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Resumo

Devido ao aumento da capacidade de potência instalada em parques eó-

licos pelo mundo, os códigos de rede mais modernos contemplam requisitos

espećıficos para conexão de usinas eólicas às redes elétricas. Dentre esses re-

quisitos está a suportabilidade dos equipamentos aos afundamentos momen-

tâneos de tensão, que indica os limites para desconexão das turbinas eólicas

durante estes distúrbios. Além de operar continuamente durante os afunda-

mentos de tensão, alguns códigos de rede requerem ainda o fornecimento de

potência reativa para auxiliar na estabilização da rede.

Neste contexto, esse trabalho analisa o comportamento dos aerogeradores

de indução duplamente excitados (DFIG - “doubly-fed induction generator”)

durante afundamentos de tensão equilibrados e desequilibrados. Primeira-

mente a análise é realizada através de equacionamentos matemáticos no do-

mı́nio do tempo e de Laplace que explicam o comportamento das principais

variáveis envolvidas no processo bem como a influência do ajuste do con-

trole clássico em tais variáveis. Posteriormente resultados experimentais são

utilizados para provar o desenvolvimento matemático e evidenciar o com-

portamento do gerador e conversores. Tais resultados foram obtidos em duas

bancadas de testes: uma de 4kW e outra de 25kW projetada e constrúıda du-

rante este trabalho. Resultados simulados em um modelo representativo de

uma turbina de 2MW são também analisados para extrapolar os resultados

obtidos nas bancadas de pequeno porte.
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Os resultados obtidos para o controle clássico demonstram as fragilidades

do sistema. A partir de tais resultados novas estratégias de controle a fim

de melhorar a suportabilidade dessa tecnologia são propostas. O controle da

corrente de magnetização do gerador é utilizado durante afundamentos equili-

brados e para o caso desequilibrado este controle é utilizado em conjunto com

controladores ressonantes. Tais estratégias são avaliadas através de simula-

ção e testes experimentais demonstrando-se a melhoria da suportabilidade

durante os afundamentos momentâneos de tensão.

As principais contribuições desse trabalho são a modelagem matemática

no domı́nio de Laplace, que permite avaliar o efeito dos controladores no

comportamento do sistema durante os afundamentos de tensão, e o desenvol-

vimento de novas estratégias de controle para a melhoria da suportabilidade

da tecnologia DFIG. Ademais, o desenvolvimento de uma bancada de 25kW

é uma importante contribuição, pois apresentam-se resultados em potência

maior que os usualmente relatados na literatura, além de permitir outros

estudos relacionados a esse tema.

Palavras-chaves: Gerador de Indução Duplamente Excitado, Suportabi-

lidade a Afundamentos de Tensão, Afundamentos Momentâneos de Tensão,

Sistemas de Conversão de Energia Eólica.



Abstract

Due to the continuing growth of the installed power capacity of wind

farms worldwide, the modern grid codes define specific requirements to the

connection of wind turbines to the grid. One of these requirements is the

ride-through fault capability, that is, the equipment capability of continuing

operating during voltage sags. The grid codes require that, for some levels

and duration of voltage sags, the equipment must not be disconnected from

the grid and also supplies reactive power in order to contribute to network

voltage stabilization.

In this context, the present work analyzes the behavior of the doubly-

fed induction generator technology (DFIG) during balanced and unbalanced

voltage sags. First, the analysis is developed based on a mathematical mo-

deling in time and Laplace domains that explains the behavior of the main

variables and highlight the effect of the classical control tunning on such va-

riables. Then, the mathematical approach is proved through experimental

results which evidence the behavior of the generator and converters. Such

results were obtained in two test benches with rated power of 4kW and a

25kW which was projected and mounted during this work. Furthermore, si-

mulation results of a representative model of a 2MW turbine are analyzed in

order to extrapolate the conclusions made for the small scale test benches.
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The results of the classical control show the system weak points. Based

on these results novel control strategies are proposed to improve the DFIG

ride-through fault capability. The control of the generator magnetizing cur-

rent is used during symmetrical voltage sags whereas for the asymmetrical

case this strategy is combined with resonant controllers. The strategies are

evaluated using simulation and experimental results that demonstrate the

improvement of the system ride-through fault capability.

The main contributions of this work are the mathematical modeling in

the Laplace domain, which permits to evaluate the control effects on the

system behavior during the voltage sags, and the proposal of novel control

strategies to improve the system ride-through fault capability. Furthermore,

the development of a 25kW test bench is a important contribution because

results with higher power than the usually presented in the literature are

presented and it will permit other studies related to this theme.

Keywords: Doubly-fed Induction Generator (DFIG), Low Voltage Ride-

Through Capability (LVRT), Voltage Sags and Wind Conversion Systems.



Table List

6.1 Percentage of unbalance and of oscillations for different simu-

lated voltage sags (θ0 = 900). . . . . . . . . . . . . . . . . . . . 153

B.1 Parameters of the generator of the TUD test bench. . . . . . . 222

B.2 Voltage sag parameters of the TUD test bench. . . . . . . . . 222

B.3 Controller gains of the TUD test bench. . . . . . . . . . . . . 223

B.4 Other parameters of the TUD test bench. . . . . . . . . . . . 223

C.1 Parameters of the generator of the UFMG test bench. . . . . . 224

C.2 Controller gains of the UFMG test bench. . . . . . . . . . . . 225

C.3 Other parameters of the UFMG test bench. . . . . . . . . . . 225

D.1 Parameters of the generator used in the simulation model. . . 226

D.2 Controller gains of the simulation. . . . . . . . . . . . . . . . . 226

D.3 Other parameters of the simulation model. . . . . . . . . . . . 227

xvii





Figure List

1.1 Total world installed capacity of WECS (Global Wind Energy

Council, 2013). . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Technologies of wind energy conversion systems (Blaabjerg

et al., 2006). (a) - Generator with direct connection to the

grid; (b) - Generator with gearbox and full scale converter; (c)

- Gearless generator with full-scale converter; (d) - Doubly-fed

generator with partial converter power. . . . . . . . . . . . . . 5

1.3 Active power flow in the DFIG technology as generator (Ra-

belo, 2009). (a) - Sub-synchronous speed operation; (b) -

Super-synchronous speed operation. . . . . . . . . . . . . . . . 6

1.4 Ride-through fault capability curve required in the Brazilian

grid code (ONS, 2009a). . . . . . . . . . . . . . . . . . . . . . 8

1.5 Ride-through fault capability curve required by EON-Germany

grid code (E.ON, 2006). . . . . . . . . . . . . . . . . . . . . . 9

1.6 The principle of voltage support in the event of grid fault re-

quired by EON-Germany grid code (E.ON, 2006). . . . . . . . 9

2.1 DFIG drive topology (Blaabjerg et al., 2006). . . . . . . . . . 20

2.2 LCL filter schematic circuit. . . . . . . . . . . . . . . . . . . . 23

2.3 Block diagram representation of the GSC control structure. . . 25

2.4 PLL topology - PSOGI (Rodriguez et al., 2006). . . . . . . . . 26

xix



xx

2.5 Block diagram representation of the RSC control structure. . . 27

2.6 Simulation model implemented in Simulink. . . . . . . . . . . 29

2.7 Diagram of the test benches that emulate DFIG systems. . . . 31

2.8 Picture of the TU Dresden test bench - 4kW system. . . . . . 32

2.9 Picture of the UFMG test bench - 25kW system. . . . . . . . 32

2.10 Schematic diagram of the ISG voltage sag generator. . . . . . 33

2.11 Tolerance of voltage drop (IEC, 2008). . . . . . . . . . . . . . 34

2.12 Experimental results of the stator voltage for three-phase vol-

tage sags: (a) - TUD test bench: 85%; (b) - UFMG test bench

50%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.13 Experimental results of the stator voltage for phase-phase vol-

tage sags: (a) - TUD test bench: 90%; (b) - UFMG test bench

50%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 Complex plane representation of the stator flux linkage during

a 50% three-phase voltage sag. . . . . . . . . . . . . . . . . . . 43

3.2 Comparison between the rotor voltages calculated and the ex-

perimental results in the TUD test bench: (a) - TUD test

bench: 85% three-phase voltage sag, 1950 RPM; (b) - UFMG

test bench: 50% three-phase voltage sag, 2340 RPM. . . . . . 45

3.3 Rotor voltage components during the sag obtained through

Equations 3.27, 3.28 and 3.29 for: (a) - TUDb parameters

(85% three-phase voltage sag, 1950 RPM); (b) - UFMGb pa-

rameters (50% three-phase voltage sag, 2340 RPM). . . . . . . 45

3.4 Fourier analysis of the measured rotor voltage during the sag

for the TUDb(85% three-phase voltage sag, 1950 RPM). . . . 46

3.5 Experimental result of the maximum rotor voltage during dif-

ferent voltage sags - UFMGb. . . . . . . . . . . . . . . . . . . 48



xxi

3.6 Comparison between the rotor voltage simulated and calcula-

ted with the parameters of the 2MW system (50% three-phase

voltage sag, 1950 RPM). . . . . . . . . . . . . . . . . . . . . . 49

3.7 Rotor voltage measured and calculated - TUDb (85% three-

phase voltage sag, 1300 RPM). . . . . . . . . . . . . . . . . . 51

3.8 Block diagram representation of Equations 3.37, 3.38, 3.43 and

3.44. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.9 Block diagram representation of the current control. . . . . . . 54

3.10 Rotor equivalent circuit. . . . . . . . . . . . . . . . . . . . . . 54

3.11 Bode diagram of the PI controller (2MW WECS gains). . . . . 56

3.12 Direct axis stator flux linkage (2MW WECS, 50% three-phase

sag). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.13 Experimental results of the phase A of the rotor currents at

synchronous speed: (a) - TUD test bench (85% three-phase

voltage sag, 1500 RPM); (b) - UFMG test bench (50% three-

phase voltage sag, 1800 RPM). . . . . . . . . . . . . . . . . . 60

3.14 Fourier analysis of the phase A rotor current at synchronous

speed: (a) - TUD test bench (85% three-phase voltage sag,

1500 RPM); (b) - UFMG test bench (50% three-phase voltage

sag, 1800 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.15 Experimental results of the direct and quadrature axes of rotor

currents at synchronous speed test: (a) - TUD test bench (85%

three-phase voltage sag, 1500 RPM); (b) - UFMG test bench

(50% three-phase voltage sag, 1800 RPM). . . . . . . . . . . . 62

3.16 Experimental results of the phase A of the rotor voltages at

synchronous speed test: (a) - TUD test bench (85% three-

phase voltage sag, 1500 RPM); (b) - UFMG test bench (50%

three-phase voltage sag, 1800 RPM). . . . . . . . . . . . . . . 63



xxii

3.17 Experimental results of the phase A of the stator currents at

synchronous speed test: (a) - TUD test bench (85% three-

phase voltage sag, 1500 RPM); (b) - UFMG test bench (50%

three-phase voltage sag, 1800 RPM). . . . . . . . . . . . . . . 64

3.18 Experimental results of the estimated electromagnetic torque

at synchronous speed test: (a) - TUD test bench (85% three-

phase voltage sag, 1500 RPM); (b) - UFMG test bench (50%

three-phase voltage sag, 1800 RPM). . . . . . . . . . . . . . . 64

3.19 Experimental results of the estimated active and reactive powers

at synchronous speed test: (a) - TUD test bench (85% three-

phase voltage sag, 1500 RPM); (b) - UFMG test bench (50%

three-phase voltage sag, 1800 RPM). . . . . . . . . . . . . . . 65

3.20 Experimental results of the DC-link voltage at synchronous

speed test: (a) - TUD test bench (85% three-phase voltage

sag, 1500 RPM); (b) - UFMG test bench (50% three-phase

voltage sag, 1800 RPM). . . . . . . . . . . . . . . . . . . . . . 65

3.21 Experimental results of the dq GSC currents at synchronous

speed test: (a) - TUD test bench (85% three-phase voltage

sag, 1500 RPM); (b) - UFMG test bench (50% three-phase

voltage sag, 1800 RPM). . . . . . . . . . . . . . . . . . . . . . 66

3.22 Experimental results of the dq rotor currents at synchronous

speed test with modified gains: (a) - TUD test bench (85%

three-phase voltage sag, 1500 RPM); (b) - UFMG test bench

(50% three-phase voltage sag, 1800 RPM). . . . . . . . . . . . 67

3.23 Experimental results of the phase A of the rotor voltages at

synchronous speed test with modified gains: (a) - TUD test

bench (85% three-phase voltage sag, 1500 RPM); (b) - UFMG

test bench (50% three-phase voltage sag, 1800 RPM). . . . . . 67

3.24 Experimental result of the phase A of the rotor currents for

slip=+0.15: (a) - TUD test bench (85% three-phase voltage

sag, 1275 RPM); (b) - UFMG test bench (50% three-phase

voltage sag, 1530 RPM). . . . . . . . . . . . . . . . . . . . . . 68



xxiii

3.25 Fourier analysis of the rotor currents for slip=+0.15: (a) -

TUD test bench (85% three-phase voltage sag, 1275 RPM);

(b) - UFMG test bench (50% three-phase voltage sag, 1530

RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.26 Experimental result of the dq rotor currents for slip=+0.15:

(a) - TUD test bench (85% three-phase voltage sag, 1275

RPM); (b) - UFMG test bench (50% three-phase voltage sag,

1530 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.27 Experimental result of the phase A of the rotor currents for

slip=-0.15: (a) - TUD test bench (85% three-phase voltage

sag, 1725 RPM); (b) - UFMG test bench (80% three-phase

voltage sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . 70

3.28 Experimental result of the phase A of the rotor voltages for

slip=-0.15: (a) - TUD test bench (85% three-phase voltage

sag, 1725 RPM); (b) - UFMG test bench (80% three-phase

voltage sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . 70

3.29 Experimental result of the TUDb, 1725 RPM, Vdc = 200V :

(a) - Rotor currents; (b) - Rotor Voltages. . . . . . . . . . . . 71

3.30 Experimental result of the TUDb, 1725 RPM, Vdc = 170V :

(a) - Rotor currents; (b) - Rotor Voltages. . . . . . . . . . . . 72

3.31 Maximum rotor currents: (a) - TUD test bench (85% three-

phase voltage sag); (b) - UFMG test bench. . . . . . . . . . . . 73

3.32 Simulation results of the dq rotor currents (1950 RPM, Kp =

0.26Ω and Ki = 1.36Ω/s). . . . . . . . . . . . . . . . . . . . . 74

3.33 Simulation results of the dq rotor currents (1950 RPM, Kp =

0.053Ω and Ki = 0.27Ω/s). . . . . . . . . . . . . . . . . . . . . 75

3.34 Simulation results of the dq rotor currents (1950 RPM, Kp =

0.26Ω and Ki = 1.36Ω/s). . . . . . . . . . . . . . . . . . . . . 75

4.1 Stator flux linkage during a 50% phase-neutral voltage sag in

the complex plane: (a) - θ0 = 900 - no natural component; (b)

- θ0 = 00 - maximum natural component. . . . . . . . . . . . . 81



xxiv

4.2 Open rotor experimental result for the TUDb with 90% phase-

phase voltage sag, θ0 = 900 and 1950 RPM: (a) - Phase A of

the rotor voltages; (b) - Fourier analysis of the rotor voltages. . 82

4.3 Open rotor experimental result for the TUDb with 90% phase-

phase voltage sag, θ0 = 00 and 1950 RPM: (a) - Phase A of

the rotor voltages; (b) - Fourier analysis of the rotor voltages. . 82

4.4 Open rotor experimental result for the UFMGb with 50%

phase-phase voltage sag, θ0 = 900 and 2340 RPM: (a) - Phase

A of the rotor voltages; (b) - Fourier analysis of the rotor vol-

tages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.5 Open rotor experimental result for the UFMGb with 90%

phase-phase voltage sag, θ0 = 00 and 2340 RPM: (a) - Phase A

of the rotor voltages; (b) - Fourier analysis of the rotor voltages. 83

4.6 Maximum experimental and theoretical rotor voltage in the

UFMGb for different phase-to-phase voltage sags in the case

without natural component (θ0 = 900). . . . . . . . . . . . . . 85

4.7 Maximum experimental and theoretical rotor voltage in the

UFMGb for different phase-to-phase voltage sags in the case

with the maximum natural component (θ0 = 00). . . . . . . . 86

4.8 Simulated result of the stator voltage sequence components in

different reference frames. . . . . . . . . . . . . . . . . . . . . 91

4.9 Bode diagram of the transfer functions in Equation 4.43 - di-

rect voltage (continuous line) and quadrature voltage (dashed

line). Parameters of the 2-MW system. . . . . . . . . . . . . . 93

4.10 Bode diagram of the transfer functions 4.47 for different con-

troller gains with the 2-MW system parameters. . . . . . . . . 95

4.11 Experimental results of the phase A of the rotor currents for

a slip = -0.15, θ0 = 00: (a) - TUD test bench (90% phase-to-

phase voltage sag, 1725 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 2070 RPM). . . . . . . . . . . . . 96



xxv

4.12 Fourier analysis of the rotor currents for a slip = -0.15, θ0 = 00:

(a) - TUD test bench (90% phase-to-phase voltage sag, 1725

RPM); (b) - UFMG test bench (65% phase-to-phase voltage

sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.13 Experimental result of the dq rotor currents for a slip = -0.15,

θ0 = 00: (a) - TUD test bench (90% phase-to-phase voltage

sag, 1725 RPM); (b) - UFMG test bench (65% phase-to-phase

voltage sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . 97

4.14 Experimental results of the phase A of the rotor voltages for

a slip = -0.15, θ0 = 00: (a) - TUD test bench (90% phase-to-

phase voltage sag, 1725 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 2070 RPM). . . . . . . . . . . . . 98

4.15 Experimental result of the estimated electromagnetic torque

for a slip = -0.15, θ0 = 00: (a) - TUD test bench (90% phase-

to-phase voltage sag, 1725 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 2070 RPM). . . . . . . . . . . . . 99

4.16 Experimental result of the active and reactive powers for a

slip = -0.15, θ0 = 00: (a) - TUD test bench (90% phase-to-

phase voltage sag, 1725 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 2070 RPM). . . . . . . . . . . . . 99

4.17 Experimental results of the DC-link voltage for a slip = -0.15,

θ0 = 00: (a) - TUD test bench (90% phase-to-phase voltage

sag, 1725 RPM); (b) - UFMG test bench (65% phase-to-phase

voltage sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . 100

4.18 Experimental results of the dq GSC currents for slip = -0.15,

θ0 = 00: (a) - TUD test bench (90% phase-to-phase voltage

sag, 1725 RPM); (b) - UFMG test bench (65% phase-to-phase

voltage sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . 100

4.19 Experimental results of the phase A of the rotor currents for

a slip = +0.3, θ0 = 900: (a) - TUD test bench (90% phase-to-

phase voltage sag, 1050 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 1260 RPM). . . . . . . . . . . . . 101



xxvi

4.20 Fourier analysis of the rotor current for a slip = +0.3, θ0 = 900:

(a) - TUD test bench (90% phase-to-phase voltage sag, 1050

RPM); (b) - UFMG test bench (65% phase-to-phase voltage

sag, 1260 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.21 Experimental results of the dq rotor currents for a slip = +0.3,

θ0 = 900: (a) - TUD test bench (90% phase-to-phase voltage

sag, 1050 RPM); (b) - UFMG test bench (65% phase-to-phase

voltage sag, 1260 RPM). . . . . . . . . . . . . . . . . . . . . . 102

4.22 Experimental results of the phase A of the rotor currents at

synchronous speed, θ0 = 00: (a) - TUD test bench (90% phase-

to-phase voltage sag, 1500 RPM); (b) - UFMG test bench (65%

phase-to-phase voltage sag, 1800 RPM). . . . . . . . . . . . . 103

4.23 Fourier analysis of the rotor current at synchronous speed,

θ0 = 00: (a) - TUD test bench (90% phase-to-phase voltage

sag, 1500 RPM); (b) - UFMG test bench (65% phase-to-phase

voltage sag, 1800 RPM). . . . . . . . . . . . . . . . . . . . . . 103

4.24 Experimental result of the maximum rotor currents for dif-

ferent speeds and voltage sags: θ0 = 900: (a) - no natural

component θ0 = 900; (b) - maximum natural component θ0 = 00.104

4.25 Experimental result of the maximum rotor voltages for dif-

ferent speeds and voltage sags: θ0 = 900: (a) - no natural

component θ0 = 900; (b) - maximum natural component θ0 = 00.105

4.26 Simulation result of the dq rotor currents, 1950 RPM, 50%

phase-neutral voltage sag: (a) - θ0 = 900 - no natural compo-

nent; (b) - θ0 = 00 - maximum natural component. . . . . . . . 107

4.27 Simulation result of the dq rotor currents, 1950 RPM, 50%

phase-neutral voltage sag, recovering instant: (a) - no natural

component; (b) - maximum natural component. . . . . . . . . 107

5.1 Magnetizing current control block diagram. . . . . . . . . . . . 111



xxvii

5.2 Simulation and theoretical results of the dq stator flux linkage,

50% three-phase voltage sag, 1950 RPM: (a) - Without the

MCC strategy ; (b) - With the MCC strategy - Kpim
= 15. . . 116

5.3 dq rotor currents simulated for a 50% three-phase voltage sag,

rated power (no reactive power control). . . . . . . . . . . . . 117

5.4 dq rotor currents simulated for a 50% three-phase voltage sag,

rated power (no reactive power control): (a) - Without the

magnetizing current control; (b) - With the magnetizing cur-

rent control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.5 Simulation results for 50% three-phase voltage sag, rated power,

using the MCC strategy and reactive power control: (a) - dq

rotor currents; (b) - Stator active and reactive powers. . . . . . 118

5.6 Comparison between the rotor voltages with and without the

MCC strategy - simulation result. . . . . . . . . . . . . . . . . 120

5.7 Rotor voltage calculated and simulated for different voltage

sags and speeds using the MCC strategy - Kpim
= 15. . . . . . 121

5.8 Rotor currents simulated for different voltage sags and speeds

(MCC strategy). . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.9 Time constant of the stator flux linkage decay varying the

magnetizing current control gain - 2MW parameters. . . . . . 123

5.10 Maximum rotor current simulated for different voltage sags

and varying the magnetizing current control gain. . . . . . . . 123

5.11 Maximum rotor voltage simulated for different voltage sags

and varying the magnetizing current control gain. . . . . . . . 124

5.12 Experimental results of the estimated dq stator fluxes using

the MCC strategy: (a) - TUD test bench - Kpim
= 4 (85%

three-phase voltage sag, 1500 RPM,Kp = 100Ω,Ki = 10000Ω/s);

(b) - UFMG test bench - Kpim
= 2.5 (50% three-phase voltage

sag, 1800 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 126



xxviii

5.13 Experimental results of the dq rotor currents using the MCC

strategy: (a) - TUD test bench - Kpim
= 4 (85% three-phase

voltage sag, 1500 RPM, Kp = 100Ω, Ki = 10000Ω/s); (b) -

UFMG test bench - Kpim
= 2.5 (50% three-phase voltage sag,

1800 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.14 Experimental results of the dq rotor voltages using the MCC

strategy: (a) - TUD test bench - Kpim
= 4 (85% three-phase

voltage sag, 1500 RPM, Kp = 100Ω, Ki = 10000Ω/s); (b) -

UFMG test bench - Kpim
= 2.5 (50% three-phase voltage sag,

1800 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.15 Experimental results of the dq rotor currents using the MCC

strategy: (a) - TUD test bench - Kpim
= 4 (85% three-phase

voltage sag, 1750 RPM, Kp = 100Ω, Ki = 10000Ω/s); (b) -

UFMG test bench - Kpim
= 2.5 (50% three-phase voltage sag,

2070 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.16 Experimental results of the estimated dq stator fluxes using

the MCC strategy: (a) - TUD test bench - Kpim
= 4 (85%

three-phase voltage sag, 1750 RPM,Kp = 100Ω,Ki = 10000Ω/s);

(b) - UFMG test bench - Kpim
= 2.5 (50% three-phase voltage

sag, 2070 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.17 Experimental results of the dq rotor currents using the MCC

strategy and reactive power control: (a) - TUD test bench -

Kpim
= 4 (85% three-phase voltage sag, 1800 RPM, Kp =

100Ω, Ki = 10000Ω/s); (b) - UFMG test bench - Kpim
= 2.5

(50% three-phase voltage sag, 1530 RPM). . . . . . . . . . . . 129

5.18 Experimental results of the dq rotor voltages using the MCC

strategy and reactive power control: (a) - TUD test bench -

Kpim
= 4 (85% three-phase voltage sag, 1800 RPM, Kp =

100Ω, Ki = 10000Ω/s); (b) - UFMG test bench - Kpim
= 2.5

(50% three-phase voltage sag, 1530 RPM). . . . . . . . . . . . 129



xxix

5.19 Experimental results of the active and reactive stator powers

using the MCC strategy and reactive power control: (a) - TUD

test bench - Kpim
= 4 (85% three-phase voltage sag, 1800

RPM, Kp = 100Ω, Ki = 10000Ω/s); (b) - UFMG test bench -

Kpim
= 2.5 (50% three-phase voltage sag, 1530 RPM). . . . . . 130

6.1 Control of RSC with the strategy of compensating the torque

and reactive power oscillations. . . . . . . . . . . . . . . . . . 134

6.2 Simulation result of the electromagnetic torque with and without

the CTRP strategy (80% phase-neutral voltage sag, θ0 = 900

and 1950 RPM). . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.3 Stator active and reactive powers with and without the CTRP

strategy (80% phase-neutral voltage sag, θ0 = 900 and 1950

RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.4 Simulation results of the ABC rotor currents (80% phase-

neutral voltage sag, θ0 = 900 and 1950 RPM): (a) - Without

the CTRP strategy; (b) - With the CTRP strategy. . . . . . . 137

6.5 Simulation result of the ABC rotor voltages with the CTRP

strategy (80% phase-neutral voltage sag, θ0 = 900 and 1950

RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.6 Simulation result of the electromagnetic torque with the CTRP

strategy (80% phase-neutral voltage sag, θ0 = 00 and 1950

RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.7 Simulation results of the ABC rotor currents (80% phase-

neutral voltage sag, θ0 = 00 and 1950 RPM): (a) - Without

the CTRP strategy; (b) - With the CTRP strategy. . . . . . . 139

6.8 Simulation result of the electromagnetic torque with the CTRP+MCC

strategy (80% phase-neutral voltage sag, θ0 = 00 and 1950

RPM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.9 Control of positive and negative current sequences in the RSC .143

6.10 Control of positive and negative current sequences in the GSC. 143



xxx

6.11 Simulation results of the phase A of the rotor currents (50%

phase-neutral voltage sag, θ0 = 900 and 1950 RPM): (a) -

Without RTFC strategies; (b) - With the DPIC-Target I stra-

tegy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.12 Simulation results of the phase A of the rotor voltages (50%

phase-neutral voltage sag, θ0 = 900 and 1950 RPM): (a) -

Without RTFC strategies; (b) - With the DPIC-Target I stra-

tegy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.13 Simulation results of the ABC stator currents (50% phase-

neutral voltage sag, θ0 = 900 and 1950 RPM): (a) - Without

RTFC strategies; (b) - With the DPIC-Target II strategy. . . . 156

6.14 Simulation results of the stator active and reactive powers

(50% phase-neutral voltage sag, θ0 = 900 and 1950 RPM):

(a) - Without RTFC strategies; (b) - With the DPIC-Target

III strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.15 Simulation results of the electromagnetic torque (50% phase-

neutral voltage sag, θ0 = 900 and 1950 RPM): (a) - Without

RTFC strategies; (b) - With the DPIC-Target IV strategy. . . 157

6.16 Simulation results of the total active and reactive powers (50%

phase-neutral voltage sag, θ0 = 900 and 1950 RPM): (a) - With

the DPIC-Target IV strategy; (b) - With the DPIC-Target IV

+ GSC control strategy. . . . . . . . . . . . . . . . . . . . . . 157

6.17 Simulation results with DPIC-Target IV (50% phase-neutral

voltage sag, θ0 = 00 and 1950 RPM): (a) - Positive sequence

rotor current; (b) - Negative sequence rotor current; (c) - Phase

A of the rotor currents; (d) - Phase A of the rotor voltages;

(e) - Total active and reactive powers; (f) - Electromagnetic

Torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.18 Maximum calculated rotor voltage with DPIC-Target IV stra-

tegy for different unbalanced voltage sags, using the 2MW

WECS parameters (θ0 = 900). . . . . . . . . . . . . . . . . . . 161

6.19 Scheme of the rotor current limitation. . . . . . . . . . . . . . 163



xxxi

6.20 Experimental result of the total dq rotor currents - TUDb

(90% phase-to-phase voltage sag, θ0 = 900 and 1750RPM):

(a) - Without the RTFC strategies; (b) - With DPIC-Target I

strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.21 Experimental result of the phase A of the rotor voltages -

TUDb (90% phase-to-phase voltage sag, θ0 = 900 and 1750RPM):

(a) - Without the RTFC strategies; (b) - With DPIC-Target I

strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.22 Experimental result of the ABC stator currents - TUDb (90%

phase-to-phase voltage sag, θ0 = 900 and 1750RPM): (a) -

Without the RTFC strategies; (b) - With DPIC-Target II stra-

tegy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.23 Experimental result of the estimated electromagnetic torque -

TUDb (90% phase-to-phase voltage sag, θ0 = 900 and 1750RPM):

(a) - Without the RTFC strategies; (b) - With DPIC-Target

IV strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.24 Experimental result of the total active and reactive powers -

TUDb (90% phase-to-phase voltage sag, θ0 = 900 and 1750

RPM): (a) - Without the RTFC strategies; (b) - With DPIC-

Target IV + GSC control strategy. . . . . . . . . . . . . . . . 166

6.25 Experimental result of the total dq rotor currents - TUDb

(90% phase-to-phase voltage sag, θ0 = 00 and 1750 RPM):

(a) - Without the RTFC strategies; (b) - With DPIC-Target I

strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.26 Control of the RSC using the resonant control. . . . . . . . . . 169

6.27 Control of the GSC using the resonant control . . . . . . . . . 170

6.28 Bode diagram of the PI+resonant controller (Equation 6.46)

for different gains using the 2MW system parameters. . . . . . 174



xxxii

6.29 Simulation results using PIRC-Target I strategy (50% phase-

neutral voltage sag, θ0 = 900 and 1950 RPM): (a) - Positive

sequence rotor current; (b) - Negative sequence rotor current;

(c) - Phase A of the rotor currents; (d) - Phase A of the rotor

voltages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.30 Simulation results using PIRC-Target IV + GSC control stra-

tegy (50% phase-neutral voltage sag, θ0 = 900 and 1950 RPM):

(a) - Total dq rotor currents; (b) - Electromagnetic Torque; (c)

- Total dq GSC currents; (d) - Total active and reactive powers; 176

6.31 Simulation results using PIRC-Target IV strategy (50% phase-

neutral voltage sag, θ0 = 00 and 1950 RPM): (a) - Positive

sequence rotor current; (b) - Negative sequence rotor current;

(c) - Total dq rotor currents; (d) - Electromagnetic Torque. . . 177

6.32 Simulation results using EPIRC-Target IV strategy (50% phase-

neutral voltage sag, θ0 = 00 and 1950 RPM): (a) - Positive

sequence rotor current; (b) - Negative sequence rotor current;

(c) - Phase A of the rotor currents; (d) - Electromagnetic torque.180

6.33 Experimental results using EPIRC-Target I strategy for a 50%

phase-to-phase voltage sag, θ0 = 00 and 2340RPM - UFMGb:

(a) - Total dq rotor currents; (b) - ABC rotor currents; (c) -

Electromagnetic Torque; (d) - Phase A of the rotor voltages.

