standard regular as>Tnmetric sampling PWM scheme [16] is 
used. Fig. 5 shows the schematic of the supply-side converter. 
The voltage balance across the inductors is: 

/ 

Fig. 5 Supply-side converter arrangement 
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Fig. 6 Vector control structure for supply-side converter 

Neglecting harmonics due to switching and the losses in the 
inductor resistance and converter, we have: 

m, ^ 

2VI 
"Va" a 'a" "Val" 3 (5) 

= R 
dt 'b + (1) 

.Vc. _ c _ 
dt 

K. 
where L and R are the line inductance and resistance, 
respectively. using the transformations eqn. 1 is transformed 
into a dq reference frame rotating at Wg: 

dt 

dt 

dio 
V =Ri +L—^ 

^ '' dt 

(2) 

From eqn. 5, it is seen that the DC-link voltage can be contolled 
via id- The control scheme thus utilises current control loops for 
id and iq, with the î  demand being deri\ed from the DC link 
voltage error through a standard PI controller. The î  demand 
determines the displacement factor on the supply-side of the 
inductors. The strateg} is showii in Fig. 6. From eqn. 2 the plant 
for the current control loops is given by: 

With the scaling factors used in the transformations of the 
Appendix, the active and reactive power flow is: 

The angular position of the supply voltage is calculated as: 

0,=Jco,dt = tan-'^ 

(3) 

(4) 

where and vp are the a, B (stationary 2-axis) stator-voltage 
components. 
Aligning the d-axis of the reference frame along the stator-
voltage position given by eqn. 4, v̂ , is zero, and, since the 
amplitude of the supply voltage is constant v^ is constant. The 
active and reactive power will be proporţional to î  and î  
respectively. 

F(s) = 
I 

v,(s) V - ( S ) Ls^R 

where 

Vd. + 

(6 ) 

(7) 

In eqn. 7, v'^i and v'^, are the references values for the supply-
side converter, and the terms in brackets constitute voltage-
compensation terms. 
The design of the current controllers follow s directly from eqn. 
(6). which can be written in the z domain as: 

FU)=11:1^ -
( z - A ) 

A = e" (8) 
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where Ts is the sample timc (0.5ms). The converter mav be 
modciled b\ a pure delay of iwo sample periods yielding the 
control schematic of Fig. 7 for which standard design 
techniques may be applied. For the inductors used. R=0.ir2, L 
= 12mH. a design for a nominal closed-loop natural frequency 
of 125 Hz and C=0.8 can be obtained using the PI controller: 

G(z) = 4 .72(z -0 .96) ( z - 1 ) 

The design of the DC-link voltage controller may carried out in 
the continous domain, and it is assumed that the inner î  loop is 
ideal. From eqn. 5 the etTective transfer function of the plant is: 

E(s) 3m, 

,(s) 2V2C, 
(9) 

and the closed-loop block diagram is shown in Fig. 7, in which 
ior is represented as a disturbance. Again. standard classical 
design is appropriate. Inserting values of E' = 550V, mj = 0.75 
(for V, = 250V), C = 2.4mF and T, = 5ms, a controller of 
0.12(z-0.9248)/(z-l) can be shown to give a nominal closed-
loop natural frequency of 25rads'\ with ^ = 0.7. This is 50 
times slower than th loop sampling frequency, and justitles the 
continous design. 

Kc- - - -7 y 1 Kj i 
7 ^ 
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p otJ 

'c. 3mi •eb 
2V1 Cs , 

plĉ t I 

Fig. 7 Supply-side converter current control loop and DC-link 
voltage control loop. 

4. INDUCTION MACHINE CONTROL 

The induction machine is controlled in a synchronously rotating 
dq frame with the d-axis oriented along the stator-flux vector 
position. In this way, a decoupled controol between the 
electrical torque and the rotor excitation is obtained. The rotor-
side PWM converter provides the actuation, and the control 
requires the measurement of the stator and rotor currents, stator 
voltage and the rotor position. There is no need to knovv the 
rotor-induced EMF, as is the case for the implementation with 
naturally commutated converters. 

-'sJ-p̂ t-'-Q: - • '"'(Ht-t 
fljk^— 

I 
1 r 
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Fig. 8 Vector-control structure for DFIG 

Since the stator is connected to the grid, and the influence of 
the stator resistance is small, the stator magnetizing current i^s 

can be considered constant. Under stator-flux orientation, the 
relationship between the torque and the dq axis voltages, 
currents and fluxes (all scaled to be numerically equal to the 
AC per-phase values) may be written as: 

i qs ^ qr 

dL = R + C J L , + + ) 

(10) 

LsL, 

L. 

The stator flux angle is calculated from: 

(II) 

where 0s is the stator-flux vector position. The integral in eqn. 
11 is solved using the digital passband filter, with cutoff 
frequencies of 0.5 Hz and 1 Hz to eliminate DC offsets. From 
eqn. 10, the torque is proporţional to and can be regulated 
using Vqr- The rotor excitation current î r is controlled using v̂ r. 
Assuming that all reactive power to the machine is supplied by 
the stator, i*dr rnay be set to zero. 
Fig. 8 shows a schematic block diagram for the machine 
control. The reference q axis rotor current can be obtained 
either from a outer speed-control loop or from a reference 
torque imposed on the machine. These two options may be 
termed a speed-control mode or torque-control mode for the 
generator. 
A similar analysis for the control of the dq current can be 
carried out for the supply-side converter can likewise be done 
for the control of the dq rotor machine currents. From the rotor 
voltage equation in eqn. 20 we have: 

V . = R i. dr rdr r ^̂  
(12) 

The idr and iqr errors are processed by the PI controller 
to give v'dr and v'̂ ,̂ respectively. To ensure good tracking of 
these currents, compensation terms are added to v'̂ r and v'̂ ^ to 
obtain the reference voltages v'̂ r and v'̂ r according to: 

Vdr = 

which is analogous to eqn. 7. 

(13) 
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The plant for the current-control design is similar to the case of 
the supply-side converter currenl controller (see Fig. 7) with the 
following variable substitutions: 

Id' Iq 

d. V d f * qr 

It is also appropriate for hydro energy applications with or 
without pumped storage because of the possibility to make use 
of one starting and synchronisation procedare. But all these 
together with faults and power quality analysis of this s\ stern 
will be treated in the next papers. 
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With Tj = 0.5ms and with the motor parameters of the 
Appendix. a nominal closed-loop natural frequency of 130Hz 
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A speed controller is needed when the machine operates in the 
speed controller is carried out in the continous domain. in a 
similar w a\ to that of the voltage controller for the supply-side 
converter. assuming also that the current controllers are much 
faster than the speed loop and are thus considered ideal. The 
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The rotor speed is obtained from a rotor-position measurement, 
which provides 720 pulses per revolution. With a sample time 
of 0.1 s a resolution of 0.833rpm is obtained. the magnetizing 
current can be obtained as i^s = Vj/cOeLo. With Tj = O.Is and 
with the appropriate parameters , a nominal closed-loop natural 
frequency of 0.05Hz with ^ = 0.9 is obtained, with the 
controller 0.49 (z-0.988)/(z-l). Although a faster speed 
controller can be designed for the speed-control mode. in 
practice it is found the noise considerations limit the closed-
loop natural frequency. This derives from the fact that the speed 
demand is obtained from a mechanical torque observer, which 
effectively estimates the shaft acceleration from a limited-
resolution speed encoder.[17] 

4. CONCLUSION 

In this study a method for decoupled control of the active and 
reactive power of a wound rotor induction generator fed by 
back to back connected vector controlled voltage source 
inverters on the rotor side was presented. It offers good 
dynamic responses and it is also ftinctional with an adequate 
sensorless algorithm started ^^on-the-fly" and running stably 
even at zero rotor frequency. 
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2. Abstract 
The paper presents an investigation made on the doubly-fed-induction generator for wind power 
applications and on its behavior under a three-phase grid short-circuit. A vector controlled back-to-
back power electronics converter is connected in the rotor circuit of the generator. 
A rather accurate decoupled active and reactive power control strategy and simulation results are 
presented in detail. 
A three-phase short-circuit on the grid is modeled and analyzed, the effects are discussed and some 
potential mechanisms to improve the performance during the fault and to reduce the destructive 
effects o f this fault are described. It is concluded that the limitation of the rotor currents references is, 
accorded to this study, the best method to reduce the dominant stator and rotor current peaks during 
short-circuit with approximate 50%. 

3. Introduction 
Wind energy was the fastest growing energy technology in the 1990s in terms of percentage of yearly 
growth of installed capacity per technology source. The distribution of wind energ> around the vvorld 
can be seen in Table 1. By the end of 2001, around 70% of the worldwide w ind energ> capacit> was 
installed in Europe, a further 19% in North America and 9% in Asia and the Pacific. [1] 
Between the end of 1995 and the end of 2001, around 75% of all new grid-connected wind turbines 
worldwide have been installed in Europe and in 2002 another 5871 MW were installed in the 
European Union which reached at the end of the last year a total of 23056 MW installed w ind power 
installed [source: European Wind Energy Association (www.ewea.org)] 
So there is an immense interest renewed in the last years, related to ^'hamessing" power from wind, 
which has proven to be a renewable source for generation of electricit>' with a minimum of 
environmental impact. 
Actually wind turbines from a few kilowatts to several megawatts are available and integrated to the 
grid. They are sited in remote areas (including off-shore sites) and in large concentrations counting up 
to several hundred megawatts of installed power [2]. They are producing a substantial amount of 
power, which can supplement the base power generated by thermal, nuclear or hydro power plants. 

i NIV 
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This opens up new technical opportunities for designing and controlling the wind turbines, but at the 
same time increases the demands for reliabilit>\ supplied power quality and grid impact [3] 
Along the past years several wind turbine concepts have been proposed: the Darrieus turbine, the 
Chalk muhiblade turbine, and the horizontal three blade turbine. The last one represents in fact the 
overall dominating topology. 

Table 1. Operaţional wind power capacity woridwide (source: issues of Wind Power 
Monthly) 

Region Installed Capacity ( M W ) 

End 1995 End 1997 End 1999 End 2000 End 2001 

Europe 2518 4766 9307 12972 16362 

IMorth America 1676 1611 2619 2695 4 4 4 0 

South and Central America 11 38 87 103 103 

Asia and Pacific 626 1149 1403 1795 2162 

Middie East and Africa 13 24 39 141 203 

Total Woridwide 4844 7588 13455 17706 23720 

The majorit\ o f the installed wind turbines operate at constant or near constant speed, which implies 
the speed of the electric generator to be fixed (determined by the frequency o f the grid) regardless o f 
the wind speed. For this, different topologies with the induction generator and the wound rotor 
synchronous generator have been proposed and appiied but the majority o f the fixed speed wind 
turbines are based on the induction generator. 
The inherent problems with the constant speed wind turbines (poorer energy capture, rather big 
mechanical stress and modest power quality) became more and more significant as the size of the 
w ind turbines and the penetration of wind energy increase. 
So the variable speed concept became more and more attractive and today is in fact almost the main 
appiied concept. The most important candidates in this concept are the wound rotor induction 
generator with a back-to-back inverter feeding the rotor circuit, and the permanent magnets 
synchronous generator. By the use of the last one solution the slip rings are avoided but with a rather 
large additional costs due to the prices o f permanent magnets and o f the power electronics converter 
which has to handle in this case the full power of the system. 
The doubly fed induction generator with a bi-directional power f low converter in the rotor doubtlessly 
has some advantages: 

enhanced energy capture from the wind in a wide range o f wind velocities 
abilit>^ of reactive power control 
fast decoupled control of active and reactive power by independent control o f torque and rotor 
excitation 
reduced size and implicitly costs of the power electronics converter (the converter rating is only 
around 25% of the total generator power) 

A study on this solution is made in the present paper, which is divided in the fol lowing sections: the 
simulation model of the generator and its control, case study - three-phase short-circuit on the power 
grid, mechanism to improve performance during fault. 

When a short-circuit fault occurs in the network, then the voltage dip and the current transients in the 
generator windings and in the converter occur. Although, due to the lack o f power transfer from the 
generator to the network, the turbine severely accelerates. In this situations, there are two risks: 

damage of the converter due to the over-currents 
mechanical damage o f the turbine due to the overspeeding 

A lot of attention must be paid in order to avoid these problems. The actions that may be taken are 
different, and are dependent of the type o f the turbine: small on-land or large off-shore. 
In the case of small on-land wind turbines farms, no technical specifications are made, and the 
turbines could be automatically tripped and stopped when the settings o f the monitored values are 
exceeded. The converter could be blocked, the rotor could be opened or short-circuited and a ''safety 
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stop'' procedure could be initiated. This can be realized by aerodynamic breaking which means 
pitching the blades at the maximum reference and locking the shaft at the zero speed. Extended 
discussion o f these methods is made in [4]. 
The technical requirements for the wind turbines in large off-shore vvind farms are defmed in 
standards. Those wind farms are treated as large power supply units and their disconnection VN ill not 
be accepted as the turbine should contribute vvith power after the fault. 
In those cases, other methods for improving the performance under such conditions, and protection 
should be taken into account. 
In the fo l lowing paragraphs the extended presentation o f the studied system (2 MW/660V, 4 pole 
generator) and how it was modeled will be made, its control vvill be discussed and various simulation 
results (in normal operation and under a power grid short-circuit) will be presented. 