Straight line - voltage limits. . . . . . . . . . . . . . . . . . . . 181

6.34 Experimental results for different voltage phase-to-phase vol-

tage sags with maximum natural component (θ0 = 00) and

varying the speed - UFMGb: (a) - Maximum rotor voltages;

(b) - Maximum rotor currents. . . . . . . . . . . . . . . . . . . 182

6.35 Resonant control + Magnetizing current control (RMCC). . . 184

6.36 Simulation results using EPIRC and the RMCC - Target IV

strategy (50% phase-neutral voltage sag, θ0 = 00 and 1950

RPM): (a) - dq rotor currents; (b) - Phase A of the rotor cur-

rents; (c) - Phase A of the rotor voltages; (d) - Electromagnetic

Torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185



xxxiii

6.37 Experimental results using RMCC - Target I strategy for a

50% phase-to-phase voltage sag, θ0 = 00 and 2070RPM -

UFMGb: (a) - dq rotor currents; (b) - ABC rotor currents;

(c) - Phase A of the rotor voltages; (d) - Electromagnetic torque.186

A.1 Graphical representation of Clark and Park Transforms. . . . . 206

A.2 Block diagram of the GSC current control. . . . . . . . . . . . 210

A.3 Schematic diagram of the DC-link. . . . . . . . . . . . . . . . 212

A.4 Block diagram representing the DC-link voltage control loop. . 213

A.5 Block diagram representation of the GSC reactive power control.214

A.6 Vector diagram of the grid voltage and stator flux: (a) - Vir-

tual flux orientation; (b) - Stator flux orientation. . . . . . . . 215

A.7 Stator or grid voltage orientation. . . . . . . . . . . . . . . . . 216

A.8 Block diagram representation of the rotor currents control

structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

A.9 Block diagram representation of the stator active power con-

trol structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

A.10 Block diagram representation of the stator reactive power con-

trol structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 220





Symbol List

Superscript

∗ Reference values

r Variable referred to the rotor

g Variable in the synchronous reference frame

→ Vector

+ Positive Synchronous Reference Frame

− Negative Synchronous Reference Frame

̂ Complex Conjugate

Subscript

d Variable referred to the direct axis

q Variable referred to the quadrature axis

f Forced Component

n Natural Component

+ Positive Sequence Component

− Negative Sequence Component

0 Zero Sequence Component

xxxv



xxxvi

Variables

λotm Optimum Speed Relation

ψs Stator Flux Linkage

ψsv Grid Virtual Flux

ψr Rotor Flux Linkage

ηg Generator Efficiency

θ Rotor Electrical Position

θ̂N Grid Voltage Angle

θr Rotor Voltages and Currents Angle

θ0 Stator Voltage Angle in the Sag Beginning

τa Converter Time Constant

τs Stator Time Constant

ω Electrical Rotor Speed (rad/s)

ωm Mechanical Rotor Speed (rad/s)

ωN Grid Voltage Angular Frequency (rad/s)

ωs Stator Voltages and Currents Angular Frequency (rad/s)

ωr Stator Voltages and Currents Angular Frequency (rad/s)

A Generic Variable

Cpmax Maximum Turbine Power Coefficient

Cf Filter Capacitance

f Electrical Rotor Speed (Hz)

fm Mechanical Rotor Speed (Hz)

fN Grid Voltage Frequency (Hz)

fs Stator Voltages and Currents Frequency (Hz)

fr Stator Voltages and Currents Frequency (Hz)

in Filter Current

is Stator Current

ir Rotor Current

J Inertia

Ki Integral Gain

Kp Proportional Gain

Kr Resonant Gain

Kpim
Proportional Gain of the Magnetizing Current Controller

Ksr Stator and Rotor Turns Ratio

L1 Inductance of the Parallel Inductor in the VSG

L2 Inductance of the Series Inductor in the VSG

Lf Filter Inductance

Lm Magnetizing Inductance

Ls Stator Self Inductance

Lr Rotor Self Inductance

Lσs Stator Leakage Inductance

Lσr Rotor Leakage Inductance



xxxvii

P Pole Pairs

Pe Electromagnetic Power

Ps Stator Active Power

Q Band-pass Filter Selectivity

Qn GSC Reactive Power

Qs Stator Reactive Power

R1 Equivalent Resistance in the VSG

Rf Filter Resistance

Rs Stator Resistance

Rr Rotor Resistance

slip Slip

Ss Stator Apparent Power

Td Converter Dead Time

Te Electromagnetic Torque

TfQn Time Constant of the GSC Reactive Power Filter

TfPs Time Constant of the Stator Active Power Filter

TfQs Time Constant of the Stator Reactive Power Filter

Ti Integrative Control Time Constant

Tmec Mechanical Torque

Tmec Electromagnetic Torque

Ts Sampling Time

vn Grid Side Converter Voltage

vN Grid Voltage

vs Stator Voltage

vr Rotor Voltage

V1 Stator Voltage Before the Sag

V2 Stator Voltage During the Sag

Vdc DC-Link Voltage





Abbreviation List

CNF Compensation of the Natural Stator Flux Linkage

CNV Compensation of the Natural Rotor Voltage

CTRP Compensation of Torque and Reactive Power Pulsations

DFIG Doubly-Fed Induction Generator

DPIC Dual PI Controllers

EMF Back Electromotive Force

GSC Grid Side Converter

IGBT Insulated Gate Bipolar Transistor

INV Inverter

IPC Industrial Power Corruptor

ISG Impedance Sag Generator

LCCE Laboratory of Energy Conversion and Control
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Chapter 1

Introduction

1.1 Brief History of Wind Energy

Mankind has used the wind energy for thousands of years. Archaeological

studies point out that the wind energy is employed since the beginning of the

Modern Era (Heier, 2005). In the 10th century, windmills were used in Persia

which were brought by the Crusaders to Europe where the technology was

changed and widespread. These windmills have been used to grind grains

and to pump water.

In the United States, in the 19th century, windpumps were extensively

used on farms and ranches and they are still used nowadays. These mills

feature a large number of blades so that they turn slowly with considerable

torque in low winds and are self regulating in high winds (Clements, 2003).

The first wind turbines with aerodynamic blades constructed to produce

electrical energy were introduced in the mid-twentieth century. Just in the

1950s, a German developed the first high power turbine (Heier, 2005). The

grid connected wind power plants is only 25 to 30 years old (Rasmussen and

Jørgensen, 2005).

In the beginning the turbines were small and with low power capabi-

lity, connected just to AC distribution networks and rarely to transmission

systems. Firstly, the wind generators were fixed speed and capacitors were

employed to correct the power factor. When submitted to grid faults the

turbines were disconnected from the grid, operating with narrow voltage and

frequency limits. In the last years, new technologies of wind energy con-
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version systems (WECS) have evolved, mainly because the development of

power electronics. Nowadays there exist multi-megawatts turbines with high

efficiency, operating with variable speed, thus, allowing maximum wind power

extraction. They are connected to the grid using power converters that are

also used to supply the reactive power needed by the grid. As it will be

seen hereafter, the increase of the wind power plants connected to the grid

leads the system operators to develop specific grid code requirements for this

technology.

1.2 Overview of Wind Energy Nowadays

In recent years, the entire society has become increasingly concerned

over the global warming and other environmental issues caused by the use of

polluting energy sources like petroleum, coal, gas, etc. Thereby, the govern-

ments and companies have invested in alternative energy sources like solar,

wind, biomass, etc.

The environmental impact of using WECS compared with the traditio-

nal energy sources is relatively small. During the operation, wind turbines

cause virtually no emissions and very little during their manufacture, installa-

tion and removal (European Wind Energy Association - EWEA, 2009). The

environmental benefits associated with the generation of electricity from re-

newable energy, including wind power, can be quantified in economic terms

in the so-called “external costs” that include effects on human health, da-

mage to the environment, loss of amenity as well as economic effects such as

payment of subsidies and employment benefits. The most detailed analysis

of external costs has been carried out through the European Commission’s

ExternE project that values the external costs of wind energy at less than

0.26 euro-cents/kWh whilst those for coal-fired generation range from 2 to

15 euro-cents/kWh (European Wind Energy Association - EWEA, 2009).

Besides the environmental advantages, the electricity generation using

wind energy is relatively cheaper than other renewable sources, even com-

peting with the price of traditional power plants. For example, the auction

A-3 of electric energy promoted by the Brazilian government, occurred in

August 2011, the wind energy reached the minimum price of R$96.39/MWh,
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with an average value of R$99.58/MWh, value below the average price of

thermal power plants using gas (R$103.26/MWh), and the expansion of the

Jirau hydroelectric power plant (R$102.00/MWh) (Instituto Acende Brasil,

2011). In the auction A-5, occurred in December 2012, the average price of

small hydroelectric power plant was R$93.46/MWh, while for wind energy

this prices was R$87.94/MWh (Instituto Acende Brasil, 2012), confirming

the continuous price decreasing.

Being a renewable, not-pollutant and cost-effective energy source, the

number of wind power plants worldwide has increased so fast, as it can be

seen in Figure 1.1.Brazil is one of the countries with the highest growth rates

of installed wind power capacity. The country has now almost 1.96 GW

of wind farms in operation (ANEEL, 2012). This number is so small when

compared with other countries, but the investments are growing and so is

the number of power plants.

Figure 1.1: Total world installed capacity of WECS (Global Wind Energy Council,
2013).

1.3 Technologies of Wind Energy Conversion

Systems

There exist different WECS technologies that differ in the generator te-

chnology, the mechanical connection with the turbine and the electric con-

nection to the grid. Next, the most common topologies, depicted in Figure

1.2, are listed and shortly explained:

• Topology with generator direct connected to the grid (Blaabjerg et al.,
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2006). Generally it is used a squirrel cage induction generator connec-

ted to the wind turbine using a gearbox. It is basically a fixed speed

technology, because of the absence of converters, thus the efficiency of

wind power extraction is low. For reactive power compensation, capa-

citors are used. It is also common the use of a induction machine with

two speeds (different number of poles), permitting a discrete change in

the speed;

• Topology with generator connected to the grid using full-scale converter

(Jamil et al., 2012). The converter permits the control of active and

reactive power, allowing variable speed operation and, thus, the ability

of maximum wind energy extraction. Normally synchronous machines

with or without a gearbox are used. In the case without gearbox,

called gearless technology, the synchronous generator can be externally

excited or permanent magnets can be employed;

• Topology with doubly-fed (wound rotor) induction generator (Pena

et al., 1996). This is also a variable speed technology, but the con-

verter is dimensioned just for a parcel of the rated power. As this

system is the object of the present work, it is better described in this

section and in the next chapter.

WECS using doubly-fed induction generators (DFIG) are one of the

most commercialized topologies over the world. This technology consists of

a wound rotor induction generator with the stator connected to the grid and

the rotor supplied by a back-to-back converter, as depicted in Figure 1.2(d).

Its main advantage is the use of converters dimensioned for a parcel of the

generator rated power (normally 30%), so the equipment costs are reduced.

This is a variable speed technology where the generator speed is controlled

normally in the range of ±30%, permitting the extraction of maximum wind

power.

Figure 1.3 shows the DFIG power flow when it is operating as a generator.

One can notice that, during sub-synchronous operation, the converter sup-

plies active power to the rotor, whereas in the super-synchronous region the

rotor power flow is reversed. In both conditions the stator supplies power

to the grid, therefore the total generated power is the stator power minus

(sub-synchronous) or plus (super-synchronous) the rotor power.



1.3 Technologies of Wind Energy Conversion Systems 5

(a)

(b)

(c)

(d)

Figure 1.2: Technologies of wind energy conversion systems (Blaabjerg et al.,
2006).
(a) - Generator with direct connection to the grid;
(b) - Generator with gearbox and full scale converter;
(c) - Gearless generator with full-scale converter;
(d) - Doubly-fed generator with partial converter power.
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(a)

(b)

Figure 1.3: Active power flow in the DFIG technology as generator (Rabelo, 2009).
(a) - Sub-synchronous speed operation;
(b) - Super-synchronous speed operation.

Nevertheless the advantages of the DFIG, due to the direct connection

of the generator stator to the grid, it is more susceptible to grid disturbances

than technologies which use full-scale converters. During voltage sags, over-

voltages and over-currents are induced in the rotor circuit which may damage

the converter (Mendes, 2009), (López et al., 2008a), (López et al., 2008b),

(de Araújo Lima, 2009), (Oliveira, 2009).

In the next chapter more details about the DFIG operation are presented

and the classical control strategy is briefly described.

1.4 Voltage Sags

WECS may produce grid disturbances, i.e, it may influence the grid

power quality causing for example voltage variations, harmonics, etc., and

also it may be influenced by the grid disturbances. The present work carries

out an analysis of the dynamic behavior of the DFIG technology during



1.4 Voltage Sags 7

voltage sags and develops strategies to improve the system response during

this kind of disturbance.

According to the Brazilian national grid code (PROREDE) a momen-

tary voltage sag (MVS), phenomena analyzed in this work, is defined as an

event in which the RMS voltage value is between 0.1 and 0.9pu and the du-

ration is greater than 1 cycle (60 Hz = 16.67ms) and minor than 3 seconds

(ONS, 2009b). Events with voltage below 0.1pu are characterized as voltage

interruptions, whereas events with duration between 3 seconds and 1 minute

are called temporary voltage sags. These events together with different ty-

pes of voltage elevation are classified as the short duration voltage variation

phenomena.

The MVS may be caused by grid faults (short-circuits), overload or direct

starting of high power machines (Bollen, 2000). They are classified as phase-

phase, phase-to-ground, phase-phase-to-ground or three-phase depending on

the number of phases affected. The latter is a balanced or symmetrical

voltage sag, whereas the others are unbalanced or asymmetrical voltage sags.

The faults may occur hundreds of kilometers from the connection point of

the wind farm, therefore the MVS is a common phenomena that the system

has to deal with. Depending on the fault characteristics and the point of

occurrence, the voltage can drop abruptly and present slower recovering. In

a faulty condition, it is also possible the occurrence of phase angle jumps in

the instantaneous voltage.

The international standard IEC 61400-21 (IEC, 2008) specifies measu-

rement and assessment of power quality characteristics of grid connected

wind turbines, including questions related to the WECS behavior during

voltage sags. The standard recommends the MVS tests characteristics and

also presents the requirements of the voltage sag generator used to test the

equipment.

In this work the DFIG behavior during balanced and unbalanced voltage

sags is addressed separately in Chapters 3 and 4, respectively. Details about

the equipment used to produce the voltage sag and its characteristics are

described in the next chapter.
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1.5 Motivation and Objectives

With the higher penetration of wind power plants in the interconnected

electrical system, power system operators have developed grid codes with

specific requirements for regulating the connection of wind power plants to

the electrical network (Erlich and Bachmann, 2005). One of these is the

system ride-through fault capability (RTFC), i.e., the ability of the power

plant to remain connected to the grid during voltage sags.

Figure 1.4 shows the RTFC curve required by the Brazilian grid code

(ONS, 2009a) for balanced and unbalanced voltage sags. The vertical axis

is the per unit remaining voltage in the common point of connection of the

wind farm and the horizontal axis is the sag duration. The hatched area

denotes the sag amplitude and duration characteristics for which the WECS

must not be disconnected from the grid.

Figure 1.4: Ride-through fault capability curve required in the Brazilian grid code
(ONS, 2009a).

Figure 1.5 illustrates the RTFC curve present in the German grid code

(E.ON, 2006). Above the limit line 1 the system must not be disconnected

and above the limit line 2 special conditions are applied, requiring a fast

reconnection when the disconnection is permitted and reactive power infeed

during the MVS. The capability to supply reactive power to the grid during

the voltage dip is also a requirement in the modern grid codes in order to

guarantee voltage support. Figure 1.6 shows the principle of voltage support

required in the German grid code (E.ON, 2006).
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Figure 1.5: Ride-through fault capability curve required by EON-Germany grid
code (E.ON, 2006).

Figure 1.6: The principle of voltage support in the event of grid fault required by
EON-Germany grid code (E.ON, 2006).
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In this context, the present work intends to scrutinize the DFIG beha-

vior during symmetrical and asymmetrical voltage sags using a mathematical

modeling, simulation and experimental results. Analyzing these results, new

control strategies to improve the system ride-through fault capability are de-

veloped. Also, some strategies present in literature are tested in order to

evaluate and compare the results with the ones proposed in this work. The

main objective here is not to develop a final and definitive solution, but a

strategy that can be used in some situations or in conjunction with other

ones.

1.6 Methodology

The first objective of this work is to analyze the DFIG behavior during

the balanced and unbalanced voltage sags. This analysis is carried out using

three methodologies:

• Mathematical modeling in the time and Laplace domains of the gene-

rator dynamic behavior during voltage sags;

• Simulation results using a computational model that represents the

relevant system dynamics of a 2 MW WECS;

• Experimental results obtained in two test benches: a 4kW and a 25kW

rated power.

The mathematical modeling gives the understanding of the system vari-

ables behavior and comprehension of the influence of the system parameters.

The experimental results are used to observe and prove the behavior of the

measured variables (voltages, currents, speed, ...). As the test benches are

small-scale models of a real WECS, in order to extrapolate the results, a

2MW simulation is used.

Normally test beds with rated power below 10kW are used to test the

system characteristics and new control strategies. In this work, besides a 4kW

system, a 25kW test bench is fully developed and the results are compared

with the simulations.
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Through these results, new control strategies are proposed and their

behavior are analyzed using the simulation and experimental results. The

mathematical analysis of these strategies is also carried out, focusing mainly

on the influence in the voltage and current behavior.

1.7 State of Art

With the increasing number of wind power plants worldwide, several

works have been published contemplating the different aspects of WECS,

like mechanical studies of the blades, electrical characteristics of the different

types of generators, power electronic conveters used to connect the system

to the grid, etc.

The DFIG technology is one of the most studied topologies due to its high

market penetration and also due to its susceptibility to grid disturbances.

Wound rotor induction machines have been used for many decades. In the

beginning they were used as motor with the connection of variable resistances

in the rotor circuit to increase the starting torque or to vary the machine

speed. Only with the development of power electronics that in the end of

1980’s the wound rotor machine started to be studied and used as generator

in wind conversion systems.

Tang and Xu (1992) present a system using the DFIG technology with

the control implemented using the stator flux orientation. This pioneer paper

shows, through simulation results, that it is possible to operate with the

optimum torque and speed, extracting the maximum wind power. In Pena

et al. (1996) the use of PWM converters in the rotor circuit is presented and

the vector control strategy is described. The independent control of active

and reactive power is demonstrated using experimental results obtained in a

DFIG small-scale test bench. This paper is one of the most cited papers in

this topic and it is the basis of the DFIG technology.

In the last few years, several papers have been published focusing the

DFIG behavior during voltage sags. Erlich et al. (2007) presents simulation

results, illustrating the DFIG behavior during balanced voltage sags, whereas

Seman et al. (2006) presents experimental results in a high power test bench

for the unbalanced case. Zhang et al. (2009) presents a calculation of the
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short-circuit current and simulation results are shown. These and several

other papers address the DFIG behavior in the time domain, but they lack

of a deeper analysis that explain the variables behavior.

López et al. (2007) and López et al. (2008a) present a useful mathema-

tical modeling, scrutinizing the behavior of the flux linkages and voltages

in the generator during balanced and unbalanced voltages sags, respectively.

The mathematical development is validated using experimental results. The

authors simplify the analysis using the machine with open rotor circuit which

is a useful tool that permits correlating the different variables behavior with

the system parameters and sag severity. These papers are cited in several

works, but despite the useful analysis, the current control influence in the

DFIG dynamic behavior has not been analyzed.

With the development of specific grid codes to the connection of WECS

in the grid including the ride-through fault capability requirements, several

recent publications about the DFIG technology have focused in the deve-

lopment of new strategies to improve the system RTFC. The most popular

solution for this problem is the crowbar device, wich is discussed in several

papers. The crowbar is a switched resistance that is inserted in parallel with

the rotor circuit during the sag in order to avoid that the high rotor currents

damage the converter.

In their works, Lohde et al. (2007), Anaya-Lara et al. (2008) and Zhang

et al. (2010) basically deal with the crowbar resistance sizing. Morren and

de Haan (2005), Ling et al. (2009) and Erlich et al. (2007) show simulation

results, presenting different strategies to activate and deactivate the crowbar

device.

When the crowbar device is activated, the generator acts like a squirrel

cage machine consuming reactive power from the grid, which is undesirable.

This device is useful for the protection of the converter, but to use it for

RTFC solution, modifications are necessary.

Meegahapola et al. (2010) uses the grid side converter (GSC) to supply

reactive power to the grid, compensating the consumed reactive power and

acting as a STATCOM. Similarly, in Kasem et al. (2008), the rotor side

converter (RSC) is disconnected from the machine and used in parallel with

the GSC, both injecting reactive power into the grid.
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In order to avoid the disconnection of the RSC during the dip, Yang et al.

(2009) proposes the use of series resistances, instead of using the crowbar in

parallel with the rotor. In this paper, a method for calculating the currents

during the sag is developed and simulation results are used to validate the

modeling and the proposed strategy. Rahimi and Parniani (2010) uses the

resistances in series with the stator instead of the rotor.

The solutions using the crowbar or series resistances require the addi-

tion of extra hardware, increasing system complexity and costs. Therefore,

software modifications in the control strategy are preferred, enhancing the

system behavior during the dips. The crowbar may be used just as a protec-

tion device to avoid high currents in the converters.

In Xiang et al. (2006) the stator flux linkage is used to calculate the rotor

current reference during the sags and an analysis of the feasible conditions

when the strategy can ride-through the sag is shown. Using experimental

and simulation results the strategy feasibility is demonstrated for balanced

and unbalanced voltage sags.

The stator flux linkage is also used to generate the rotor current referen-

ces during balanced voltage sags in López et al. (2008b). Through simulation

results it is demonstrated that the strategy increase the flux damping, but

the rotor currents, the most important variable, are not analyzed in this

work. Probably, to damp the flux as shown, extremely high rotor currents

are necessary.

The reduction of the rotor currents during the sag is performed in Liang

et al. (2010) using feed-forward compensators to deal with the rotor voltages

and currents transients caused by the voltage sag, but it is shown that the

stator flux damping is reduced.

Ling et al. (2009) compares two strategies to control the rotor current

using the reference values calculated through the stator flux linkage. Simu-

lations results are shown, but the analysis of the rotor current is missing.

In Xiang et al. (2006), López et al. (2008b), Liang et al. (2010) and Ling

et al. (2009), the flux estimation is necessary which is a great disadvantage,

because it depends on the machine parameters. The feed-forward compensa-

tor proposed by Lima et al. (2010) is simpler, since only the stator currents

are used as the new control references. The experimental results for balanced
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voltage sags shows that the strategy reduces the rotor overcurrents, but the

stator flux linkage oscillations are not analyzed. The authors also develop a

modeling in the Laplace domain to describe the behavior of the voltage and

currents during the voltage sags.

The control strategies proposed in the discussed papers show results for

symmetrical voltage sags, but the majority of the dips in the power system

are unbalanced. The DFIG ride-through during unbalanced conditions is a

little more complicated, because, as it will be demonstrated in this work,

negative sequence current arise.

In Brekken and Mohan (2004) and Brekken and Mohan (2007) a feed-

forward compensation is employed in the classic current control in order to

decrease the torque and power oscillations caused by the negative sequence

current during unbalanced voltage sags. Simulation and experimental results

are presented to validate the proposed strategy and a mathematical model is

used to tune the filters used for the compensation.

Several works in the literature present the use of a dual-PI structure to

control separately the current positive and negative sequence components.

Xu and Wang (2007), Park et al. (2007), Kearney and Conlon (2008) and

Hu et al. (2009b) show the mathematical modeling of the machine under

grid voltage unbalance and demonstrate the use of the dual-PI structure to

control the RSC currents. Navarro and Richter (2007), Abo-Khalil et al.

(2007), Zhou et al. (2007), Qiao and Harley (2008), Xu (2008), Wang et al.

(2008), Zhou et al. (2009), Fan et al. (2009) and Wang and Xu (2010) extend

the analysis and the use of this control structure also for the GSC. It is

presented the coordinate control of the RSC and GSC in order to reduce the

grid power oscillation.

The works cited in the last paragraph deal just with the DFIG control

when there is a small grid voltage unbalance. The transient caused during

voltage sags is not analyzed. Gomis-Bellmunt et al. (2008) analyzes the same

control structure showing results also for asymmetrical voltage sags. Wang

et al. (2009) proposes the use of the dual-PI control with the addition of a

compensation term to deal with the voltage transient.

Based on the same principle of controlling the negative sequence, Hu

et al. (2009a), Hu and He (2009a) and Hu and He (2011) propose the use of
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a PI-resonant control structure. Resonant controllers are also employed in

Hu and He (2009b) and Luna et al. (2009) in a stationary reference frame.

All these papers show the reduction in the electromagnetic torque pulsation

due to the negative sequence, but the transient caused by the voltage sag

is not analyzed since just long term voltage unbalances in the network are

addressed.

The works presented in this section are deeper analyzed in the following

chapters. Some of the control strategies proposed in the literature are imple-

mented and analyzed for the sake of comparison.

To finish the presentation of the state of art, it is important to mention

the large experience of the “Laboratório de Controle e Conversão de Energia”

(LCCE) studying wind energy conversion systems. In the last three years

four Master dissertation and one PhD thesis were developed about different

aspects of the doubly-fed technology: Ramos (2009), Mendes (2009), da Silva

(2009), Liu (2011) and Oliveira (2009). Other technologies are also studied

as synchronous machines with permanent magnets. The research group ex-

perience contributed for the development of the present work.

1.8 Contributions

The core of this work is the analysis of the DFIG behavior during vol-

tage sags and the development of new ride-through control strategies, but it

intends to go one step further to the works presented in the previous section.

The following new contributions can be listed:

• The development of a mathematical modeling in the Laplace domain

which permits the inclusion of the control effect in the machine dynamic

behavior during voltage sags;

• Extension of the proposed Laplace domain mathematical modeling with

separation in positive and negative sequence components;

• The effect of the voltage sag transient during symmetrical and asym-

metrical voltage sags is deep analyzed;
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• Development of new control strategies to improve the DFIG ride-through

fault capability during balanced and unbalanced voltage sags, including

the analysis of the voltage sag transient.

All the analysis carried out is validated using mathematical demonstra-

tion, simulation results in a Simulink model and experimental results.

Besides the contributions cited, the author gives the contribution of de-

sign and assembly of the 25kW test bench which could be used in several

other works to be developed in the LCCE. A system like that, with all its

functionality and such rated power, probably is unique in Brazil, contributing

with the national science development.

The results produced in this work originated five conference papers and

one paper in a journal. They are cited below per chronological order:

• V. F. Mendes, B. Rabelo, C. V. Sousa, F. F. Matos, W. Hofmann and S.

R. Silva (2010). Comportamento de Aerogeradores de Dupla Excitação

Frente a Afundamentos de Tensão. III Simpósio Brasileiro de Sistemas

Elétricos - SBSE, pages 1-6.

• V. F. Mendes, C. V. Sousa, S. R. Silva, B. Rabelo, S. Krauss and W.

Hofmann (2010). Behavior of Doubly-Fed Induction Generator During

Symmetrical Voltage Dips Experimental Results. IEEE International

Symposium on Industrial Electronics - ISIE, pages 2345-2350.

• V. F. Mendes, W. Hofmann, S. R. Silva (2010). Control of Doubly-Fed

Induction Generator during Symmetrical Voltage Sags. IEEE Power

& Energy Student Summit - PESS, pages 26-29.

• V. F. Mendes, C. V. Sousa, S. R. Silva, B. Rabelo, S. Krauss and

W. Hofmann (2011). Modeling and Ride-Through Control of Doubly

Fed Induction Generators During Symmetrical Voltage Sags. IEEE

Transactions on Energy Conversion, v.26, issue4, pages 1161 - 1171.

• V. F. Mendes, S. Y. Liu, S. R. Silva (2012). Controle de Aerogeradores

Duplamente Excitados Durante Afundamentos Momentâneos de Ten-

são Desequilibrados. IV Simpósio Brasileiro de Sistemas Elétricos, v.

1, p. 1-7.
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• V. F. Mendes, C. V. Sousa, G, M. Rezende, S. Y. Liu, S. R. Silva (2012).

Estratégias de Controle Aplicadas a Aerogeradores Duplamente Excita-

dos Durante Afundamentos de Tensão Desequilibrados. XIX Congresso

Brasileiro de Automática, v. 1, p. 3118-3125.

The journal of the publication is classified as Qualis A by CAPES and

this paper has been cited 9 times according to Scopus and 5 times according

IEEE. The paper presented in the PESS (IEEE Power & Energy Student

Summit) received the 2nd Best Paper Award Prize. This publications and

this prize contribute to the divulgation of the work results and the evaluation

by the scientific community.

The author has also contributed in areas related to this work, publishing

seven papers as co-author in national and international conferences during

the doctorate.

It is important to mention that this work was developed in cooperation

between the Federal University of Minas Gerais (UFMG) and Dresden Tech-

nological University (TUD - “Technische Universität Dresden”) in Germany.

Part of the studies presented in this document was developed during the

sandwich doctorate realized during 2010 under supervision of Prof. Dr. Ing-

Wilfried Hofmann.

1.9 Text Organization

In this first chapter an overview of the use of wind energy is presented

and the technology studied in this work is briefly described. The motivation

and objectives of the present dissertation is clarified, as well as the methodo-

logy used in order to reach these aims. A bibliographic review is presented,

emphasizing the present state of art. Finally the intended contributions are

set.

The second chapter is dedicated to describe the DFIG control topology.

The simulation model and the test benches used to analyze and validate the

results are also described.

Since symmetrical and asymmetrical voltage sags cause slightly different
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effect on the DFIG behavior, these two cases are analyzed separately in

Chapters 3 and 4, respectively. The analysis is carried out using in both

cases a mathematical approach, simulation and experimental results.

The proposed ride-through control strategies for symmetrical and asym-

metrical case are presented in Chapter 5 and 6, respectively. The simulation

and experimental are shown in order to validate the strategies.

In the last chapter, the conclusions are presented and the proposals for

continuation are listed.



Chapter 2

Doubly-Fed Wind Energy

Conversion System

2.1 Introduction

Wind energy conversion systems are constituted of a wind turbine that

converts the kinetic wind energy into mechanical power in the generator shaft.

There are technologies with a gearbox between the turbine and the generator,

as the DFIG, and others called gearless technologies. The mechanical power

is converted by the generator into electric power which is supplied to the grid

using or not using power converters.

This chapter is dedicated to briefly describe the energy conversion process

in the DFIG technology, explaining the generator classical control strategies.

Furthermore, the simulation model and test benches are also presented.

As the objective of the present work is to analyze the electrical behavior

of the machine which is much faster than the mechanical dynamics, the latter

is not described here. Details about the turbine, the gearbox and a simple

mechanical modeling can be found in Mendes (2009) and Rabelo (2009).

2.2 The DFIG Technology

As stated previously, in the DFIG technology a wound rotor induction

generator is connected to the turbine through a gearbox that raises the slow
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turbine speed to a higher speed in the generator shaft. The stator circuit

of the generator is directly connected to the grid, therefore, under normal

operation, it is supplied by a constant voltage amplitude and frequency. The

rotor circuit is supplied by converters through slip rings. The Figure 2.1

depicts the schematic diagram of the DFIG drive topology.

Figure 2.1: DFIG drive topology (Blaabjerg et al., 2006).

Two voltage source converters (VSC) connected using a DC-link in the

so-called back-to-back configuration are used. Generally, these converters use

IGBTs (Insulated Gate Bipolar Transistor) commanded using PWM (Pulse

Width Modulation) switching method.

The grid side converter (GSC) is connected to the grid through a filter

used to reduce the harmonics due to the converter switching. A transformer

can be used or not for the connection of the filter to the grid. When the

transformer is used, its role is to decrease the rotor circuit voltage, decreasing

the DC-link voltage. The GSC controls the DC-link voltage and can be also

used to control the reactive power flowing from or to the grid.

The rotor side converter (RSC) is connected to the rotor circuit and it

controls the rotor currents. As mentioned in the previous chapter, when the

converter takes out active power from the rotor circuit, the machine operates
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on supersynchronous speeds, whereas the active power injection results in

subsynchronous operation. The changing in the rotor current represents a

changing in the stator power flow, therefore the RSC is used to control the

stator active and reactive powers.

In the next subsections, the electric components of the technology are

mathematically modeled. Based on this modeling the GSC and RSC classical

control strategies are presented in the following sections.

2.2.1 Wound rotor induction generator

The construction of the wound rotor induction machine is similar to the

squirrel cage one. The stator windings are supplied by alternating voltage

and currents, in such a way that the spatial winding distribution produces a

rotating magnetic flux in the machine air gap. The windings in the rotor end

up on copper slip-rings mounted to the shaft that permits the use of a external

source to supply rotor circuits. The rotor currents also impose a rotating flux

in the air gap whose frequency depends on the currents frequency, defining

the machine speed in such value that warrant the production of continuous

torque.

In this section, the classical induction motor model in a synchronous

reference frame is presented. The stator and rotor differential equations in

the synchronous reference frame are written as (Kovács, 1984):

→
vs = Rs

→
is+

d

dt

→
ψs+jωs

→
ψs, (2.1)

→
vr = Rr

→
ir +

d

dt

→
ψr+jωr

→
ψr, (2.2)

where the variables are in the synchronous reference frame and the parame-

ters are referred to the stator. The meanings are clarified below:

• vs and vr are the stator and rotor voltages, respectively;

• is and ir are the stator and rotor currents, respectively;
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• ωs and ωr are the voltages and currents angular speed in the stator and

rotor, respectively, where:

ωr = ωs − ω; (2.3)

• ω is the electrical rotor speed given by:

ω = Pωm, (2.4)

where P is the number of pole pairs and ωm is the mechanical speed;

• ψs and ψr are the stator and rotor flux linkages, respectively;

• Rs and Rr are the stator and rotor resistances, respectively.

The stator and rotor flux linkages, ψs e ψr, are given as:

→
ψs = Ls

→
is+Lm

→
ir = (Lσs + Lm)

→
is+Lm

→
ir, (2.5)

→
ψr = Lr

→
ir +Lm

→
is = (Lσr + Lm)

→
ir+Lm

→
is . (2.6)

where Ls, Lr are, respectively, the stator and rotor self inductances, Lσs and

Lσr are the stator and rotor leakage inductances and Lm is the magnetizing

inductance.