4. Simulation model of the generator and its control 
A schematic diagram o f the overall studied system is shown in Figure 1. Two voltage-fed PWM 
converters are inserted in the rotor circuit, with the supply-side PWM converter connected to the grid 
via a RL filter, which limits the high-frequency ripple due to switching harmonics.[5]. 

POWER CONVERTER 

Figure 1. The doubly-fed induction generator connected to the power grid. 

The complete simulation model o f the system was implemented in Matlab-Simulink, and the parts are 
explained in what it fol lows. 

4.1. The wind turbine mode! 
The wind turbine is modeled in terms of optimal tracking, to provide maximum energy capture from 
the wind. The implemented characteristics are presented in Fig. 2 
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Figure 2. Implemented wind turbine characteristics: a) aerodynamic characteristics, b) the turbine 
torque model. 
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These characteristics are based on: 

(236) 

where Cp - power efficiency coefficient; V - wind velocity; p - pitch angle; R - blade radius; PM -
mechanical power produced by the wind turbine; pa.r - air density (usually 1.225 kg/m^) 
Applying the tip speed ratio X : 

(2) 

equation (1) may be rewritten as: 
p o p t 

(3) 

where K,, is the wind turbine dependent coefficient 
Equation (3) holds the key of the optimization of the variable-speed wind turbine by tracking the 
optimal turbine speed at a given wind speed. The result of the optimization is reaching in fact the 
optimal power efficiency at the given speed. In the simulation the optimum power is retumed by the 
model through a 2D look-up table with interpolation of the turbine characteristics, with the action of 
the govemor considered as instantaneous. 

4.2. The doubly fed induction generator modei 
Stator and rotor voltages expressed in terms of d and q axes quantities rotating in an arbitrary 
reference frame with the speed (0^ are given by [6]: 

dv 

(4) 

(5) 

(6) 

(7) 

Stator and rotor fluxes are expressed in function of the current by: 

V s d = L s • •sd + L n , • ' rd (8) 
V s q = L , • ' sq + L n , • 'rq (9) 

M^rd = L , • ' r d + L m - 'sd (10) 
H'rq = L , • ' rq + K • ' sq (11) 

Also: 

Te = | p-(M ŝd -'sq -M ŝq -isd) 

(12) 

(13) 
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Usually a speed range of ± 25% is chosen around the synchronous speed [7]. To have a lower current 
at the rotor-side of the machine equivalent with a lower converter sizing, and the same voltage at the 
rotor-side and the stator-side at the limits of the speed range (the vohage adapting transformer 
beUveen the converter and the povver system is avoided), a transfonner ratio K of the generator 
windings of 4 is chosen: 

> J , „ = K . ( U j r a t e d (14) 

4.3. The supply side converter model 
The supply side converter is used to control the DC link voltage regardless of the level and the 
direction of the rotor povver (Fig. 3). A vector-control strategy is used, with the reference frame 
oriented along the stator voltage [8]. The converter is current regulated with the direct axis current 
used to control the DC-link voltage, meanwhile the transverse axis current is used to regulate the 
displacement between the voltage and the current (and thus the power factor) [9]. 

vsc 

CflbLIq^Ued 

Igq* 

PI •O Urd" 

Urq* 

SVM 

DHG 

vsc 

GRID 

-e-

Figure 3. The block diagram of the suppiy-side converter control. 

' s p (15) 

The angular position of the supply voltage Ge is calculated as: 
U, 

= a t a n — 

where Usa and Usp are the stator voltages expressed in terms of a and P axes (stationary). 
The design of the current controllers foilows from the transfer function of the plant in the z-domain, 
the sampling time being 0.45 ms. For a nominal closed-loop natural frequency of 125 Hz and a 
damping factor of 0.8 the transfer function of the PI controller is I8.69(z-1335.4)/(z-l) . The current 
loop is designed much faster than the DC voltage loop and thus considered ideal. The transfer 
function of the DC voltage controller results in 17.95(z-2640)/(z-l). 

EPE2003 Page 5 of 10' 

BUPT



4.4 The generator side converter model 
The generator is controlled in a synchronously rotating dq-frame, with the d-axis aligned with the 
stator-flux vector position, which ensures a decoupled control betvveen the electromagnetic torque and 
the rotor excitation contribution (see Fig. 4). In fact decoupled active and reactive power control 
[ lOJ 1] o f the generator is obtained (Fig. 5). 

q-ax i s 

p* 

Figure 4. Location o f different vectors in stationary coordinates. 
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Figure 5. The block diagram o f the machine-side converter control in a doubly-fed wind turbine. 

Again knowing the transfer function o f the plant and imposing the natural c losed-loop frequency and 
the damping factor, the transfer function o f the current controllers results in 12 (z -0 .995) / (z - l ) . The 
power loops are designed much slower than the current loops and the transfer function for the power 
controllers are thus obtained:0.00009(z-0 .9) / (z- l ) 
The reference voltages generated by the current control loops with back-EMF compensated are 
transformed back to the rotor reference frame and space vector modulated to generate the pulses for 
the inverter (VSC). 
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4.5 Simulation results 
Extended simulations vNcre performed on the model thus implemented. At 1.5 sec the vvind speed is 
increased from 7 to 1 Im/s, then at 6 sec the reference of active power is increased trom 1.2 MW at 1.4 
MW while the reference o f the reactive power is maintained at 300 kVAR 

•• 
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, .1.1. I. .1. i l > k i . . » . i ; i . i . j i , i . , j i . r , ,1 t) . I . . . . f , . . t a . . . . , .1. .1 n .1 ii . . . . V.' ' • . . . âl - .t t) il II.ii ,,..! .. w.. 

a) b) 

-i 

Figure 6. The generator waveforms: a) stator voltages, b) stator currents, c) rotor voltages, d) DC-hnk 
voltage, e) rotor currents, f) speed. 

The active and reactive power are shown in Figure 7. 
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Figure 7. a) The active and b) reactive stator power control. 

EPE2003 Page 7 o f 10' 

BUPT



It can be noticed from here that the system response is stable and rather quick in terms o f active power 

5. Case Study - three-phase short-circuit on the power grid 
In order to study the behavior o f the whole system under a three-phase short-circuit on the power grid, 
without taking any protective measure, the grid is modeled as in Fig.l and divided in two parts [12]. 
The short-circuit is appiied at the middle o f the line (see Figure 1). 
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Figure 8. Three-phase short-circuit on the power grid: a) stator voltage, b) stator currents, c) rotor 
currents, d) speed, e) turbine torque, f ) electromagnetic torque, g) active power, h) reactive power. 

It can be seen there are two dominant current peaks, one at the start o f the short-circuit, and one even 
more severe when the short-circuit is cleared. T w o severe transients in torque also occur, and a 
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transient in speed, which means that during the fault the electromagnetic torque is very small and thus 
the generator accelerates. The torque of the turbine is naturally decreased during the fault as the 
generator speed is increasing and the wind speed remains constant (see the characteristics in Fig.2) 

6. Mechanism to improve the performance during fault 
To reduce the transients due to short-circuit a few methods were investigated. The first was to reduce 
the active and reactive power references immediately after the fault occurs. But this did not produce 
any improvement. 
The most efficient method according to this study was to limit the rotor currents. This was done by 
limiting the reference of the rotor currents. in fact the output of the active and reactive power PI 
controllers at the ±1.5 U in q-axis and at ±0.5 U in d-axis. The results are presented in what foilows. 

_ « io"* 

C) 

d) 
— ^ J y ^ 

l i i : 
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\ i i 

i i i i i 
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Figure 9. Three phase short-circuit on the power grid, with limited rotor currents in the generator: a) 
stator currents, b) rotor currents, c) speed, d) turbine torque, e) electromagnetic torque 

Notable improvements can be easily noticed. First and the most important is the reduction of the 
second rotor current peak (when the short-circuit is cleared) with 50%. The stator current second peak 
is also reduced with the same amount. The acceleration of the generator is not avoided but when the 
system is restoring the deceleration is not so pronounced and the speed of the generator is stabilizing 
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earlier (practically the system is recovering with 1 sec more quickly than in the case with no 
limitations in the rotor currents) 

7. Conclusion 

For large power wind farms continuous operation during short-circuit faults is required. This mode 
becomes more and more important as the wind turbine should be able to contribute with power just 
after a short circuit. A detailed investigation on the control and behavior on the doubly-fed induction 
generator under power grid short-circuit was done. The good dynamic performances and accuracy of 
the active and reactive power control were demonstrated. Also the waveforms of the generator in a 
three-phase short-circuit are presented. For better continuous operation during short-circuit faults 
different methods were investigated. The modification of the power references during the fauh in 
order to prevent the rotor overcurrents and generator overspeeding was performed but it did not 
produce the expected results. The best situation was obtained w ith the limitation of the rotor currents 
references through the output limitation of the active and reactive power controllers. This study will 
be continued and other methods will be investigated. 
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Abstract - The present paper investigates the influence of 
magnetic saturation on the rotor position and speed estimators 
and the machine behavior during transients and shortcircuit 
faults for a doubly-fed induction generator (DFIG) connected to 
the power grid. 

The DFIG is considered driven by a wind turbine whose 
torque vs. generator speed at difTerent wind speeds is optimized. 
The DFIG is connected to the grid, at a certain iniţial speed, 
simultaneousiy in the stator and in the rotor for given values of 
active and reactive stator power references. Subsequently a 
sudden three-phase shortcircuit at the middie of a typical local 
power grid is investigated. A computer program in Matlab-
Simulink package for the whole system has been developed and 
appiied to simulate transients as described above with and 
without considering the magnetic saturation in the machine. It is 
shown by digital simulations that during shortcircuit the 
sensorless control fails without considering the magnetic 
saturation and even during the sudden connection to the grid the 
errors in position and speed estimation and in the transients 
description are notable. 

Index Terms - wind turbines, doubly-fed induction 
generator, back-to-back inverter, vector control, sensorless 
techniques, magnetic saturation. 

I. INTRODUCTION 

Hamess ing energy from renewable sources became a 
global phenomenon and the world's fastest growing 
technology. The impetus behind this expansion has come 
increasingly from the urgent need to combat global climate 
changes whereas the electrical energy demand is more and 
more increased [1]. Most countries now accept that 
greenhouse gas emiss ions must be cut in order to avoid 
environmental catastrophe. 

In this challenge, the worldwide installed hydro and, 
recently, tidal and marine currents turbine power [2] has 
increased dramatically but the wind energy technology is the 

real ^'silver bullet'\ Table 1 shows the wind capacity in June 
2003 and its trend for some EU countries 

TABLE I 
INSTALLED WIND POWER IN SOME EL COLNTRIES [3] 

Countn 
Total of the end 
of 2002 

Installed summer 
2003 

Total 
2003 

Germain 12001 835 12836 

Spain 4830 230 5060 

Denmark 2881 36 2916 

Neiherlands 678 125 803 

llalv 788 12 800 

UK 552 34 586 

Sweden 328 36 364 

Greece 297 57 354 

France 148 72 220 

Austria 139 80 219 

Portugal 196 21 217 

Ireland 137 0 137 
European 
I n ion 23076 1550 24626 
Other 
European 
Countries 237 41 278 

A m o n g these, the European Commiss ion has 
scheduled 12% penetration o f renewable energy by the year 
2 0 1 0 and the objective for United States is 10 000 MW by the 
same year [4]. 

These high ambitions along with fast progress in 
generator concepts, power electronics and control have 
founded a strong basis for the development o f large and cost-
competitive wind turbines. 

The average rating o f the installed wind turbines has 
increased from 0 . 2 M W in 1990 at 1.6 MW in this and the 
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price of the wind energ> has decreased with 80% in the last 
20 years. This opens up nevv technical opportunities for 
designing and controlling the wind turbines, but at the same 
time increases the demands for reliability, supplied power 
qualit> and grid impact. 

The majorit) of the installed wind turbines operate at 
constant or near constant speed, which implies the speed of 
the electric generator to be fixed (determined by the 
frequency of the grid) regardiess of the wind speed. For this, 
ditTerent topologies with the induction generator and the 
wound rotor s\ nchronous generator have been proposed and 
appiied but the majorit> of the fixed speed wind turbines are 
based on the induction generator. 

The inherent problems with the constant speed wind 
turbines (poorer energy capture, rather big mechanical stress 
and modest power quality) became more and more significant 
as the size of the wind turbines and the penetration of wind 
energy increase, 

So the variable speed concept became more and more 
attractive and today is in fact almost the main appiied 
concept. The most important candidates in this concept are 
the wound rotor induction generator with a back-to-back 
inverter feeding the rotor circuit, and the permanent magnets 
synchronous generator. By the use of the PM generators the 
slip rings are avoided but with a rather large additional costs 
due to the prices of permanent magnets and of the power 
electronics converter which has to handle in this case the full 
power of the system. 