The mechanical differential equation is written as:

J
dωm
dt

+ kfωm = Te − Tmec, (2.7)

where J is the inertia constant ka is the friction coeficient and Tmec is the me-

chanical torque provided by the wind turbine through the gearbox expressed

in the generator shaft. Te is the machine electromagnetic torque calculated

through:

Te =
3

2
P
Lm
Ls

Im

(−→
ψs

−→̂
ir

)
, (2.8)
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where the superscript “̂” indicates the complex conjugate.

These equations are important to explain the control and they will be

also useful to model the generator behavior during voltage sags, as presented

in the following chapters.

2.2.2 LCL Filter

In order to minimize the grid harmonics injected by the GSC, it is com-

mon to use a LCL (inductor-capacitor-inductor) filter to connect the conver-

ter to the grid. The Figure 2.2 represents the schematic diagram of the LCL

filter.

Figure 2.2: LCL filter schematic circuit.

In Figure 2.2 Lf and Rf represent the filter inductance and resistance at

the converter side, respectively, and LN and RN are the filter inductance and

resistance at the grid side which can also includes the grid impedance. It is

common the use of a resistor in series with the capacitor, not represented in

the circuit, to increase the filter damping. Details about the filter design can

be found in Liserre et al. (2005).

The capacitor voltage is approximately equal to the grid voltage. Using

the vector notation and considering a three-phase balanced system, the filter

response, evaluated in the grid frequency, can be modeled as simple LR

circuit:

→
vN = Rf

→
in+Lf

d
→
in
dt

+
→
vn, (2.9)
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where in is the filter current, vN is the grid voltage, vn is the voltage imposed

by the converter.

Rewriting the Equation (2.9) in the synchronous reference frame rotating

with the grid voltage angular frequency (ωN), yields:

→
vgN = Rf

→
ign+Lf

d
→
ign
dt

+ jωNLf
→
ign+

→
vgn . (2.10)

2.2.3 Converters

As mentioned previously, the DFIG technology uses a back-to-back con-

verter, depicted in Figure 2.1. In this work, the so called space vector modu-

lation is used for the command of the converters (der Broeck et al., 1988).

The complete modeling of the converters requires studies that are out of

the scope of the present work, therefore it will be presented just the employed

control strategies described in next section.

2.3 Classical Control Strategy

Previously, the mathematical modeling of the main components of the

DFIG technology were presented. Based on the dynamic equations, this

section is dedicated to describe briefly the classical control strategies. Deeper

explanations of the control orientation and controller tunning methods are

presented in Appendix A and can also be found in Mendes (2009).

2.3.1 GSC control

The classical GSC control strategy uses internal loops controlling the

grid (filter) currents, which are oriented in the angle of the grid voltage. This

orientation permits a decoupled control of active and reactive power (Pena

et al., 1996). External to the direct axis current loop it is implemented

the DC-link voltage control, because with this orientation the direct axis
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component (d) is responsible for the active power. The reactive power is

controlled by a controller external to the quadrature (q) current control loop.

Figure 2.3 depicts the block diagram representation of the GSC control.

One can see that PI controllers are used and compensators are employed in

the output of the current controllers to improve the control response.

Figure 2.3: Block diagram representation of the GSC control structure.

The methods of Modulus Optimum (MO) and Symmetrical Optimums

(SO), which are described in the Appendix A, are used to tune the GSC

controllers gains.

2.3.2 Phase-Locked Loop (PLL)

As illustrated in Figure 2.3, the angle of the grid voltage vector (θ̂N),

which is used in the orientation of the converter currents, is estimated using

the so-called phase-locked loop (PLL).

The classical PLL (Kaura and Blasko, 1997) uses a control loop to ad-

just the estimated angle in such a way that, when the phase is “locked”, the

quadrature component is null. This simple structure has good accuracy for

three-phase balanced voltages, but it is not suitable for unbalanced conditi-

ons.
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Rodriguez et al. (2006) proposes a PLL based on the use of a “Dual

Second Order Generalized Integrator” (PSOGI), demonstrating the fast and

accurate response of this PLL during voltage unbalances. Indeed this PLL

is similar to the classical one, but a decoupling structure is used for the

separation of positive and negative sequence components of the voltages.

Figure 2.4 shows the block diagram of the PSOGI.

Figure 2.4: PLL topology - PSOGI (Rodriguez et al., 2006).

The PSOGI is used in this work, because it will be useful when developing

control strategies for the unbalanced voltage sags.

2.3.3 RSC control

The GSC control keeps a constant DC-link voltage, permitting the ge-

nerator control through the RSC which regulates the rotor currents.

For the orientation of rotor currents the angle of the stator voltage is used

(Petersson et al., 2004). Therefore, the angle used for the transformation is

given by:

θr = θs − θ, (2.11)
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where θr is the rotor voltages and currents angle and θ is the rotor electrical

position. The angle θs is obtained through the PLL and θ is measured using

an incremental encoder.

Using this orientation, described in Appendix A, is easy to demonstrate

that the active and reactive powers are calculated as (Oliveira, 2009):

Ps =
3

2
vsdisd = −3

2

Lm
Ls

vsdird , (2.12)

Qs = −3

2
vsdisq =

3

2

v2sd
ωsLs

+
3

2

Lm
Ls

vsdirq . (2.13)

One can notice that the active stator power depends on the direct axis

rotor current and the reactive power depends on the quadrature axis ro-

tor current. Therefore, decoupled rotor currents internal control loops with

external active and reactive power control loops are used in the RSC, as

depicted in Figure 2.5.

Figure 2.5: Block diagram representation of the RSC control structure.

The active stator power reference is calculated in such a way that the

maximum wind power extraction is attained. This calculation algorithm is

called maximum power point tracking (MPPT) and is given by:
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P ∗
s =

1

2
ρA

(
ωrR

kλotm

)3

Cpmaxηg, (2.14)

where ηg includes the generator efficiency and the parcel of power that flows

through the stator. The latter is dependent on the generator slip. The term

λotm is the optimum tip speed ratio which results the maximum turbine power

coefficient (Cpmax), that is, the maximum possible wind energy is converted

into mechanical power to drive the generator. More details about the turbine

modeling and the MPPT algorithm can be found in Mendes (2009).

The method of Modulus Optimum (MO) is also used to tune the PI

controllers of the RSC. One can also see in Figure 2.5 the use of cross-coupling

compensators, which are described in the Appendix A.

2.4 The Simulation Model

In the previous sections the DFIG technology and its main components

were presented and mathematically modeled. Through the developed equa-

tions, a computational model representing the main electrical dynamics of

the DFIG drive was implemented using the MATLAB/Simulink, depicted in

Figure 2.6.

Commonly it is used the library“SimPowerSystems”to simulate electrical

components in the Simulink, but to have a better comprehension and easier

manipulation of the model, instead of using predefined electrical components,

own components were created. The implementation of the main components

of the DFIG drive are briefly described below:

• Grid: represented by ideal three-phase voltage sources with infinite

short-circuit capability. Ideal balanced and unbalanced voltage sags can

be simulated or it is also possible to simulate the sag through switching

impedances, as used in the test bench and described hereafter;

• PLL: implemented as depicted in Figure 2.4;

• Transformer: ideally represented considering just the turns ratio;



2.4 The Simulation Model 29

Figure 2.6: Simulation model implemented in Simulink.

• Filter: represented by the Equation 2.9 in the Laplace domain;

• RSC and GSC converters: implemented neglecting the delays involved

in the switching process;

• Pulse Width Modulator: based on the voltage space vectors (SVPWM)

(der Broeck et al., 1988);

• RSC and GSC control: as described previously and depicted in the

Figures 2.3 and 2.5;

• Wound Induction Generator: implemented in the Laplace domain using

the Equations 2.1 to 2.8 and considering the orientation of the rotating

frame in the stator voltage angle;

• Wind turbine and gearbox: for the studies carried out here the mecha-

nical modeling is no so important, but simple models of the turbine

and the gearbox were included in the simulation. Details about these

models can be found in Mendes (2009).

The studies carried out here intend to analyze the DFIG behavior generi-

cally, so the simulation model is supposed to work with any set of parameters.
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The model was validated using the parameters of the 4kW test bench, com-

paring the simulation results with the experimental ones, but these results

are not shown here.

Since the test benches have small power, in order to extrapolate the

results for a real scale unit, the simulations studies were performed for a

model using the parameters of a 2MW turbine, which are shown in Annex

D.

It is important to highlight that, for a better visualization of the vari-

ables behavior, for all simulation results presented in this work, the Pulse

Width Modulator was neglected, that is, the control voltage reference is the

real voltage imposed in the machine. This assumption does not commit the

results, since just the high frequency harmonics are neglected.

2.5 The Test Benches

All analysis carried out in this work are validated using experimental

results obtained in two small scale test benches: a 4kW system localized in

TU Dresden (Germany), which was developed by students of this university,

and a 25kW test bed projected and built by the author, which is localized in

the LCCE-CPH UFMG.

Both test rigs share the same general structure whose schematic diagram

is shown in Figure 2.7. Each component is described in this section and the

voltage sag generator is characterized in the next subsection.

The wind turbine is represented by a turbine simulator that uses a speed

controlled induction motor (IM) drive to emulate the static and dynamic wind

turbine characteristics. The simulated turbine characteristics are calculated

in a DSpace 1103 platform which generates the speed reference for commercial

inverters, responsible for the control of the IM.

The DFIG converters control scheme, depicted in the Figures 2.3 and 2.5,

is also implemented in the same DSpace platform, generating PWM signals

to the RSC and GSC gate drivers. The 4kW test bench, called from now on

TUDb, has a switching frequency of 4kHz and in the 25kW system, called

from now on UFMGb, the switching frequency is 6kHz.
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Figure 2.7: Diagram of the test benches that emulate DFIG systems.

The currents and voltages necessary to the control are measured using

proper transducers, conditioned to a voltage range compatible with the dS-

pace input (-10V to +10V). The sampling frequency of the AD converters is

equal to the switching frequency. In the UFMGb the measured signals are

filtered using a anti-aliasing filter with a cut-off frequency of 2.5kHz.

The control and supervision of the test benches is done through a per-

sonal computer, using the software ControlDesk. This software permits the

implementation of a supervisory which is used to change the control refe-

rences, actuate the system contactors and also view and record the variables

involved in the process.

Figure 2.8 shows a picture of the TUDb and Figure 2.9 of the UFMGb.

The parameters of these test benches are presented in Appendices B and C.

As the main aim of this work is to study the effects of voltage dips on

the DFIG, the voltage sag generator (VSG) is a important part of the test

benches. It is connected between the grid and the DFIG drive terminals.

Two devices are used for this purpose: the sag generator using impedances

(ISG) and the“Industrial Power Corruptor” (IPC). They are described in the

following subsections.
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Figure 2.8: Picture of the TU Dresden test bench - 4kW system.

Figure 2.9: Picture of the UFMG test bench - 25kW system.
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2.5.1 Sag generator using impedances (ISG)

A voltage sag can be emulated using a voltage divider with inductors.

This device is recommended in standard IEC61400-21 (IEC, 2008) and its

circuit is depicted in the Figure 2.10. The ISG is composed of series and

parallel inductors. When the switch is closed, the currents flowing to the

short-circuited parallel inductors cause a voltage drop across the series in-

ductors, acting as a voltage dip at the DFIG drive terminals.

Figure 2.10: Schematic diagram of the ISG voltage sag generator.

The impedances Z1 and Z2 are chosen according to the desired voltage

drop. The following equation defines the amplitude (%) of the remaining

voltage:

AMT (%) =
Z1

Z1 + Z2

.100%. (2.15)

The standard (IEC, 2008) defines that the amplitude of the AMT is

measured for the ISG isolated from the system to be tested. Neverthless,

when the DFIG is operating the AMT amplitude may be changed from the

first adjusted value. Furthermore, this standard permits a small amplitude

variation and also a tolerance for the slope of the voltage drop and rise, as

depicted in Figure 2.11.

In the TUDb it was available just the configuration of Z1 = 6.28Ω and

Z2 = 0.94Ω, thus, three-phase voltage sags with remaining voltage of appro-

ximately 85% were tested. This voltage sag is depicted in Figure 2.12(a).
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Figure 2.11: Tolerance of voltage drop (IEC, 2008).
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Figure 2.12: Experimental results of the stator voltage for three-phase voltage sags:
(a) - TUD test bench: 85%;
(b) - UFMG test bench 50%.

Looking at the graph of Figure 2.12(a), it seems that the voltage sag

has a rectangular profile, but actually the voltage presents an exponential

transient in the beginning. This behavior happens because the inductances

has an associated resistance (= 0.3Ω), thus, when the switch is closed the

currents present a transient before reaching the steady state. As it will be

shown in the next chapter, this transient affects the machine behavior, thus,

it must be modeled.

In the UFMGb three three-phase inductors were designed to the ISG:
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two with 1.2mH and one with 0.3mH. All these inductors have central point

taps which allows the use of half value of the inductances. Therefore, a

considerable number of voltage sags can be emulated, but the maximum grid

current and the inductors saturation has to be cosidered. Figure 2.12(b)

shows a 50% three-phase voltage sag (Z1 = 0.45Ω and Z2 = 0.45Ω).

Figure 2.12(b) shows that in the voltage sag beginning there is a transient

before the voltage reach the “steady-state” during the sag for the UFMGb.

This transient is a little different from the transient previously described for

the TUDb. The latter is due to the RL circuit transient. In the UFMGb

the main issue is caused by the inductor saturation. Immediately after the

switch is closed extremely high inrush currents (≈ 2000A) flow through the

inductors, saturating them. The unequal saturation of the inductors causes

a deeper voltage drop, in the sag beginning, than expected, as depicted in

Figure 2.12(b). Both effects have a similar influence on the machine which

will be analyzed in the next chapter.

An unbalanced voltage drop can be emulated removing one phase of

the parallel inductor on ISG. This solution is used in the TUDb and Figure

2.13(a) shows the voltage behavior for a sag with 90% remaining voltage. For

the UFMGb other equipment is used for the asymmetrical voltage sag which

is described in the next subsection.
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Figure 2.13: Experimental results of the stator voltage for phase-phase voltage
sags:
(a) - TUD test bench: 90%;
(b) - UFMG test bench 50%.
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2.5.2 Industrial Power Corruptor (IPC)

In order to have more flexibility in the asymmetrical voltage sag tests, a

equipment called “Industrial Power Corruptor” (IPC) is used. It is commer-

cialized by “Power Standard Labs” and the model is IPC-480V-100A.

This device is constituted of a three-phases transformer with many taps

which are switched using IGBT’s, thus, varying the output voltage. The

IPC allows phase-to-phase and phase-to-neutral voltage sags following the

standard IEC61000 (IEC, 2009). The output voltage can also be varied from

0% to 125% with 5% steps and the sag duration can be varied from 1 cycle

to 30s. The sag entry instant can also be defined: for θ0 = 00 the phase A

voltage is passing for zero and for θ0 = 900 it is passing for a maximmum

value. Figure 2.13(b) depicts a phase-to-phase voltage sag produced by the

IPC.

2.6 Final Considerations

In this chapter the details of the DFIG technology were discussed. The

system components were presented and were mathematically modeled. Con-

trol strategies were explained and the methods used in this work for the gains

adjustment were highlighted. Finally, the simulation model and the test ben-

ches were briefly described. With the knowledge of the DFIG drive topology,

in the next chapters will be possible to develop the studies regarding the

system behavior under balanced and unbalanced voltage sags.



Chapter 3

DFIG Behavior During

Balanced Voltage Sags

3.1 Introduction

In the last chapter the wind generation system using the DFIG techno-

logy was described, giving the understanding of the system operation under

normal conditions. The present chapter is dedicated to analyze the DFIG

behavior during balanced voltage sags. First, the system response is analyzed

using a mathematical modeling and after the experimental and simulation

results are presented.

3.2 Mathematical Modeling

Normally the DFIG behavior during voltage sags is modeled using the

differential equations of induction machines, that is, using time domain analy-

sis, as in the following works: Seman et al. (2006), López et al. (2007), López

et al. (2008a), Zhang et al. (2009), Peng et al. (2009) and Zhang et al. (2010).

Lima et al. (2010) uses the Laplace domain analysis to model the DFIG sys-

tem during voltage sags.

Time and Laplace domains modeling have their own advantages and

application issues, therefore in the present work both are used and described

separately in the next subsections.
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3.2.1 Time domain model

For the theoretical development it is used the classical induction motor

equations in the reference frame fixed in the stator (Kovács, 1984):

→
vs = Rs

→
is+

d
→
ψs
dt

, (3.1)

→
vr = Rr

→
ir+

d
→
ψr
dt

− jω
→
ψr, (3.2)

→
ψs = Ls

→
is+Lm

→
ir, (3.3)

→
ψr = Lr

→
ir+Lm

→
is . (3.4)

In order to model the voltage applied to the system, the following equa-

tion is used:

→
vs =

{
Vse

jωst = V1e
jωst t < t0

V2e
jωst + Vtre

−t/τtr t ≥ t0
, (3.5)

where Vs = V1 is the rated stator voltage, V2 is the stator voltage during

the sag and t0 is the instant of the sag beginning, always considered the 0s

instant in the graphs presented in this work. The term Vtr, which was added

to the voltage during the sag, represents the transient caused by the ISGs.

As mentioned in the last chapter, this term has different behaviors in the

4kW and the 25kW test benches:

• In the TUDb the ISG transient is due to the inductor L1 inrush cur-

rents. This transient decays according to the time constant τtr, that

can be approximated by the value L1/R1. In this case Vtr is F posi-

tive value, representing that the voltage decays slowly until reaching

its final value during the sag;



3.2 Mathematical Modeling 39

• In the UFMGb Vtr is a negative value, because the inductor saturation

causes a deeper voltage drop in the sag beginning, as depicted in Figure

2.12(b). This transient is fast and the τtr is few milliseconds. Due to the

difficulty to model the inductor saturation, the complete characteristic

of this transient term can be determined just experimentally.

In spite of being two different causes of the transient in the sag beginning,

this term can be modeled in the same manner, because the effect on the

machine is similar, as will be shown hereafter.

Through Equations 3.2, 3.3 and 3.4, the rotor voltage can be represented

by:

→
vr =

Lm
Ls

(
d

dt
− jω

)
→
ψs+

[
Rr + σLr

(
d

dt
− jω

)]
→
ir . (3.6)

In this equation, the second term, dependent on the rotor current, is

smaller than the first one, because generally the rotor resistance (Rr) and

transient inductance (σLr) have small values. Thereby, a first approximation

is possible assuming rotor currents equal to zero, that is, to consider the open

rotor circuit case (López et al., 2007). Before starting the open rotor analysis,

the representation in the Laplace domain model is presented.

3.2.2 Laplace domain model

In this case the induction motor equations are used in the synchronous

reference frame (Kovács, 1984), rewriting Equations 3.1 and 3.2 as:

→
vs = Rs

→
is+

d
→
ψs
dt

+ jωs
→
ψs, (3.7)

→
vr = Rr

→
ir+

d
→
ψr
dt

+ jωr
→
ψr . (3.8)

Decomposing the machine equations in real(d axis) and imaginary(q axis)

components and applying the Laplace transformation, yields:
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Vsd = RsIsd + sψsd − ωsψsq , (3.9)

Vsq = RsIsq + sψsq + ωsψsd , (3.10)

Vrd = RrIrd + sψrd − ωrψrq , (3.11)

Vrq = RrIrq + sψrq + ωrψrd , (3.12)

ψsd = LsIsd + LmIrd , (3.13)

ψsq = LsIsq + LmIrq , (3.14)

ψrd = LrIrd + LmIsd , (3.15)

ψrq = LrIrq + LmIsq . (3.16)

The dependence “(s)” in variables was omitted to simplify the notation,

i.e., A(s)=A. The initial conditions of the Laplace Transform were considered

equal to zero to simplify the analysis. Actually the initial conditions affect

the system behavior, but in the analysis just the dynamic behavior is of

interest, as demonstrated hereafter.

From Equations 3.13 and 3.14 the stator currents can be expressed as:

Isd =
ψsd − LmIrd

Ls
, (3.17)

Isq =
ψsq − LmIrq

Ls
. (3.18)
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In order to evaluate the behavior of the stator flux linkage during the sag,

it is considered the stator voltage angle orientation, that is, the quadrature

axis of the stator voltage is zero. Substituting Equation 3.18 in 3.10 yields:

ψsq =
(RsLm/Ls)

s+Rs/Ls
Irq −

ωs
s+Rs/Ls

ψsd . (3.19)

Using Equation 3.17 in 3.9:

Vsd = Rs

(
ψsd − LmIrd

Ls

)
+ sψsd − ωsψsq , (3.20)

and Equation 3.19 in 3.20:

ψsd =
(s+Rs/Ls)(

s2+2Rs
Ls
s+R2

s

L2
s
+ω2

s

)Vsd +
Lm

Rs
Ls

(s+Rs/Ls)(
s2+2Rs

Ls
s+R2

s

L2
s
+ω2

s

)Ird

− ωsLm
Rs
Ls(

s2+2Rs
Ls
s+R2

s

L2
s
+ω2

s

)Irq
. (3.21)

Generally (R2
s/L

2
s) ≪ ω2

s , therefore it is possible to neglect (R2
s/L

2
s). The

gain of the last term is small when compared with the other terms, so it can

also be neglected. Making these assumptions and doing τs = Ls/Rs, called

the stator time constant, the direct axis stator flux linkage is:

ψsd(s) =
(s+ 1/τs)(

s2 + 2 1
τs
s+ ω2

s

)Vsd(s) +
Lm/τs (s+ 1/τs)(
s2 + 2 1

τs
s+ ω2

s

)Ird(s). (3.22)

Similarly, it is possible to deduce the quadrature axis stator flux linkage:

ψsq(s) =
−ωs(

s2 + 2 1
τs
s+ ω2

s

)Vsd(s) +
Lm/τs (s+ 1/τs)(
s2 + 2 1

τs
s+ ω2

s

)Irq(s). (3.23)
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Through Equations 3.22 and 3.23 it is seen that the stator flux linkage

depends on the stator voltage and the rotor current. During a voltage sag

if the rotor current is kept constant, the flux starts to oscillate with the

stator frequency (ωs) and the oscillation damping depends on the stator

time constant (τs). Through Equation 3.6 one can notice that the stator flux

linkage induces a rotor voltage. Depending on the the control action (rotor

current control), the stator flux linkage oscillation frequency and damping

can be modified, as will be demonstrated hereafter.

3.2.3 Open rotor circuit analysis in time domain

As mentioned previously, a first approximation considers the machine

with a open rotor circuit, and then the analysis in the time domain is carried

out.

From Equations 3.1 and 3.3:

d
→
ψs
dt

=
→
vs−

Rs

Ls

→
ψs (3.24)

Considering that before the voltage sag the machine is in steady state

and that the stator resistance is negligible, the stator flux linkage is:

→
ψsf1 =

V1e
jωst

jωs
. (3.25)

Using this flux as initial condition to solve the differential Equation 3.24,

the stator flux linkage during the sag is given by:

→
ψs =

V2
jωs
ejωst + (V1−V2)

jωs
e−

(t−t0)
τs + Vtr

1/τs−
1/τtr

(
e
− (t−t0)

τtr − e−
(t−t0)
τs

)

=
→
ψsf2 +

→
ψsn +

→
ψstr

. (3.26)

The stator flux presents three components:
→
ψsf2 is the forced response
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during the sag,
→
ψsn is the natural response that appears when the stator

voltage changes and
→
ψstr is the response due to the voltage transient caused by

the ISG. Actually, the latter component is also a natural one, but to simplify

the analysis
→
ψsn is considered the natural component when the voltage sag

is rectangular whereas
→
ψstr represents the non-rectangular behavior of the

voltage sag. Therefore, the transient term is used to model the ISG behavior,

but it can also represent the sag behavior in a real grid.

Through Equation 3.26 one can notice that the forced component has

constant amplitude and rotates with the stator frequency while the natural

component is a fixed vector whose amplitude decays exponentially according

to the stator time constant. Figure 3.1 illustrates the stator flux linkage

behavior during a three-phase voltage sag when its vector is analyzed in the

complex plane.
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Figure 3.1: Complex plane representation of the stator flux linkage during a 50%
three-phase voltage sag.

In Figure 3.1 the transient behavior of the ISG of the TUDb is emphasi-

zed, because it takes some time to extinguish. In the case of the ISG of the

UFMGb this term decays faster.

Each part of the stator flux linkage induces a correspondent rotor voltage.

Substituting Equation 3.26 in 3.6, considering
→
ir = 0, the three components

of the induced rotor voltage, in the rotor referential frame, are given as:
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• The forced response:

→
vrf

r =
Lm
Ls

slipV2e
jωrt, (3.27)

where slip = ωr/ωs is the slip.

• The natural response:

→
vrn

r = −Lm
Ls

(
1

τs
− jω

)
V1 − V2
jωs

e−
(t−t0)
τs e−j(ωt−θ0), (3.28)

where θ0 = ωt0 is the angle of the stator voltage vector in the instant

of the sag entry.

• The “transient” natural response:

→
vrtr

r =
Lm
Ls

(
1

τ
− jω

)(
e
− (t−t0)

τtr − e−
(t−t0)
τs

)
τVtre

−j(ωt−θ0), (3.29)

where 1/τ = 1/τs −
1/τtr.

Through Equations 3.27, 3.28 and 3.29 it is seen that the rotor voltage

has two frequency components: a small frequency equal to the rotor fre-

quency (ωr) and a higher frequency equal to the machine electrical frequency

(ω). The natural components have amplitude significantly higher than the

forced component, thus, the natural components dominate the rotor voltage

behavior, as it will be proved hereafter.

In order to validate the theoretical development, the generators of the

test benches were left with open rotor circuits and it was imposed with the

turbine simulator a slip of -0.3 (worst case). Figures 3.2(a) and (b) show the

experimental results for both test benches. One phase of the rotor voltage

is compared with the result obtained through Equations 3.27, 3.28 and 3.29.

Both responses are in good agreement. The small difference observed can be

explained by the fact that the term produced by the VSG is not a perfect

exponential as modeled, but this fact does not commit the analysis.

Figures 3.3 (a) and (b) shows separately the amplitude of the rotor vol-

tage components obtained in the Equations 3.27, 3.28 and 3.29, evidencing
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Figure 3.2: Comparison between the rotor voltages calculated and the experimen-
tal results in the TUD test bench:
(a) - TUD test bench: 85% three-phase voltage sag, 1950 RPM;
(b) - UFMG test bench: 50% three-phase voltage sag, 2340 RPM.
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Figure 3.3: Rotor voltage components during the sag obtained through Equations
3.27, 3.28 and 3.29 for:
(a) - TUDb parameters (85% three-phase voltage sag, 1950 RPM);
(b) - UFMGb parameters (50% three-phase voltage sag, 2340 RPM).

the behavior of each one. It is seen that the transient response has a huge

impact on the amplitude of the rotor voltage.

Before proceed the analysis, it is important to note that the results of

both test benches are analyzed for sake of comparison. The two results are

not shown just in cases when the responses are similar.
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In order to verify the presence of the components with different frequen-

cies in the measured rotor voltage, the Fourier analysis of this variable is

shown in Figure 3.4 for the TUDb. The behavior for the UFMGb is similar,

with the difference that its supply frequency is 60Hz, whereas for the TUDb

is 50Hz. Below each component is analyzed:
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Figure 3.4: Fourier analysis of the measured rotor voltage during the sag for the
TUDb(85% three-phase voltage sag, 1950 RPM).

• The forced component has frequency equal to the rotor frequency (fr).

The amplitude of this component is constant and can be calculated

through:

∣∣vrfmax

∣∣ = Lm
Ls

|slip|V2, (3.30)

so dependent on the slip magnitude and the remaining stator voltage;

• The natural component has frequency equal to the rotor electrical fre-

quency (f). It is seen that this component decay according the stator

time constant. The maximum natural component may be approxima-

ted by:

|vrnmax | =
Lm
Ls

(1− slip) (V1 − V2) , (3.31)
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and happens in the sag beginning. Through Equation 3.31 one can

notice that the amplitude is proportional to the per unit machine speed

and the voltage sag depth;

• The so called transient component has frequency equal to the natural

component, because in fact it is also part of the natural component, as

already stated. It is seen that this component presents a first rising,

dependent on the transitory time constant (τtr), and after it decays

according the stator time constant. Taking the derivative of Equation

3.29 it is calculated that the maximum value of the component occurs

in the instant tp:

tp = −τ ln
(
τs
τtr

)
. (3.32)

For the TUDb this rising time takes some cycles and for the UFMGb

it is fast . The maximum amplitude of this term is equal to:

∣∣vrtrmax

∣∣ = Lm
Ls

ωτVtr



(
τs
τtr

)τ/τtr −
(
τs
τtr

)τ/τs

 , (3.33)

showing that it is proportional to the electrical frequency and also the

constant τ .

The dependence of the transitory response amplitude on the constant τ ,

thus, on the τtr is an interesting fact that comes from Equation 3.33. This

conclusion demonstrates that the doubly-fed generator is affected not just

by the remaining voltage, but also on the voltage dip shape. Figures 3.3 (a)

and (b) show that the transient response in those cases are worse than the

natural response.

The results presented in this work are dependent on the ISG charac-

teristics. The ISG may not reproduce the characteristics of a real voltage

sag mainly because the impedances are changed for different voltage depths.

Although, the study is not invalidated, because a complete analysis is carried

out, therefore each effect can be easily separated. This discussion points two

important facts:



48 3 DFIG Behavior During Balanced Voltage Sags

• actually, a real grid voltage sag is not rectangular as commonly studied,

therefore the impact on the DFIG may be much worse than expected;

• the ISG parameters may affect the system under test. As this structure

is recommended on the standard IEC61400-21 for voltage sag tests, it

is important to evaluate this effect.

Continuing the open rotor analysis, in order to verify the behavior of

the machine in different speeds and voltage sags depth, Figure 3.5 shows the

maximum rotor voltages measured in the UFMGb. The results for the TUDb

is not shown, because it is possible to test just a unique voltage sag. In this

bench, for the 85% three-phase voltage sag, the maximum rotor voltage is

450V in 1950RPM.
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Figure 3.5: Experimental result of the maximum rotor voltage during different
voltage sags - UFMGb.

The characteristic of the curve shown in Figure 3.5 can be explained

analyzing Equations 3.30, 3.31 and 3.33. Unfortunately, the maximum rotor

voltage cannot be calculated adding the three values given by these equations,

because the components are not in phase. Although, the equations give an

idea about the influence of the speed and the voltage depth in the maximum

rotor voltage. For small sag depths, the forced response represents the largest

part of the rotor voltage, so it is seen a high dependence of the slip modulus.
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Increasing the voltage sag depth, the natural and the transitory component

becomes the largest component. As these components depend on the speed,

one can notice in Figure 3.5, that for higher speeds it is induced higher

voltages.

Comparing the curves in Figure 3.5, it is seen that the distance between

the 75% and 50% curves is greater than the distance between the 50% and

20% curves. This fact is justified not by the machine behavior, but by the

ISG behavior. Different sags mean different impedances, thus, the voltage

sag shape also changes due to the inductor saturation, as previously stated.

Until now just the results of the test benches were shown. In order to

extrapolate the results for a high power system, Figure 3.6 show the com-

parison between the rotor voltage calculated and the one obtained using the

complete 5th order model implemented in the MATLAB/Simulink. The the-

oretical result is calculated using just Equations 3.27 and 3.28, since the sag

is considered perfectly rectangular in the simulation.
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Figure 3.6: Comparison between the rotor voltage simulated and calculated with
the parameters of the 2MW system (50% three-phase voltage sag, 1950
RPM).

Comparing Figures 3.2 and 3.6 one can notice that the natural compo-

nent decays much more slowly in the 2MW system. This behavior is explained

by the fact that high power generator generally has a small stator resistance
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and then the stator time constant is higher than in small generators. Compa-

ring the results of Figures 3.2 (a) and (b) for the test benches, this fact can

also be noticed. The 30kW generator (UFMGb) has higher time constant

than the 4kW one (TUDb). It is necessary to pay attention in this fact when

the results of the test bench are analyzed and RTFC strategies are developed.

3.2.4 Open rotor circuit analysis in Laplace domain

Considering the rotor current equal to zero, substituting Equations 3.15,

3.17 and 3.22 in Equation 3.11, the direct axis rotor voltage equation is:

Vrd(s) =
Lm
Ls

(
s2 + 1

τs
s+ ωrωs

s2 + 2 1
τs
s+ ω2

s

)
Vsd(s). (3.34)

Similarly using Equations 3.16, 3.18 and 3.23 in Equation 3.12, the qua-

drature rotor voltage is given by:

Vrq(s) =
Lm
Ls

(
(ωr − ωs) s+ ωr/τs
s2 + 2 1

τs
s+ ω2

s

)
Vsd(s). (3.35)

In these equations it is possible to see that the rotor voltage dynamic

behavior is represented by a second order transfer function with time constant

equal to τs and angular frequency equal to ωs. This fact confirms the results

obtained in Equations 3.27, 3.28 and 3.29.

Figure 3.7 shows the comparison between the measured rotor voltage in

the TUDb and the results obtained using equations in the time and Laplace

domains. Now a sub-synchronous speed was tested and again the theoretical

and experimental results are in good agreement.
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Figure 3.7: Rotor voltage measured and calculated - TUDb (85% three-phase vol-
tage sag, 1300 RPM).

3.2.5 Complete analysis in Laplace domain

The open rotor analysis is a good mathematical approximation if the

rotor current is kept under acceptable values, but generally that is not true

during voltage sags due to the high induced rotor voltage, as demonstrated in

the previous subsections. Furthermore, the RSC control influences the rotor

currents behavior, thus, the flux linkage transient response.

The stator flux linkage differential equation, obtained from Equations

3.1 and 3.3, is:

d
→
ψs
dt

=
→
vs−

Rs

Ls

→
ψs+

Lm
Ls

→
ir . (3.36)

The analysis of the stator flux linkage response in the time domain is

not a simple task, thereby the Laplace domain is used. Equations 3.22 and

3.23 show the influence of the rotor currents in the stator flux linkage in

the Laplace domain. To simplify the notation these equations are rewritten

below:

ψsd(s) = G〈ψsdVsd〉(s) · Vsd(s) +G〈ψsdIrd〉(s) · Ird(s), (3.37)
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ψsq(s) = G〈ψsqVsd〉(s) · Vsd(s) +G〈ψsq Irq〉(s) · Irq(s). (3.38)

The stator voltage depends on the sag behavior, but the rotor current

depends on the control action and also on the stator flux linkage. In order to

deduce this dependence, Equation 3.17 is substituted in 3.15 and Equation

3.18 in 3.16, resulting:

ψrd = LrIrd +
Lm
Ls

(ψsd − LmIrd) , (3.39)

ψrq = LrIrq +
Lm
Ls

(
ψsq − LmIrq

)
(3.40)

From the substitution of Equations 3.39 and 3.40 in 3.11, yields:

Ird(s) =
1

σLrs+Rr
Vrd(s)− (Lm/Ls)

σLrs+Rr
sψsd(s)

+
ωr[σLrIrq (s)+(Lm/Ls)ψsq (s)]

σLrs+Rr

. (3.41)

Similarly substituting Equations 3.39 and 3.40 in Equation 3.12:

Irq(s) =
1

σLrs+Rr
Vrq(s)− (Lm/Ls)

σLrs+Rr
sψsq(s)

− ωr[σLrIrd(s)+(Lm/Ls)ψsd
(s)]

σLrs+Rr

. (3.42)

Simplifying the notation of Equations 3.41 and 3.42:

Ird(s) = G〈IrdVrd〉(s) · {Vrd(s)− s (Lm/Ls) · ψsd(s) + CCd} , (3.43)

Irq(s) = G〈IrqVrq〉(s) ·
{
Vrq(s)− s (Lm/Ls) · ψsq(s) + CCq

}
. (3.44)



3.2 Mathematical Modeling 53

In these equations the cross coupling terms (CCd and CCq) may be

neglected, because their effects are generally reduced using compensators

which were described in last chapter. Therefore, it is seen that the rotor

current depends on the stator flux linkage and the rotor voltage, which is

imposed by the converter and depends on the gains of the rotor current

control loop. The parcel dependent on the stator flux linkage is the voltage

induced in the rotor circuit or the so called electromotive force (emf).

The block diagram shown in Figure 3.8 represents the Equations 3.37,

3.38, 3.43 and 3.44. In Figure 3.9 this block diagram is simplified and the

rotor current control loop is included. The subscripts d and q were suppres-

sed, Gc is the controller transfer function and “INV” is the inverter. One can

notice that the rotor current influences the stator flux linkage, but the stator

flux linkage is also influenced by the rotor current, that is, the state variables

are dependent.

Figure 3.8: Block diagram representation of Equations 3.37, 3.38, 3.43 and 3.44.

In the time domain the correspondent differential equation of the transfer

functions given in Equations 3.41 and 3.42 is:
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Figure 3.9: Block diagram representation of the current control.

→
vr

r =
→
vrψ

r +Rr

→
ir+σLr

d

dt

→
ir, (3.45)

where
→
vrψ

r is the open rotor voltage or the emf calculated summing the com-

ponents given in Equations 3.27 to 3.29. This equation can be represented by

an equivalent RL circuit depicted in Figure 3.10. The inverter is represented

using an ideal current source, because it is current controlled. This conside-

ration is only valid if the inverter is capable of synthesizing the voltage
→
vr

r.

On the contrary, high currents take place.

Figure 3.10: Rotor equivalent circuit.

Considering an ideal inverter, i.e., without delays and without saturation,

neglecting the cross coupling terms and using a PI controller, Equations 3.41

and 3.42 can be written as:
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Ird(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I∗rd(s)− Ird(s)

)
− s (Lm/Ls)

σLrs+Rr

ψsd(s),

(3.46)

Irq(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I∗rq(s)− Irq(s)

)
− s (Lm/Ls)

σLrs+Rr

ψsq(s).

(3.47)

It is interesting to analyze only the stator flux linkage and rotor current

natural components (oscillatory response) since the forced component can

be easily obtained from the steady-state analysis. Therefore, null rotor cur-

rent reference (I∗r (s)) can be assumed and from Equations 3.46 and 3.47 the

natural rotor currents are given by:

Inrd(s) =
−s2 (Lm/Ls)

σLrs2 + (Kp +Rr) s+Ki

ψnsd(s), (3.48)

Inrq(s) =
−s2 (Lm/Ls)

σLrs2 + (Kp +Rr) s+Ki

ψnsq(s), (3.49)

where the superscript“n”represents the natural or oscillatory response. Subs-

tituting Equations 3.48 and 3.49 in 3.22 and 3.23, the natural stator flux

linkage is calculated through:

ψnsd(s) =
(s+ 1/τs) (σLrs

2 + (Kp +Rr) s+Ki)(
s2 + 2 1

τs
s+ ω2

s

)
(σLrs2 + (Kp +Rr) s+Ki) +

1
τs

L2
m

Ls
s2
(
s+ 1

τs

)Vsd(s),

(3.50)

ψnsq(s) =
−ωs (σLrs2 + (Kp +Rr) s+Ki)(

s2 + 2 1
τs
s+ ω2

s

)
(σLrs2 + (Kp +Rr) s+Ki) +

1
τs

L2
m

Ls
s2
(
s+ 1

τs

)Vsd(s).

(3.51)

Equations 3.50 and 3.51 show two fourth order transfer functions relating
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the stator voltage with the natural stator flux linkage. It is not a easy task to

simplify these equations using the literal form, but substituting real numeric

values of a typical DFIG generator and choosing adequate controllers gains,

one can notice that the system may be reduced to second-order transfer

functions. Through the analysis of these transfer functions one can notice

that the control parameters’ values (Kp, Ki) affect the stator flux linkage

damping and oscillation.

If the controller zero (Ki/Kp) is much smaller than the grid frequency ωs,

the controller will not affect the phase angle between the input and output,

so the rotor current will be lagging the voltage by 1800 (negative feedback).

In this situation, the flux damping depends on the controller gain evaluated

in the grid frequency. The smaller the gain, the higher the flux damping.

Cases 1 and 2 in Figure 3.11 illustrate the Bode diagram of the PI controller

with high and small gains, respectively, in the cases when current and voltage

vectors have no phase difference when evaluated in the frequency ωs. The

gains for the 2MW system listed in the Appendix D were used as base values.
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Figure 3.11: Bode diagram of the PI controller (2MW WECS gains).

When the controller zero is higher than the frequency ωs, the controller

inserts a phase angle between the rotor current and voltage. In this case, the

flux damping is slowed down. The higher the phase shift, the smaller the

damping. The worst case happens when there is a phase lag of 900. This

situation is depicted as Case 3 in Figure 3.11 where one can see that the
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gain evaluated in the grid frequency is similar to the Case 1, but the phase

approximately 450.

Figure 3.12 depicts the natural direct axis stator flux linkage in the three

cases mentioned earlier. These graphs were obtained using Equation 3.50

with the 2-MW system parameters. The results of Figure 3.12 and the pole

analysis of Equations 3.50 and 3.51 lead to important conclusions:

• The flux damping is accelerated when the current control is adjusted

to a small bandwidth. Although, a small control bandwidth means a

slow system response, therefore during voltage sags the currents will be

extremely high, because the inverter will not answer fast to counteract

the high emf induced in the rotor. In this situation, the RSC may be

destroyed.

• A priori, for normal operation the implementation of fast controllers is

desirable, because it can reject the system disturbances, but during the

voltage sags a fast controller implies a slower flux damping. Although

the rotor currents are smaller than those in the case with slow control,

a decrease in the flux damping is not desirable, because the flux oscil-

lations reflect on the electromagnetic torque causing high mechanical

stresses in the drive train.

In order to avoid problems like those, it is necessary to implement control

strategies in such a way that the system behavior is not dependent on the

current control adjustment. It is also mandatory to limit the rotor current

to avoid the damage of the RSC. In Chapter 5 strategies based on these

conclusions are developed.

It is important to highlight that in the mathematical development it was

assumed a generator with stator and rotor turns ratio unitary. Generally in

real systems this relation is not unitary, so Equations 3.50 and 3.51 referred

to the rotor can be rewritten as:

ψnsd
∣∣
r
=

(s+ 1/τs) (σLrs
2 + (KsrKp +Rr) s+KsrKi)(

s2 + 2 1
τs
s+ ω2

s

)
(σLrs2 + (KsrKp +Rr) s+KsrKi) +

1
Ksr

L2
m

τsLs
s2
(
s+ 1

τs

)Vsd ,

(3.52)



58 3 DFIG Behavior During Balanced Voltage Sags

0 0.2 0.4 0.6 0.8 1
−1

0

1
Direct Stator Flux Linkage

 

 
Kp, Ki − Case 1

0 0.2 0.4 0.6 0.8 1
−1

0

1

Time (s)

 

 Kp, Ki*50 − Case 3

0 0.2 0.4 0.6 0.8 1
−1

0

1

A
m

pl
itu

de
 (

w
eb

er
)

 

 

Kp/5, Ki/5 − Case 2

Figure 3.12: Direct axis stator flux linkage (2MW WECS, 50% three-phase sag).

ψnsq

∣∣∣
r
=

−ωs (σLrs2 + (KsrKp +Rr) s+KsrKi)(
s2 + 2 1

τs
s+ ω2

s

)
(σLrs2 + (KsrKp +Rr) s+KsrKi) +

1
Ksr

L2
m

τsLs
s2
(
s+ 1

τs

)Vsd ,

(3.53)

where Ksr =
Vs
Vr

is the relation between stator and rotor voltages.

Another important assumption is that the converter is capable of impo-

sing the voltages required by the control. In the case when the converter

saturates (maximum voltage is reached), the system response may be worse,

because high uncontrolled rotor currents may take place.

The mathematical modeling developed in this section is also valid for

the voltage recovering after the sag. In the voltage recovering transient, the

stator flux natural component is present, and it induces high rotor voltages

and currents. This situation is not addressed here, because it is similar to

the voltage drop transient.
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3.3 Experimental Results

In the previous section the mathematical analysis was developed in or-

der to understand the behavior of the DFIG during the voltage sags. The

comparison between the theoretical and experimental results, for the open

rotor case, have been already shown, therefore here the effect of the control

in the system behavior is analyzed comparing the experimental results with

the mathematical prediction.

In this section, some experimental results are presented for both test rigs.

The following conditions were considered during the tests:

• The DC-link voltage controlled in 450 V;

• The quadrature axis of the grid and rotor current references are equal

to zero, i.e, no reactive power control. This assumption does not impact

the currents dynamics, just the amplitude;

• The stator active power reference follows the maximum power point

tracking (MPPT) curve;

• During the voltage sag, the active power control is deactivated and the

current reference is kept constant. This procedure is used in order to

avoid the influence of the power control that can difficult the analysis.

Furthermore the power control is slow, therefore its influence can be

neglected without significant errors in the analysis;

• In the TUDb an 85% (remaining voltage) three-phase voltage sag is

applied, whereas in the UFMGb an 50% sag is tested. In both situations

the sag starting time is t0 = 0s and it lasts 1s.

The following subsections show the experimental results for different ope-

ration conditions.

3.3.1 Test 1: Synchronous Speed

In the first test, the generators are operating at the synchronous speed.

This is not a typical speed for the operation of the DFIG, because in this
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point some problems arise, like the unequal heating of the RSC‘s IGBTs.

Nevertheless, this is the condition first analyzed, because it is the simplest

case. In the next subsections other speeds are analyzed.

During the tests, the proportional and integral gains of the rotor current

control were set according to the tables presented in the Appendices B and

C.

The most important variable to be analyzed is the rotor currents, shown

in Figures 3.13 (a) and (b). During the sag these currents reach high peak va-

lues that may destroy the RSC. For better visualization, when it is necessary

just one phase of the ABC currents and voltages is shown.
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Figure 3.13: Experimental results of the phase A of the rotor currents at synchro-
nous speed:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

Through the Fourier analysis of the rotor currents (Figures 3.14 (a) and

(b)) it is possible to identify the components. The forced component is fr = 0,

since the synchronous speed was considered during the tests. For the UFMGb

this component is not exactly null, because during the test the machine

deviates a little from the synchronous speed. The natural components are

also highlighted in these graphs and they have a frequency close to the grid

frequency.

As seen in Figures 3.13 (a) and (b), the natural component causes high

rotor currents compared with the normal operation. In the open rotor circuit
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Figure 3.14: Fourier analysis of the phase A rotor current at synchronous speed:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

case, the natural flux decays according to the stator time constant. The test

benches presents different behaviors:

• For the TUDb one can notice, analyzing the rotor currents, that the

control action increases the flux damping. The stator time constant

is τs = 0.158s and through Figure 3.13(a) it is seen that the natural

component decays to 0 in approximately 0.2s. The control action also

changes the natural component frequency, which in this case lies around

48Hz, deviating from the stator frequency (50Hz).

• For the UFMGb, the control action does not affects the stator flux

damping compared with the open rotor analysis(τs = 0.426s). The

currents frequency is 59Hz, 1Hz below the grid frequency.

The influence of the control in the rotor currents can be calculated using

Equations 3.48 to 3.51. Substituting the TUDb parameters in these equa-

tions, it is calculated that the decay time constant is reduced to 86.5ms,

because the controller gain evaluated in 50Hz is relatively small and the ro-

tor current is opposite to the voltage. The natural frequency is also changed

to 48Hz. Figure 3.15(a) shows the dq currents measured and calculated.

Figure 3.15(a) shows that there is a small difference between the respon-

ses, mainly in the phase, but this does not commit the modeling, since it
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Figure 3.15: Experimental results of the direct and quadrature axes of rotor cur-
rents at synchronous speed test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

is important to calculate the maximum current values and approximate the

damping. The shift error probably is from the assumed approximations. It

is important to highlight that Equations 3.48 to 3.51 give just the natural

response, so in order to compare the graphics the forced current was add to

the calculated result.

In Figure 3.15(b) the dq rotor currents for the UFMGb is shown. The

comparison between the experimental and the theoretical results was not pos-

sible, because the dynamical behavior of the ISG affects so much the response

of the rotor currents and this effect is complex to be modeled. Although, it is

possible to see through this figure and Figure 3.14(b) that the natural compo-

nent is more relevant in the UFMGb. This fact is explained first because the

voltage sag is deeper and second because the stator time constant is higher.

The latter fact is important to be analyzed, because the rotor currents will

be in high values longer, thus, they are potentially more dangerous for the

converter.

Another important variable is the rotor voltage imposed by the converter,

shown in Figures 3.16 (a) and (b). If the voltage demanded by the control

exceeds the converter limits, the rotor currents may increase very much.

In both cases, one can notice that the rotor voltages are below the limits.

Despite the fact that the TUDb voltage sag is less deep than the sag in
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UFMGb, the voltage maximum values are similar, because in the TUDb the

rated rotor voltage is higher.
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Figure 3.16: Experimental results of the phase A of the rotor voltages at synchro-
nous speed test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

Comparing Figures 3.16 and 3.15, it is possible to see that in both cases

the rotor currents are in anti-phase with the voltages. For the TUDb the gain

in the grid frequency is high (Case 1 of Figure 3.11), thus, the flux damping

is increased. For the UFMGb this gain is small (Case 2 of Figure 3.11) in

such a way that the damping is not changed.

Figures 3.17 (a) and (b) show the phase A of the stator currents. The

deviation of the natural flux frequency from the stator frequency, 2Hz in the

TUDb and 1Hz in the UFMGb, caused by the control action, appears in the

stator current.

The rotor currents and stator flux linkage oscillations due to the natural

component cause vibration in the machine electromagnetic torque, causing

mechanical stresses. These oscillations also reflect in the power supplied to

the grid, causing a decrease in the system power quality. Figures 3.18 and

3.19 show the estimated electromagnetic torque and power where it is seen

the oscillations in these variables and a decrease in their mean values. One

can notice that the natural component in the UFMGb is longer, therefore it

has an greater effect in the whole system.
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Figure 3.17: Experimental results of the phase A of the stator currents at synch-
ronous speed test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).
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Figure 3.18: Experimental results of the estimated electromagnetic torque at syn-
chronous speed test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

During the sag the DC-link voltage (Figure 3.20) tends to increase, be-

cause the high rotor currents flow to the capacitor, thus the grid side currents

also increase (Figure 3.21) in order to keep the DC-link voltage constant and

to keep the same power transfer. In the case of the TUDb, as the sag is

smooth, the grid side converter is capable of controlling the grid currents
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Figure 3.19: Experimental results of the estimated active and reactive powers at
synchronous speed test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).
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Figure 3.20: Experimental results of the DC-link voltage at synchronous speed
test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

and keeping the DC-link voltage mean value constant. For the UFMGb the

control grid currents limit is reached (35A), therefore the DC-link voltage

rises. To avoid the damage of the converter, a break chopper is used to li-

mit the DC-link voltage (maximum 540V). In both cases, the rotor currents

oscillations reflect on the DC-link voltage and GSC currents.
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Figure 3.21: Experimental results of the dq GSC currents at synchronous speed
test:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

3.3.2 Test 2: Synchronous Speed, Modifying the Con-

trol Gains

In order to verify the influence of the rotor current controllers gains on

the DFIG behavior, the same conditions of the previous test are considered,

but the controller is changed in such a way that now the control shifts the

phase between the rotor voltages and currents. In the TUDb the calculated

project value of the integral gain is increased of 3.33 times and in the UFMGb

6.66 times.

Figure 3.22 depicts the dq rotor currents during the voltage sag. It is

seen in both cases that compared with the open rotor case and with the

previous test, the natural component decays is much slower. The increase

in the natural oscillation causes higher rotor currents and voltages (Figure

3.23), increasing the IGBT’s heating and the system mechanical stresses.

Comparing the results of this section with the previous one, it is seen

that if no ride-through strategies are implemented, the adjustment of the

control may decrease so much the flux damping, even leading the system to

instable operation. Of course the tested gains are not optimized, but the

objective is to show that the gains can affect the system behavior.
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Figure 3.22: Experimental results of the dq rotor currents at synchronous speed
test with modified gains:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).
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Figure 3.23: Experimental results of the phase A of the rotor voltages at synchro-
nous speed test with modified gains:
(a) - TUD test bench (85% three-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1800 RPM).

3.3.3 Test 3: Slip = +0.15

In order to evaluate the system behavior for different operating conditi-

ons, the controller gains are set again for the same value of the Test 1. It

is first tested a sub-synchronous speed in such a way that the machines are
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operating with a slip equal to 0.15.

Figure 3.24 show the results for the phase A of the rotor currents and

Figure 3.25 shows the Fourier analysis. The rotor current has a forced com-

ponent with frequency equal to the rotor frequency (fr) and a natural com-

ponent. It is clearly seen how the natural component has a high value.

For the TUDb, as the controller gains are the same of the Test 1, the

calculated natural frequency (47Hz) and the decay time constant (86.5 ms)

are equal. The natural frequency calculated from Equations 3.48 to 3.51 is

given in the rotating synchronous reference frame, so in the fixed referential

the natural component is supposed to be 39.5Hz, this is the natural fre-

quency(47Hz) minus the rotor electrical frequency(fr = 7.5Hz), value close

to the value shown in Figure 3.25(a). For the UFMGb fr = 9Hz the same

analysis can be done and one can notice that the the natural component in

the fixed referential frame is 50Hz.
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Figure 3.24: Experimental result of the phase A of the rotor currents for
slip=+0.15:
(a) - TUD test bench (85% three-phase voltage sag, 1275 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1530 RPM).

The Figure 3.26 depicts the rotor currents in the synchronous reference

frame. In Figure 3.26(a) the theoretical result is also plotted, showing good

agreement between the responses. It is interesting to note that, as in the pre-

vious tests, the mean value of the currents (forced component) is controlled,

but the peak values of the oscillatory part (natural component) is almost not

affected by the control.
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Figure 3.25: Fourier analysis of the rotor currents for slip=+0.15:
(a) - TUD test bench (85% three-phase voltage sag, 1275 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1530 RPM).

0 0.1 0.2 0.3 0.4 0.5

0

2

4

Direct Axis Rotor Current

C
ur

re
nt

 (
A

)

 

 

0 0.1 0.2 0.3 0.4

−2

0

2

Quadrature Axis Rotor Current

C
ur

re
nt

 (
A

)

Time (s)

 

 

Reference
Measured
Calculated

Reference
Measured
Calculated

0 0.2 0.4 0.6 0.8
−40
−20

0
20
40
60

Direct Axis Rotor Current

C
ur

re
nt

 (
A

)

 

 

0 0.2 0.4 0.6 0.8 1
−50

0

50
Quadrature Axis Rotor Current

C
ur

re
nt

 (
A

)

Time (s)

 

 

Reference
Measured

Reference
Measured

(a) (b)

Figure 3.26: Experimental result of the dq rotor currents for slip=+0.15:
(a) - TUD test bench (85% three-phase voltage sag, 1275 RPM);
(b) - UFMG test bench (50% three-phase voltage sag, 1530 RPM).

3.3.4 Test 4: Slip = -0.15

The results for the test of a super-synchronous speed (slip=-0.15) is dis-

cussed in this subsection. The UFMG test bench cannot tolerate a 50%

voltage sag with this speed, because the converter current protection actu-

ate. Therefore, an voltage drop with 80% remaining voltage is considered.
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Figures 3.27 and 3.28 shows the phase A of the rotor currents and vol-

tages. With the increasing of the speed, the risk for the system is increased,

because of two facts: the induced rotor voltage is higher, thus, the currents

tend to be higher and also because the currents is already higher before the

sag.
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Figure 3.27: Experimental result of the phase A of the rotor currents for slip=-
0.15:
(a) - TUD test bench (85% three-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (80% three-phase voltage sag, 2070 RPM).
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Figure 3.28: Experimental result of the phase A of the rotor voltages for slip=-
0.15:
(a) - TUD test bench (85% three-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (80% three-phase voltage sag, 2070 RPM).
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3.3.5 Test 5: Slip = -0.15 - Control Saturation

Until now the analysis were carried out for the cases where the control

does not saturate, i.e., the converter imposes the required voltage. Here the

same conditions of the Test 4 are used, but the DC-link voltage is changed,

reducing the converter voltage limits capability. The results for the UFMGb

is not shown, because the effect to be demonstrated is similar in both test

benches.

Figures 3.29(a) and 3.30(a) show the rotor currents during the sag when

DC-link voltage is 200V and 170V, respectively. Figures 3.29(b) and 3.30(b)

depict the correspondent rotor voltage. Comparing the current peaks, one

can see that the increase in the voltage saturation increases the rotor currents.

There is also a small change in the damping and frequency of the natural

component.

Through these results one can conclude that the maximum rotor current

during the sag depends on the converter voltage capability. Without ride-

through strategies the rotor currents may reach unacceptable values tripping

the converter or even damaging it.
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Figure 3.29: Experimental result of the TUDb, 1725 RPM, Vdc = 200V :
(a) - Rotor currents;
(b) - Rotor Voltages.

It is expected that in the voltage recovering after the sag the natural

component also arises and system behavior is similar to the voltage sag be-

ginning transient. This instant is briefly analyzed for the simulation results.
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Figure 3.30: Experimental result of the TUDb, 1725 RPM, Vdc = 170V :
(a) - Rotor currents;
(b) - Rotor Voltages.

3.3.6 Rotor currents excursion

In the previous subsections the transient behavior of the rotor voltage

and current were analyzed in different operation conditions. Here the ampli-

tude behavior of such variables varying with the speed is shown in Figures

3.31 (a) and (b). These graphs were obtained with the machine controlled fol-

lowing the MPPT curve. Furthermore, in order to avoid high rotor currents,

immediately after the sag the stator active power reference was decreased to

zero.

For the TUDb it is shown the result of the 85% voltage sag and for

UFMGb three sags are evaluated: 80%, 50% and 20%. Through Figures 3.31

(a) and (b) it is seen the increasing of the maximum rotor current with the

speed increasing, because of the increasing in the generated power.

For the UFMGb (Figure 3.31(b)) the increase of rotor currents with the

increasing of the voltage sag depth is demonstrated. Unfortunately it was

not possible to complete the entire curves for all speeds, because currents

above 70A causes the trip of the converter protection. The curves are not

equally separated from each other, because, as stated previously, changing

the voltage sag also change the ISG behavior. Nevertheless, the arising of

high currents is clearly seen, therefore strategies to avoid them are necessary.
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Figure 3.31: Maximum rotor currents:
(a) - TUD test bench (85% three-phase voltage sag);
(b) - UFMG test bench.

3.4 Simulation Results

In the previous section the experimental results were presented and

analyzed. These results were obtained in small scales test benches, there-

fore to extrapolate the results for a high power WECS the simulation model

is used. It is important to mention that the objective here is not prove

the validity of the simulation model, but to show the difference between the

responses of the low and high power WECS.

In the simulation of the 2MW system a 50% three-phase voltage sag

was tested with the machine operating at rated power (1950RPM). First the

control is adjusted with a bandwidth approximately 400Hz, in such a way

that the voltage is lagging 1800 the current in 50Hz, i.e., the flux damping is

not changed when compared with the open rotor case.

Figure 3.32 shows the dq rotor currents simulated and calculated using

Equations 3.48 to 3.51. The results calculated and simulated are in good

agreement presenting a small difference in the damping. As already stated

in the open rotor analysis, it is seen that the natural component damping

in the 2 MW system is much smaller than in the test bench, so the rotor

currents oscillate for longer time, reflecting in torque and power oscillations.
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Figure 3.32: Simulation results of the dq rotor currents (1950 RPM, Kp = 0.26Ω
and Ki = 1.36Ω/s).

Figure 3.33 depicts the rotor currents when the control bandwidth is

reduced to 80Hz. It is seen that the flux damping is increased, but on the

other hand the rotor currents in beginning of the sag suffers a considerable

increment. The theoretical result differs a little more from the simulation,

but the maximum current and the damping are still well approximated.

Setting again the controller gains for its normal values, Figure 3.34 shows

the simulation result for a 50% three-pahse voltage sag with 1s duration.

In this figure the sag recovering instant is presented, showing that in this

moment natural component also arise, as stated before.

In Figure 3.34 comparing the maximum rotor current when the voltage

drops and rise, one can notice that the voltage recovering is worse for the

system. This fact occurs, because in spite of being the natural component

equal, the forced component is obviously higher after the voltage sag end

than during the sag.

These results show that studies of voltage sags carried out in small scale

test rigs can be used for the analysis, but the difference in the stator time

constants should be considered. This remark is important mainly when deve-

loping ride-through strategies. None of the papers investigated in the recent

literature considers this fact.
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Figure 3.33: Simulation results of the dq rotor currents (1950 RPM, Kp = 0.053Ω
and Ki = 0.27Ω/s).
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Figure 3.34: Simulation results of the dq rotor currents (1950 RPM, Kp = 0.26Ω
and Ki = 1.36Ω/s).

3.5 Final Considerations

In this chapter the behavior of the DFIG technology during balanced

voltage sags was analyzed. The theoretical analysis and the experimental
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and simulation results show that, during balanced voltage sags, the natural

stator flux linkage induces high rotor voltages and currents. The natural

component causes torque and power oscillations that are prejudicial to the

system. Furthermore, the high voltage and currents are harmful for the

converter, because the IGBT’s heating is increased.

It was demonstrated through the mathematical modeling that the rotor

current control tunning affects the damping of the stator flux linkage natural

component. Therefore, the natural component in the rotor voltages and cur-

rents are also affected increasing or decreasing the electrical and mechanical

stresses, depending on the control action. This fact was proved through the

experimental and simulation results.

The flux damping is also dependent on the stator time constant. The

comparison between the simulation and experimental results evidences that

in high power systems the damping is smaller, because higher the generator

rated power smaller the stator resistance and higher the time constant. This

remark is important when analyzing the results of scaled small power test

benches.

Another fact that affects the electrical and mechanical stresses of the

system is the converter voltage capability. If the voltage command set by

the controller is not imposed by the converter, that is, the voltage control

output saturates, the amplitude of the rotor currents will be high and may

destroy the converter. To avoid the damage of the converters it is necessary

to implement ride-through strategies. In Chapter 5 new strategies to improve

the behavior of the DFIG during balanced voltage sags are proposed.



Chapter 4

DFIG Behavior During

Unbalanced Voltage Sags

4.1 Introduction

The previous chapter analyzed the behavior of the doubly-fed induction

generator during balanced voltage sags. In the present chapter, the unba-

lanced voltage sags case is scrutinized. Actually, this type of voltage sag

represents 90% of all voltage dips (Bollen, 2000), therefore it is important to

analyze the DFIG behavior for this situation.

Most of the grid codes do not distinguish the system RTFC requirements

between symmetrical and asymmetrical faults, but some of them require the

injection of reactive power for voltage support during voltage dips. Further-

more, generated power quality restrictions are mandatory (ONS, 2009a),

(E.ON, 2006). Therefore, the analysis carried out in this chapter is important

in order to develop strategies to improve system RTFC.

Similar to the balanced case analysis, first the mathematical modeling

is developed and after the experimental and simulation results are presented

and analyzed.

4.2 Mathematical Modeling

In order to develop the mathematical analysis of the DFIG during asym-

metrical voltage sags, as previously, the analysis in the time domain and in

the Laplace domain are carried out.
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4.2.1 Time domain model

Balanced three-phase systems have only positive sequence component,

whereas during voltage unbalances negative sequence components also arise

(Bollen, 2000). Thus, for the temporal analysis, the symmetrical components

theory is employed (Wagner and Evans, 1933) in such a way that the variables

can be divided in positive, negative and zero sequence. The stator variables

can be represented by:

→
As =

→
A0 +

→
A+ e

jωst +
→
A− e

−jωst, (4.1)

where As represents a generic stator variable (vs, is, ψs), the subscripts +, -

and 0 are, respectively, the positive, negative and zero sequence components.

Analogously, the rotor variables can be calculated through:

→
Ar =

→
A0 +

→
A+ e

jωr+ t +
→
A− e

jωr− t, (4.2)

where ωr+ = ωs − ω and ωr− = −ωs − ω are the angular frequency of the

rotor currents due to the positive and negative sequences, respectively.

Using Fortescue Transform (Fortescue, 1918), the sequence components

are calculated through:




→
A+
→
A−
→
A0


 =

1

3




1 a a2

1 a2 a

1 1 1







→
Aa
→
Ab
→
Ac


 , (4.3)

with a = ej
2π
3 .

Using Equations 4.1 and 4.2, the equations of induction machines can

also be divided in positive and negative sequence. These equations in the

fixed stator reference frame are given by:

→
vs± = Rs

→
is± +

d
→
ψs±
dt

, (4.4)
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→
vr± = Rr

→
ir± +

d
→
ψr±
dt

− jω
→
ψr± , (4.5)

→
ψs± = Ls

→
is± +Lm

→
ir± , (4.6)

→
ψr± = Lr

→
ir± +Lm

→
is± , (4.7)

Considering a machine with symmetric impedances, the positive and

negative components produce fluxes that rotate in opposition to each other,

whereas the zero component does not produce flux (López et al., 2008a). The

stator flux during the sag is given by the positive and negative sequences of

the forced response plus the natural component induced during the voltage

transient, as stated for the symmetrical case:

→
ψs =

→
ψs+ +

→
ψs− +

→
ψsn . (4.8)

The stator flux linkage components induce correspondent rotor voltage

components:

→
vr =

→
vr+ +

→
vr− +

→
vrn . (4.9)

As in the balanced case and based in López et al. (2008a), the first ap-

proximation adopted is to analyze the open rotor circuit case. Before starting

the development, it is important to highlight that the transient component,

which depends on the ISG and was modeled for the symmetrical case, is ne-

glected in the present modeling, because the main component is the negative

sequence, as shown during the development.