The doubly fed induction generator with a bi-
direcţional power flow converter in the rotor doubtiessiy has 
some advantages: 

enhanced energy capture from the wind in a wide range 
of wind velocities 
abilit) of reactive power control 
fast decoupled control of active and reactive power by 
independent control of torque and rotor excitation 
reduced size and implicitly costs of the power 
electronics converter (the converter rating is only around 
25% of the total generator power) 

In this paper a study based on this solution is done. 
Both inverters are vector controlled and the strategy will be 
described. 

One sensorless algorithm is presented and discussed 
•in extenso'\ The influence of saturation in the position 
observer is taken into account and discussed. For this 
objective, a severe three-phase shortcircuit on the power grid 
is modeled and the behavior of the observer is studied. 

The importance of the behavior of the whole system 
under power grid faults and transients is crucial as by 
standards the large off-shore wind turbines should not be 
disconnected during grid shortcircuits, for example, because 
the turbine has to contribuie at the power recovery 
immediately after the fault. One method to improve the 
performance of the DFIG under a three-phase shortcircuit 
without disconnection is presented in [5]. 

The foilowing sections are related to: DFIG control, 
sensorless algorithm with results for position and speed 
estimator with and without taking into account the saturation 
of the machine under a sudden three-phase shortcircuit of the 
power grid. 

I I . T H E DFIG SYSTEM A N D ITS CONTROL 

AII the models in the DFIG system used are described^ 
in what it foilows. The electrical schematic of the whole' 
system is shown in Figure 1. , 

GRD POABRCOFÊ TBR 
U2 1 r ^ /i i /u 

I I = 0 ' i 

i ! i 

J DRG 

Figure 1. The doubly-fed induction generator connected to the power grid 

The grid is modeled as divided in two equal parts in order to 
appiy the shortcircuit at the middle. 

A. The wind turbine model 

The wind turbine is modeled in terms of optimali 
tracking, to provide maximum energy capture from the wind. 
The implemented characteristics are presented in Fig. 2 

Wind turtJine charactenstics 
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b) 
Figure 2. Implemented wind turbine characteristics: a) aerodynamic 

characteristics, b) the turbine torque model. 
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These characteristics are based on: 

(1) 

where Cp - power e f f i c i ency coef f ic ient; V - wind 
velociW; (3 - pitch angle; R - blade radius; PM - mechanical 
power produced by the wind turbine: Pa,r - air density (usually 
1.225 kg/mO 

Apply ing the tip speed ratio X : 

V 

equation (1 ) may be rewritten as: 

1 popt 

^ ôpt 

(2) 

•oo: (3) 

'sd dt 

sq dt 

(11) 

where variation o f Lm is implemented as in Figure 3. 

where Kvs is the wind turbine dependent coef f ic ient 
Equation (3) holds the key o f the optimization o f the 

variable-speed wind turbine by tracking the optimal turbine 
speed at a g iven wind speed. The resuh o f the optimization is 
reaching in fact the optimal power e f f i c i ency at the g iven 
speed. In the simulation the opt imum power is retumed by the 
model through a 2 D look-up table with interpolation o f the 
turbine characteristics, with the action o f the g o v e m o r 
considered as instantaneous. 

B. The doubly fed inducîion generator model 

Stator and rotor vol tages expressed in terms o f d and q 
axes quantities rotating in an arbitrary reference frame with 
the speed (o^ are g iven by [6]: 

o 200 400 600 80C 1000 1200 140C 1600 1800 2000 

MagnetHBbor CiTreri [A] 

Figure 3. The magnetic saturation: variation of Lm versus magnetization 
current 

Also: 

(12) 

(13) 

U T^ • ^M^rd / \ /^x C. The supply side converter model 

(4) 

(5) 

(6) 

Usual ly a speed range o f ± 2 5 % is chosen around the 
synchronous speed [7]. To have a lower current at the rotor-
side o f the machine, equivalent with a lower converter sizing, 
and the same voltage at the rotor-side and the stator-side at 
the limits o f the speed range (the voltage adapting transformer 
between the converter and the power system is avoided), a 
turn ratio K o f the generator windings o f 4 is chosen: 

« J j , S /rated (14) 

(7) 

Stator and rotor f luxes are expressed in functlon o f the 
current by: 

Vrd 

(8) 

(9) 

(10) 

The supply side converter is used to control the D C 
link voltage regardless o f the level and the direction o f the 
rotor power (Fig. 4) . A vector-control strategy is used, with 
the reference frame oriented along the stator voltage [8]. The 
converter is current regulated with the direct axis current used 
to control the DC-l ink voltage, meanwhi le the transverse axis 
current is used to regulate the displacement between the 
voltage and the current (and thus the power factor) [9]. 
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Figure 5. Location of difTerent veclors in stationar> coordinates. 
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Figure 4. The block diagrani of the suppiy-side converter control. 

The angular position of the suppiy voltage 0e is 
calculated as: 

Figure 6. The block diagram of the machine-side converter control in a 
doublv-fed wind turbine. 

i i 
i 
i 

(15) 

where Û ^ and are the stator voltages expressed in 
terms of a and p axes (stationar>'). 

The design of the current controllers follows from the 
transfer function of the plant in the z-domain, the sampling 
time being 0.45 ms. For a nominal closed-loop natural 
frequency of 125 Hz and a damping factor of 0.8 the transfer 
ftinction of the PI controller is 18.69(z-1335,4)/(z-l). The 
current loop is designed much faster than the DC voltage loop 
and thus considered ideal. The transfer function of the DC 
voltage controller results in 17.95(z-2640)/(z-l). 

D. The generator side converter model 

The generator is controlled in a synchronously rotating 
dq-frame, with the d-axis aligned with the stator-flux vector 
position, which ensures a decoupled control between the 
electromagnetic torque and the rotor excitation contribution 
(see Fig. 5). In fact decoupled active and reactive power 
control [10,11] of the generator is obtained (Fig. 6). 

Again knowing the transfer fimction of the plant and 
imposing the natural closed-loop frequency and the damping 
factor, the transfer function of the current controllers results 
in 12 (z-0.995)/(z-l). The power loops are designed much 
slower than the current loops and the transfer function for the ^ 
power controllers are thus obtained: 0.00009(z-0.9)/(z-l) 

The reference voltages generated by the current'i 
control loops with back-EMF compensation are transformed'^ 
back to the rotor reference frame and space vector modulated^J 
to generate the pulses for the inverter (VSC). | 

I I I . POSITION AND SPEEDESTIMATION WITH AND WITHOUT , ' 
SATURATION CONSIDERED ^ 

In order to avoid using an encoder the position shouldf ! 
be estimated for the vector control. Also speed information'-
for the back-EMF compensation is needed. 

The sensorless algorithm is based on the vector, : 
diagram in Figure 5 and is adapted from [12]. The rotor, 
current (which can be measured in rotor coordinates) makes ! 
an angle pi with the stator axis and an angle p2 with the rotor 
axis. The difference between pi and p2 is the rotor position 6r 
which must be determined. In Figure 7 the block diagram of-
the sensorless algorithm is presented and in what it follows itjj' 
will be explained in detail. 

V 

\ 
Figure 7. Block diagram of the position/speed sensorless algorithm [ i 
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The position o f the stator f lux magnet iz ing current is 
calculated assuming the stator resistance is ver> small and, 
hence, the stator f lux is in quadrature with the stator voUage. 

The magnitude o f the stator magnet iz ing current is: 

I ms T 0) L„ 
(16) 

This is used as an initializing value in the algorithm, 
if the saturation is considered, and the value is continuously 
recalculated as w e will s h o w later. If the saturation is 
neglected this value can be considered a long the entire 
algorithm. 

The Ims components in stator coordinates can be 
calculated as: 

Imsa = I m s - s i n e , 

The rotor currents in stator coordinates are: 

IRA=IMSA-(L + <̂ S)LSA 

IRP=LMSP-(L + ^S)LSP 

(17) 

(18) 

(19) 

(20) 

L, 
where: a , = — ^ , Lji - stator leakage inductance 

Hence , the angle p2 results: 

I 
Pi = 

rp 
T 

(21) 

A s the rotor currents are directly measured in the rotor 
circuit, the angle pi can be immediately computed as: 

ra 

(22) 

With angles pi and p2 thus calculated, the rotor 
posit ion can be n o w easi ly calculated: 

e , = p , - p 2 (23) 

The speed is estimated with the fo l l owing equation: 

03 . = - s i n 0 , — - c o s G , + c o s 0 , • — - s i n G ^ (24) 
' d t dt 

The differential terms introduces s o m e noise which 
has to be el iminated using a first order low-pass filter with a 

transfer ftinction: . 
0.1-S + l 

The accuracy o f computation o f the rotor position 
depends on the value o f I^s- T o estimate the magnetization 

current the magnet iz ing inductance L^ is required. If there is 
a serious variation in the grid voltage or in the supply 
frequency Lp, will most likely saturate. In this condition the 
estimation o f the rotor position is seriously affected. 

However , any change in the magnitude o f the stator 
flux can be correctly estimated using the fo l lowing adaptive 
algorithm [12]. 

First, the algorithm is started with the value o f I^s in 
equation 16. After that, Us is computed by transforming the 
present rotor current sample to the stator coordinates using 
the unit vectors computed in the previous interval. 

This is based on the fo l lowing equations: 

IRAW = I J k ] . c o s e j k - l ] - I , J k ] - s i n e j k - l ] ( 2 5 ) 

i p W = • c o s e , [k - 1 ] + 1 J k ] • s in 0 J k - 1 ] (26) 

In,sa[k] = (l + a J . I , J k ] + I , J k ] (27) 

CspW = (l + c^s)-IspW + I.p[k] (28) 

The algorithm is implemented and the results are 
presented in what it fo l lows . 

In figure 8a the comparison between the measured and 
the estimated rotor position is presented and in 8b the 
comparison between the estimated and the measured speed is 
shown. 

The results are satisfactory even during (3 .1 -3 .6s ) and 
after the shortcircuit (after 3.6s) . The active power reference 
is maintained at 1 .4MW. The reactive power reference is set 
at 0 . 4 M V A R . The control in terms o f active and reactive 
power and also in rotor currents is rather accurate as it is 
shown in Figure 9 and 10 respectively. 

2 
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Figure 8. The estimated and measured rotor position (a), the error in position 
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Figure 10. The rotor currents 

In order to study the influence of taking into account| 
the magnetic saturation in the estimator, the adaptivei 
algorithm for calculation of In,s is neglected, and the value oM 
Ims is considered constant along the simulation. In this ne^vi 
circumstance Figure 11 shows the comparison between theF 
measured and estimated angle and between the estimated andi 
measured speed. f 

It could be easily observed that immediately after th^ 
shortcircuit occurs the estimation is totally compromised du( 
to imprecision in calculations with constant L^. but th< 
system works with the motion observer with variable L^ as i 
was discussed above. 

a) 
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Figure 11. The estimated (1) and measured (2) rotor position 
(a), the error in rotor position estimation (b) and the estimated 
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Figure 13 The rotor currents without considering the saturation in the 
estimators. 

Also the control is irreversibly lost. For the same 
transient the control failure in power and rotor current (with 
constant L^) is flirther illustrated in Figures 12 and 13. 

We believe this a conclusive evidence that magnetic 
saturation is a must in the motion observer for successfiil 
robust control even during grid faults. 

I V . CONCLUSION 

Position sensorless control is a very desirable feature 
for the DFIG for wind or hydro-power applications. 

A motion state estimator was implemented, and the 
taking into account of the magnetic saturation is shown 
mandatory both in connecting to the grid and shortcircuits 
faults by system digital simulations. 
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Abstract - The present paper deals with a wound rotor 
induction machine (WRIM) drive. The machine is fed in the 
rotor by 2 inverters connected back to back, both of them vector 
controlled. This is similar with the recent doubly-fed induction 
wind generators setups, but with the difference that in the 
present case the stator is short-circuited instead of being 
connected to the power grid. This operation mode is required for 
seif or assist starting in pump storage and wind generator 
appiications. 

The inverters used are commercial. They share the same 
DC bus and one is connected with the output on the power grid 
(through an inductance), and the other with the output on the 
rotor of the WRIM. 

Different kinds of tests were performed. Two combined 
flux observers were investigated and compared, one with the 
voltage model in parallel with the current model and one with 
both models connected in series. 

A sensorless strategy based on a MRAS (model reference 
adaptive system) was implemented and tested at low speeds. 

The control strategies, the flux observers and the MRAS 
were developed in Matlab-Simulink^ and implemented using a 
dSpace^ DS1103 single-board control and acquisition interface. 
The schemes used are illustrated in the paper, and the 
experimental results are shown and discussed. 

Index Terms - electric drives, power electronics, back-to-
back inverter, wound-rotor induction machine, vector control, 
sensorless strategies, model reference adaptive system (MRAS). 