4.2.2 Open rotor circuit analysis in time domain

Considering that before the voltage sag the machine is in steady state

and the stator resistance is negligible, the stator flux linkage symmetric com-

ponents during the sag are given by:
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→
ψs+ =

V+e
jωst

jωs
. (4.10)

→
ψs− = −V−e

−jωst

jωs
. (4.11)

Through these equations one can notice that the positive and negative

sequence vectors of the flux rotate in opposition to each other in such a way

that twice per period the flux components are aligned in the same direction

and twice are aligned but in opposition. If in the instant of the sag beginning

the latter condition occurs, there is no natural component induced, whereas

for the first condition the maximum natural component appears and it is

calculated through:

→
ψsn =

(V1 − V+ − V−)

jωs
e
−t/τs , (4.12)

remembering that V1 is the stator voltage before the sag.

Considering phase-neutral voltage sags, Figures 4.1 (a) and (b) show the

complex diagram of the stator flux linkage for both cases described earlier.

It is noticeable that, for this kind of sag, the maximum natural component

appears when in the instant of the sag entry the stator voltage vector is

passing for a zero (θ0 = 00). When the stator voltage vector is passing for a

maximum (θ0 = 900) there is no natural component. The stator flux behavior

for the phase-phase voltage sags is similar.

Figure 4.1(a) shows that in the case without natural component imme-

diately after the sag entry the stator flux vector leaves its circular trajectory

and change to a elliptical trajectory, evidencing the counter-rotating beha-

vior of the negative and positive sequences. Figure 4.1(b) depicts the natural

component decay before the flux reaches its steady-state during the sag.

Similarly to the balanced case, the rotor voltage positive and negative

components can be calculated through:

→
vr+

r =
Lm
Ls

slipV+e
jωr+ t, (4.13)
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Figure 4.1: Stator flux linkage during a 50% phase-neutral voltage sag in the com-
plex plane:
(a) - θ0 = 900 - no natural component;
(b) - θ0 = 00 - maximum natural component.

→
vr−

r =
Lm
Ls

(2− slip)V−e
−j(2−slip)ωst =

Lm
Ls

(2− slip)V−e
jωr− t. (4.14)

Analyzing these equations it is seen that the amplitude of the positive

sequence is proportional to the slip, therefore relatively small, and its angular

frequency is also small. The negative sequence voltage includes a factor of 2,

therefore can be high if the asymmetry is high. The frequency of the latter

is almost twice the stator frequency, so it is high compared to the frequency

of the positive sequence.

The maximum rotor voltage natural component, i.e., when in the instant

of the sag entry the positive and negative components are aligned, is given

by:

→
vrn

r = −Lm
Ls

(
1

τs
+ jω

)
V1 − V+ − V−

jωs
e
−t/τse

−j
(

ωt−π/2
)

. (4.15)

Figures 4.2(a) and 4.3(a) show the open rotor experimental result for

the TUDb for two sag instants entry. In the first graph there is no natural
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component and during the sag is present a higher frequency due to the ne-

gative sequence and a smaller frequency due to the positive sequence. In the

second graph the positive and negative sequences are also present, but now

the natural component is superimposed. In the Figures 4.4(a) and 4.5(a) the

results for the UFMGb are presented, showing the similar behavior.
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Figure 4.2: Open rotor experimental result for the TUDb with 90% phase-phase
voltage sag, θ0 = 900 and 1950 RPM:
(a) - Phase A of the rotor voltages;
(b) - Fourier analysis of the rotor voltages.
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Figure 4.3: Open rotor experimental result for the TUDb with 90% phase-phase
voltage sag, θ0 = 00 and 1950 RPM:
(a) - Phase A of the rotor voltages;
(b) - Fourier analysis of the rotor voltages.
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Figure 4.4: Open rotor experimental result for the UFMGb with 50% phase-phase
voltage sag, θ0 = 900 and 2340 RPM:
(a) - Phase A of the rotor voltages;
(b) - Fourier analysis of the rotor voltages.
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Figure 4.5: Open rotor experimental result for the UFMGb with 90% phase-phase
voltage sag, θ0 = 00 and 2340 RPM:
(a) - Phase A of the rotor voltages;
(b) - Fourier analysis of the rotor voltages.

In order to verify the presence of each component in the measured rotor

voltages, the Fourier analysis of these voltages are shown in Figures 4.3(b),

4.4(b), 4.5(b) and 4.6(b). It is clearly seen the presence of three different

frequency components:
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• The positive sequence component has frequency equal to the rotor fre-

quency (fr+ = fs − f). The amplitude of this component is constant

and can be calculated similarly to the balanced case through:

∣∣vr+max

∣∣ = Lm
Ls

|slip|V+, (4.16)

so it depends on the slip magnitude and the positive sequence stator

voltage;

• The frequency of the negative sequence component is the machine elec-

trical frequency plus the stator frequency (fr− = fs + f). This compo-

nent is present during all the sag with constant amplitude given by:

∣∣vr−max

∣∣ = Lm
Ls

|(slip − 2)V−| ; (4.17)

• The natural component is dependent on the sag entry instant. The

frequency is always equal to the machine electrical frequency (f). In

the worst case, the maximum value of the natural component may be

approximated by:

|vrnmax | =
Lm
Ls

|(1− slip) (V1 − V+ − V−)| , (4.18)

and it happens in the sag beginning. Through Equation 4.18 one notice

that the amplitude is proportional to the per unit machine speed and

the stator voltage positive and negative sequences.

Figures 4.4(a) and 4.5(a) also present the theoretical result of the rotor

voltage obtained from Equations 4.13, 4.14 and 4.15. The responses are in

good agreement, proving the mathematical development.

In order to observe the behavior of the machine in different speeds, Figure

4.6 shows the maximum theoretical rotor voltages for different phase-to-phase

voltage sag, without natural component. Since in the TUDb it is possible

to test only one voltage depth, just the results for the UFMGb is shown.

The theoretical points were obtained from Equations 4.16 and 4.17. One can

notice that the calculated maximum voltages do not differs so much from the

experimental results.
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Figure 4.6: Maximum experimental and theoretical rotor voltage in the UFMGb
for different phase-to-phase voltage sags in the case without natural
component (θ0 = 900).

The Figure 4.7 shows the maximum rotor voltages in the UFMGb for

the case with the maximum natural component. The theoretical results were

obtained from Equations 4.13, 4.14 and 4.15. Through Equations 4.16 to

4.18 it is possible to have an idea of the magnitude of the rotor voltage, but

they cannot be summed directly, because the components are not in phase.

It is seen in Figure 4.6 that for small unbalances the rotor voltage depends

approximately on the slip magnitude, because the response is dominated

by the positive sequence (Equation 4.16). With the unbalance increasing,

the negative sequence (Equation 4.18) becomes more significant and then

there is higher voltages in the supersynchronous speeds. Through Figure 4.7

one can notice that, with the presence of the natural component, the rotor

voltage increases dramatically. The curves show that, the higher the voltage

unbalance, the higher is the dependence of the rotor voltage on the speed.

One can see that extremely high voltages may take place during the

unbalanced voltage sags. These voltages may cause high rotor currents that

could destroy the converter. It is important to highlight that the peak values

shown in Figure 4.7 are transitory and vary depending on the sag entry

instant, but the values shown in Figure 4.6 are present during all the sag.
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Figure 4.7: Maximum experimental and theoretical rotor voltage in the UFMGb
for different phase-to-phase voltage sags in the case with the maximum
natural component (θ0 = 00).

4.2.3 Laplace domain model

For the Laplace domain modeling the induction motor equations in the

synchronous reference frame are used, as in the previous chapter, but now the

equations are divided in positive and negative sequence components (Wang

et al., 2009):

→
vs± = Rs

→
is± +

d
→
ψs±
dt

± jωs
→
ψs± , (4.19)

→
vr± = Rr

→
ir± +

d
→
ψr±
dt

+ jωr±
→
ψr± , (4.20)

→
ψs± = Ls

→
is± +Lm

→
ir± , (4.21)

→
ψr± = Lr

→
ir± +Lm

→
is± . (4.22)



4.2 Mathematical Modeling 87

The positive and negative sequences differential equations are jointly

represented in order to get a compact expression. The variables can be

decomposed in dq components and expressed in terms of the positive and

negative sequences in different reference frames in such a way that:

A+
dq = A+

dq+ + A+
dq− = A+

dq+ + A−
dq−e

−j2ωst. (4.23)

It is important to clarify the notation utilized. The superscript indicates

the reference frame of the variable and the subscript represents the compo-

nent. For example: the variable A+
d− represents the direct negative sequence

component referred to the frame which rotates with the positive synchronous

angular frequency (ωs for the stator variables and ωr+ for the rotor variables),

whereas the A−
q+ variable represents the quadrature positive sequence com-

ponent referred to the frame which rotates with the negative synchronous

angular frequency (−ωs and ωr−).

With the equations decomposed in positive and negative sequences and

in dq components, applying the Laplace Transform in Equations 4.19 to 4.22,

yields:

V ±
sd±

= RsI
±
sd±

+ sψ±
sd±

∓ ωsψ
±
sq±
, (4.24)

V ±
sq±

= RsI
±
sq±

+ sψ±
sq±

± ωsψ
±
sd±
, (4.25)

V ±
rd±

= RrI
±
rd±

+ sψ±
rd±

− ωr±ψ
±
rq±
, (4.26)

V ±
rq±

= RrI
±
rq±

+ sψ±
rq±

+ ωr±ψ
±
rd±
, (4.27)

ψ±
sd±

= LsI
±
sd±

+ LmI
±
rd±
, (4.28)

ψ±
sq±

= LsI
±
sq±

+ LmI
±
rq±
, (4.29)
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ψ±
rd±

= LrI
±
rd±

+ LmI
±
sd±
, (4.30)

ψ±
rq±

= LrI
±
rq±

+ LmI
±
sq±
, (4.31)

where the dependence “(s)” was omitted to simplify the notation.

Proceeding in the same way as in the balanced analysis, the stator flux

components are expressed as:

ψ±
sd±

(s) =
(s+ 1/τs)(

s2 + 2 1
τs
s+ ω2

s

)V ±
sd±

(s) +
Lm/τs (s+ 1/τs)(
s2 + 2 1

τs
s+ ω2

s

)I±rd±(s), (4.32)

ψ±
sq±

(s) =
∓ωs(

s2 + 2 1
τs
s+ ω2

s

)V ±
sd±

(s) +
Lm/τs (s+ 1/τs)(
s2 + 2 1

τs
s+ ω2

s

)I±rq±(s). (4.33)

Through Equations 4.32 and 4.33 it is possible to see that the dynamic

behavior of the positive and negative sequences of stator flux linkage compo-

nents are similar, but, as already shown, they rotates in opposition to each

other. In the following subsection the open rotor analysis for the Laplace

domain is analyzed.

4.2.4 Open rotor circuit analysis in Laplace domain

Using Equations 4.28 to 4.32 in 4.26 and considering the rotor current

equal to zero, the direct rotor voltage sequence components are given by:

V ±
rd±

(s) =
Lm
Ls

(
s2 + 1

τs
s± ωr±ωs

s2 + 2 1
τs
s+ ω2

s

)
V ±
sd±

(s). (4.34)

Similarly, the quadrature sequence components are:
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V ±
rq±

(s) =
Lm
Ls

((
ωr± ∓ ωs

)
s+ ωr±

/
τs

s2 + 2 1
τs
s+ ω2

s

)
V ±
sd±

(s). (4.35)

Using Equations 4.23, 4.34 and 4.35, the rotor voltages can be represen-

ted just in the synchronous positive reference frame:

V +
rd
(s) =

Lm
Ls

(
s2 + 1

τs
s± ωr±ωs

s2 + 2 1
τs
s+ ω2

s

)(
V +
sd+

+ e−j2ωstV −
sd−

)
(s), (4.36)

V +
rq
(s) =

Lm
Ls

((
ωr± ∓ ωs

)
s+ ωr±

/
τs

s2 + 2 1
τs
s+ ω2

s

)(
V +
sd+

+ e−j2ωstV −
sd−

)
(s). (4.37)

Equations 4.36 and 4.37 show that the induced rotor voltage depends

on the direct stator voltage positive and negative sequences. In the positive

synchronous frame the positive stator voltage induces a constant component

in the rotor voltage, whereas the negative sequence induces an oscillatory

component with angular frequency 2ωs.

In these equations it is possible to see that the rotor voltage dynamics

is represented by a second order transfer function with time constant equal

τs and frequency equal to ωs, as in the balanced case. Therefore, during

a voltage transient, besides the positive and negative sequences, there is

a natural component. If no negative sequence is present, these equations

become the Equations 3.34 and 3.35 deduced in last chapter.

Instead of a deeper analysis of the open rotor case in the Laplace domain,

more attention is given for the complete modeling presented in the next

subsection.

4.2.5 Complete analysis in Laplace domain

As already developed for the balanced case, the rotor current in the

synchronous positive reference frame can be calculated through:
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I+rdq(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I+rdq

∗(s)− I+rdq(s)
)
− s (Lm/Ls)

σLrs+Rr

ψ+
sdq

(s).

(4.38)

The classical control of the DFIG generator is implemented only in the

synchronous positive reference frame without any sequence decomposition.

Therefore, the dq rotor currents used to feedback the control contain posi-

tive and negative sequences, both oriented in the positive reference frame.

Through Equation 4.23 it is seen that the negative sequence oriented in the

positive frame oscillates with angular frequency 2ωs. Thereby, one of the

objectives of the present modeling is to analyze the influence of the classical

control on the negative sequence.

Rewriting Equation 4.38 and dividing the positive and negative sequence

components, both oriented in the positive synchronous reference frame, yi-

elds:

I+rdq+(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I+rdq+

∗(s)− I+rdq+(s)
)
− s (Lm/Ls)

σLrs+Rr

ψ+
sdq+

(s),

(4.39)

I+rdq−(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I+rdq−

∗(s)− I+rdq−(s)
)
− s (Lm/Ls)

σLrs+Rr

ψ+
sdq−

(s).

(4.40)

Just the oscillatory response is analyzed, thus, the rotor current reference

is set equal to zero in such a way that the rotor current sequence components

are given by:

I+rdq+
t(s) =

−s2 (Lm/Ls)
σLrs2 + (Kp +Rr) s+Ki

ψ+
sdq+

t(s), (4.41)

I+rdq−
t(s) =

−s2 (Lm/Ls)
σLrs2 + (Kp +Rr) s+Ki

ψ+
sdq−

t(s), (4.42)
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where the superscript“t”represents the transient or oscillatory response, that

is, the natural component and the negative sequence.

The dq stator flux linkage positive sequence in the positive reference

frame is given by Equations 4.32 and 4.33. The dq stator flux linkage negative

sequence in the negative frame is also given in these equations. When the

negative flux sequence is referred to the positive frame, the Equations 4.32

and 4.33 change. This occurs because the quadrature stator voltage negative

sequence is not zero as in the balanced case. For a better understanding,

Figure 4.8 shows the stator voltage components in different reference frames.
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Figure 4.8: Simulated result of the stator voltage sequence components in different
reference frames.

One can notice through Figure 4.8 that the stator voltage negative se-

quence components, when referred to positive reference frame, oscillate with

twice the grid frequency, as already stated and mathematically demonstra-

ted in Equation 4.23. Assuming nonzero quadrature components, the flux

equations can be rewritten as:
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ψ+
sd±(s) =

(s+1/τs)

(s2+2 1
τs
s+ω2

s)
V +
sd±(s) +

ωs

(s2+2 1
τs
s+ω2

s)
V +
sq±(s)

+
Lm/τs(s+1/τs)

(s2+2 1
τs
s+ω2

s)
I+rd±(s)

, (4.43)

ψ+
sq±(s) =

−ωs

(s2+2 1
τs
s+ω2

s)
V +
sd±(s) +

(s+1/τs)

(s2+2 1
τs
s+ω2

s)
V +
sq±(s)

+
Lm/τs(s+1/τs)

(s2+2 1
τs
s+ω2

s)
I+rq±(s)

. (4.44)

Substituting Equations 4.41 and 4.42 in 4.43 and 4.44, the complete

stator flux linkage dq components are given by:

ψ+
sd
t(s) = ψ+

sd+
t(s) + ψ+

sd−(s)

= (s+1/τs)(σLrs
2+(Kp+Rr)s+Ki)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
(V +
sd+ + V +

sd−)(s)

+
ωs(σLrs

2+(Kp+Rr)s+Ki)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
V +
sq−(s)

,

(4.45)

ψ+
sq
t(s) = ψ+

sq+
t(s) + ψ+

sq−(s)

= −ωs(σLrs
2+(Kp+Rr)s+Ki)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
(V +
sd+ − V +

sd−)(s)

+
(s+1/τs)(σLrs

2+(Kp+Rr)s+Ki)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
V +
sq−(s)

.

(4.46)
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Through these transfer functions, it is seen that the stator voltage po-

sitive sequence affects the flux exactly in the same way as calculated for

the balanced case, but now the effect of the direct and quadrature negative

sequence components of the stator voltage is present. These components

have frequency equal to 2ωs, causing oscillations in the this frequency in the

stator flux linkage components. In the ABC stator flux these oscillations

appear as an unbalance between the phases and induce oscillations in the

rotor voltage, consequently in the rotor currents, electromagnetic torque and

generated power.

Figure 4.9 shows the Bode diagram of the two transfer functions in Equa-

tion 4.43 with the 2-MW system parameters, evidencing the frequency of the

negative component. Analyzing the Bode diagrams and the root locus (omit-

ted) for different control adjustments, one can notice that the changing in

the controller gains only affect a little the resonant frequency and the dam-

ping, as already stated for the symmetrical case. For acceptable PI gains the

closed loop response evaluated in the negative sequence frequency (2ωs) is

not affected with the change in the gains. It is necessary too high gains, that

is, large bandwidth for a significant changing in the rotor current negative

sequence.
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Figure 4.9: Bode diagram of the transfer functions in Equation 4.43 - direct voltage
(continuous line) and quadrature voltage (dashed line). Parameters of
the 2-MW system.
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Although the stator flux is not changed with the control, it is possible to

change the behavior of the rotor currents, consequently of the stator currents,

the electromagnetic torque and the stator power. Using Equations 4.41, 4.42,

4.45 and 4.46, the rotor current is written as:

I+rd
t(s) = I+rd+

t(s) + I+rd−(s)

= −s2(Lm/Ls)(s+1/τs)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
(V +
sd+ + V +

sd−)(s)

+
−s2(Lm/Ls)ωs

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
V +
sq−(s)

,

(4.47)

I+rq
t(s) = I+rq+

t(s) + I+rq−(s)

= s2ωs(Lm/Ls)(s+1/τs)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
(V +
sq+ + V +

sq−)(s)

+
−s2(Lm/Ls)(s+1/τs)

(s2+2 1
τs
s+ω2

s)(σLrs2+(Kp+Rr)s+Ki)+
1
τs

L2
m

Ls
s2(s+ 1

τs
)
V +
sq−(s)

.

(4.48)

Figure 4.10 shows the Bode plot of the first transfer function in Equation

4.47 for different controller gains. It is seen that increasing the bandwidth

of the controllers it is possible to reduce the effect of the negative sequence

stator voltage in the rotor current, but for a small change in the answer it

is necessary a high increase in the gains of a simple PI, what is most of the

times unrealizable.

In order to increase the gain of the controllers in such a way that the

negative sequence is controlled it is proposed in the literature the addition

of a resonant part in the PI controller. Another strategy is the independent

control of the rotor current negative sequence. These strategies are analyzed

in the Chapter 6 using the mathematical equations developed here.
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Figure 4.10: Bode diagram of the transfer functions 4.47 for different controller
gains with the 2-MW system parameters.

4.3 Experimental Results

In the previous section the theoretical analysis was developed in order

to understand the behavior of the DFIG during the unbalanced voltage sags.

The comparison between the theoretical and the experimental results for the

open rotor case has already been shown. In this section, the experimental

results with the control of the rotor currents for different operating conditions

are presented.

For all the tests described in the next subsections, similar conditions used

for the balanced voltage sags case (Section 3.3) were considered.

4.3.1 Test 1: Slip = -0.15, maximum natural compo-

nent (θ0 = 00)

For the first test both test benches are operating with a -0.15 slip (super-

synchronous speed). The voltage sag entry instant was set in such a way that

appears the maximum natural component (θ0 = 00).
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Figure 4.11 depicts one phase of the rotor currents, showing that in the

instant of the voltage transient it is induced a natural component superimpo-

sed to the negative sequence component. The natural component behavior is

similar to the balanced case and the decay depends on the control adjustment,

as already stated, and reinforced in Equations 3.45 and 3.46. Changing the

control gains, as in the previous chapter, the damping can also be changed.

These results are not shown here, because the focus now is on the negative

sequence. After the extinction of the natural component, it remains just the

negative sequence component. This component is higher in the UFMGb,

since the voltage unbalance tested is higher.
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Figure 4.11: Experimental results of the phase A of the rotor currents for a slip =
-0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).

The Figure 4.12 shows the Fourier analysis of the rotor currents, eviden-

cing the three components:

• Positive sequence which has the slip frequency (fr);

• Natural component with frequency approximately fs + fr. The devi-

ation from this frequency is due to the control action, as discussed in

the last chapter;

• Negative sequence with 2fs. The control does not affect this compo-

nent, because of the narrow bandwidth.
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Figure 4.12: Fourier analysis of the rotor currents for a slip = -0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).

The behavior of the rotor current sequence components is also noticed

when this variable is referred in the synchronous reference frame, as shown in

Figure 4.13. One can notice that the mean value (positive sequence compo-

nent) is well controlled, but neither the natural component nor the negative

sequence are controlled.
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Figure 4.13: Experimental result of the dq rotor currents for a slip = -0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).

One phase of the voltages imposed by the RSC converter is illustrated

in Figure 4.14, showing the voltage is below the converter voltage limits. If



98 4 DFIG Behavior During Unbalanced Voltage Sags

−0.1 0 0.1 0.2 0.3 0.4 0.5
−300

−200

−100

0

100

200

300
Phase A Rotor Voltage

V
ol

ta
ge

 (
V

)

Time (s)

VOLTAGE
LIMITS

−0.1 0 0.1 0.2 0.3 0.4 0.5
−300

−200

−100

0

100

200

300
Phase A Rotor Voltage

V
ol

ta
ge

 (
V

)

Time (s)

VOLTAGE
LIMITS

(a) (b)

Figure 4.14: Experimental results of the phase A of the rotor voltages for a slip =
-0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).

the voltage limit is exceeded, the rotor current increasing may be higher.

The major drawback of the pulsation in the rotor currents is the incre-

asing in their amplitude that can damage the converter. Furthermore, the

pulsation in the electromagnetic torque (Figure 4.15) can be dangerous for

the mechanical part and the oscillations in the stator power (Figure 4.16)

degrade the system power quality, already degraded by the voltage dip.

The DC-link voltage tends to increase during the voltage sag and the na-

tural component and negative sequence oscillations also affect this voltage.

Figure 4.17(a) depicts the DC-link voltage in the TUDb, evidencing the oscil-

lations which can also affect the harmonics in the grid and rotor currents. In

this case the DC voltage does not increase, because the GSC control action

is effective, as shown in Figure 4.18(a). In the UFMGb, the GSC current

control saturate in the sag beginning (Figure 4.18(b)), therefore the DC-link

voltage increases (Figure 4.17(b)).

In Figure 4.18 is evident that the classical control of the GSC cannot

control the negative sequence of the currents. Thereby, ride-trough strategies

have to be employed not just in the RSC, but also in the GSC.
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Figure 4.15: Experimental result of the estimated electromagnetic torque for a slip
= -0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).
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Figure 4.16: Experimental result of the active and reactive powers for a slip =
-0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).
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Figure 4.17: Experimental results of the DC-link voltage for a slip = -0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).
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Figure 4.18: Experimental results of the dq GSC currents for slip = -0.15, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1725 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 2070 RPM).
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4.3.2 Test 2: Slip = +0.3, no natural component (θ0 =

900)

Changing the speed for the sub-synchronous region, Figure 4.19 shows

the rotor currents in the case when there is no natural component. Without

natural component the rotor currents are smaller than in the case with this

component. The Fourier analysis of these currents are shown in Figure 4.20,

evidencing the two components.
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Figure 4.19: Experimental results of the phase A of the rotor currents for a slip =
+0.3, θ0 = 900:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1050 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 1260 RPM).

Figure 4.21 shows the rotor currents in the synchronous reference frame.

In this frame the oscillations due to the negative sequence is always equal to

2fs. One can see that the negative sequence is not controlled.

The electromagnetic torque, the active and reactive powers and DC-link

behavior are similar to the previous case, but without the natural component.

The graphs of these variables are omitted.
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Figure 4.20: Fourier analysis of the rotor current for a slip = +0.3, θ0 = 900:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1050 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 1260 RPM).
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Figure 4.21: Experimental results of the dq rotor currents for a slip = +0.3, θ0 =
900:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1050 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 1260 RPM).



4.3 Experimental Results 103

4.3.3 Test 3: synchronous speed - maximum natural

component (θ0 = 00)

Testing the synchronous speed in such a way that the maximum natural

component appears, Figure 4.22 shows the rotor currents and Figure 4.23

shows the Fourier analysis of these currents.
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Figure 4.22: Experimental results of the phase A of the rotor currents at synchro-
nous speed, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 1800 RPM).

0 20 40 60 80 100

0.5

1

1.5

2

2.5

3

3.5

4

Fourier Analsyis of the Phase A Rotor Current

Frequency (Hz)

|Y
(f

)|

Positive Sequence
=0Hz

 Natural Component
=48Hz

 Negative Sequence
=100Hz

0 50 100 150
0

5

10

15

20

25

30

Fourier Analysis of the Phase A Rotor Current

Frequency (Hz)

|Y
(f

)|

Positive Sequence
=0Hz

 Negative Sequence
=120Hz

 Natural Component
=58Hz

(a) (b)

Figure 4.23: Fourier analysis of the rotor current at synchronous speed, θ0 = 00:
(a) - TUD test bench (90% phase-to-phase voltage sag, 1500 RPM);
(b) - UFMG test bench (65% phase-to-phase voltage sag, 1800 RPM).
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One can notice that the frequency of the natural component and the ne-

gative sequence of the rotor currents change with the speed (slip). Thereby, it

is necessary to develop control strategies effective for any slip. Fortunately, in

the synchronous reference frame these components have constant frequencies.

This fact will be helpful, as will be demonstrated in Chapter 6.

4.3.4 Rotor voltage and current excursion

After showing separately the behavior of the DFIG during unbalanced

voltage sags for different operating conditions, in this section the behavior

of the rotor current and voltage using excursion charts is analyzed. Just the

results for the UFMGb is shown, because in this test bench is possible to test

different sag depths. The same strategy of reducing the active reference to

zero, utilized in the balanced case is adopted here.

Figure 4.24(a) shows the behavior of the maximum rotor currents for the

case without natural component and Figure 4.24(b) depicts the case with

maximum natural component.
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Figure 4.24: Experimental result of the maximum rotor currents for different spe-
eds and voltage sags: θ0 = 900:
(a) - no natural component θ0 = 900;
(b) - maximum natural component θ0 = 00.

One can notice that the rotor currents present a behavior almost linear

with the increase of the speed. It is clearly seen that when the natural
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component is induced, the rotor currents is much higher than in the other

case. In this situation it is noticeable that is necessary to control both natural

and negative sequence in order to improve the system behavior.

Figure 4.25 illustrates the maximum rotor voltages, showing both results

without (a) and with (b) natural component. Comparing both graphs, it is

noticed that in the latter case the rotor voltages are higher. These graphs

are similar to the ones shown in Figures 4.6 and 4.7 for the open rotor case.

Actually the open rotor voltage values differ from the case with the control

just of the voltage drop in the rotor impedance, which generally is small.
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Figure 4.25: Experimental result of the maximum rotor voltages for different spe-
eds and voltage sags: θ0 = 900:
(a) - no natural component θ0 = 900;
(b) - maximum natural component θ0 = 00.

These graphs are useful for the obtainment of the ride-trough capability

of the system for the classical control strategy. One can see that even re-

ducing the active power, in the 50% phase-to-phase sag the rotor currents

reach values close to the nominal RSC current (62A). Deeper sags cannot

be supported by the system, therefore with the classical control the system

cannot comply with the grid codes (Figures 1.4 and 1.5). These curves will

be used to compare with the results using the RTFC strategies, proposed in

Chapter 6.
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4.4 Simulation Results

In the simulation of the 2MW system it was tested a 50% phase-neutral

voltage, considering the rated operation (1950 RPM). For sake of simplicity,

just the dq rotor currents will be analyzed, because they are the most impor-

tant variables in the RSC point of view and their shape reflect the behavior

of other variables, as torque and power.

Figure 4.26(a) shows the rotor currents in the case without natural com-

ponent. In these graphs it is seen just the positive sequence (constant value)

and the negative sequence that oscillates with 100Hz (2fs). The negative

sequence produces extremely high oscillatory currents, causing torque and

power oscillations, as obtained in the experimental results. The rotor volta-

ges also increase very much, therefore it is necessary a high DC-link voltage

which sometimes is not possible.

Simulating the same conditions, but with the sag entry instant causing

the highest natural component, Figure 4.26(b) shows the rotor currents. In

this case the currents increase even more due to the natural component su-

perimposed to the negative sequence. Due to the relatively high stator time

constant in high power generators, the natural component decay is slower

than the experimental results analyzed. This component increases the sys-

tem electrical and mechanical stresses.

The experimental results just show the DFIG behavior in the the sag

beginning. In order to analyze the system behavior during the voltage re-

covering, Figures 4.27 (a) and (b) depict the simulation results for a 50%

phase-neutral voltage sag with aproximately 0.2s duration. In both cases

the sag entry was considered θ0 = 00, therefore during the sag there is just

positive and negative sequences.

As in the sag beginning, the instant that the voltage rises back to its

normal value influences the system behavior. In Figure 4.27(b) during the

voltage sag recovering the maximum natural component is induced and the

negative sequence disappears instantly after the sag. One can notice that

depending on the sag depth, the recovering transient can be worse than

the voltage drop transient. Figure 4.27(a) shows the case when no natural

component is induced after the sag.
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Figure 4.26: Simulation result of the dq rotor currents, 1950 RPM, 50% phase-
neutral voltage sag:
(a) - θ0 = 900 - no natural component;
(b) - θ0 = 00 - maximum natural component.
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Figure 4.27: Simulation result of the dq rotor currents, 1950 RPM, 50% phase-
neutral voltage sag, recovering instant:
(a) - no natural component;
(b) - maximum natural component.

Through Figure 4.27 one can see that during the voltage sag recovering

transient is also necessary to implement ride-through strategies to avoid high

rotor currents and voltages. In this moment the negative sequence disappe-

ars, but the natural component is still a problem.
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4.5 Final Considerations

The theoretical analysis and the experimental results show that during

unbalanced voltage sags, the stator flux linkage induces high rotor voltages

and currents, due to the natural and negative sequence components. These

components cause undesired torque and power oscillations. Furthermore, the

high voltage and currents are harmful for the converter, because the IGBT’s

heating is increased.

In the simulation and experimental results it was demonstrated that high

rotor currents take place during asymmetrical voltage sags. In the sag entry

and also in recovering there are high rotor currents, thus, in order to avoid the

damage of the converters it is necessary to implement ride-through strategies

which are presented in the following chapters.



Chapter 5

Ride-Through Strategies -

Symmetrical Voltage Sags Case

5.1 Introduction

Several papers in the literature propose strategies to improve the DFIG

ride-through fault capability during symmetrical voltage sags. Most of these

strategies use passive solutions, as the crowbar and its variations (Lohde

et al., 2007), (Anaya-Lara et al., 2008), (Zhang et al., 2010), (Morren and

de Haan, 2005), (Ling et al., 2009), (Erlich et al., 2007), (Meegahapola et al.,

2010), (Kasem et al., 2008), (Yang et al., 2009), (Rahimi and Parniani, 2010).

In this work, alternative solutions using just control strategies are developed.

As shown in Chapter 3, during the balanced voltage sags the induced na-

tural component causes two undesirable DFIG behaviors: high rotor currents

and torque and power oscillations. In the present chapter, it is proposed a

strategy to deal specifically with the natural component. The next chapter is

dedicated to develop strategies for the general case, that is, the asymmetrical

voltage sags.

5.2 Magnetizing Current Control (MCC)

The proposed control strategy intends to control the magnetizing current

in order to increase the damping of the stator flux linkage oscillations, so

reducing the torque and power pulsation during the voltage sags.
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Using the synchronous reference frame with orientation in the angle of

the grid voltage, as employed in the control strategy (Appendix A), in such

a way that the stator flux linkage vector is oriented in the quadrature axis,

the magnetizing current is calculated by:

Im = −
(
Irq + Isq

)
. (5.1)

Equation 5.1 points out that the magnetizing current is defined by the

quadrature axis of the stator and rotor currents. Since the RSC controls the

rotor currents, one can notice that the magnetizing current can be changed

by the manipulation of the quadrature rotor current. Its magnitude can be

approximated by:

I∗m ≈ ψsq
Lm

≈ − Vsd
Lmωs

. (5.2)

As the aim of the magnetizing current control (MCC) is to control the

oscillations that appear in this current due to the stator flux natural com-

ponent, it is necessary to control just this component. For the extraction

of the natural component of the magnetizing current it is possible to use a

band-pass filter adjusted for the stator electrical frequency with the following

transfer function:

Gf (s) =
ωss

s2 + ωss+ ω2
s

(5.3)

This filter is useful because the high frequency harmonics and noise is

removed and the DC component is also removed and the reference of the

magnetizing current can be set to zero. Figure 5.1 shows the structure of

the MCC. As depicted, this control works in cascade with the reactive power

control, in such a way that, during the sag, the reactive power can be con-

trolled independently. Using this feedback structure, it is not necessary to

detect the voltage sag and adopt a different control strategy during the dip,

because the magnetizing control is always active.