I . INTRODUCTION 

The wound rotor induction machine (WRIM) aka 
doubly-fed induction machine (DFIM) lives nowadays its 
"second life" due to the enormous interest paid to find the 
most efficient variable speed wind generator solution. And it 
seems that this rather old machine, but now rejuvenated with 

the help from power electronics and advanced control, has 
been rediscovered and now it is one of the most important 
candidates in the concept of high eff iciency, variable speed, 
electric power generating, especially when renewable primary 
sources are hamessed: wind, hydro, tides and more recently 
marine currents [1]. 

The generator is connected with the stator on the 
power grid and on this side is producing constant voltage o f 
constant frequency independently by the driving speed. 
However, to ensure this, it is necessary to feed the machine in 
the rotor from a bidirecţional power flow converter with 
variable speed and frequency corresponding with the 
generator slip (±20% to size the rotor converter at only 20% 
from the generator power, and implicitly reducing the costs o f 
power electronics). These solutions are presented in extenso 
in the recent technical literature and the> are fall beyond our 
scope here [2]. 

A similar setup will be presented in what fol lows. The 
machine will be most o f the time in motoring regime, and the 
stator is short-circuited. The rotor side is kept the same as in 
the wind generator cases. This way, a dual inverter 
regenerative drive is in discussion. Its usage for seif or assist 
starting in pump-storage or wind generators is o f main 
interest here. 

I I . THE WRIM DRIVE SYSTEM AND ITS CONTROL 

The main components models in the DFlG system are 
described in what it fol lows. The electrical schematic o f the 
whole system is shown in Figure 1. 

For pre-charging the DC link capacitors, a 3x1 OOQ 
resistor was used (not illustrated here) between the grid and 

BUPT

mailto:loan.Serban@de.ebmpapst.com
mailto:dandre@aut.un.ro
mailto:luci@lselinux.utt.ro
mailto:cristi@et.utt.ro
mailto:boldea@lselinux.utt.ro
mailto:fbl@iet.auc.dk


the L filter; the resistors were short-circuited after the voltage 
in ihe DC link did reach approx 500V. 

Control DesK 
inierfaoe 
Software 

T 

o-

FIBER 
OPTIC LINK 

AQUISmON AND CONTROL SYSTEM 
DSPACE DS1103 

L = i3mH 1imto| 

--rww-4-0-

4 
3i: 

! / m s ^ ! 

c 

/ m s ^ ! / m s ^ ! / m s ^ 

Figure I The WRIM drive s\stern 

The machine (DFIM) 
Stator and rotor voltages expressed in terms of d and q 

axes quantities rotating in an arbitrary reference frame with 
the speed are given by [3]: 

diţ/ 

dt 

IV = K'lr^—^^jv^k '^rV^r 

(1) 

(2) 

The electromagnetic torque T,, is: 

B. The grid-side converter (GSC) 

The grid-side converter is used to control the DC link 
voltage regardless of the level and the direction of the rotor 
power (Figure 2). A vector-control strategy is used, with the 
reference frame oriented along the stator voltage [4]. The 
converter is current regulated with the direct axis current used 
to control the DC-link voltage; meanwhile the transverse axis 
current is used to regulate the displacement between the 
voltage and the current (and thus the power factor) [5]. 

6 6 6 
R S T 

where v,, are the stator voltage, stator current and stator 
flux space vectors, /r, ^ are the rotor voltage, rotor current 
and rotor flux space vectors. /?, and Rr are the stator and rotor 
resistances, (ô  is the chosen coordinate system speed and cOr 
is the rotor electrical speed. 

Stator and rotor flux vectors, and expressed in 
terms of stator and rotor currents, i and jĵ  are: 

(3) 

(4) 

(5) 

The parameters for the motor are given in the 
Appendix. 

As the original motor had a rated rotor voltage of 78V 
and a rated current of 23 A, a re-wounding of the rotor was 
made, in order to fit the converters ratings without inserting a 
transformer in the rotor circuit. The number of tums per coil 
was increased 5 times and the cross section of the conductor 
was decreased 5 times. Thus a rated stator voltage of 380 V 
was obtained together with a 5 times lower rated rotor 
current. 

Figure 2. The grid-side converter control (GSC). 

One of the most important tasks when connecting a-
power converter to the electrical grid is to make a fast and| 
accurate measurement of the grid voltage phase angle in order J 
to be able to control properly the power flow in or out of the' 
power converter [6]. There are some methods well describedţ 
in the literature. One of the simplest is zero crossing detectionji 
and in most cases this is sufFicient, but will cause problemsf 
due to the switching noise and it is not precise when the grid̂ . 
is unbalanced [7]. Another method is to use a synchronous 
t/g-reference PLL [8], synchronized with the input voltage 
frequency, but it still has problems when the grid is distorted.^ 
The angle produced will have harmonics, in that case. 
Filtering of the high-order harmonics is possible, but the low-
order harmonics cannot be filtered, otherwise the bandwidth 
of the PLL will be too low. Finally one of the best methods is 
to split the three-phase system into positive, negative and zero, 
sequence and to use only the positive sequence part of the^ 
signal for PLL [7]. But these methods will not be covered ;̂ 
here. In the present case, a simplest method to get information; 
on the grid voltage phase angle is used, due to its simplicityi 
and due to the grid, which was without disturbances. This iŝ  
briefly described in what follows. 

URS UR 
abc / 

Line to 
phase 

voltages 

Us 
abc / 

atan2 
6 u g H 

UST 

Line to 
phase 

voltages UT 
/ ap 

atan2 

W / ap 

v: 

Figure 3. The computation of the grid voltage angle used for the coordinate 
transfonnations and for the SVM on the grid side converter control. 
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The line voltages are measured using two LEM LV 
25-P voltage transducers with appropriate signal condition, 
thus at 500 V the output is 10 V, required for the A / D 
channels. The phase voltages are calculated from the line 
voltages (see Figure 3) and the aP components o f the grid 
voltage are calculated from the phase voltages. Finally, the 
angle o f the grid voltage is extracted [9]: 

e , = tan -l ^'v/? 
(6) 

A third LEM LV 25-P is used to measure the DC 
voltage with the same signal-conditioning interface. The grid 
currents are measured using two LA 55-P current transducers 
interfaced such that at lOA output will be IOV. The third grid 
current is calculated from the two measured, taking into 
account that the sum o f all three currents is always zero. 

Between grid converter and the grid itself a line filter 
was introduced to protect the inverter and to reduce the higher 
harmonic content in the line current, produced by the 
switching. This is in fact a simple I-f i l ter. An LC or an LCL 
filter could be used, but the I - f i l ter was chosen for simplicity. 
The frequency response o f the LCL filter has a resonance 
peak, so the latter has to be designed such that the resonance 
peak not to interfere with the frequency response o f the 
inverter output voltage; altematively, a series resistor must be 
inserted to damp the resonance peak. 

The value for the inductance per limb was chosen 13 
mH, but a rather good design value for the inductance in the 
filter is [6]: 

L = max 
3(0^1 sj 

(7) 

where 9 is the order o f the harmonic and Vs the phase R M S 
value o f the output phase voltage harmonic. 

The design o f the PI current controllers fo l lows from 
the transfer fiinction o f the plant (in this case the line filter 
itself). The controllers produce the reference grid voltage 
vector Ug*= Ugd'+jUgq': 

K + Kf. + 
\ / 

kr \ 
AT + 'igq 

(8) 

(9) 

where Kpig and Kiig are the PI controllers gains and e,gd 
and eigq are the errors o f the grid currents î d and 
respectively. 

Applying as design constraints a damping ratio o f 0.7 
and a c losed-loop natural frequency o f 125 Hz, the gains o f 
the controllers results: Kpig = 30 and Ki,g = lOOO.The design 
for the DC-link voltage controller may be carried out 
assuming the inner current loop is ideal and knowing the 

value o f the DC link capacitor (in our case 4 7 0 |iF). The 
controller produces the reference d-axis grid current 

K, K 
l'IX • + 11IX 'r/x (10) 

where KPVDC and K,VDC are the PI controller gains and 
evDc is the error o f the DC voltage VDC . Thus the controller 
gains yields: Kpvoc = 0.1 and Kivdc " 0.3. This is 10 times 
slower than the inner current loop. 

C The machine-side converter (MSC) 

The generator is controlled in a synchronousiy rotating 
J^-frame, with the d-axis aligned with the stator-fiux vector 
position, which ensures a decoupled control between the 
electromagnetic torque and the rotor excitation contribution 
[10] (see Figure 4). 

ROTOR 

STATOR 

Figure 4. Location of vectors in stationarv coordinates. 

The control strategy is shown in Figure 5. 

Figure 5. The machine-side converter control (MSC). 

As it can be seen, two rotor currents and two stator 
currents are measured, and the third current in each case is 
calculated taking into account that always the sum o f the 
currents is zero. The sensors are also type LEM LA 55-P. 
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The rotor currents are nieasured in their coordinates 
(rotor coordinates) and transformed into synchronous 
coordinates using the angle: 

^shp = - ^r 

l^rj = 

K hr 

K Jir 

uni 

irq 

K !o> 

)dt 

where v̂ ap = O in this case (the stator is short-circuited). Thus 
this model is supposed to be inaccurate, as any error in R, is 
causing errors in the estimated stator flux. 

(11) ^compafi 

where 6, is the stator flux angle, and the rotor position 
[11. 12]. About how these two angles are calculated we will 
discuss in the tbllowing section. 

Reference voltages generated by ihe current control 
loops are transformed back to the rotor reference frame, using 
the same angle . Standard space vector modulation is 

employed to generate the pulses for the inverter. 
The current controllers are designed using the same 

strategy as in the case of the current controllers for the grid-
side inverter. The controllers produce the reference rotor 
voltage vector Urj'̂ jUrq*: 

S t O -i k •rfsl 

Eq - ^ P l J 
Comp 

1 
(24) 

- ^ P l J 
Comp LsJ 

( 1 2 ) 

( 1 3 ) 

where Kp.r and Kj,, are the PI controllers gains and e,rd 
and e„q are the errors of the rotor currents irj and /V̂y 
respectively. The gains of the rotor current controllers thus 
results: Kp.̂  = 40 and 1500. 

The design for the speed controller may be carried out 
assuming again that the irmer current loop is ideal. The 
controller produces the reference q-axis grid current iĝ *: 

(14) 

Figure 6. The flux estimator with paraJIel voltage and current models, 
and the rotor speed-position estimator MRAS. 

The current model is based on (3): 

'̂sap = ^ seri sap ^^ mii sap + il^p) (16). 

The rotor current is measured, but a transformation tOr 
stator coordinates is needed, using the estimated rotor 

position 
The flux error between the voltage model (15) and the-

current model (16) is passed through a PI controller, withl 
f<^pcomp = 10 and K,comp = 10, which outputs a correction signalf 
used to compensate the voltage model (see Figure 6): 

(17) ^compaP ^ Pcomp • 
K Icomp 

where Kp̂ ^ and Kî ^ are the PI controller gains and ê , is 
the error of therotor speed. Thus the controller gains yields: 
Kpo, = 0.1 and Kî ^ = 0.3. This is almost 30 times slower than 
the inner current loop. 

I I I . F L U X . AND ROTOR SPEED-POSITION ESTIMATION 

A. The flux estimation 

As it was already stated two flux estimators were 
developed and used during the tests. Both of them are based 
on the voltage and the current stator flux models. The 
estimator using the voltage and current models connected in 
parallel is illustrated in Figure 6. Estimated stator flux, as 
produced by the voltage model, is: 

where: 

(18) 

This way the dc-oflfset drift of the ideal integrator/ 
(15) is eliminated. The PI compensator selects the currentl 
model at low speeds, while the voltage model prevails atţ 
medium and high speeds. Thus, the corrected stator fluxj 
vector is ij/̂ ^p as given by (15). For comparison purposesf 
only the stator flux obtained only from the current modeli 

'̂sap ' also considered. 
The angle Os is obtained from the resultant stator flu:| 

components [13]: ^ 

( 1 5 ) 
=tan" 

^sa 

(19)1 

Differences were noticed between the stator flux î f̂ ap 1 
obtained from the compensated voltage model (15) and thej 
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stator flux v^^/? obtained from the current model only (16). 

This w a s main ly due to parameter m i s m a t c h b e t w e e n the 
m o d e l and the real mach ine . T o have o n e more v i e w o f this 
problem, another f lux es t imator w a s d e v e l o p e d . This is an 
est imator that e m p l o y s the vo l tage and the current m o d e l s 
c o n n e c t e d in series , as s h o w n in Fig. 7. 

compafi 

C e, 
PI —I 

w h e r e es t imated stator f lux is n o w : 

^sap = ^safi ^s^saP '^^compafi ) 

est imator with parallel vo l tage and current m o d e l s (Fig . 6 ) 
o f f e r a p c o m p o n e n t s o f the f lux vectors obtained from both 
m o d e l s [14] . 