Since just the oscillatory part of the magnetizing current is controlled,

the control structure shown in Figure 5.1 can be modified in such a way that
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the reactive power control and the magnetizing current control are in parallel.

Both strategies have the same behavior because the reactive power control is

much slower than the other control loops.

Figure 5.1: Magnetizing current control block diagram.

The main objective of the MCC is to increase the stator flux linkage dam-

ping, but the effects on the rotor currents and voltages have to be analyzed.

In the following subsections the different effects are mathematically modeled

and checked with simulation results. Next the experimental results are shown

in order to prove the effectiveness of the proposed strategy.

5.2.1 Influence of magnetizing current on stator flux

linkage

The mathematical development carried out here is based on the equations

presented in Chapter 3, but now the magnetizing current is considered for

the development. Using Equation 5.1 in 3.14, yields:

Isq =
ψsq − LmIm

Ls − Lm
. (5.4)

Substituting Equation 5.4 in 3.10:

ψsq =
RsLm
Ls−Lm

s+ Rs
Ls−Lm

Im − ωs

s+ Rs
Ls−Lm

ψsd , (5.5)

and using this equation and Equation 3.17 in 3.9:
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ψsd =
(s+ Rs

Ls−Lm
)[

s2+( Rs
Ls−Lm

+Rs
Ls
)s+ R2

s
Ls(Ls−Lm)

+ω2
s

]Vsd +
ωsLm

Rs
Ls−Lm[

s2+( Rs
Ls−Lm

+Rs
Ls
)s+ R2

s
Ls(Ls−Lm)

+ω2
s

]Im

+
Lm

Rs
Ls
(s+ Rs

Ls−Lm
)[

s2+( Rs
Ls−Lm

+Rs
Ls
)s+ R2

s
Ls(Ls−Lm)

+ω2
s

]Ird

.

(5.6)

It is possible to neglect the term R2
s/[Ls (Ls − Lm)], much smaller than

ω2
s , and considering τσs =

Ls−Lm
Rs

= Lsσ
Rs

, since Ls = Lσs + Lm and Lσs is the

stator linkage inductance. The last term, which is dependent on Ird , can also

be neglected because the transfer function gain is small when compared with

the other two terms. With these considerations:

ψsd(s) =

(
s+ 1

τσs

)

[
s2 +

(
1
τs
+ 1

τσs

)
s+ ω2

s

]Vsd(s) +
ωsLm
τσs[

s2 +
(

1
τs
+ 1

τσs

)
s+ ω2

s

]Im(s).

(5.7)

Similarly, it is possible to deduce the quadrature stator flux linkage:

ψsq(s) =
−ωs[

s2 +
(

1
τs
+ 1

τσs

)
s+ ω2

s

]Vsd(s) +
Lm
τσs

(
s+ 1

τs

)

[
s2 +

(
1
τs
+ 1

τσs

)
s+ ω2

s

]Im(s).

(5.8)

Equations 5.7 and 5.8 show how the magnetizing current influence the

stator flux linkage, however the objective of the development is to evaluate

the flux behavior when this current is controlled.

As the control acts only in the current oscillations, it is necessary just

a proportional controller (Kpim
), since zero steady-state error is not of in-

terest. In this situation, for sake of simplicity in the analysis, the following

simplifications are considered:

• Neglecting the reactive power control, because generally it has a nar-
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row bandwidth, hence during the transient the controller output varies

slowly. For the test benches the cut-off frequency of this control is 5Hz;

• Just the natural (oscillatory) flux response is analyzed, since the control

reference is zero. This assumption is represented by the superscript “n”

in the flux variables;

• The rotor current control (internal loop) is much faster than the magne-

tizing current control and has no limitations, therefore the rotor current

reference generated by the external loop can be reached immediately.

Assuming these simplifications, the rotor current can be written as:

Irq = − Kpim
Isq

1 +Kpim

. (5.9)

Substituting Equation 5.9 in 3.14 yields:

Isq =
ψnsq
(
1 +Kpim

)

Kpim
Ls + Ls −Kpim

Lm
, (5.10)

and this equation in Equation 3.10:

ψnsq =
−ωsψnsd

s+
Rs(1+Kpim

)
Kpim

Ls+Ls−Kpim
Lm

. (5.11)

Using Equations 5.11 and 3.17 in 3.9, the result is:

ψnsd =

[
s+

Rs(1+Kpim
)

Kpim
Ls+Ls−Kpim

Lm

]
Vsd +

[
Lm

Rs

Ls

(
s+

Rs(1+Kpim
)

Kpim
Ls+Ls−Kpim

Lm

)]
Ird

[
s2 +

(
Rs

Ls
+

Rs(1+Kpim
)

Kpim
Ls+Ls−Kpim

Lm

)
s+

R2
s(1+Kpim

)
Ls(Kpim

Ls+Ls−Kpim
Lm)

+ ω2
s

] .

(5.12)

The parcel
[
R2
s

(
1 +Kpim

)]/[
Ls
(
Kpim

Ls + Ls −Kpim
Lm
)]

is much smal-

ler than ω2
s and can be neglected. The second term, which is dependent on
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Ird , is small when compared with the first one, therefore can also be neglec-

ted. Assuming τm =
Kpim

Ls+Ls−KpimLm
Rs(1+Kpim )

and the simplifications, the direct

stator flux linkage is:

ψnsd(s) =

(
s+ 1

τm

)

s2 +
(

1
τs
+ 1

τm

)
s+ ω2

s

Vsd(s). (5.13)

Similarly, the quadrature stator flux can be written as:

ψnsq(s) =
−ωs

s2 +
(

1
τs
+ 1

τm

)
s+ ω2

s

Vsd(s). (5.14)

Comparing Equations 5.13, 5.14 and 3.22, 3.23 it is possible to realize

that the flux damping is increased, because 1/τm can be high depending on

the controller adjustment, as following demonstrated:

• In the case that Kpim
= 0:

1/τm = 1/τs,

therefore the damping is not modified;

• In the case that Kpim
→ ∞:

lim
Kpim

→∞

(
1
τm

)
= Rs

Ls−Lm = Rs
Lσs

.

Generally Lσs is too small, therefore 1/τm is higher than 1/τs, so the

flux damping is increased.

Theoretically, the maximum damping obtained using the magnetizing

current control is Rs
2ωs

(
1
Ls

+ 1
Lσs

)
. Of course for choosing Kpim

it is necessary

to consider the rotor current control loop dynamics in such a way that the

magnetizing current control is not faster than the internal control, avoiding

instability.

Equations 5.13 and 5.14 represent just the oscillatory part of the sta-

tor flux, as described previously. For the complete flux representation it is

necessary to consider also the forced response:
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ψsd(s) = ψnsd(s) + cimd , (5.15)

ψsq(s) = ψnsq(s) + cimq , (5.16)

where cimd and cimq are forced responses of the flux and they can be calculated

through the gains of the transfer functions 5.13 and 5.14. Obviously, if the

magnitude of the current magnetizing is not modified by the control action,

the gain of Equation 5.15 must be equal to gain of the transfer function 5.7

and then:

cimd =
(τm − τσs)Vsd + ωsLmτmIm

τmτσsω2
s

. (5.17)

Substituting the value of magnetizing current, given in Equation 5.2, in

the Equation 5.17, yields:

cimd =
−τσs

τmτσsω2
s

Vsd . (5.18)

Similarly, the gain of the transfer function 5.16 must also be equal to

gain of Equation 5.8, resulting:

cimq =
1

τsτσsω3
s

Vsd . (5.19)

One can notice that Equations 5.18 and 5.19 have no dynamics. Equation

5.19 represents a too small value, therefore it can be neglected.

In order to check the mathematical development, a 50% three-phase vol-

tage sag was simulated and the results are compared with the ones obtained

from Equations 5.15 and 5.16. Two results are presented: without the MCC

and using the MCC with a proportional gain Kpim
= 15. More details about

the control tunning are described hereafter.

Comparing Figure 5.2(a) and (b) one can notice that the MCC increases

the flux damping. It is also demonstrated a good agreement between the
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theoretical (Equations 5.15 and 5.16) and the simulation results. The small

difference between the responses can be justified by the fact that the internal

control current loop has a dynamic that is fast but not instantaneous as

assumed in the mathematical development.

Through the mathematical development and the simulation result one

can notice that the MCC is capable of decrease the natural component faster,

but in order to do so it is necessary to analyze the influence on the rotor

currents and voltages.
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Figure 5.2: Simulation and theoretical results of the dq stator flux linkage, 50%
three-phase voltage sag, 1950 RPM:
(a) - Without the MCC strategy ;
(b) - With the MCC strategy - Kpim

= 15.

5.2.2 Influence of MCC on the rotor currents

In the previous subsection it was analyzed just the influence of the MCC

on the stator flux linkage, because the behavior of this variable determines the

rotor voltages and currents behavior. However, the most important variable

to be analyzed during the sag is the rotor current, since the high current

transient can damage the RSC. Figure 5.3 shows the comparison of the dq

rotor currents simulated with and without the magnetizing current control.

As depicted in Figure 5.3, when the magnetizing current control is used,

the quadrature rotor current in the sag beginning is higher than the case
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Figure 5.3: dq rotor currents simulated for a 50% three-phase voltage sag, rated
power (no reactive power control).

without the control, due to the control action. However, the natural com-

ponent extinguishes faster, being possible the control of the current in such

a way that reactive power is supplied to the grid. In the direct axis rotor

current, the attenuation of the natural component with the use of the MCC

is clearly observed. The effect of the MCC on the ABC rotor currents is

illustrated in Figure 5.4 where it is seen the increasing in the rotor currents.

In the previous test no strategy was implemented in the stator power

control. The ideal strategy is to reduce the active power and start the control

of reactive power. Figures 5.5(a) and (b) show the simulation results of the

rotor currents and the stator power, when the magnetizing current control

is used. One can notice that reducing the direct axis current it is possible

to increase the reactive power. With the use of the control strategy the

mechanical stresses are decreased and the power quality is improved.

Hereafter it will be demonstrated that the current increasing is affected

by the MCC adjustment, therefore choosing an adequate gain and references

it is possible to increase the damping without increasing the currents too

much.
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Figure 5.4: dq rotor currents simulated for a 50% three-phase voltage sag, rated
power (no reactive power control):
(a) - Without the magnetizing current control;
(b) - With the magnetizing current control.
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Figure 5.5: Simulation results for 50% three-phase voltage sag, rated power, using
the MCC strategy and reactive power control:
(a) - dq rotor currents;
(b) - Stator active and reactive powers.

5.2.3 Influence of the MCC on the rotor voltages

If during the sag the converter voltage output saturate, that is, the con-

verter is not capable of imposing the demanded voltage, high currents may

take place. Therefore, it is important to analyze the behavior of the rotor
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voltages.

Proceeding in the same manner as in the previous sections and using the

Equations 5.13 and 5.14, it is possible to demonstrate that using the MCC

the rotor voltages can be approximated by:

Vrd(s) =




Lm
Ls
s2+ Lm

Lsτm
s−ωrωs[Lm(1+Kpim

)−LrKpim
]

Kpim
Lm−Ls(1+Kpim

)

s2+( 1
τs
+ 1

τm
)s+ω2

s


Vsd(s)

−
(
ωr(Kpim

L2
m−Kpim

LsLr)
Kpim

Lm−Ls(1+Kpim
)

)
I∗mcc(s)

, (5.20)

Vrq(s) =
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)−ωsLrKpim
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)
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s


Vsd(s)
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[
Kpim

L2
m−Kpim

LsLr

Kpim
Lm−Ls(1+Kpim

)
s− RrKpim

Ls

Kpim
Lm−Ls(1+Kpim

)

]
I∗mcc(s)

.

(5.21)

Equations 5.20 and 5.21 shows that the rotor voltage depends on the

stator voltage and it is influenced by control adjustment (Kpim
). The refe-

rence of the magnetizing current control (I∗mcc) appears in these equations,

because it is not zero when the reactive stator power is controlled, as can

be seen in Figure 5.1. One can notice that this reference cannot be chan-

ged abruptly, because there is an derivative term in the quadrature voltage

transfer function (Equation 5.21).

Figure 5.6 shows the comparison between the rotor voltages with and

without the MCC strategy. As expected, it is necessary smaller rotor vol-

tages when the strategy is utilized and the oscillations due to the natural

component disappear faster.

Using the Equations 5.20 and 5.21, the maximum rotor voltage in dif-
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Figure 5.6: Comparison between the rotor voltages with and without the MCC
strategy - simulation result.

ferent operation conditions is calculated for the 2MW WECS. Figure 5.7

shows the magnitude of the maximum rotor voltage reached during the sag.

Furthermore, this figure plots the points obtained from the simulation model

to show that the values calculated are consistent. The simulation results re-

presents the system following the MPPT curve and with unitary power factor

in the stator.

Through Figure 5.7, it is seen that for a fixed generator speed, the higher

is the voltage sag depth, the higher is the rotor voltage demanded, a result

easily observed also in the equations. For the correct control of the magne-

tizing current, the converter needs to impose the voltages presented in this

figure. Varying the speed, the figure shows that the rotor voltage magnitude

is dependent on the slip. In the supersynchronous region the increase in the

rotor voltage is higher than the subsynchronous region.

In the previous tests it was considered just a fixed magnetizing control

adjustment, so the next step in the development will be to analyze the influ-

ence of the control gain on the rotor currents and voltages.
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Figure 5.7: Rotor voltage calculated and simulated for different voltage sags and
speeds using the MCC strategy - Kpim

= 15.

5.2.4 Influence of the MCC gain on the rotor currents

and voltages

Using the same conditions and the same MCC gain (Kpim
= 15) of the

last section, the simulation is carried out for different speeds and voltage

depths.

Figure 5.8 shows the normalized maximum rotor currents magnitude (1

pu ≈ 2000A). It is seen that the rotor current maximum value depends

basically on the sag amplitude. Furthermore, for the control adjustment

utilized, the magnetizing current control requires a high instantaneous rotor

current immediately after the sag entry. In order to use this strategy in

safety conditions it is necessary to increase the converter rated power, what

is not desirable, or decrease the MCC gain, causing a reduction in the control

performance.

Using Equations 5.13 and 5.14 the time constant of the stator flux linkage

decay versus the MCC gain is plotted in Figure 5.9. One can notice that the

controller gain utilized earlier (Kpim
= 15) results in a good flux attenuation

when compared with the case without control (Kpim
= 0), but, as shown
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Figure 5.8: Rotor currents simulated for different voltage sags and speeds (MCC
strategy).

previously, a high rotor current is required.

It is possible to decrease the rotor peak currents decreasing the control

gain, but, as can be seen in Figure 5.9, the decay time constant of the natural

stator flux linkage is increased. Figure 5.10 shows the relation between the

maximum rotor current and the control gain for the rated operation (speed

1950 RPM, generating 2MW).

Analyzing Figure 5.10 it is perceived the remarkable dependence of the

rotor current on the control gain and the voltage sag depth. The constant

level seen in the beginning of each curve can be explained by the fact that

in these conditions the direct axis rotor current (load current) has more

influence than the quadrature axis rotor current (magnetizing current).

Through Figures 5.9 and 5.10 one can notice that even if the controller

gain is decreased for decreasing the rotor currents, the stator flux linkage

damping may be significantly increased when compared with the case in

which the control strategy is not used. For example, if the proportional

gain is set to 4, the rotor currents will be not higher than 2 pu and the time

constant of the stator flux linkage will be reduced to 35% of the time constant

when the control is not used.
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Figure 5.10: Maximum rotor current simulated for different voltage sags and
varying the magnetizing current control gain.

Figure 5.11 depicts the maximum rotor voltage in per unit when the gain

is varied, showing that the gain has a small influence on the rotor voltage.

For more severe voltage dips the influence of the gain increases. As the

rotor voltage is almost constant, the power flowing through the rotor is more

dependent on the current.
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Figure 5.11: Maximum rotor voltage simulated for different voltage sags and
varying the magnetizing current control gain.

It is important to highlight that in the previous tests the active and

reactive power were kept constant. It is possible to reduce the rotor currents

if the active power reference is set to zero during the sag. Setting the active

power to zero leads the system to increase its speed, but as the inertia of the

turbine is huge and the sag is fast, this increasing may be not substantial.

The reactive power reference has to be adjusted depending on the converter

limits and the grid codes requirements. In the next chapter an strategy is

presented to deal with the active power decrease and reactive increase.

5.2.5 Experimental results

In order to validate experimentally the control of the magnetizing current

the following conditions are used during the first tests:

• TUDb => 85% three-phase voltage sag, UFMGb => 50% three-phase

voltage sag;

• Synchronous speed;

• The active power is controlled following the MPPT curve;
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• During the sag the active power reference is set to zero in order to

diminish the rotor currents;

• The control of the reactive stator power is disabled;

• The MCC gain is set to 4 in the TUDb and 2.5 in the UFMGb;

In order to better visualize the control effect on the system behavior,

the gains of the rotor current control of the TUDb were purposely set to

Kp = 50Ω and Ki = 10000Ω/s, similar to the tests presented in Chapter 3.

In the UFMGb the gains were kept in the normal values.

Figures 5.12 (a) and (b) show the comparison between the estimated dq

stator fluxes with and without the use of the MCC strategy. It is clearly seen

that the use of the control strategy increase the flux damping, proving the

effectiveness of such strategy.

The increasing in the flux damping is higher for the TUDb, because

the sag is smaller, therefore the demanded current is smaller, permitting an

higher MCC gain. In the UFMGb the current supported by the converter is

just 10% higher than the rotor nominal current (generating 25kW). This fact

difficults the increasing of the MCC gain, therefore the damping increasing

is limited.

Figures 5.13 and 5.14 depict the behavior of the dq rotor currents and

voltages. One can notice that the quadrature rotor current increases for a

short time in the sag beginning, but after the transient it is smaller than

the case without strategy. As stated earlier, the rotor voltage is reduced

with the use of the MCC. The use of the strategy increases the damping of

the natural flux component, so reducing the oscillations of the rotor currents

and voltages, consequently the pulsation in the electromagnetic torque and

generated power.
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Figure 5.12: Experimental results of the estimated dq stator fluxes using the MCC
strategy:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1500
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1800 RPM).
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Figure 5.13: Experimental results of the dq rotor currents using the MCC strategy:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1500
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1800 RPM).

In the tests carried out previously it was considered the machine opera-

ting in the synchronous speed that is a special case because the rotor voltages

and currents are DC values. This condition was used in most of the tests due
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Figure 5.14: Experimental results of the dq rotor voltages using the MCC strategy:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1500
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1800 RPM).

to power limitations of the RSC in the test benches. In order to prove that

this strategy is also effective for nonzero slips, Figures 5.15 and 5.16 show

the dq rotor currents and stator flux linkages for the systems operating with

slip=-0.15.

Observing the MCC structure, shown in Figure 5.1, it is seen the possibi-

lity of controlling the reactive stator power simultaneously with the magne-

tizing current. This feature is important because during the sag it is possible

to supply reactive power to the grid, helping in the voltage support and at-

tending the modern grid codes. Figures 5.17 and 5.18 show the dq rotor

currents and voltages and Figure 5.19 depicts the reactive stator power when

the reactive power is controlled during the voltage sag in both test benches.

Through Figures 5.19(a) and (b) it is possible to verify that before the

sag the system is operating with unity power factor (Qs = 0). During all

the voltage dip in the TUDb the reference is set to supply 1000VAr to the

grid. In the UFMGb the reference is set to 5000VAr just after 0.5s, when the

currents are in acceptable values, permitting the reactive power control. Of

course such time to start to control the reactive power is not acceptable in the

grid codes, but this time was chosen to avoid dangerous operation of the test

bench because of the converter limitation, as already stated. Nevertheless, it
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Figure 5.15: Experimental results of the dq rotor currents using the MCC strategy:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1750
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
2070 RPM).
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Figure 5.16: Experimental results of the estimated dq stator fluxes using the MCC
strategy:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1750
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
2070 RPM).
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Figure 5.17: Experimental results of the dq rotor currents using the MCC strategy
and reactive power control:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1800
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1530 RPM).
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Figure 5.18: Experimental results of the dq rotor voltages using the MCC strategy
and reactive power control:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1800
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1530 RPM).
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Figure 5.19: Experimental results of the active and reactive stator powers using
the MCC strategy and reactive power control:
(a) - TUD test bench - Kpim

= 4 (85% three-phase voltage sag, 1800
RPM, Kp = 100Ω, Ki = 10000Ω/s);
(b) - UFMG test bench - Kpim

= 2.5 (50% three-phase voltage sag,
1530 RPM).

is demonstrated the capability of changing the converter power from active to

reactive power. Furthermore the MCC is still effective, thus, the increasing

in the flux damping is warranted.

Here just the behavior of the strategy in the sag beginning was demons-

trated, but it is also useful during the voltage recovering in the end of voltage

sag, because in this instant also appears the natural response of the stator flux

linkage. Furthermore the MCC can also be employed during the connection

of the generator to the grid, because the voltage transient in the machine sta-

tor also causes oscillatory flux response, causing undesired torque and power

oscillations.

5.2.6 Application issues

Figures 5.7 to 5.11 indicate that the use of the MCC strategy is restrictive

due to the high demanded RSC currents and voltages.

In fact the Figure 5.10 is plotted for the rated operation without chan-

ging in the direct (active) current reference during the sag. It is possible to
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reduce the maximum rotor current by reducing the active power reference,

as demonstrated in the simulation and experimental results. Even with this

reduction, the demanded rotor current may be high depending on the MCC

adjustment, so it is necessary to choose the gain in such a way that the flux

damping is increased without a prohibitive current rising. Another fact to be

evaluated is the capability of the converter to supply reactive power to the

grid. The reactive power control also increases the rotor current.

The main issue for the application of the MCC strategy lies in the RSC

voltage capability. The observations done for the currents are generally true

in the case when the converter voltage limits is not exceeded. As shown in

Figure 5.7 the RSC has to apply high voltages depending on the voltage sag

amplitude and the machine speed. If the converter is not capable of imposing

the demanded voltage, the correct control of the magnetizing control may not

be attained, reducing the strategy effectiveness. Furthermore, as described

in Chapter 3, the rotor currents will also increase, increasing the probability

of the system to trip.

In order to use the MCC strategy, theoretically is not necessary to in-

crease the converter current limits if the methodologies mentioned above are

used, but the voltage limits must be high to improve the system performance

for deep voltage sags. The RSC voltage capability may be improved, incre-

asing the DC-link voltage until the IGBT´s limit voltage. If it is necessary

to increase the voltage beyond this limit, the strategy becomes economically

unviable and it can be used just to shallow voltage sags or the transient

during the connection of the generator to the grid. A deep analysis of the

converter capability is necessary in order to check the conditions when the

use of the MCC can be effective.

It is important to highlight that the proposed strategy does not intend

to be a unique solution of ride-through, but it can improve the system per-

formance and it may be combined to others strategies.

5.3 Final Considerations

In this chapter an specific strategy for the symmetrical voltage sags was

presented in order to reduce the effect of the stator flux natural component.
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The mathematical, simulation and experimental results demonstrate that the

magnetizing current control is effective in the increasing of the flux damping,

but high rotor voltages and currents are necessary.

As the balanced voltage sags are particular cases of the unbalanced ones,

the strategies presented in the next chapter, for the asymmetrical sags, can

also be employed for the symmetrical one. Furthermore, the MCC can also

be useful for the unbalanced case and it will be evaluated again in the next

chapter.



Chapter 6

Ride-Through Strategies -

Asymmetrical Voltage Sags

Case

6.1 Introduction

In the Chapter 4, it was shown that during unbalanced voltage sags high

rotor voltages take place due to the stator flux linkage negative sequence

component and, depending on the instant of the sag entry, natural component

also arises. These components cause high rotor currents, which can damage

the converter, and also torque and power oscillations that may be harmful

for the system. Therefore, it is necessary to use strategies to improve the

DFIG behavior during the grid faults.

In the last few years, several papers proposed the use of different control

strategies in order to mitigate the effect of the negative sequence in the

doubly-fed induction generators. Most of these papers deal just with the

system control under long term grid voltage unbalances. The converter limits

are also not well explored, because generally the long term voltage unbalances

have small amplitude, thereby the demanded rotor currents and voltages are

small. Therefore, the use of such control strategies during voltage sags has

two points that have to be analyzed: the natural component of the rotor

currents and voltages that may be induced during the sag transient and the

converter limitation that can be exceeded depending on the sag magnitude.

In this chapter, some of the control strategies found in the literature are



134 6 Ride-Through Strategies - Asymmetrical Voltage Sags Case

presented and simulation results of the 2MW system are analyzed for the

asymmetrical voltage sags. Based on these strategies and those presented

in the last chapter, novel control methodologies are proposed and validated

using simulation and experimental results.

6.2 Compensation of Torque and Reactive Power

Pulsations (CTRP)

In order to reduce the torque and the stator reactive power oscillations

papers Brekken and Mohan (2004) and Brekken and Mohan (2007) propose

the compensation of such variables in the output of the rotor current control,

as illustrated in Figure 6.1. The compensations are just activated in the pre-

sence of a voltage unbalance and supplement the output of the PI controllers

to remove the 2ωs disturbance due to the negative sequence component.

Figure 6.1: Control of RSC with the strategy of compensating the torque and
reactive power oscillations.

The Cd,comp and Cq,comp terms are designed to have a high gain in the

frequency of the disturbance and are implemented using resonant filters. In

the present case of study, the compensation transfer functions used are:
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Ccomp =
Acomps

s2 + 2
τcomp

s+ (2ωs)
2 , (6.1)

where Acomp is the filter gain and τcomp is time constant. The compensations

are tuned to have a high gain in the double of the grid frequency without

pushing the system to the instability. More details about the influence of

the resonant filter parameters is not described here, since the main goal is

to verify the improvement in the DFIG response during the voltage sags and

to expand the analysis done in Brekken and Mohan (2004) and Brekken and

Mohan (2007).

Simulating an 80% phase-neutral voltage sag with entry θ0 = 900 (no

natural component), Figures 6.2 to 6.5 show the result of the main interested

variables for the simulation with and without the CTRP strategy for the

system in the rated operation (1950 RPM).

Figure 6.2 shows that the use the strategy reduces drastically the electro-

magnetic torque oscillations, thus, reducing the mechanical stresses. Through

Figure 6.3 it is seen that the reactive power oscillation are also reduced. One

can notice that the remaining oscillations depend on the compensation gain

in the 100Hz (2fs) frequency. The strategy has a small effect in the active

power oscillations, because it is impossible to eliminate the oscillation in the

torque and the active power simultaneously, as will be shown hereafter. If the

compensation gain is set smaller, it is possible to decrease the active power

oscillation, but in the other hand the torque pulsation is increased. Other

possibility is to reduce the oscillation in the total active power supplied to

the grid through the control coordinated of the GSC, strategy discussed in

the following sections.

Comparing the rotor currents in Figures 6.4a and 6.4b it is seen that the

amplitude of the current is reduced with the CTPR strategy. Furthermore,

the 100Hz harmonic is almost eliminated from the rotor currents.



136 6 Ride-Through Strategies - Asymmetrical Voltage Sags Case

0 0.1 0.2 0.3 0.4

−10500

−10000

−9500

−9000

−8500

−8000

−7500

−7000

−6500

Eletromagnetic Torque
N

.m

Time(s)

 

 

Without strategy
 With strategy

Figure 6.2: Simulation result of the electromagnetic torque with and without the
CTRP strategy (80% phase-neutral voltage sag, θ0 = 900 and 1950
RPM).
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Figure 6.3: Stator active and reactive powers with and without the CTRP strategy
(80% phase-neutral voltage sag, θ0 = 900 and 1950 RPM).
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Figure 6.4: Simulation results of the ABC rotor currents (80% phase-neutral vol-
tage sag, θ0 = 900 and 1950 RPM):
(a) - Without the CTRP strategy;
(b) - With the CTRP strategy.

Of course the effectiveness of the compensation depends on the RSC

voltage capability. Observing the rotor voltages in Figure 6.5, it is clearly

seen an increase in the amplitude due to the 100Hz component (negative se-

quence). As the rotor currents are kept under control without high transient,

it is possible to decrease the current reference maintaining the converter in

safety operation conditions if the demanded voltage is not higher than the

maximum RSC limit.

Considering that the rotor currents are under control, the voltage drop in

the rotor transient inductance (σLr) is generally small, therefore the maxi-

mum converter voltage is given by the open rotor voltage calculated through

Equations 4.16 and 4.17. The maximum voltage calculated for the present

case (80% phase-neutral sag, 1950 RPM) is 236 V and the simulated result

is 242V, as shown in Figure 6.5.

Until now just the case without natural flux component (θ0 = 900) was

analyzed. Figures 6.6 and 6.7 show the simulation results when appears the

maximum natural component (θ0 = 00). It is seen that there is no oscillati-

ons due to the negative sequence (100Hz) in electromagnetic torque and in

the reactive stator power, but the oscillation due to the natural component

(50Hz) is not affected.

In the rotor currents, shown in Figure 6.7(b), the positive and the natural
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Figure 6.5: Simulation result of the ABC rotor voltages with the CTRP strategy
(80% phase-neutral voltage sag, θ0 = 900 and 1950 RPM).

0 0.2 0.4 0.6 0.8 1
−11000

−10000

−9000

−8000

−7000

−6000

−5000
Eletromagnetic Torque

N
.m

Time(s)

 

 

Figure 6.6: Simulation result of the electromagnetic torque with the CTRP stra-
tegy (80% phase-neutral voltage sag, θ0 = 00 and 1950 RPM).

components are predominant with small influence of the negative sequence.

Even with the elimination of the negative sequence, the rotor currents conti-

nue to be high.

The improvement of the response just in the negative sequence were

expected because the compensation is tuned just for the 2ωs. In order to
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Figure 6.7: Simulation results of the ABC rotor currents (80% phase-neutral vol-
tage sag, θ0 = 00 and 1950 RPM):
(a) - Without the CTRP strategy;
(b) - With the CTRP strategy.

deal with the natural component it is possible to use the MCC strategy

described in Chapter 5.

For example, the Figure 6.8 shows the torque when the CTPR strategy

is used in conjunction with the magnetizing current control (MCC). It is

seen that the damping of the natural component is increased, similar to the

balanced case. The same voltage and current converter restrictions, already

analyzed in the balanced case, apply for this case, but now the demanded

voltage is higher due to the addition of the compensating terms.

This strategy seems to be simple and efficient, but its performance de-

pends on the compensation transfer functions. The stability of the system

is a critical point that must be considered in the control and compensation

adjustment. Therefore, several papers in the literature propose the direct

control of the negative sequence, as discussed in the following sections.
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Figure 6.8: Simulation result of the electromagnetic torque with the CTRP+MCC
strategy (80% phase-neutral voltage sag, θ0 = 00 and 1950 RPM).

6.3 Dual PI Controllers (DPIC)

The study of the improvement of PWM voltage converters performance

during grid voltage unbalances is the aim of some papers in the literature

as Song and Nam (1999), Xu et al. (2005), Yin et al. (2008) and Hu and

He (2008). These papers propose the independent control of the positive

and negative sequences in such a way that average unity power factor is

maintained, sinusoidal currents are injected into the grid and the DC-link

voltage oscillations are reduced.

In this sense, in the last few years several works extended the use of this

control, called dual PI controller (DPIC), to the DFIG topology (Wang et al.,

2009), (Xu and Wang, 2007), (Xu, 2008), (Wang et al., 2008), (Wang and

Xu, 2010), (Zhou et al., 2009), (Zhou et al., 2007), (Park et al., 2007), (Abo-

Khalil et al., 2007), (Qiao and Harley, 2008), (Fan et al., 2009), (Navarro and

Richter, 2007), (Kearney and Conlon, 2008), (Gomis-Bellmunt et al., 2008),

(Hu et al., 2009b). These papers present basically the same mathematical

development and control structure, which has independent control of the

positive and negative rotor current sequences. The coordinated control of

the RSC and GSC is also proposed to enhance the system behavior.
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With exception of Wang et al. (2009), the other papers analyze the DFIG

behavior during long term voltage unbalances, not dealing with the voltage

sag transient. Therefore, this section discusses the DPIC strategy behavior

during voltage sags.

For the sake of organization, this section is divided in the description of

the control strategy, the mathematical modeling during the sag, the calcula-

tion of the references, the presentation of simulation results, the analysis of

the converter limitations and finally the experimental results are shown.