T h e M R A S f lux pos i t ion error e w a s calculated from 
the phases o f the t w o f lux es t imat ions (24) . The vo l tage 
m o d e l iţ/^^p is the re ference mode l , wh i l e the current m o d e l 

is the adapt ive m o d e l with the rotor pos i t ion as 

adapt ive parameter. 

( 2 4 ) 

This error is used to extract the rotor speed and posi t ion us ing 
a p h a s e - l o c k e d loop ( P L L ) technique (Figure 6) . The output 
o f the PI c o m p e n s a t o r g i v e s the es t imated rotor speed cOr. and 
after the integration, the es t imated rotor posi t ion Or is 
obtained: 

= ^Pcomp ^ ' 
K Icomp eb^dt ( 2 5 ) 

Figure 7. The alternative flux estimator with the voltage and current models 
connected in series. 

It is bas ica l ly re ly ing on the s a m e equat ions , but the 
current m o d e l is written such that the stator f lux obta ined 
from the vo l tage m o d e l is n o w used to es t imate the rotor 
current in stator coordinates: 

(20) 

(21) 

T h e rotor current is measured and transformed into 
stator coordinates us ing the es t imated rotor pos i t ion Or- T h e 
rotor-current error b e t w e e n the measured and es t imated ( 2 0 ) 
rotor current is pas sed through a PI controller, wi th the s a m e 
parameters as for the o n e in Fig. 6, and its output is used to 
c o m p e n s a t e the vo l tage m o d e l : (Fig . 7 ) 

O p t i m u m parameters o f the PI c o m p e n s a t o r w e r e searched as 
a c o m p r o m i s e b e t w e e n the speed o f the PLL, e spec ia l ly 
during transients, and the level o f osc i l la t ions in speed 
est imat ion, e spec ia l l y at l o w speeds . The best parameters, 
s e e m to be: K'p.omp = 100, and 7} = 5 m s ( t ime constant o f the 
compensator . Ti = K'pa>mp / f̂ îcomp)- Overal l , this s c h e m e has 
s h o w n g o o d accuracy o v e r the w h o l e speed range. 

I V . T H E TEST RIG AND EXPERIMENTAL RESULTS 

First, a s p e e d response is s h o w n at a step in reference 
s p e e d from 15 to 1 0 0 0 rpm. In Figure 8, the es t imated s p e e d 
1), and the measured s p e e d 2 ) are illustrated. The speed w a s 
measured for c o m p a r i s o n us ing a T e l e m e c a n i q u e - 5 0 0 0 puise 
encoder . 

1000 

r r 

^comp ap ^Fcomp ^ 
^ Icomp 

where: 

- hap " ^rap 

(22) 

( 2 3 ) 

J2.800 Ci 

I ^ I 
» 400 

o 5 

B. The rotor speed-position estimation 

A speed-pos i t ion est imator is d e v e l o p e d based on 
M R A S ( m o d e l reference adapt ive s y s t e m ) algorithm. It is 
c h o s e n for this purpose, due to its relative s impl ic i ty and 
proven e f f i c i e n c y over an e x t e n d e d s p e e d range. There is 
quite s imple to d e v e l o p such a m e t h o d because the f lux 

200 

Time [s] 

Figure 8. 1) Estimated speed, and 2) measured speed at step speed trom 15 
rpm to 1000 rpm. 
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The estimated stator flux is illustrated in Figure 11 for 
the same step in reference speed from 15 to 1000 rpm. 

Both estimations from the parallel estimator are 
shown: voltage compensated model 1), and current model 3); 
also, the estimation from the series estimator 2). It seems that 
the current model from the parallel estimator is quite the same 
with the series model, but the parallel estimator (voltage 
compensated model) has unrecoverable errors. 

In Figure 12, also speed transients are shown, but fromj 
500 to -500 rpm (reversal). The estimated rotor speed 1), andj 
measured rotor speed 2) with the encoder are illustrated. 

In Figure 13, the reference DC link voltage 1), and thê  
measured DC link voltage 2) at the speed reversal from 500 toj 
-500 rpm are shown. 

Figure 9 Phase stator currents at step speed from 15 rpm to 1000 rpm. 

For the same experiment, the stator phase currents are 
shoun in Figure 9. and the rotor phase currents are shown in 
Figure 10. 

600 

O 
Time [s] 

Figure 10 Phase rotor currents at step speed from 15 rpm to 1000 rpm. 

Time (s) 

Figure 11. Stator flux estimation at step speed from 15 rpm to 1000 rpm: 1) 
parallel estimator, 2) series estimator, 3) parallel estimator, current model. 
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Figure 12. 1) Estimated speed, and 2) measured speed 
at step speed from 500 rpm to -500 rpm. 

v V 

1 5 2 2 5 3 35 
Time[s] 

Figure 13. 1) Reference DC voltage, and 2) measured DC voltage 
at step speed from 500 rpm to -500 rpm. 

The speed estimator was tested at low and very loŵ ^ 
speeds. Its behavior is satisfactory up to 5 rpm. In Figure 14,: 
the steady state speeds at 5 rpm are shown. The estimatedi 
speed 1), and the measured speed 2) with the encoder arei 
illustrated. The estimated speed is better than the measured alf 
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5 rpm due to the l imited n u m b e r o f the l ines o f the encoder , 
w h i c h b e c a m e insuflficient at this speed . 

E e-

= 5 

1 i o 

05 1 15 2 25 3 35 4 45 5 55 6 
Time [s] 

Figure 14. 1) Estimated speed, and 2) measured speed at 5 rpm. 

0 5 1 1 5 2 2 5 3 3 5 4 4 5 5 5 5 6 
Time [s] 

Figure 15. 1) Estimated speed, and 2) measured speed 
at step speed from 10 rpm to -10 rpm. 

8 
e 580 

560 
(T 

0 5 1 1 5 2 2 5 3 3 5 4 4 5 5 5 5 6 
Time (s) 

Figure 16. 1) Reference DC voltage, and 2) measured DC voltage 
at step DC voltage from 550 V to 600 V. 

A transient at l o w speed is s h o w n in Figure 15, from 
10 rpm to - lOrpm. The est imated rotor speed 1), and 
measured rotor s p e e d 2 ) with the encoder are presented. The 
behavior o f the es t imator is a l so very g o o d , still better than 
the encoder . 

For test ing the control o f the grid-s ide converter, s o m e 
exper iments have been made. In Figure 17, a step in reference 
o f D C vo l tage from 5 5 0 to 6 0 0 V is s h o w n . The reference D C 
vo l tage 1), and the measured D C vo l tage 2 ) are illustrated. 
Very fast and accurate response in D C vo l tage is proved. 

V . CONCLUSION 

The m o t i o n - s e n s o r l e s s W R I M driving control from 
rotor with short-circuited stator, with t w o back- to-back 
inverters c o n n e c t e d in the rotor circuit o f the machine , w a s 
presented. Both inverters are vector control led; the mach ine -
s ide converter controls the speed and the react ive rotor 
current, the gr id-s ide converter controls the D C vol tage , 
regardless o f the level and the direct ion o f the rotor power , 
and the react ive current drawn from the grid. The results o f 
the tests w e r e illustrated and d i scussed . Rather fast re sponses 
o f the drive during fast re ference speed transients w e r e 
s h o w n . T h e drive has higher braking capabi l i t ies due to the 
gr id-s ide inverter and its control . That is, fast inject ing the 
p o w e r back to the grid during braking periods is obtained. 

T w o stator f lux observers were d e v e l o p e d and 
compared . Both are based on the vo l tage and on the current 
m o d e l s , but o n e is us ing them in parallel and o n e in series . 
T h e t o p o l o g i e s and the results are a l so illustrated and 
d i scussed . 

A mot ion sensor les s control method , with speed 
es t imat ion based on a M R A S algorithm from f lux stator w a s 
implemented , tested and descr ibed in the present paper. The 
results are a l so s h o w n . A l s o , at fast transients the speed 
es t imat ion is fast and precise . T h e behavior o f the pos i t ion 
and speed est imator is sat isfactory d o w n to 5 rpm. 

APPENDIX 

The Doubly-Fed Machine: N a m e p l a t e data: T y p e -
a synchronous motor with s l ip rings, Manufacturer: IME S A 
Bucharest , Romania , P s = 3 k W , stator vo l tage Ks.v = 3 8 0 V, 
rotor vo l tage = 3 8 0 V (after re -wounding; the original 
rotor vo l tage w a s 7 8 V) , « v = 9 4 0 rpm. 
Parameters: Rs= 1.6 Q , = 1.6 fi, Ua = Lra=\ 7 .51 m H , U 
= 9 6 . 1 3 m H , p = 3 po l e pairs 

The Converters: Type: V L T 5 0 0 4 , 5 v = 4 . 2 k V A , 
Manufacturer: D a n f o s s Drives , Denmark. 

Control and Acquisition Unit: 
Manufacturer: d S p a c e G m b H , Germany. 

Type: D S 1103, 
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Abstract - The paper deals with a wound rotor induction 
generator (WRIG), also known as the doubly-fed induction 
generator. A complete experimental set-up is presented and 
analyzed. It is composed of: WRIG, two power electronics 
converters connected in the rotor side of WRIG, a line filter, and 
the data acquisition and control system (dSpace DS 1103). Both 
converters are commercial units and are vector controlled using 
appropriate interfaces. They are back-to-back connected, 
sharing the same DC bus, one suppiied through a line filter from 
the power grid, and the other one with the output on the rotor of 
the generator. The stator of the generator is directiy connected 
to the power grid. 

Two stator flux observer topologies were investigated 
and compared, one with the voltage model in parallel with the 
current model and the other one with both models connected in 
series. A speed estimation strategy, which works also during the 
synchronization procedure, was implemented and tested. It is 
based on model reference adaptive system (IMRAS) principles. 

AII control strategies, the flux observers and the MRAS, 
were developed in Matlab-Simulink^ and implemented using a 
dSpace^ DS1103 single-board control and acquisition interface. 
Different tests were performed, and sample results are presented 
and discussed in the paper. The schemes used are illustrated in 
the paper, and the experimental results are shown and analyzed. 

Index Terms - wind generators, back-to-back inverter, 
wound-rotor induction machine, vector control, sensorless 
control, model reference adaptive system (MRAS). 

I . INTRODUCTION 

The penetration o f wind power generation into the 
electrical grid has increased tremendously in the last ten to 
fifteen years, especially in the northem Europe and in the U S 
[1]. Five to ten years ago, the wind turbine was a simple stall 
controlled turbine. Nowadays , as the penetration of wind 

power is higher and higher, the wind turbines have to be more 
controllable, and a way to do this is by variable speed 
generators. By pitching the rotor blades, a variable speed 
turbine can control the power output at theoretically any wind 
speed. To transfer the wind energy from a variable speed 
turbine to the constant fi-equency electrical grid, an electrical 
generator and a power converter are needed [2]. 

The doubly fed induction generator with a bi-
direcţional power f low converter in the rotor has, doubtlessly, 
advantages with respect to other solutions: 

enhanced energy capture capability from the wind in a 
wide range of wind velocities: 
abilit\' o f reactive power control on the grid side: 
fast decoupled control o f active and reactive power by 
independent control o f torque and rotor excitation: 
reduced size and implicitly costs o f the power 
electronics converter (the converter rating is only around 
25% of the total generator power). 

I I . WIND POWER AND CONTROL PRINCIPLE 

The mechanical power produced by the wind turbine, 
Pv/, is given by [3] 

(1) 

where Cp - power eff ic iency coefficient: V - wind velocity: p 
- pitch angle; R - blade radius; - air density (1 .225 kg m') 

Applying the tip speed ratio k 

V 
(2) 
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where corr, is the turbine mechanical speed, equation (1) 
becomes ihe optimal mechanical power (2). 

- L. n ' M - ^ Pair 71 R' c;r 
^opf 

(3) 

where K̂  is the wind turbine dependent coefficient. 
Commercial wind turbines are designed to extract the 

maximum power at a given wind speed. as given by equation 
(3). Fig. 1 shows the normalized electrical power versus 
normalized rotor speed at various wind velocities [4]. 
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K2 could be switched on when the lamps are ofî. The WRJG-
to-grid synchronization procedure is described in Section IV. 

For driving the WRIG, a 3 kW/ 1475 rpm induction 
motor is used. The motor was supplied with a 4.3 kVA 
Danfoss VLT5004 commercial voltage source inverter with 
the original interface for constant speed control mode. In this 
way, the variable wind speed could be easily simulated. 

A. The Generator 

WRIG mathematical model in arbitrary reference 
frame rotating at speed cok are 

dij/ 

(4) 

(5) 

0 2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

speed n/Hn 

Fig 1. lileclrical power versus rotor speed at difTerent wind speeds 

I I I . T H H W RIG SYSTEM AND ITS CONTROL 

The main components models in the WRIG system are 
described in what follows. Electrical block-diagram of the 
whole system is shown in Fig. 2. 

where v,. are the stator voltage, stator current and stator 
flux space vectors, v^ /r, ĵ r are the rotor voltage, rotor current 
and rotor flux space vectors, R, and Rr are the stator and rotor 
resistances, cok is the chosen coordinate system speed and (Or 
is the rotor electrical speed. 

Stator and rotor flux vectors, and expressed in 
terms of stator and rotor currents, i and i-, are: 

The electromagnetic torque T,, is: 

(6) 

(7). 

(8). 

Fig. 2. The WRIG system. 

For the DC link capacitors pre-charging, a resistor was 
used (not illustrated here) between the grid and the line filter; 
the resistors were short-circuited after the voltage in the DC 
link reached approx. 500 V. Also in the rotor circuit, in 
parallel with the Ki switch, three lamps were inserted, as a 
Visual indicator for the synchronization condition. In this way. 

The generator nameplate data and parameters are 
given in the Appendix. As the original machine had a nominal -
rotor voltage of 78 V and a nominal current of 23 A, a re-
wounding of the rotor has been performed, in order to fit with 
the converter ratings, without inserting a transformer in the 
rotor circuit. The number of tums per coil was increased five 
times and the cross section of the conductor was decreased , 
five times. Thus a nominal stator voltage of 380 V, and a fiveâi' 
times lower nominal rotor current were obtained. 

B. The Grid'Side Converter (OSC) 

The grid-side converter is used to control the DC link 
voltage and the input power factor regardiess of the level and. 
the direction of the rotor power (Fig. 3). A vector controH 
strategy in stator voltage reference [5] fi-ame is employed foi^ 
this purpose. The converter is current regulated with the direct 
axis current used to control the DC-link voltage, meanwhile 
the transverse axis current is used to regulate the 
displacement between the voltage and the current, and thus -
the input power factor [6], [7]. The angle of the grid voltage^ 
is: = l^sa)- Between the grid converter and the'-

grid itself, a line filter was introduced to reduce the higher^ 
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harmonic content in the line current, produced by the 
switching [8]. This is a simple L - filter. The value for the 
inductance per phase is 13 mH [9]. 

Fig. 3. The grid-side converter control (GSC). 

The design of the PI current controllers [10] follows 
from the transfer flinction of the plant (in this case the line 
filter itself). The controllers produce the reference grid 
voltage vector Ug*= Ugd*+jUgq̂  

-Jk K 
P'g 

I'S 

(9) 

(10) 

where Kp,g and Ki,g are the PI controllers gains and e.gd 
and e,gq are the errors of the grid currents igj and î g 
respectively. 

Applying as design constraints a damping ratio of 0.7 
and a closed-loop natural frequency of 125 Hz, the gains of 
the controllers results: Kpig = 30 and Ki,g = lOOO.The design 
for the DC-link voltage controller [11] may be carried out 
assuming the inner current loop is ideal and knowing the 
value of the DC link capacitor (in our case 470 |iF). The 
controller produces the reference d-axis grid current igd*: 

K 
K 

FVDC^ mx' ^nx' (11) 

and the third current in each case is calculated taking into 
account that the currents' sum is always zero. 

ROTOR 

STATOR 

Fig. 4. Location of stator voltage and flux vectors in stationar\ trame. 

R S T 

Fig. 5. The machine side converter control (MSC). 

The rotor currents are measured in their natural ft-ame 
(rotor coordinates) and transformed into synchronous frame 
using the slip angle: 

where Kpvoc and KIVDC are the PI controller gains and 
EVDC is the error of the DC voltage VDC- Thus the controller 
gains yields: Kpvoc = 0 1 and Kivdc ^ 0.3. This is 10 times 
slower than the inner current loop. 

C The Machine-Side Converter (MSC) 

The generator is controlled in synchronous reference 
frame, with the J-axis aligned with the stator-flux vector, 
which ensures decoupled control between the electromagnetic 
torque and the rotor excitation contribution [12] (Fig. 4). The 
control strategy block diagram is shown in Fig. 5. As it can be 
seen, two rotor currents and two stator currents are measured 

^shp - ^s - ^r (12) 

where is the stator flux angle, and the rotor position. 
About how these two angles are calculated we will discuss in 
the following section. 

Reference voltages generated by the current control 
loops are transformed back to the rotor reference frame, using 

the same angle . Standard space vector modulation is 

employed to generate the pulses for the inverter. 
The current controllers are designed using the same 

strategy as in the case of the current controllers for the grid-
side inverter. The controllers produce the reference rotor 
voltage vector u*= Urd*+jUrq*: 
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"rJ = 
K hr l'ir ''ml 

K 
"V 

(13) 

(14) 

where: 

VA a/? (Vsa/? - + comp ap )dl 

Figure 6. Stator flux estimalor w ith voltage and curreni models in parallel. 

The current model is based on (6): 

- ^ v ^ T ^ a / î ^mOsaP + ^raP ) 

cnmpaP ^Pcomp 
^ Icomp 

(18) 

where Kp,, and are ihe PI controllers gains and e.̂ d 
and e„q are the errors of the rotor currents /Vc/ and irq 
respectivei). The gains of the rotor current controllers thus 
results: Kp„ - 40 and 1500. 

I V . FL UX AND ROTOR SPHED - POSITION ESTIMATION 

A. The Flux Estimat ion 

Two stator flux estimators were developed and used 
during the tests. Both of them are based on the voltage and 
the current stator flux models. The estimator using the voltage 
and current models connected in parallel is illustrated in Fig. 
6. The voltage model is given by (4). Estimated stator flux, as 
produced by the voltage model, is 

(15) 

The stator resistance errors due to temperature changes are 
neglected, and thus this model is supposed to be inaccurate, as 
any error in /?, is causing error in the estimated stator flux. 

^axnprifi 

This way the dc-offset drift of the ideal integrator (15) 
is eliminated. The PI compensator selects the current model at 
low speeds, while the voltage model prevails at medium and 
high speeds. Thus, the corrected stator flux vector is as 

given by (15). For comparison purposes only the stator flux 
obtained only from the current model, (//'sap ^ was also 

considered. The stator flux position is obtained from the' 

resultant stator flux components: 0, = ^^sa)-

Differences were noticed between the stator flux 

obtained from the compensated voltage model (15) and the 

stator flux obtained from the current model only (16). 
This was mainly due to parameter mismatch between the 
model and the real machine. To have one more view of this 
problem, another flux estimator was developed. This is an 
estimator that employs the voltage and the current models 
connected in series, as shown in Fig. 7. For the tests, 
however, the stator flux estimator with voltage and current 
models in parallel is used. 

/ o compafi 

^sap-^gct/i 

Fig. 7. Stator flux estimator with voltage and current models in series. 

It is basically relying on the same equations, but the • 
current model is written such that the stator flux obtained^ 
from the voltage model is now used to estimate the rotor ; 
current in stator coordinates: 

(16) 

The rotor current is measured, but a transformation to stator 

coordinates is needed, using the estimated rotor position . 
The flux error between the voltage model (15) and the 

current model (16) is passed through a PI controller, with 
Kpcnmp = 10 and ^ 10, which outputs a correction signal 
used to compensate the voltage model (see Figure 6): 

(19) 

where estimated stator flux is now: 

¥sap = [^sap-K's, aP ^compaP ) 
f 

(20> 

(17) 

The rotor current is measured and transformed into 
stator coordinates using the estimated rotor position Or. The^ 
rotor-current error between the measured and estimated (19) 
rotor current is passed through a PI controller, with the same? 
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parameters as for the one in Fig. 6, and its output is used to 
compensate the voltage model: (Fig. 7) 

compap ^Pcomp ^ 

K ^ k omp 

where: 

- 'ra/? ~ h a p 

( 2 1 ) 

(22) 

B. The Rotor Speed-Position Esîimation 

A speed-position estimator based on model reference 
adaptive system (MRAS) principles is used for this purpose, 
due to its relative simplicity and proven efficiency over an 
extended speed range [14]. 

The rotor current in stator coordinates is calculated 
similar with (19) but using the stator flux calculated by the 
parallel estimator: 

C/? = -^^sap - ^shaP ) (23) 

and then transformed into rotor coordinates using the 

estimated rotor position angle coming through feed-back: 

hap (24) 

The MRAS error e is calculated as the phase 
difîerence of the estimated rotor current î ^̂ p and the 

measured rotor current irap (25). The real system is the 
reference model, while the current model is the adaptive 
model, with the rotor position Or as adaptive parameter. 

during transients, and the level of oscillations in speed 
estimation, especially at low speeds. The best parameters, 
seem to be: Af Vĉ n̂  = 100, and 7) = 5ms (time constant of the 
compensator, T, = K'r,,,^^ / Overall, this scheme has 
shown good accuracy over the whole speed range and also 
during the start-up procedure. 

V . T E S T RIG AND EXPERIMENTAL RESULTS 

A. Synchronization Procedure 

The synchronization procedure at start-up consists on 
the following steps: the generator is driven with the motor 
which simulates the wind turbine close to the synchronous 
speed, and in the same direction of rotation as that of the 
network; the DC link is charged from the network through the 
line filter and the pre-charging resistors. The resistors are 
disconnected afterwards; K̂  is switched on, and the control 
algorithms are started with the reference current for the 
machine side converters (MSC) set to zero: when the stator 
voltage becomes almost equal to the grid voltage (lamps in 
parallel with Ki are off), Ki is switched on:the reference 
currents for the machine side converter (in fact the reference 
for the stator active and reactive power) are then set at desired 
values. 

B. Experimental Results 

610 

y: 

(25) 

(Or = ^Pcomp + • 

K Icomp s\ = cb^dt 

Ş 560 

Fig. 8. The rotor speed and position estimation MRAS. 

This error is used to extract the rotor speed and position using 
a phase-locked loop (PLL) technique (Figure 8). The output 
of the PI compensator gives the estimated rotor speed cOr, and 
after the integration, the estimated rotor position Gr is 
obtained: 

0 5 1 1 5 2 2 5 
Time [s] 

(26) 

Optimum parameters of the PI compensator were searched as 
a compromise between the speed of the PLL, especially 

Fig. 9. DC link voltage dynamic response at step reference from 550 V to 
600 V at t=2 s. 

1) DC Link Control. First, as the grid side converter 
(Fig. 3) was analyzed, a step-up in the DC voltage reference 
was applied, and the response is shown in Fig. 9.As can be 
noticed, fast and well-damped dynamic response was 
obtained. The grid side converter is able to accurately control 
the DC voltage, and the power may bidirectionally flow 
through the rotor. 

2) Subsynchronous operation. The stator reactive and 
active power are direct proporţional with irj and It means 
that by controlling the rotor currents irj and /V̂  a fast 
decoupled response in terms of stator reactive power Qs and 
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stator active power P, is obtained. The following tests vvill 
deal with control of ird and irq. Please note that a negative d or 
q rotor current means a negative reactive or active power 
(generating), a positive d or q rotor current means a positive 
reactive or active power (absorbing). For zero reactive power 
current irj reference (Fig. 5), with the generator in 
subsynchronous operation (rotor speed below 1000 rpm), a 
step reference of active power current from O to -5 A 
(generating) was applied at 1=2 s. The dynamic response of 
rotor currents irj and is illustrated in Fig. 10, and the 
measured and estimated rotor speed response is shown in Fig. 
11. 

in Fig. 14, and the measured and estimated rotor speed are 
shown in Fig. 15. In this case, negative direct current 
means magnetization from the stator. The limited power of 
the prime mover IM drive makes the speed to vary with 
WRIG loading. 

4 -

3 

£ 2 Time [s] 

Fig. 12. Rotor currents ird (1) and irq (2) for a step reference of ird* from 
-3 A to 3 A, irq* = O, at t = 2 s in subsynchronous operation 

Time (s) 

Fig. 10 Measured rotor currents ird (1) and irq (2) for a step reference of irq' 
from O to - 5 .A, and i S = O, at t=2 s in generating subsynchronous operation 
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Fig. 13. Measured stator phase currents for a step reference of ird* from 
-3 A to 3 A, irq* = O, at t = 2 s in subsynchronous operation. 

2 2 5 
Time (s) 

Fig. 11. Measured (1) and estimated (2) rotor speed for a step reference of irq* -2 
from O to - 5 A. and irj* = O, at t=2 s in generating subsynchronous operation 

I ' ' 
Also in subsynchronous operation, for constant zero ^ 

reference of current, a step-up in irJ current from - 3 A 1 
(generating) to +3 A (absorbing) was applied. The dynamic 
response of rotor currents irj and ^ is shown in Fig. 12, and 
the measured stator currents for the same experiment are 
shown in Fig. 13. s 
3j Oversynchronous operation. The WRIG behavior in 
oversynchronous operation was also investigated. With the ^̂ ^ 
generator running at about 1200 rpm, and with the reference 
current irJ set at - 3 A, a step reference of from - l A to - 5 
A was applied. The rotor current dynamic response is shown 

v 

Time [s] 

Fig. 14. Rotor currents for a step reference of irq* from - l A to - 5 A, 
ird = -3 A, at t = 2 s in generating oversynchronous operation 
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and 17. The measured and estimated speeds are shown in 
Figure 16, and the measured rotor currents are shown in 
Figure 17. The passing through synchronism occurs at t=5 s. 