6.3.1 The DPIC strategy

Different from the presented papers, which model the machine in the

time domain, here the Laplace domain analysis is carried out. As already

shown in Section 4.2, the equations can be separated in positive and negative

sequence. Manipulating the machine equations similarly to the balanced case,

yields:

I+rdq+(s) =
1

σLrs+Rr
V +
rdq+

(s)− s(Lm/Ls)
σLrs+Rr

ψ+
sdq+

(s)

± ωr+[σLrI+rqd+ (s)+(Lm/Ls)ψ
+
sqd+

(s)]
σLrs+Rr

, (6.2)

I−rdq−(s) =
1

σLrs+Rr
V −
rdq−

(s)− s(Lm/Ls)
σLrs+Rr

ψ−
sdq−

(s)

± ωr−[σLrI−rqd− (s)+(Lm/Ls)ψ
−
sqd−

(s)]
σLrs+Rr

. (6.3)

Through Equations 6.2 and 6.3 one can notice that it is possible to con-

trol the negative sequence of the rotor currents imposing with the converter

negative sequence voltages, similar to the positive sequence. The second

term on these equations depends on the derivative of the stator flux, there-

fore they are different from zero just during stator voltage transients. The

last terms are the cross coupling (ccr+ and ccr−) terms and can be used as a

compensators similar to the classical control strategy.

In order to control independently the current positive and negative se-

quences it is necessary to“extract” them from the measured signal. There are
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many ways to realize this separation (Zhou et al., 2009). Based on the fact

that the negative sequence appears as a pulsation with the double of the grid

frequency in the positive synchronous rotating frame and that the positive

sequence appears as a pulsation with the double of the grid frequency in the

negative synchronous rotating frame, band-trap filters are used to separate

the sequence components. The filters are adjusted to reject the frequencies

in the vicinity of 2ωs. In this work the following filter is used:

Filter(s) =
s2 + (2ωs)

2

s2 + 2ωs
q
s+ (2ωs)

2 , (6.4)

where the factor q defines the selectivity of the filter and also affects the res-

ponse speed. It is important to remove the 2ωs frequency as fast as possible,

thus a q equal to 1 is used.

Using Equation 4.23, the total rotor voltage to be imposed by the con-

verter is given as:

V +
rdq

= V +
rdq+

+ V +
rdq−

= V +
rdq+

+ V −
rdq−

e−j2ωst. (6.5)

Figure 6.9 depicts the control structure used in the RSC. The references

of the positive sequences are given by the power control external loops and the

negative sequence references are calculated in such a way that some targets

are accomplished. The control of the GSC is similar to the RSC and it is

shown in Figure 6.10. Details about the references calculation are described

hereafter.

The gains of the negative sequence control are equal to the positive con-

trol, because the dynamics of both are similar, as shown in Equations 6.2

and 6.3.

Besides the filter, another factor that affects the control performance is

the correct estimation of the voltage angle used for the orientation. For a

good estimation of the grid and stator voltage angles even during unbalanced

conditions, the “Dual Second Order Generalized Integrator” (PSOGI) is used

(Rodriguez et al., 2006). The PSOGI was described in Chapter 2 and its

block diagram was presented in Figure 2.4.
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Figure 6.9: Control of positive and negative current sequences in the RSC .

Figure 6.10: Control of positive and negative current sequences in the GSC.



144 6 Ride-Through Strategies - Asymmetrical Voltage Sags Case

6.3.2 Mathematical modeling during the voltage sags

In Chapter 4 the stator flux linkage and the rotor current transfer functi-

ons were calculated for the classical control structure. In this section a similar

development is carried out, but in spite of using both sequence components

in the positive synchronous reference frame, the equations are divided in

positive and negative reference frames.

With the DPIC strategy both sequence components are controlled inde-

pendently, thus Equations 4.39 and 4.40 can be rewritten as:

I+rdq+(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I+rdq+

∗(s)− I+rdq+(s)
)
− s (Lm/Ls)

σLrs+Rr

ψ+
sdq+

(s),

(6.6)

I−rdq−(s) =
1

σLrs+Rr

(
Kps+Ki

s

)(
I−rdq−

∗(s)− I−rdq−(s)
)
− s (Lm/Ls)

σLrs+Rr

ψ−
sdq−

(s).

(6.7)

Considering the rotor current references null, as previously, the transient

response of the rotor current components are given as follows:

I+rdq+
t(s) =

−s2 (Lm/Ls)
σLrs2 + (Kp +Rr) s+Ki

ψ+
sdq+

t(s) (6.8)

I−rdq−
t(s) =

−s2 (Lm/Ls)
σLrs2 + (Kp +Rr) s+Ki

ψ−
sdq−

t(s) (6.9)

Substituting Equations 6.8 and 6.9 in 4.32 and 4.33, yields:

ψ±
sd±

t =
(s+ 1/τs) (σLrs

2 + (Kp +Rr) s+Ki)(
s2 + 2 1

τs
s+ ω2

s

)
(σLrs2 + (Kp +Rr) s+Ki) +

1
τs

L2
m

Ls
s2
(
s+ 1

τs

)V ±
sd±
,

(6.10)
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ψ±
sq±

t =
∓ωs (σLrs2 + (Kp +Rr) s+Ki)(

s2 + 2 1
τs
s+ ω2

s

)
(σLrs2 + (Kp +Rr) s+Ki) +

1
τs

L2
m

Ls
s2
(
s+ 1

τs

)V ±
sd±
,

(6.11)

where the dependence “(s)” was omitted to simplify the notation. As expec-

ted, the positive sequence components oriented in the positive synchronous

frame have the same dynamics of the balanced case. The negative sequence

components oriented in the negative synchronous frame also have a similar

dynamics. Therefore, the control gains may affect the frequency oscillation

of the natural stator flux response and the flux damping in both positive and

negative sequences.

Although positive and negative sequence have the same dynamics in their

respective reference frames, when they are referred to a common reference

in order to reconstruct the total response, their frequencies are different.

Equation 6.12 shows that in the synchronous frame the total stator flux

linkage has a DC component due to the positive sequence and the negative

sequence appears as an oscillation with the double of the grid frequency,

exactly as in the classical strategy.

ψ+
sdq

= ψ+
sdq+

+ ψ+
sdq−

= ψ+
sdq+

+ ψ−
sdq−

e−j2ωst (6.12)

One can notice that the flux oscillations caused by the negative sequences

are not affected by the control action, but, as previously stated, the rotor

currents depends on the control adjustment.

6.3.3 Calculation of the rotor current references

The development carried out in the last subsection represents the condi-

tion where the rotor current references are set to zero. Choosing the referen-

ces equal to zero the currents flowing through the converter are decreased,

avoiding the RSC to trip or be damaged. This strategy, which will be called

Target I, is useful as a protection, but has the drawback that the torque

and power oscillations continue to exist, as will be shown in the simulation

results. To deal with these issues Xu and Wang (2007) and Hu et al. (2009b)
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propose different methods to calculate the current references.

Before showing the calculation of the references, it is necessary to present

the modeling of the power and torque during a voltage unbalance. The

apparent stator power is calculated using:

Ss = Ps + jQs =
3

2

→
vs ·

→
îs =

3

2

{(
V +
sd
I+sd + V +

sq
I+sq

)
+ j

(
V +
sq
I+sd − V +

sd
I+sq

)}

(6.13)

where “̂” represents the complex conjugate. In this equation the negative

signal of the power indicates that the machine is in the generation mode.

Using Equation 4.23 to decompose the sequence components and using the

Euler identity, Equation 6.13 can be rewritten as (Gomis-Bellmunt et al.,

2008):

Ps = Ps0 + Pscos cos(2ωst) + Pssin sin(2ωst) (6.14)

Qs = Qs0 +Qscos cos(2ωst) +Qssin sin(2ωst) (6.15)

where:




Ps0
Pscos
Pssin
Qs0

Qscos

Qssin




=
3

2




V +
sd+

V +
sq+

V −
sd−

V −
sq−

V −
sd−

V −
sq−

V +
sd+

V +
sq+

V −
sq−

−V −
sd−

−V +
sq+

V +
sd+

V +
sq+

−V +
sd+

V −
sq−

−V −
sd−

V −
sq−

−V −
sd−

V +
sq+

−V +
sd+

−V −
sd−

−V −
sq−

V +
sd+

V +
sq+







I+sd+
I+sq+
I−sd−
I−sq−


 . (6.16)

In these equations it is clearly seen the oscillations in the active and

reactive power due to the voltage and current negative sequences. Using

Equations 4.24, 4.25, 4.28 and 4.29, if the voltage drop in the stator resistance

is neglected, one can notice that, in steady state, the stator currents are

related to the rotor currents according to:
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I±sd± = ±
V ±
sq±

ωsLs
−
LmI

±
rd±

Ls
, (6.17)

I±sd± = ±
V ±
sq±

ωsLs
−
LmI

±
rd±

Ls
. (6.18)

Therefore, Equation 6.16 can be rewritten as following:




Ps0
Pscos
Pssin
Qs0

Qscos

Qssin




= −3Lm
2Ls




V +
sd+

V +
sq+

V −
sd−

V −
sq−

V −
sd−

V −
sq−

V +
sd+

V +
sq+

V −
sq−

−V −
sd−

−V +
sq+

V +
sd+

V +
sq+

−V +
sd+

V −
sq−

−V −
sd−

V −
sq−

−V −
sd−

V +
sq+

−V +
sd+

−V −
sd−

−V −
sq−

V +
sd+

V +
sq+







I+rd+
I+rq+
I−rd−
I−rq−




+ 3
2ωsLs




V +
sd+

−V +
sq+

−V −
sd−

V −
sq−

V −
sd−

−V −
sq−

−V +
sd+

V +
sq+

V −
sq−

V −
sd−

V +
sq+

V +
sd+

V +
sq+

V +
sd+

−V −
sq−

−V −
sd−

V −
sq−

V −
sd−

−V +
sq+

−V +
sd+

−V −
sd−

V −
sq−

−V +
sd+

V +
sq+







V +
sq+

V +
sd+

V −
sq−

V −
sd−




. (6.19)

Similarly the electromagnetic power is given by (Hu et al., 2009b):

Pe =
3
2
Re

[
jωs

→
ψs ·

→
îs+jωr

→
ψr ·

→
îr

]
= −3

2
Lm
Ls
ωRe

[
j

→
ψs ·

→
îr

]

= Pe0 + Pesin sin(2ωst) + Pecos cos(2ωst)

, (6.20)

with
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Pe0
Pesin
Pecos


 = −3

2

Lm
Ls

ω

ωs




V +
sd+

V +
sq+

−V −
sd−

−V −
sq−

−V −
sq−

V −
sd−

−V +
sq+

V +
sd+

−V −
sd−

−V −
sq−

V +
sd+

V +
sq+







I+rd+
I+rq+
I−rd−
I−rq−


 . (6.21)

The electromagnetic torque is calculated through:

Te =
Pe
ωm

. (6.22)

Using the orientation in the angle of the grid voltage V +
sq+

= 0, thus

further simplifications can be made in the previous equations.

Through Equations 6.19 to 6.21 it is seen that the rotor current compo-

nents (I+rd+ , I
+
rq+
, I−rd− , I

−
rq−

) affect the torque and power oscillation. Therefore,

these currents can be controlled independently in order to reduce the oscilla-

tions. It is noticeable that due to the limited number of controlled variables

it is not possible to achieve the elimination of both power and torque oscil-

lations (Xu and Wang, 2007). Different control targets are proposed in Xu

and Wang (2007) and Hu et al. (2009b).

Target I was already defined and it intends to reduce the rotor currents

setting the references of the negative sequence to zero:

I−rd−
∗ = 0 I−rq−

∗ = 0. (6.23)

The references of the positive sequence can be adjusted in such a way

that the converter limits are not exceeded and supplying the desired mean

active or reactive power. Using Equation 6.19, these references are given as:

I+rd+
∗ =

2

3

LsP
∗
s0

LmV +
sd+

I+rq+
∗ = −

Ls

(
2
3
Q∗
s0
+ D1

ωsLs

)

LmV +
sd+

, (6.24)

where D1 = V +
sd+

2 −
(
V −
sd−

2 + V −
sq−

2
)
.
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Target II intends to warrant balanced stator currents in order to ensure

balanced heating in the stator windings. For this purpose is necessary to

eliminate the stator currents negative sequence. Through Equations 6.17

and 6.18, setting I−sd− = 0 and I−sq− = 0, yields:

I−rd−
∗ = −

V −
sq−

Lmωs
I−rq−

∗ =
V −
sd−

Lmωs
. (6.25)

Through Equation 6.19 the positive sequence references are calculated

as:

I+rd+
∗ =

2

3

LsP
∗
s0

LmV +
sd+

I+rq+
∗ = −

Ls

(
2
3
Q∗
s0
+ D1

ωsLs

)

LmV +
sd+

. (6.26)

With Target III the objective is to eliminate the pulsation in the active

stator power, improving the system power capability. Making Pssin = 0

and Pscos = 0 in Equation 6.19, the references of the positive and negative

sequence are calculated through:

I−rd−
∗ = −

2V −
sq−

Lmωs
− kddI

+
rd+

− kqdI
+
rq+

I−rq−
∗ =

2V −
sd−

Lmωs
− kqdI

+
rd+

+ kddI
+
rq+
,

(6.27)

I+rd+
∗ =

2

3

LsP
∗
s0
V +
sd+

LmD1

I+rq+
∗ = −2

3

Ls
Lm

V +
sd+
Q∗
s0

D2

−
V +
sd+

Lmωs
, (6.28)

where kdd = V −
sd−

/
V +
sd+

, kqd = V −
sq−

/
V +
sd+

and D2 = V +
sd+

2 + V −
sd−

2 + V −
sq−

2.

Using Target IV the electromagnetic torque is reduced, reducing the

mechanical stresses in the system. For this, it is necessary to do Pesin = 0

and Pecos = 0 in the Equation 6.21, giving the following references:

I−rd−
∗ = kddI

+
rd+

+ kqdI
+
rq+

I−rq−
∗ = kqdI

+
rd+

− kddI
+
rq+
. (6.29)
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I+rd+
∗ =

2

3

LsV
+
sd+
P ∗
s0

LmD2

I+rq+
∗ = −2

3

Ls
Lm

V +
sd+
Q∗
s0

D1

−
V +
sd+

Lmωs
. (6.30)

The target should be chosen accordingly to the desired objective, but the

converter limitations, which is analyzed hereafter, must not be exceeded.

6.3.4 Calculation of the grid current references

As in the RSC, it is also possible to use in the GSC the decoupled control

of positive and negative sequences. Wang et al. (2008), Wang and Xu (2010)

and Pena et al. (2007) propose the use of the GSC to inject into the grid

negative sequence currents, permitting the rebalance of the voltages in the

common connection point. The rebalance of the grid voltages through control

normally is just possible when the unbalance is small and/or the grid has low

short-circuit (weak grid). These are specific situations and are not treated in

this work.

The proposed GSC control studied in this section intends to reduce the

oscillations in the total active power supplied to the grid, as presented in Xu

(2008), Zhou et al. (2007), Qiao and Harley (2008) and Fan et al. (2009).

As in the generator stator, the power flowing through the GSC is given

by:

Pn = Pn0 + Pncos cos(2ωst) + Pnsin
sin(2ωst), (6.31)

Qn = Qn0 +Qncos cos(2ωst) +Qnsin
sin(2ωst), (6.32)

where:



6.3 Dual PI Controllers (DPIC) 151




Pn0

Pncos

Pnsin

Qn0

Qncos

Qnsin




=
3

2




V +
nd+

V +
nq+

V −
nd−

V −
nq−

V −
nd−

V −
nq−

V +
nd+

V +
nq+

V −
nq−

−V −
nd−

−V +
nq+

V +
nd+

V +
nq+

−V +
nd+

V −
nq−

−V −
nd−

V −
nq−

−V −
nd−

V +
nq+

−V +
nd+

−V −
nd−

−V −
nq−

V +
nd+

V +
nq+







I+nd+
I+nq+
I−nd−
I−nq−


 . (6.33)

Through Equations 6.14 and 6.31 the total active power flowing to the

grid is calculated as:

Ptotal = Pn+Ps = (Ps0 + Pn0)+(Pscos + Pncos) cos(2ωst)+(Pssin + Pnsin
) sin(2ωst).

(6.34)

Therefore, to minimize the oscillations in the total active power it is

necessary to make:

Pscos + Pncos = 0

Pssin + Pnsin
= 0

. (6.35)

Combining Equations 6.33 and 6.35, the grid current negative sequence

references are given as:

I−nd−
∗ =

3

2

Pscos
V +
sd+

− kddI
+
nd+

− kqdI
+
nq+

I−nq−
∗ =

3

2

Pssin
V +
sd+

− kqdI
+
nd+

+ kddI
+
nq+

,

(6.36)

where Pssin and Pscos are calculated using Equation 6.19.

If the GSC is capable of eliminating the oscillations in the total power

flowing to the grid, it is interesting to use the Target IV in the RSC, because

the mechanical stresses are reduced through the RSC control and the power

quality are increased with the GSC control.
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6.3.5 Simulation results

For the simulation of the 2-MW system, the following conditions were

considered:

• Rated operation, i.e., machine rotating with fixed 1950 RPM and sup-

plying 2 MW to the grid;

• Unity power factor, i.e., Qs = 0;

• The DC-link voltage was set high enough (1200V) to ensure the ope-

ration of the control strategies without saturation;

• As proposed by Xu (2008), the feedback of the positive sequence con-

trols is given by the total current without sequence decomposition.

Using this artifice the positive control “helps” the negative sequence

control;

• During the sag the reference of the rotor current positive sequences are

set equal to the value immediately before the voltage drop. This stra-

tegy was employed to avoid other transients that not the ones caused

by the voltage unbalance.

Before starting the analysis, it is necessary to clarify some definitions.

There are different ways to measure the current and voltage unbalance. Here

the definition used in Brekken and Mohan (2007) is applied, which says that

the percentage of unbalance is given by the negative sequence component

divided by the positive one:

V UF (%) =

∣∣∣∣
A−

A+

∣∣∣∣ ∗ 100% (6.37)

Another important value is the percentage of the oscillations for the

power, torque and DC-link voltage. In this work this value is defined as

the amplitude of the 100Hz oscillation component normalized by the DC

component.

Simulating the case when there is no natural component (θ0 = 900),

Table 6.1 shows the percentage of unbalance for the currents and voltages,



6.3 Dual PI Controllers (DPIC) 153

the percentage of the 100Hz oscillations in the power, torque and DC-link

voltage for different voltage sags and different control targets. Furthermore,

the maximum rotor voltage absolute value is given.

Table 6.1: Percentage of unbalance and of oscillations for different simulated vol-
tage sags (θ0 = 900).

No strategy Target I Target II

V UF
(%)

7.12 20 50 7.12 20 50 7.12 20 50

Ird (%) 29.2 73.2 146 0.03 0.07 0.15 0.03 0.08 0.16

Irq (%) 25.9 64.9 129 0.51 1.28 2.56 6.982 17.46 34.93

Isd (%) 29.3 73.3 146 0.01 0.04 0.08 0.026 0.066 0.134

Isq (%) 493 492 491 92.3 92.4 92.4 5.79 5.80 5.81

Te (%) 26.9 45.1 53.0 6.01 12.2 18.7 5.577 11.34 17.31

Ps (%) 20.5 40.2 60.5 6.65 15.2 29.1 6.293 14.72 28.59

Qs (%) 87.3 83.7 78.1 67.1 66.7 56.6 65.56 65.06 61.70

Pt (%) 15.2 24.6 13.1 5.89 13.2 23.1 5.377 12.53 23.01

Vdc (%) 0.04 0.12 0.27 0.03 0.08 0.17 0.034 0.087 0.181

Vr (V) 244 347 519 244 353 535 249 366 560

Target III Target IV Target. IV+GSC

V UF
(%)

7.12 20 50 7.12 20 50 7.12 20 50

Ird (%) 6.95 19.4 48.7 7.01 19.6 49.0 7.016 19.63 49.07

Irq (%) 6.47 14.1 18.4 7.49 20.8 51.4 7.491 20.81 51.40

Isd (%) 6.95 19.4 48.7 7.01 19.6 49.0 7.010 19.62 49.03

Isq (%) 1.10 13.6 43.0 12.7 25.2 54.6 12.70 25.29 54.66

Te (%) 10.4 19.3 23.3 0.13 0.27 0.40 0.139 0.271 0.400

Ps (%) 0.37 1.57 6.31 11.9 25.6 40.1 11.91 25.65 40.15

Qs (%) 84.5 81.7 65.7 43.5 40.5 29.7 43.50 40.59 29.76

Pt (%) 1.27 3.97 17.0 9.47 20.1 25.8 0.750 1.870 3.057

Vdc (%) 0.03 0.09 0.22 0.03 0.07 0.13 0.015 0.037 0.056

Vr (V) 249 364 550 252 374 589 252 374 589

As described earlier, each target aims the reduction of the unbalance or

pulsation in a specific variable. Therefore, in the Table 6.1 the values referent

to each target is bolded, showing the reduction in its values when compared

with the other cases.

Figures 6.11 to 6.16 show some simulation results for the different targets,

testing a 50% phase-neutral sag (VUF = 20%). For each variable plotted,
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it is shown just the result for the target that change the behavior of this

variable.

Figure 6.11 shows the rotor currents without ride-through strategies and

using the DPIC-Target I strategy. There is an initial transient that increases

momentarily the currents, but after a short time it is seen that the negative

sequence disappears. These transients come from the dynamics imposed by

the filter that delays the decomposition in positive and negative sequence.

With the use of the Target I, the negative sequence (100Hz oscillation) is

eliminated after the transient, thus it is seen smaller currents compared with

the case without strategies. In order to protect the converter, it is interesting

to control the negative sequence to zero during the transient and after one

of the other targets can be set, limiting the reference according to the RSC

capability.
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Figure 6.11: Simulation results of the phase A of the rotor currents (50% phase-
neutral voltage sag, θ0 = 900 and 1950 RPM):
(a) - Without RTFC strategies;
(b) - With the DPIC-Target I strategy.

Observing Figure 6.12 one can notice that the use of the strategy incre-

ases the rotor voltages imposed by the RSC of just 10V. Table 6.1 show that

for the same voltage sag amplitude, the rotor voltage maximum values for the

different targets do not differ so much. It is clearly seen in the rotor voltage

the presence of the positive sequence superimposed to the negative one. In

the next subsection the theoretical value of the maximum rotor voltage is

deduced.
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Figure 6.12: Simulation results of the phase A of the rotor voltages (50% phase-
neutral voltage sag, θ0 = 900 and 1950 RPM):
(a) - Without RTFC strategies;
(b) - With the DPIC-Target I strategy.

With the use of the Target II the unbalance in the stator currents is

almost eliminated, as shown Figure 6.13. The Table 6.1 indicates that the

Target I also reduces much the stator currents unbalance, whilst the Target

III and Target VI the unbalance is higher, but even less than the classical

control. It is important to reduce the unbalance in the currents mostly for

the permanent voltage unbalances, but during voltage sags, which generally

have duration less than 2 seconds, the unequal heating in the windings is not

an issue.

The Target III, as expected, reduces the active stator power oscillations,

as demonstrated in Figure 6.14. In the other hand, the oscillation in the

reactive power continues to be high. During voltage sags maybe it is more

important to reduce the oscillation in the reactive power and reduce the

active power supplied to the grid.

With the guaranty of safety operation of the RSC, probably the most

important oscillations to be mitigated is the electromagnetic torque, because

the mechanical stresses in the drive train reduces its life time, increasing

the cost of maintenance. It is seen in Figure 6.15 that the use of the DPIC

with the Target IV reduces considerably the torque oscillations. In the sag

beginning the transient continues to cause high torque oscillations, therefore

some extra strategy should be used.
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Figure 6.13: Simulation results of the ABC stator currents (50% phase-neutral
voltage sag, θ0 = 900 and 1950 RPM):
(a) - Without RTFC strategies;
(b) - With the DPIC-Target II strategy.
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Figure 6.14: Simulation results of the stator active and reactive powers (50%
phase-neutral voltage sag, θ0 = 900 and 1950 RPM):
(a) - Without RTFC strategies;
(b) - With the DPIC-Target III strategy.

Figure 6.16 shows the simulation result when the Target IV is used co-

ordinated with the control of the GSC. One can notice that injection of

negative sequence currents into the grid compensates the stator active power

oscillations, therefore reducing the total active power.
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Figure 6.15: Simulation results of the electromagnetic torque (50% phase-neutral
voltage sag, θ0 = 900 and 1950 RPM):
(a) - Without RTFC strategies;
(b) - With the DPIC-Target IV strategy.
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Figure 6.16: Simulation results of the total active and reactive powers (50% phase-
neutral voltage sag, θ0 = 900 and 1950 RPM):
(a) - With the DPIC-Target IV strategy;
(b) - With the DPIC-Target IV + GSC control strategy.

The simulation results depicted in Figures 6.11 to 6.16 and Table 6.1

show the effectiveness of the DPIC strategy with the different targets. It

is seen that there are just a small transients in the variables at the voltage

sag beginning. These results show the machine behavior in the particular

case when there is no flux natural component induced during the voltage
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transient, therefore it is necessary to analyze the other cases.

In order to simplify the analysis, the case when there is the maximum

natural flux (θ0 = 00) is analyzed using just the Target IV and the coor-

dinated control of the GSC, in such a way that the 100Hz pulsation in the

electromagnetic torque and total active power are reduced. Figure 6.17 show

the simulation results using the same conditions described previously.

Figures 6.17a and 6.17b show that the mean values of the positive and

negative sequences are controlled, but the currents present a 50Hz oscillation

due the natural component that decays exponentially. Observing the phase

A of the rotor currents (Figure 6.17c) it is seen the presence of the negative

component plus the natural component. One can notice that the currents

present higher peaks than in the previous case. The rotor voltages also has

higher values, as depicted in Figure 6.17d.

The stator power has the presence of the oscillations with 50Hz (natu-

ral component) and 100Hz(negative sequence). As the GSC injects current

to compensate the stator active power pulsation, the total power shown in

Figure 6.17e presents a predominantly 50Hz oscillation, but this component

is also reduced by the control.

As the objective of the Target IV is eliminate the 100Hz electromagnetic

torque oscillation, Figure 6.17f shows that only the 50Hz natural pulsation

remains in the torque.

Through the simulation results it is seen that using the DPIC strategy

the negative sequence is well controlled, reducing the rotor currents and the

2ωs pulsation in the torque and power, but the dynamic response of the

control and the natural component in the beginning of the sag degrades the

control performance. Therefore, it is necessary to implement strategies to

improve the control performance during the voltage sag transients.

6.3.6 Converter limitation analysis

In order to warrant the rotor currents control, it is necessary that the

converter is capable of imposing the voltage required by the control. The

maximum converter voltage depends on the DC-link voltage. Assuming the
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Figure 6.17: Simulation results with DPIC-Target IV (50% phase-neutral voltage
sag, θ0 = 00 and 1950 RPM):
(a) - Positive sequence rotor current;
(b) - Negative sequence rotor current;
(c) - Phase A of the rotor currents;
(d) - Phase A of the rotor voltages;
(e) - Total active and reactive powers;
(f) - Electromagnetic Torque.
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space vector modulation (SVPWM) the maximum voltage synthesized by the

converter is:

Vmax =
Vdc√
3
. (6.38)

In turn, the maximum DC-link depends on the IGBT limits.

Equation 3.6 can be rewritten in the synchronous reference frame as:

→
vr

r =

(
Rr + σLr

(
d

dt
+ jωr

))
→
ir+

Lm
Ls

(
d

dt
+ jωr

)
→
ψsd . (6.39)

The last term in Equation 6.39 is the parcel dependent on the stator flux,

thus it is the open rotor voltage already calculated in Chapter 4. The term

dependent on the derivative of the rotor current can be neglected, because

generally the transient inductance (σLr) is too small. The voltage drop in

the rotor resistance is also negligible.

First the case without natural component is analyzed. Using the values of

the maximum open rotor voltage positive and negative sequence (Equations

4.16 and 4.17), the Equation 6.39 can be split into:

Vrd+ = −ωr+σLrIrq+ +
Lm
Ls

slip
∣∣Vsd+

∣∣ , (6.40)

Vrq+ = ωr+σLrIrd+ +
Lm
Ls

slip
∣∣Vsq+

∣∣ , (6.41)

Vrd− = −ωr−σLrIrq− +
Lm
Ls

(slip − 2)
∣∣Vsd−

∣∣ , (6.42)

Vrq− = ωr−σLrIrd− +
Lm
Ls

(slip − 2)
∣∣Vsq−

∣∣ . (6.43)

The modulus of rotor voltage can be approximated by:



6.3 Dual PI Controllers (DPIC) 161

|Vr| ≈
∣∣Vr+

∣∣+
∣∣Vr−

∣∣ (6.44)

where
∣∣Vr+

∣∣ =
√
V 2
rd+

+ V 2
rq+

and
∣∣Vr−

∣∣ =
√
V 2
rd−

+ V 2
rq−

.

Assuming that the rotor current sequences are equal to the reference

values, the Equations 6.40 to 6.44 can be calculated using the values given in

Section 6.3.3. Thus, the results of the calculated maximum rotor voltage for

different voltage sags and speeds are shown in Figure 6.18 using the 2MW

WECS parameters. In this graph a unity power factor operation and the

power reference following the MPPT curve was considered, using the Target

IV. Comparing the values for 1950 RPM, which are highlighted in the figure,

with the results of the Table 6.1, it is seen that the results are in good

agreement.
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Figure 6.18: Maximum calculated rotor voltage with DPIC-Target IV strategy for
different unbalanced voltage sags, using the 2MW WECS parameters
(θ0 = 900).

The values shown in Figure 6.18 is valid just for the case when there is

no induced natural component. When the natural component appears the

voltage requirement increases even more. Equation 4.18 gives an idea about

the increasing in the rotor voltage when θ0 = 00, but this value cannot be

added direct to the values given in 6.40 to 6.44, because the instant of the
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maximums are different, as already stated. Furthermore the natural rotor

current component with angular frequency ωs is a perturbation for both

positive and negative control and vary according to the control adjustment.

Therefore, extra strategies must be used, which are proposed hereafter.

If just the “steady state”during the sag is considered, through the analy-

sis of the results shown in Figure 6.18, it is possible to calculate the necessary

DC-link voltage in order to guarantee the control of both rotor current se-

quence components. If the converter voltage limit is not exceeded, the rotor

currents references can be set in values below the converter current limits

avoiding the system to trip. Following it is described the proposed method

to limit the rotor currents.

As the voltage, the rotor current magnitude is given by the sum of the

positive and negative sequences:

|Ir| ≈
∣∣Ir+

∣∣+
∣∣Ir−

∣∣ , (6.45)

where
∣∣Ir+

∣∣ =
√
I2rd+ + I2rq+ and

∣∣Ir−
∣∣ =

√
I2rd− + I2rq− .

As the control is implemented digitally, the limitation scheme is shown

in Figure 6.19 and is divided into steps:

• First the values of the references are calculated;

• The rotor current references are compared with the converter limit.

If the converter limit is not exceeded (|Irmax |) the calculated references

values can be applied to the control, otherwise the next step is executed;

• In the second step the direct axis component of the positive sequence

rotor current is reduced until the magnitude is below the limit or the

reference is zero. In each iteration the current is reduced of a factor

Υ. The first reference reduced is I+rd+
∗, because it is responsible for the

active power and during a sag is more interesting to supply reactive

power to the grid, helping the voltage recovering, than active power;

• If the direct axis positive sequence reference is equal to zero and the

limit is still exceeded, the quadrature axis positive component reference
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starts to be reduced. Observe that the reactive power reference can be

set externally, even supplying reactive current to the grid;

• The last references to be reduced are the direct and quadrature negative

sequences, because before controlling the active and reactive power it is

necessary to reduce the power and torque oscillations. Both direct and

quadrature components can be reduced simultaneously, since a priori

they have the same effect on the oscillations.

Figure 6.19: Scheme of the rotor current limitation.

The schematic of limitation is just useful if the voltage limit is not ex-

ceeded, otherwise the rotor current maximum values are not guaranteed by

the control and overcurrent protections can be trigged.

6.3.7 Experimental results

In order to validate the DPIC strategy, the structure described was im-

plemented in the TUD test bench and unbalanced voltage sags were tested.

In all tests shown in this section the machine is operating with slip equal
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to -0.15 (1750RPM) and during the sag the rotor current reference is held

constant, as in the simulation results.

First, it is analyzed the case without natural component. With the Target

I, comparing Figures 6.20(a) and 6.20(b), it is seen that the 2ωs oscillations

in the rotor currents are almost extinguished after the transient. The decre-

asing in the negative sequence rotor current reduces the total rotor current,

increasing the chances of the system to ride-through the sag.
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Figure 6.20: Experimental result of the total dq rotor currents - TUDb (90% phase-
to-phase voltage sag, θ0 = 900 and 1750RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target I strategy.

Figure 6.21 show that for controlling the negative sequence component

of the currents, the rotor voltage is increased. The correct control of the cur-

rents depends on the converter voltage capability and the maximum voltage

depends on the grid unbalance.

Considering now the Target II, comparing Figures 6.22(a) and 6.22(b) it

is clearly seen the reduction in the stator current unbalance. Even when the

Target I is used, result not shown, the stator current unbalance is reduced,

because it depends on the rotor currents.