Also to compare the three estimators an example is 
illustrated in Figure 18. The stator flux from parallel 
estimator, from parallel estimator current model only and 
from the series estimator are shown. 

2 2 5 
Time [s] 

Fig. 15. Measured (1) and estimated (2) rotor speed for a step in reference of 
from - l A to - 5 A, ird' = -3 A. at t = 2 s in oversynchronous operation. 

4) Passing through Synchronism. One of the most interesting 
features of the doubly-fed induction generator with two back-
to-back converters in the rotor circuit is passing through the 
synchronism and even synchronous operation. 
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Fig. 18. Stator flux during passing through synchronism estimated by: 

parallel estimator ij/^ (1), parallel estimator current model only (2). 

series estimator (j/^ (3) 

5) Synchronous operation. The WRIG is able of stationary 
synchronous operation, as a native synchronous generator. In 
this case, the rotor currents are d.c. and the generator becomes 
an electrically excited synchronous generator. In Fig. 19, the 
measured rotor phase currents are shown for the generator 
driven at synchronous speed of 1000 rpm. 

5 6 
Time [s] 

Fig. 16. Measured (1) and estimated (2) speed at passing through 
synchronism. 

3 3 5 
Time [s] 

Fig. 17. Measured rotor currents at passing through synchronism. 

Speed and current transients from 930 to 1160 rpm 
during passing through synchronism are illustrated in Figs. 16 

Fig. 19. Measured rotor currents during stationar> sy nchronous operation. 

This is an important advantage of this generator and its 
control, i.e. the possibility to impose and maintain the 
synchronous speed and to generate more reactive power when 
needed, similarly to the overexcited synchronous generator. 
This could be easily be realized by setting a negative irJ 
current reference and fixing the rotor speed at its standard 
synchronous value {nr ^fjp)-
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V I . CONCLl'SION 

A complete system with a doubly-ted induction 
generator was presented and analyzed. The main target-
application for this system is the wind power generation. 
Other possible applications are hydropower generation, or 
other turbines using unconventional power sources like tides 
or marine currents. The wound-rotor induction generator uses 
two back-to-back connected converters in the rotor circuit, 
both of them vector controlled. The machine-side converter 
Controls the active and reactive rotor currents (in fact the 
stator active and reactive powers), while the grid-side 
converter controls the DC voltage regardless of the magnitude 
and the direction of the rotor power. and the reactive current 
drawn or injected fi-om in the grid. Both control strategies are 
presented and discussed. A new start-up procedure with a 
synchronization sequence is presented. 

Two stator tlux estimators were developed and 
compared. Both are based on combining of the voltage and 
current models. One is using them in parallel and the other 
one in series. A rotor speed and position estimator was 
developed, based on MRAS principles. The speed and 
position estimation is accurate over the whole speed range 
and it has the advantage that is efFicient also during the start-
up procedure. 

Difterent operaţional tests were performed, and the 
results are shown and discussed. Rather fast response in terms 
of stator active and reactive power is proven. The same holds 
in terms of DC voltage and reactive current on the power grid 
side. The passing through synchronism and stationary 
synchronous operation were presented. An interesting feature 
and, in fact, an advantage of this generator and its control is 
synchronous operation like as a native synchronous generator. 
The level of the generating (or absorbing) reactive power 
could be easily set through the rotor flux current reference. 

APPENDIX 

The Douhly-Fed Machine: Nameplate data: Type -
asynchronous motor with slip rings, Manufacturer: LME SA 
Bucharest, Romania, P.v = 3 kW, stator voltage Vsx = 380 V, 
rotor voltage T/̂ v = 380 V (after re-wounding; the original 
rotor voltage was 78 V), A7y = 940 rpm. 

Parameters: R, = Rr= 6 fi, Lsn = ^m =17.51 
mH, Ln, = 96.13 mH. p =3 pole pairs 

The Converters: Type: VLT 5004, Ss = 4.2 kVA, 
Manufacturer: Danfoss Drives, Denmark. 

Control and Acquisition Unit: Type: DS 1103, 
Manufacturer: dSpace GmbH, Germany. 
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Abstract - The present paper presents the experimental 
platform used during the tests of state observers and sensorless 
control of a variable speed wound rotor induction generator 
system. The main appiication of this system îs wind power and it 
was developed and improved in the latest years as interest in 
power generation especially using wind as primary energy, has 
increased tremendousiy. 

It is basically composed by: WRIG, two power 
electronics converters connected in the rotor side of WRIG: 
machine-side inverter (MSC) and grid-side inverter (GSC), a 
line filter, and the data acquisition and control system (dSpace 
DS 1103). Both converters are commercial units and are vector 
controlled using appropriate interfaces. They are back-to-back 
connected, sharing the same DC bus, one suppiied through a line 
filter from the power grid, and the other one with the output on 
the rotor of the generator. The stator of the generator is directiy 
connected to the power grid. 

AII components are extensively described in the paper 
and their functions are discussed. 

The control structures for both inverters and the Matlab-
Simulink^ software used for implementing them using the 
control and acquisition system DS1103 and its interface are 
presented. Some basic measurements are illustrated and 
discussed. 

Index Terms - wind generators, back-to-back inverter, 
wound-rotor induction machine, vector control, sensorless 
control, model reference adaptive system (MRAS). 

I . INTRODUCTION 

Wind energy was the fastest grov^ing energy 
technology in the 1990s. During the last decade of the 
twentieth century, worldwide wind capacity doubled every 
three years and the cost of electricity from wind power has 
fallen to about one sixth of the cost in the early 1980s [1]. 
And the trend seems to continue. The cumulative capacity is 
growing worldwide by about 25% per year. 

By the end of 2003, around 74% was installed in 
Europe (28706 MW), a ftirther 18% in North America (6677 
MW) and 8% in Asia and the Pacific (3034 MW). 

The countries with the largest installed wind power 
capacity in Europe are Germany (14609 MW), Denmark 
(3110 MW) and Spain (6202 MW), countries which thus have 
62% of the total install capacity worldwide. 

Wind energy technology itself also moved very fast in 
new dimensions. At the end of 1989 a 300kW wind turbine 
with a 30 meters rotor diameter was state of the art. 10 years 
later, 2 MW turbines with 80 meters rotor diameter were 
available and now 5MW wind turbines (128 meters rotor 
diameter) have already been tested and 6-7 MW turbines are 
planned to be built in the near future. 

Thus, the penetration of wind power in the power 
systems is higher and higher. Hence a lot of energy qualit\ 
requirements and interconnection rules were required. 

In addition, wind energy introduced new technologies 
such as wound-rotor induction generator with two power 
electronics converters connected back-to-back in the rotor 
circuit. Nowadays, this solution has 46.8% from the world 
market share of wind turbine concepts. The main competitors 
are the permanent magnet synchronous generator (with 20.3 
% from the market share) and the squirrel-cage induction 
generator (with 27.8 % from the market share) both with full-
scale frequency converters in the stator circuit. 

The WRIG has several advantages: 
- the ability to control reactive power and to decouple 

active and reactive power control by independently 
controlling the rotor excitation current 

- is not necessary to be magnetized from the power 
grid, it can magnetized from the rotor circuit, too. It is also 
capable of generating reactive power that can be delivered to 
the stator by the grid-side converter. In the case of a weak 
grid, where the voltage may fluctuate, the WRIG may be 
ordered to produce or absorb an amount of reactive power to 
or from the grid, with the purpose of voltage control. 
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- the size o f the converter is not related to the 
generator total power but to the selected speed range, and thus 
to the slip power. Hence. a rating o f the converter o f around 
25®o from the generator total power is usual, based on the 
economic optimization o f investment costs and on increased 
efllciencN. 

I I . H A R D W ARF SPF C ir ICATIONS 

The laboratorv setup was realized in the Intelligent 
Motion Control Lab. Faculty o f Electrical Engineering 
Timişoara as the main object ive o f the loan Serban's Ph.D 
Proiect "Contributions to the control o f variable speed 
generators for renewable energy" with the intended purpose 
to prove and gain new information about sensorless control o f 
the W RIG w ith two back-to-back connected inverters in the 
rotor circuit. 

The setup consists o f a 3 k W wound rotor induction 
generator mechanical l \ connected with a driving squirrel-
cage induction motor supplied from an usual frequency 
converter for speed control operation. The WRIG is 
connected to the power grid directiv with the stator, and 
through the two back-to-back inverters with the rotor. 

Besides those main components . there are measuring 
circuits, the control system. the line filter etc. Figure 1 s h o w s 
the principie schematic o f the setup. 

The WRIG is mechanical ly connected with a 3kW, 4-
poles squirrel-cage induction motor (not represented in F i g . l ) 
manufactured by Electromotor SA Timişoara and with an 
encoder ( see Figure 2 for a photo o f the machines) . 

Figure 2. The WRIG (left) and its driving motor (right). 

The induction motor is supplied from a Danfoss VLT 
5 0 0 4 3 kW commercia l inverter w ith the original interface for 
the speed control mode. 

B. The Power Inverters 

The power inverters are commercia l V L T 5004 , 4 .2 
k V A manufactured by Danfos s Drives, Denmark (see Figure 
3 for a photo o f the inverters). The main data for them are 
s iven in Table. I. 

Figure F The WRIG s>stem. 

A. The Rotating Machinery 

The main component in the setup is the 3 k W wound 
rotor induction generator manufactured by IME S A Bucharest 
Romania. It is a 6 -po le machine, star connected stator and 
rotor. As the original machine had the nominal stator voltage 
VSN = 3 8 0 V and the nominal rotor voltage VRX = 78 V a re-
wounded was necessary to fit with the converters 
requirements without inserting a transformer in the rotor 
circuit. Thus, a new rotor winding was des igned by the 
authors and executed in Electromotor S A Timişoara.. Hence, 
the rotor voltage (at slip S = 1) was increased to V Vx = 3 8 0 V 
and the rotor nominal current was decreased from 23 A to 4 .6 
A. 

Figure 3. The Danfoss power inverters equipped with interface and protection 
cards (IPC) left - GSC, middle - MSC. In the right side is the inverter for the^ 

driving motor with the original interface for speed control mode. 

Table 1. Power inverters specif icat ions 
Rated Power 4 .2 k V A 
Nominal Voltage 3 8 0 V 
Nominal Current 6 .5 A 
Max imum DC Link Vol tage 1200 V D C 
Svvitchina Freauencv l O k H z 

BUPT



Their original interface cards and control panels were 
replaced with interface and protection cards (IPC), produced 
by lET, Aalborg Universit>' vvhich enables the IGBT drivers 
to be controlled from an externai digital controller via plastic 
fiber optics (see Figure 4). The IPC provides, besides the fiber 
optic receivers, also reliable short-circuit, shoot-through, dc-
overvoltage and overtemperature protections [2]. 

VLT5004 
POWER 
CARD 

(MK103) 

Interface 
SystenVsee 

section II F 2) 

PlasOc Opttc 
Opbc Fiber 
Fibers Receivers 

Figure 4. Interface and protection card (for one inverier - for the other is 
identical) 

Each inverter is controlled through 3 signals (UP, VP, 
WP) - for the upper IGBTs - and an enable signal (EN). The 
inversed signals for the lower IGBTs and the corresponding 
deadtime (2 ns) are implemented in the programmable logic 
device (CPLD). 

The inverters have the DC links accessible through the 
DC sharing connectors. By realizing an electrical connection 
between them, the inverters can be easily connected back-to-
back. But for the DC link capacitors pre-charging, a resistor 
was used (not illustrated in Figure 1) between the grid and the 
line filter; the resistors were short-circuited after the voltage 
in the DC link reached approx. 500 V 

C Line Filter 

Between grid converter and the grid itself a line filter 
was introduced to protect the inverter and to reduce the higher 
harmonic content in the line current, produced by the 
switching. This is in fact a simple L-filter. An LC or an LCL 
filter could be used, but the L-filter was chosen for simplicity. 
The ft-equency response of the LCL filter has a resonance 
peak, so the latter has to be designed such that the resonance 
peak not to interfere with the frequency response of the 
inverter output voltage; altematively, a series resistor must be 
inserted to damp the resonance peak. 

The value for the inductance per limb was chosen 13 
mH, but a rather good design value for the inductance in the 
filter is [3]: i = max(r^ / S c o ^ ) 
where 9 is the order of the harmonic and Vs the phase RMS 
value of the output phase voltage harmonic. 

D. Voltage and current sensors 

As can be seen in Figure 1, 6 currents and 3 voltages 
were acquired to fulfill the control system requirements. 
These are: 

- 2 rotor currents (the third is calculated in the 
software taking into account that the sum of them is zero) 

- 2 stator currents (the third is calculated in the 
software taking into account that the sum of them is zero) 

- 2 grid currents on the grid-side converter side (the 
third is calculated in the software taking into account that the 
sum of them is zero) 

- DC voltage 
- 2 grid voltages line-to-line vvhich are in fact also the 

stator voltages (the phase voltages are calculated later in the 
software from the line voltages) 

Thus the acquisition system was designed. It includes: 
- 3 small boards with 2 current sensors each - t>pe 

LEM LA 55-P with adequate signal conditioning such that at 
lOA measured current the sensor output will be IOV, required 
for the control system's A/D channels. 

- a voltage measurement box with 3 voltage 
transducers type LEM LV 25-P with appropriate signal 
conditioning such at 500 V measured voltage the output of the 
sensor is 10 V, required for the control system's A D 
channels. 

E. Position sensor 

To prove the sensorless position estimation techniques, 
a position estimator had to be included in the system. The 
chosen device was an Telemecanique encoder t>pe XCC 
which provides a resolution of 5000 lines per revolution. The 
output is a usual A QUAD B (A+, A-, B+, B-, N+, N-) which 
can be directly connected to the control system as it provides 
encoder interfaces. 

F. Control Har chioare 

The DS1103 PPG is a very flexible and powerful system 
featuring both high computaţional capability and 
comprenhensive I/O periphery. Additionally, it features a 
software SIMULINK interface that allows all applications to 
be developed in the Matlab/Simulink ft-iendly environment. 
All compiling and downloading processes are carried out 
automatically in the background. 
An experimenting software called Control Desk, allows real-
time management of the running process by providing a 
virtual control panel with instruments and scopes. 

1. DSP Board 

Figure 5. The single board control s> stern dSpace DS 1103 
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The DSl 103 is a single board system based on the Motorola 
PowerPC 604e/333MHz processor (PPC), vvhich forms the 
main processing unit. 

T ,-cr A " B 

r. or^ t ro 

r,Pf.-t V T T " 

Ui' 

•'i'.ţ'f' 

l/o Units 

Slav« MC 
E 
Jo I 3 

CA-.r,,̂ .,.,.. 

SUve DSP 
p AD̂  Ur̂t -

SUve DSP — 

• PVVV CAP) 

B.l L!'- t DSP Subsystem 

Legend; 
ADC Analog/Digital Converters 
MC CAN Microcontroller SOC 164 
CAP Capture 
DAC Digital/Analog Converters 
DPMEM Dual-Port Memor> 
DSP Digital Signal Processor TMS320F240 
PPC Power PC 604e Processor 

tion, the PPC is the maşter, whereas the DSP and the CAN 
MC are slaves. 
Figure 6 gives an overview of the funcţional units of the 
DSl 103. 

2. Interface System 

An interface board was designed in order to use the 
PWM outputs of the slave DSP unit for controlling the IGBT 
drivers of the both inverters. 

It contains 8 pcs. SFH 750 fiber optic emitters (3 
SPWM+ 1 ENABLE for each inverter) and a SN74HCT541 
non-inverting octal buffer to increase the DS1103 PWM 
signals current capability according to SFH750 optic fiber 
driver requirements (see Figure 4). Additionally, series 
connected LED mounted on the front panel display the logic 
state of the optic fiber signals. 

PWM Puise Width Modulation 

Figure 6. DSl 103 internai funcţional block diagram 

• lyO Units 
A set of on-board peripherals frequently used in digital 
control systems has been added to the PPC. They include: 
analog-digital and digital-analog converters, digital 1/0 ports 
(Bit l/O), and a serial interface. The PPC can also control up 
to six incremental encoders, vvhich allow the development of 
advanced controllers for robots. 

• DSP Subsystem 
The DSP subsystem, based on the Texas Instruments 
TMS320F240 DSP fixed-point processor, is especially 
designed for the control of electric drives. Among other I/O 
capabilities, the DSP provides 3-phase PWM generation 
making the subsystem useful for drive appiications. 
• CAN Subsystem 
A further subsystem, based on Siemens SOC 164 micro-
controller (MC), is used for connection to a CAN bus. 
• Maşter PPC Slave DSP Slave MC 
The PPC has access to both the DSP and the CAN 
subsystems. Spoken in terms of inter-processor communica-

Figure 7. The interface system (the boards vvith current sensors and with fiber 
optic emmiters are visible. In the right side the terminal of the dSpace 

system) 

I I I . S O F T W A R E 

Pie Edit v>ew Smiabon Formd( Toob Help 

D Bî H S ' - ^ e i j Q ' • • iNoonal j J ; m ^ 

DS1103SL̂DSP_PWfcllNT 

M«asurt and prot«ction 

Figure 8. The Simulink sof^vare (measure and protection + control) 

AII the software was developed under Simulink 
environment, compiled automatically using Microtec C 

BUPT



compiler for Motorola Power PC and Texas Instruments C 
compiler and builtdowuloaded automatically using the 
dSpace system specialized MLIB/MTRACE mechanism. 

The software is divided in two major parts (see Figure 
8): 

measure and protection where acquisition, software 
signal conditioning and software protection are made 
vector control and estimation algorithms. This part is also 
divided in two major parts: grid-side converter (GSC) 
control and machine-side converter (MSC) control. 

A. Measure and protection software 

The measure and protection is the first main part of the 
developed software and has three main parts: 

acquisition software 
scaling and digital filtering of the acquired signals 
encoder interface 
protection 

In the acquisition software the ADC channels are 
settled for acquiring the above discussed 6 currents and 3 
voltages. The grid and rotor currents are acquired on the 4 
nonmultiplexed A/D channels with 12-bit resolution, 800 ns 
sampling time. The rest of the currents and voltages are 
acquired on the multiplexed channels with 16-bit resolution, 4 
ns sampling time. The acquisition process is triggered with 
the help of the slave-DSP timer interrupt with the same 
fi-equency as the switching (10 kHz) and at the 10% of the 
PWM puise period (see Figure 8). 

Afterwards the measured quantities are scaled taking 
into account the scaling factors of the sensors and filtered 
with a low-pass filter with a time constant of 10 ms. Also here 
the third current in each case is calculated fi-om the other two 
measured. 

In the encoder interface the position of the rotor and its 
speed are calculated. This could be done counting the pulses 
coming on the dedicated hardware interface and knowing the 
resolution of the encoder (number the pulses for one 
revolution) and the sampling time the encoder is "readed" 
with. 

In the software protection part all the desired 
protection for the inverter/generator are designed. 

In the present case 6 protections were implemented: 
overcurrent in the rotor;overcurrent in the grid; overcurrent in 
the stator; overvoltage in DC link; undervoltage in DC link: 
overspeed. The implementation is done as follows: the 
measured quantities are compared with the threshold values 
and the negated output of the comparators passed through an 
OR gate together with the ENABLE signal. Thus the output is 
inhibited with any of the measured values exceeds its 
threshold value. 

B. The GSC Software 

The grid-side converter is used to control the DC link 
voltage and the input power factor regardless of the level and 
the direction of the rotor power (Figure 9). A vector control 
strategy in stator voltage reference [4] fi-ame is employed for 

this purpose. The converter is current regulated with the direct 
axis current used to control the DC-link voltage, meanwhile 
the transverse axis current is used to regulate the 
displacement between the voltage and the current, and thus 
the input power factor [5], [6]. 

Figure 9. The grid-side converter control (GSC) 

The phase voltages are calculated fi-om the line 
voltages (see Figure 10) and the afi components of the grid 
voltage are calculated fi-om the phase voltages. Finally, the 
angle of the grid voltage is extracted = / w ) [7] 

UgRS UgR 

abc / 
Line to 
phase 

voltages 

abc / 

-1 
9ug 

UgTR 

Line to 
phase 

voltages UgT 

/ ap 

tan 

/ ap 

Figure 10. The computation of the grid voltage angle used for the coordinate 
transformations and for the SVM on the grid side converter control. 

There are three parts in which the software for 
controlling the grid-side converter is divided (see Figure 1 la): 

computation of grid voltage angle see above; vector 
control and coordinate transformation for calculation of i^j 
and (Figure 9); space vector modulation and dead-time 
compensation for calculation of the duty-cycles required for 
the slave-DSP PWM generation. Those are implemented in a 
C S-Function. The inputs are the DC voltage, the components 
a and p of the reference voltage vector and the measured 
phase currents for dead-time compensation purposes. The 
output of the function are the duty-cycles '̂ ordered" to the 
slave-DSP which generates the PWM signals for the inverter 
with the specified switching fi-equency. 

The GSC control software implementation using 
Simulink is illustrated in Figure 11a. A real-time interface 
was implemented in the dedicated Control Desk environment 
for the control and the management of the control softAvare 
for GSC. A screenshot is presented in Figure 1 Ib. 

BUPT



izz>H """ [ţ̂ CI: 

tf \it • » ^ • • Z i a X 

GRID IfA'ERTER CONTROL 
KoM 

8000 

: VW. Koid 

1 6QQ.0 
!-J L; -X M JL V.̂  J L; X 6QQ.0 
!-J 

b) 
Figure 11 The Simulink ( jSC control software a), and real-time interface b) 

C. The MSC Sofnvare 

The generator is controlled in synchronous reference 
frame, with the ^/-axis aligned vvith the stator-flux vector, 
vvhich ensures decoupled control betvveen the electromagnetic 
torque and the rotor excitation contribution [8]. The control 
strategy block diagram is shown in Figure 12. 

in fact control ling the rotor currents i'rj and /V̂  the fast 
decoupled control of the stator reactive and active power is 
obtained [9,10]. The rotor currents are measured in their 
natural frame (rotor coordinates) and transformed into 

synchronous frame using the slip angle^,//^. Reference 

voltages generated by the current control loops are 
transformed back to the rotor reference frame, using the same 

angle^,//^ [11]. Standard space vector modulation is 

employed to generate the pulses for the inverter. 

Figure 12. The machine-side converter control (MSC) 

There are six parts in which the software for 
controlling the machine-side converter is divided (see Figure 

13a):computation of the angle^,/,^ ; stator flux estimator with 

the voltage and current models connected in parallel: stator 
flux estimator with the voltage and current models connected 
in series; MRAS algorithm for rotor position and speed. 
observation: vector control and coordinates transformation for, 
calculation of the irj and /V̂  ; space vector modulation and 
dead-time compensation for calculation of the duty-cycles 
required for the slave-DSP PWM generation. This is identical 
with the procedure described at the GSC converter software -
see the final of previous paragraph. 
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The stator currents at thc same experiment are 
presented in 1-igure 15 and measured line voltaizes in Fiiîure 
16. 

Figure 13 MSC control software a) and rcal-tinic C ontrol [)c>k intcrtacc b) 

The implemented Simulink sof tware for control of the 
MSC is illustrated in Figure 13a and the Control Desk real-
time management interface for the control sof tware is shown 
in Figure 13b. 

The detailed discussions with "in extenso" 
experimental results about the both vector controls. flux 
estimators and M R A S used durinii this project are siven in 
[12]. 

I igurc 15 Measured stator currcnl> 

One of the most interesting features of the uound- ro tor 
induction generator with two back-to-back con\er te rs in the 
rotor circuit is passing through the s \nchronism and 
svnchronous operation. In Figure 17 a) the rotor currents at 
the passing through s \nchron ism are shown. 

IV. MEASI RE-NU NIS 

Some basic measurements will be presented brieflx in 
what it foilows. The DC link is first illustrated in Figure 14. A 
step in DC voltage reference (in the GSC vector control) is 
performed. The reference and the response are shown. 

> 3 • 
cn D 

Time [s] 

Figure 14 DC link voltage d\namic response at step reference from 
550 V to 600 V at t-2 s 

Time [s] 

Figure 16. Measured gridstator line \oltages l l 

The mechanical speed is modified here from 930 to 
1070 rpm in 10 sec. The passing through s \nchron i sm take 
place at t = 5 sec. In Figure 17 b) the measured and estimated 
speed are shown. The rotor speed and position estimator is a 
model reference adaptive s \ s t em (MRAS) based on the error 
between the measured and the estimated rotor current. Thus, 
the estimation is efficient and accurate over the whole speed 
ranize. 
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Some basic measurements which shows the accurac 
of the acquisition system and of the control are illustrated. 

hg l" A) Measurcd r».4c»f curTcnls at passing ihnxigh .synchronism, b) 
mctfsurcO «1 ^ and cstmidicd (2 • spced al paiî»sing through ssTichronism 

V. C()\( l l SION 

rhe exptTimental test platform used during the tests of 
siaic obscrvers and sensorless control of a variable speed 
wi>und nnor induction generator s> stern was presented. 

Ihe niain appiication for this system is v\ind power, 
hui the platform is also suitable to investigate the motion-
sensoricss control ot pump-storage hydro-turbine wound rotor 
induction generator motor, from selfstarting and 
svnchroni/iition frcely within the design speed range to sub-
and over-s> nchronoiis motoring (pumping) and generating. 

The platform is also suitable to characlerized the 
motion-scnsorless v^ound rotor induction motor limited speed 
range 4-quadranl largedrive. 

AII the hardvvare components of the system were 
presented, discussed and analvzed. The software used for 
measurements and protections. signal conditioning, vector 
control for both inverters. tlux esiimators and MRAS position 
and speed obser\ation is explained 
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