With the use of the Target IV, the electromagnetic pulsation is reduced,

as shown in Figure 6.23. In this case the changing in the negative sequence

rotor current references is not high, since the voltage sag tested is small.
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Figure 6.21: Experimental result of the phase A of the rotor voltages - TUDb (90%
phase-to-phase voltage sag, θ0 = 900 and 1750RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target I strategy.
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Figure 6.22: Experimental result of the ABC stator currents - TUDb (90% phase-
to-phase voltage sag, θ0 = 900 and 1750RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target II strategy.
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Figure 6.23: Experimental result of the estimated electromagnetic torque - TUDb
(90% phase-to-phase voltage sag, θ0 = 900 and 1750RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target IV strategy.

Using the coordinated control of the GSC with the target Target IV,

Figure 6.24 proves experimentally the reduction in the total active power

supplied to the grid.
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Figure 6.24: Experimental result of the total active and reactive powers - TUDb
(90% phase-to-phase voltage sag, θ0 = 900 and 1750 RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target IV + GSC control strategy.

For the case when maximum natural component is induced, just the ro-

tor currents using Target I are presented. Figure 6.25 show that the 100Hz
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oscillation is reduced, indicating the correct control of the negative sequence.

However, the 50Hz oscillation due to the natural component is not affec-

ted and the natural oscillations continue to exist in the stator power and

electromagnetic torque.
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Figure 6.25: Experimental result of the total dq rotor currents - TUDb (90% phase-
to-phase voltage sag, θ0 = 00 and 1750 RPM):
(a) - Without the RTFC strategies;
(b) - With DPIC-Target I strategy.

The results for the UFMGb test bench are similar to those presented in

this section, therefore they will not be shown for the DPIC strategy.

Through the experimental results, it is seen that the DPIC strategy

works well also in a real system and its implementation is not so complex.

Nevertheless, the natural component affects the behavior of the strategy. In

the next sections, control improvements are proposed in order to deal with

this issue.

6.3.8 Considerations about the DPIC strategy

The DPIC strategy is useful in the negative sequence control, keeping the

rotor currents under acceptable values, if the converter voltage limit is not

exceeded. In most papers in the literature this strategy is just used for the

control of the rotor currents during a permanent unbalance without consider

the transient of voltage sags. It was shown here through the simulation and
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experimental results that depending on the sag instant, the natural compo-

nent can affect so much the performance of the control in the sag beginning

and high currents are still a problem.

Considering just the steady state, i.e., after the extinction of the natural

component, one can notice that the rotor currents can be perfectly controlled,

but the demanded voltage can be high depending on the unbalance. Figure

6.18 shows that the required voltage for a 50% unbalance is more than double

of the voltage in a 7.12% unbalance for the rated operation. In order to meet

this requirement two modifications can be done:

• Increasing the DC-link voltage. This change is not so effective because

in order to increase the DC voltage above approximately 700V, it is

necessary to use medium voltage IGBTs what increases so much the

cost of the converter;

• Reducing the generator stator/rotor ratio. With this modification the

required voltage can be reduced without changing the converter voltage

limit, but it is necessary to increase the current limits.

Both propositions imply a changing in the design of the converter and in

the second case also in the generator, therefore a deeper study is necessary.

For now this is out of the scope of the present work.

6.4 PI Plus Resonant Controllers(PIRC)

Based on the same principle of controlling the negative sequence, Hu

et al. (2009a), Hu and He (2009a) and Hu and He (2011) propose the use

of a resonant control in the positive synchronous reference frame instead of

splitting the control in positive and negative sequence controls. This method

is based on the strategy used to control different harmonics in voltage source

inverters, as described in Liserre et al. (2006).

The advantage of this control strategy lies in the no necessity to decom-

pose the negative and positive sequences for the system feedback as in the

DPIC strategy. As shown in the last section, this decomposition insert time
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delays and reduce the system stability. Furthermore, the PIRC is implemen-

ted similarly to the classical control just adding a resonant parcel in the PI

current controllers, thus its implementation is simpler than the DPIC.

In the following subsections the strategy is described with more details,

a mathematical analysis is presented and the simulation and experimental

results are used to validate its effectiveness.

6.4.1 The PIRC strategy

The control structure of the PIRC is similar to the classical control, as

shown in Figure 6.26 which represents the RSC control and Figure 6.27 which

depicts the GSC control. The classical PI used for the current controllers are

substituted for a PI+resonant control tuned for the double grid frequency

with the following transfer function:

G(s) = Kp +
Ki

s
+

Krs

s2 + (2ωs)
2 , (6.46)

where Kr is the gain of the resonant part and its adjustment is discussed in

the following subsection.

Figure 6.26: Control of the RSC using the resonant control.
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Figure 6.27: Control of the GSC using the resonant control .

The current references are calculated exactly in the same manner as

described for the DPIC (section 6.3.3) for the different targets, but as here

the control is just implemented in the positive synchronous reference frame,

it is necessary to refer the negative sequence reference to the positive frame.

Through Equation 4.23 the total current reference is given by:

I+dq
∗ = I+dq+

∗ + I−dq−
∗ejωst. (6.47)

One can notice that it is necessary to use the positive and negative se-

quence to calculate the current references, but this decomposition is not

supposed to decrease the system stability and performance, because the de-

composed values are not used for control purposes, i.e, system feedbacks or

feedfowards.

6.4.2 Mathematical modeling during voltage sags

In Chapter 4 it was considered a PI control for the mathematical deve-

lopment. In this sections the development is similar, but the resonant control

is used, therefore the Equations 4.39 and 4.40 can be rewritten as:
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I+rdq+(s) =
1

σLrs+Rr

(
Kp +

Ki
s
+ Krs

s2+(2ωs)
2

)(
I+rdq+

∗(s)− I+rdq+(s)
)

− s(Lm/Ls)
σLrs+Rr

ψ+
sdq+

(s)

, (6.48)

I+rdq−(s) =
1

σLrs+Rr

(
Kp +

Ki
s
+ Krs

s2+(2ωs)
2

)(
I+rdq−

∗(s)− I+rdq−(s)
)

− s(Lm/Ls)
σLrs+Rr

ψ+
sdq−

(s)

. (6.49)

Considering the rotor current references equal to zero, as previously, the

transfer functions can be rewritten as:

I+rdq+
t(s) = −Lm

Ls

s2
(
s2 + (2ωs)

2)

(σLrs+Rr)
(
s2 + (2ωs)

2) s+ Fc(s)
ψ+
sdq+

t(s), (6.50)

I−rdq−
t(s) = −Lm

Ls

s2
(
s2 + (2ωs)

2)

(σLrs+Rr)
(
s2 + (2ωs)

2) s+ Fc(s)
ψ−
sdq−

t(s), (6.51)

where Fc(s) = Kp

(
s2 + (2ωs)

2) s + Ki

(
s2 + (2ωs)

2) + Krs
2 represents the

parcel of the response depended on the controller parameters.

Substituting Equations 6.50 and 6.51 in 4.43 and 4.44, yields:

ψ+
sd
t(s) = ψ+

sd+
t(s) + ψ+

sd−(s) =

=
[(σLrs+Rr)(s2+(2ωs)

2)+Fc(s)]
[
(s+1/τs)(V

+
sd+

(s)+V +
sd−

(s))+ωsV
+
sq−

(s)
]

(s2+2 1
τs
s+ω2

s)[(σLrs+Rr)(s2+(2ωs)
2)+Fc(s)]+ 1

τs

L2
m

Ls
s2(s2+(2ωs)

2)(s+ 1
τs
)

,

(6.52)
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ψ+
sq
t(s) = ψ+

sq+
t(s) + ψ+

sq−(s) =

=
[(σLrs+Rr)(s2+(2ωs)

2)+Fc(s)]
[
−ωs(V

+
sd+

(s)+V +
sd−

(s))+(s+1/τs)V
+
sq−

(s)
]

(s2+2 1
τs
s+ω2

s)[(σLrs+Rr)(s2+(2ωs)
2)+Fc(s)]+ 1

τs

L2
m

Ls
s2(s2+(2ωs)

2)(s+ 1
τs
)

.

(6.53)

These equations seems to be a bit complicated, but if just the 2ωs is

analyzed, i.e., s = j2ωs, the transfer functions are simplified to:

ψ+
sd
t(j2ωs) =

(s+1/τs)

(s2+2 1
τs
s+ω2

s)
(V +
sd+(j2ωs) + V +

sd−(j2ωs))

+ ωs

(s2+2 1
τs
s+ω2

s)
V +
sq−(j2ωs)

, (6.54)

ψ+
sq
t(j2ωs) =

−ωs

(s2+2 1
τs
s+ω2

s)
(V +
sd+(j2ωs) + V +

sd−(j2ωs))

+
(s+1/τs)

(s2+2 1
τs
s+ω2

s)
V +
sq−(j2ωs)

. (6.55)

Transfer Functions 6.54 and 6.55 indicate that the control adjustment

does not affect the stator flux linkage behavior in the 2ωs frequency caused

by the negative sequence. Despite the flux is not affected, the behavior of

the current is modified. Using Equations 6.54 and 6.55 in 6.50 and 6.51, the

rotor current transient responses are given by:

I+rd
t(s) =

−s2(Lm/Ls)(s2+(2ωs)
2)
[
(s+1/τs)(V

+
sd+

+V +
sd−

)(s)+ωsV
+
sq−

(s)
]

(s2+ 2
τs
s+ω2

s)[(σLrs+Rr)(s2+(2ωs)
2)+Fc(s)]+ L2

m
τsLs

s2(s2+(2ωs)
2)(s+ 1

τs
) ,

(6.56)
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I+rq
t(s) =

s2(Lm/Ls)(s2+(2ωs)
2)
[
ωs(V

+
sd+

+V +
sd−

)(s)−(s+1/τs)V
+
sq−

(s)
]

(s2+ 2
τs
s+ω2

s)[(σLrs+Rr)(s2+(2ωs)
2)+Fc(s)]+ L2

m
τsLs

s2(s2+(2ωs)
2)(s+ 1

τs
) .

(6.57)

If the 2ωs frequency is evaluated in the Equations 6.56 and 6.57, one

can notice that the rotor current transient response is null, i.e., the double

frequency is eliminated. These transfer functions indicate that in the 2ωs
frequency the system response is independent on the system parameters and

controller gains. Of course this affirmation is true just if the resonant response

is adequate, therefore it depends on the gain.

In order to define the resonant gain (Kr) it is necessary to analyze the

controller frequency response. Figure 6.28 shows the bode diagram of the

controller transfer function, shown in Equation 6.46, with different resonant

gains. One can see that increasing the gain, the controller response in the

2ωs frequency increases, but frequencies in the vicinity are also affected. For

choosing and adequate gain it is necessary to guarantee that the gain in 2ωs
is high, but that the resonant peak is not too wide. The selectivity of the

control can also be adjusted adding a quality factor Q to the resonant parcel,

similar to the resonant filter presented in Equation 6.4. However, this factor

also affects the resonant peak an for simplicity it is not considered in the

controller.

Another important point to be considered when designing the resonant

control for digital implementation is the discretization method. Depending

on the method the resonant peak can be attenuated and the frequency can

be shifted. In this work the Tustin method of discretization was employed.
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Figure 6.28: Bode diagram of the PI+resonant controller (Equation 6.46) for dif-
ferent gains using the 2MW system parameters.

6.4.3 Simulation results

For the validation of the PIRC strategy the same conditions simulated

previously were considered. As the first objective of the strategy is keep the

rotor currents in acceptable limits, the Target I is simulated for the case

without natural component.

Figures 6.29(a) and 6.29(b) show that the positive and negative sequences

are correctly controlled. One can notice that rotor current transient is smaller

than the use of the DPIC strategy, but a small transient still exist due to the

control dynamics. Figure 6.29(c) evidences that the transient is small and

fast in the rotor currents in the stationary reference frame. This improvement

in the response is due to the fact that in the PIRC strategy is not necessary to

decompose the component sequences. Figure 6.29(d) shows that in order to

reduce the negative sequence component of the rotor currents it is necessary

to impose rotor voltages with negative sequence component. This component

increases the voltage values.

Using the Target I the negative sequence reference is kept null, therefore

in order to see the control behavior when the reference is changed, Figures

6.30 shows the result of using the Target IV.
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Figure 6.29: Simulation results using PIRC-Target I strategy (50% phase-neutral
voltage sag, θ0 = 900 and 1950 RPM):
(a) - Positive sequence rotor current;
(b) - Negative sequence rotor current;
(c) - Phase A of the rotor currents;
(d) - Phase A of the rotor voltages.

Figure 6.30(a) shows the controlled rotor current. One can notice that

the reference of the negative sequence appears as a 100Hz sinusoidal signal

in the synchronous reference frame and this component is totally controlled

after a short transient. Comparing this result with the DPIC, one can see

again that the transient is reduced, mainly in the electromagnetic torque

shown in Figure 6.30(b).

Using the same principle to control the GSC converter, Figure 6.30(c)

shows the behavior of the GSC currents which are used to reduce the total

active power, depicted in Figure 6.30(d).
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Figure 6.30: Simulation results using PIRC-Target IV + GSC control strategy
(50% phase-neutral voltage sag, θ0 = 900 and 1950 RPM):
(a) - Total dq rotor currents;
(b) - Electromagnetic Torque;
(c) - Total dq GSC currents;
(d) - Total active and reactive powers;

Simulating again the PIRC strategy with the Target IV and considering

now that the sag entry instant causes the maximum natural flux linkage,

Figure 6.31 depicts the rotor currents and the electromagnetic torque. It

is seen that the natural component is not affected by the resonant control,

therefore the natural component with frequency around ωs still exists in the

currents, thus, in the torque and power. In the following section an extension

of the resonant is proposed in order to deal with the natural component.
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Figure 6.31: Simulation results using PIRC-Target IV strategy (50% phase-neutral
voltage sag, θ0 = 00 and 1950 RPM):
(a) - Positive sequence rotor current;
(b) - Negative sequence rotor current;
(c) - Total dq rotor currents;
(d) - Electromagnetic Torque.
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6.4.4 Considerations about the PIRC

Analyzing the input (currents) and outputs (voltages) of the control sys-

tem, one can notice that the behavior of both strategies are similar with

differences just during the transients. Therefore, the analysis of the conver-

ter limits carried out for the DPIC strategy is still valid in the PIRC and the

limitation scheme can also be employed.

Since the results for the DPIC and PIRC are similar, just with the latter

presenting an improving in the sag beginning transient, the experimental

results for the PIRC are not shown. The experimental results will be analyzed

in the next section when a modification in the PIRC strategy is proposed.

6.5 Enhanced PIR Control (EPIRC)

6.5.1 The EPIRC strategy

Most of the papers in the literature analyze just the permanent unba-

lance, therefore they propose the use of a resonant control to deal only with

the negative sequence component, as described in last section. In order to

control the natural component, in this work is proposed the extension of the

resonant control for this component. The controller transfer function is given

as:

G(s) = Kp +
Ki

s
+

Kr1s

s2 + (2ωs)
2 +

Kr2s

s2 + (ωs)
2 , (6.58)

where one can notice the addition of a resonant parcel tuned to the grid

frequency.

The control structure and the mathematical development are similar to

the case already presented for the PIRC strategy, therefore following subsec-

tions are dedicated to show the simulation and experimental results.

Since the natural component appears just in the RSC, the current control

of the GSC can be kept only with the resonant part of the negative sequence.
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6.5.2 Simulation results

Considering the same conditions used in the previous simulation tests and

using the Target IV, Figure 6.32 show the comparison between the PIRC and

the EPIRC strategy.

Through Figures 6.32(a) and 6.32(b) one can see that the positive and

negative sequences are controlled after a short transient and 50Hz oscillations

due to the natural component disappears when the EPIRC strategy is used.

Figure 6.32(c) shows the reduction in the total rotor current, but in other

hand the electromagnetic torque (Figures 6.32(d)) continues to oscillate, be-

cause the stator flux is not modified.

This strategy shows to be useful reducing the rotor currents, especially

if the Target I is used, but in the other hand the damping of the natural flux

is reduced. In order to deal with this disadvantage it is possible to combine

the EPIRC with the magnetizing current control (MCC), as discussed in the

next section.

6.5.3 Experimental results

For the analysis of the experimental results with the EPIRC strategy the

focus is the decreasing in the rotor currents, therefore just the results for the

Target I is analyzed. Just the results for the UFMGb are shown and in all

the tests the case with maximum induced natural component is considered.

The Figures 6.33(a) and (b) show the dq and ABC rotor currents, res-

pectively, for the test of a 50% phase-to-phase with the machine operating

at rated power (2340RPM, slip=-0.3). It is seen that natural component and

the negative sequence of these currents is reduced almost to zero after a short

transient. This transient comes from the control response and also the PLL

response and it cannot be avoided. Nevertheless, the high rotor currents is

transitory and they may be supported by the converter.

Observing the electromagnetic torque in Figure 6.33(c), it is noted that

the oscillations due to the natural and negative still exist, but with smaller

amplitude than the result without RTFC strategies. As already shown, the

use of the Target IV can reduce the negative sequence, but it is necessary
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Figure 6.32: Simulation results using EPIRC-Target IV strategy (50% phase-
neutral voltage sag, θ0 = 00 and 1950 RPM):
(a) - Positive sequence rotor current;
(b) - Negative sequence rotor current;
(c) - Phase A of the rotor currents;
(d) - Electromagnetic torque.

an undesirable rotor currents increasing and the natural component is still a

problem.

Through Figure 6.33(d) one can notice that the rotor voltages reached

almost the RSC voltage limits, since the DC-Link voltage was set to 450V.

As already stated, the main issue for the correct operation of this strategy is

the converter voltage limit which is related to the DC-link voltage, therefore

with the IGBTs voltage capability. Due to limitations of the UFMG test

bench this voltage cannot be increased above 500V.
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Figure 6.33: Experimental results using EPIRC-Target I strategy for a 50% phase-
to-phase voltage sag, θ0 = 00 and 2340RPM - UFMGb:
(a) - Total dq rotor currents;
(b) - ABC rotor currents;
(c) - Electromagnetic Torque;
(d) - Phase A of the rotor voltages. Straight line - voltage limits.

In oder to evaluate the maximum rotor voltage necessary for the correct

operation of the EPIRC, similar tests to the previous one were carried out

in the UFMG test bench for different voltage sags and speeds. The worst

case, i.e., maximum natural component, was considered for the tests using

the EPIRC.

Figure 6.34(a) shows the maximum rotor voltages. Comparing the vol-

tage values of these curves with the values obtained in the open rotor case,

which were shown in Figure 4.7, one can see that they are close for the same

speed and voltage depth. This fact occurs because the currents are under
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control, therefore the difference is just the voltage drop in the rotor impe-

dance that is small. Thereby, the open rotor analysis can be used for the

obtainment of the demanded rotor voltage.

The points not plotted in Figure 6.34(a), for phase-to-phase voltage sags

below 40%, are the points where the control saturate, therefore the rotor

currents are not completly controled, then the converter current protection is

trigged. During the tests the current protection was trigged in two situations:

when the control saturate or when the rotor currents in the sag beggining are

too high. Figure 6.34(b) shows the maximum rotor currents for the previous

tests.
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Figure 6.34: Experimental results for different voltage phase-to-phase voltage sags
with maximum natural component (θ0 = 00) and varying the speed -
UFMGb:
(a) - Maximum rotor voltages;
(b) - Maximum rotor currents.

The overcurrents due to the control saturation are limited by the maxi-

mum voltage that the RSC can impose, therefore the limitation is the ma-

ximum DC-link voltage possible for the converter. The peak current in the

sag beginning cannot be avoided, as stated before, therefore it is necessary

to warrant that the converter can support the transient overcurrent or use

extra protections such as the crowbar.

In the UFMG test bench the instantaneous overcurrent supported by

the IGBT is limited (130% of the rated current). The conditions when the

system can ride-through the unbalanced voltage sags are shown in Figure
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6.34. Despite the EPIRC increase the RTFC, if this test rig was a real

WECS it cannot comply with the grid codes, because of the overcurrent in

the sag beginning. Other solutions may be uses in conjunction with the

EPIRC strategy.

6.6 Resonant Control Plus Magnetizing Cur-

rent Control (RMCC)

6.6.1 The RMCC strategy

The previous control strategies presented show that it is possible to con-

trol the positive and negative sequences of the rotor current during an unba-

lanced voltage if the RSC voltage limit is not exceeded. With these strategies

the 2ωs oscillation in the desired variable (torque or power or current) can

be eliminated, but if during the voltage sag transient natural flux is induced,

the strategies are not capable of eliminated the ωs oscillation. In order to

eliminate the two undesired oscillations, here is proposed the use of the mag-

netizing current control in conjunction with the resonant control (RMCC).

Figure 6.35 shows the block diagram of the RMCC strategy which is

similar to the scheme used for the MCC in the classical control. The stator

reactive power control generates a current reference that is added to the

magnetizing current reference that it is controlled using a proportional gain,

as already explained in Chapter 5.

It is important to highlight that just the positive sequence of the mag-

netizing current is used in the control since the MCC loop generate only the

reference of the rotor current positive sequence which is added to the negative

sequence reference. The positive magnetizing current is given by:

I+m+
= −

(
I+rq+ + I+sq+

)
. (6.59)
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Figure 6.35: Resonant control + Magnetizing current control (RMCC).

6.6.2 Simulation results

Considering the same conditions already used in the previous simulations,

Figure 6.36 shows the results for the RMCC strategy when the Target IV is

set and the maximum natural flux is induced. The result using only the

EPIRC is also presented for comparison.

Figure 6.36(a) shows that the behavior of the direct axis components of

the rotor currents are similar in both cases and the quadrature axis compo-

nent increases due to the MCC strategy. The Figure 6.36(a) demonstrate

that there is an increasing in the ABC rotor currents in the sag beginning.

The rotor voltages in the RMCC are reduced, as depicted in Figure 6.36(c).

The objective of the RMCC is increase the damping of the natural com-

ponent, what can be seen through the electromagnetic torque depicted in

Figure 6.36(d). With the Target IV, the resonant control actuates elimina-

ting the negative sequence oscillation while the MCC reduces the natural

component oscillations.

Although here just the results for the transient of the sag beginning are

shown, the use of the RMCC improves the system response in the sag reco-

vering. In this situation the effectiveness of the strategy may be improved,

since the negative sequence disappears.
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Figure 6.36: Simulation results using EPIRC and the RMCC - Target IV strategy
(50% phase-neutral voltage sag, θ0 = 00 and 1950 RPM):
(a) - dq rotor currents;
(b) - Phase A of the rotor currents;
(c) - Phase A of the rotor voltages;
(d) - Electromagnetic Torque.

6.6.3 Experimental results

The experimental results for the UFMG test bench are shown in Figure

6.37, using the Target I to reduce the rotor currents.

One can see through Figures 6.37(a) and (b), that there is an increasing

in the the rotor currents in the sag beginning in order to increase the flux

damping. This increase is controlled and depends on the RSC current and

voltage capability.
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Figure 6.37(d) depicts the electromagnetic torque where one can notice

the increasing in the natural component damping. As the stator time cons-

tant of the test bench is not so high as in the simulation, the increasing in

the damping is not clearly seen. The improving in the system response is

clearer in the simulation results.
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Figure 6.37: Experimental results using RMCC - Target I strategy for a 50%
phase-to-phase voltage sag, θ0 = 00 and 2070RPM - UFMGb:
(a) - dq rotor currents;
(b) - ABC rotor currents;
(c) - Phase A of the rotor voltages;
(d) - Electromagnetic torque.

The main limitation of the use of this strategy is the converter voltage and

currents, as the other proposed strategies. These limits have to be analyzed

more strictly. Since the RMCC increases the rotor current in the sag begin-

ning it can be useful for small voltage sags or when the system is operating
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in conditions below the rated power, permitting a greater current excursion.

6.7 Final Considerations

During the unbalanced voltage sags the natural component and the ne-

gative sequence cause high oscillatory currents in the rotor, causing elec-

tromagnetic torque and power oscillations. In order to improve the system

ride-through capability some strategies were proposed in order to control

the undesired current components. The simulation and experimental results

prove that the use of these strategies are suitable and effective.

The main issue for implementation is the converter voltage and current

limits, but with the property set of the references and correct dimensioning

of the converter it is possible to overcome this problem. It is interesting as

future works, to evaluate the economic viability of implementation of the

proposed strategies when a oversizing of the converter is necessary.





Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main goal of this work was the development of novel control strate-

gies to improve the ride-through fault capability of wind conversion systems

equipped with the doubly-fed induction generator technology. In order to do

so, first the system behavior during balanced and unbalanced voltage sags

was mathematically modeled in the time and Laplace domain, highlighting

the DFIG weaknesses. Furthermore, simulation and experimental results

were presented to show the time behavior of the main variables. Based on

the findings, ride-trough strategies were proposed and validated using again

simulation and experimental results.

The studies of the DFIG behavior during voltage sags are extensively

addressed in the literature, but this work goes one step further analyzing

the effect of the control adjustment in the system behavior, using Laplace

domain mathematical modeling. With the results obtained, the following

conclusions can be enumerated:

• For the symmetrical voltage sags:

– the main issue is caused by the natural component of the stator

flux linkage which appears due to the voltage transients and decays

according to the control gains;

– the natural component induces high oscillatory rotor voltages that

cause high rotor currents;
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– the control adjustment influences the damping of the natural flux.

The higher the rotor current control bandwidth, the higher the

decrease in the stator flux linkage damping.

– the oscillation in the rotor currents causes electromagnetic torque

and stator power pulsations which have the grid voltage frequency;

• For the asymmetrical voltage sags:

– besides the natural component, it appears also negative sequence

in the stator flux linkage;

– the behavior of the natural component is similar to the balanced

case;

– the negative sequence component also induces high rotor voltages

and currents, but this component is much more significant than

the natural one;

– a simple PI controller does not affect the negative sequence and it

is present during all the sag;

– besides the electromagnetic torque and stator power pulsations in

the grid frequency, they also have oscillations in the double of the

grid frequency due to the negative sequence component.

To deal with the natural component, it is proposed in this thesis the

control of the magnetizing current to increase the stator flux linkage damping

and reduce the effect of this component on the currents, torque and power.

A mathematical modeling and simulation and experimental results show the

efficacy of this control strategy. In the other hand, there is an increasing in

the rotor currents and voltages that has to be considered.

The author concludes that the MCC strategy can be useful, but due to

the converter limits, it can be used just in shallow voltage sags or when the

WECS is operating with small power. As the main objective of the MCC is

to reduce the torque and power oscillations, this strategy can be employed

not just during voltage sags, but in all situations when natural component is

induced, as in the instant of connection of the system to the grid.

For controlling the negative sequence component it is used a dual PI

control scheme or PI+resonant controllers, both strategies described in the
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literature. This work propose a modification in the latter strategy including

a resonant parcel to deal with the natural component. The simulation and

experimental results also show the improvement in the DFIG response, but

an analysis of the converter limits is necessary to define the conditions where

the system can ride-trough the sag.

For the tests with the UFMG test bench, it was demonstrated that the

system can well control the negative and natural components for phase-to-

phase voltage sags above 50% in all operation conditions. The main issue for

the RTFC of this test bench is the limited RSC current capability. Actually,

the converter is not properly dimensioned for this transient situation. With

a correct design, the author believes that the system can comply with the

grid codes.

This work also demonstrate that the use of the resonant control in con-

junction with the magnetizing current control can improve the system res-

ponse. Although, the use of this strategy is also limited by the converter and

the same conclusions stated before are valid for this strategy.

Finally, it is important to emphasize that the strategies proposed here

have no intention to be unique for the solution of the ride-through problem

for the DFIG. This work just gives an contribution in this theme and points

out that control strategies can be used to improve the system response. The

author thinks that the complete solution is just possible using control stra-

tegies in conjunction with hardware improvements in the converter and/or

using devices as the crowbar. Thereby, improving the RTFC for this techno-

logy requires additional costs that have to be evaluated in final comparison

point.

7.2 Future Works

The continuity of this work depends on the improvement of the UFMG

test bench. The following modifications are necessary:

• improved dimensioning of the converter, permitting operation on the

generator rated power and the use of the proposed RTFC strategies

under more severe conditions;
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• improvement of the protection system, allowing safer tests. This limi-

tation does not permits now the test of more severe conditions;

• new design of the voltage sag generator using impedances, employing

for example air core reactors avoiding magnet saturation;

• use of the torque transducer for real torque measurements in spite of the

estimated electromagnetic torque. This transducer is already mounted,

but the signals have be conditioned for the analysis;

• implementation of a crowbar device and the test of it in conjunction

with the RTFC strategies proposed in this work.

As future works it is interesting to study different strategies such as the

direct power control and repetitive control and evaluate them under voltage

sags. The comparison between different strategies is an important step on

the solution of the DFIG ride-through fault capability.

In the classical DFIG structure the GSC is connected shunt to the stator

circuit. A possible modification can be the use of this converter in series with

the stator, permitting the voltage control in such a way that during voltage

sags the impact on the generator can be reduced.

With the experience obtained with the mounting of the test bench and

the analysis carried out in this work, the next step in the research of ride-

through fault capability of wind conversions systems will be studies in other

technologies.

The technology using synchronous generators with full converter is a

topology with high market penetration, specially in Brazil. This technology

has good low voltage ride-through capability when using the chopper device,

but, as in the DFIG studied in this work, control strategies are preferred to

reduce the costs. Investigation on this topology is an interesting continuity

proposal and future comparison with the DFIG technology, including costs

evaluation, is an important point to be researched.

Furthermore, the methodologies employed in this work can be used for

the analysis of low voltage ride-through capability of other generation tech-

nologies which use power electronics converters for connection to the grid as

the photovoltaic systems. The present grid codes do not require RTFC of
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this technology, but probably in future similar conditions of the required to

WECS may be mandatory.
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Appendix A

Controllers Tunning and

Orientation

This appendix intends to explain some details about the classical control

strategy. First in the Section A.1 the Clark and Park Transforms used for

the coordinates transformation for the control are presented. In the Section

A.2 the methods used for the controllers tunning are described and in Section

A.3 the mathematical modeling of the controls are presented, including bri-

efly explanation about the orientation and the controllers tunning process.

Finally, the section A.4 present the method of discretization used for the

discrete implementation of the controls in the test benches.

A.1 Clark and Park Transforms

The Clark Transform converts a three-phase coordinates system (ABC)

to a bi-phase one (αβ) both being stationary in relation to a fixed point.

Whereas the A, B and C axis are 1200 spatially separated each other the α

and β axis are 900 separated. Equations (A.1) and (A.2) show the direct

and inverse Clark Transforms, respectively, where the variable “x” can be

voltages, currents, fluxes, etc.

[
xα
xβ

]
=

2

3

[
1 −1

2
−1

2

0
√
3
2

−
√
3
2

]

xA
xB
xC


 , (A.1)
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−
√
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2



[
xα
xβ

]
, (A.2)

The Park Transform refers the variables of the stationary reference frame

(αβ) to a rotating frame (dq). The direct and inverse Park Transforms are

shown in Equations A.3 and A.4, where θ is the angle between the stationary

and rotating reference frames.

[
xd
xq

]
=

[
cos(θ) sen(θ)

−sen(θ) cos(θ)

] [
xα
xβ

]
, (A.3)

[
xα
xβ

]
=

[
cos(θ) −sen(θ)
sen(θ) cos(θ)

] [
xd
xq

]
. (A.4)

Figure A.1 depicts the graphical representation of Clark and Park Trans-

forms.

Figure A.1: Graphical representation of Clark and Park Transforms.

Through Equations A.1 to A.4 it is possible to write the direct and inverse

transformation of the stationary coordinates system ABC to the rotating
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coordinates system dq:

[
xd
xq

]
=

2

3

[
cos(θ) cos(θ − 1200) cos(θ + 1200)

−sen(θ) −sen(θ − 1200) −sen(θ + 1200)

]

xA
xB
xC


 , (A.5)



xA
xB
xC


 =




cos(θ) −sen(θ)
cos(θ − 1200) −sen(θ − 1200)

cos(θ + 1200) −sen(θ + 1200)



[
xd
xq

]
. (A.6)

In control of power converters and electric machines the use of Park

Transform is very useful, because choosing θ accordingly, that is, choosing

an adequate rotating reference frame orientation it is possible to transform

three-phase sinusoidal variables to bi-phase DC variables.

A.2 Modulus Optimum and Symmetrical Op-

timum

Most of the dynamics involved in the process of electric machine control

can be approximated by second order transfers functions with two different

time constants:

• a large or slow time constant (τlr), which represents the machine elec-

trical dynamics;

• a small or fast time constant (τsm), which represents the converter and

measurement system dynamics.

It is a common practice in German literature to use two methods to

adjust PI controllers for this kind of system: the Modulus Optimum (MO)

(Kessler, 1955) and the Symmetrical Optimum (SO) (Kessler, 1958). More

details about these methods can be found in Vı́tecková and Vı́tecek (2003)

and Suul et al. (2008).
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The PI controller transfer function can be written as:

Gc(s) = Kp

(
1 +

1

Tis

)
, (A.7)

where Kp is the proportional gain and Ti is the integrative time.

In the MO method the closed loop gain is kept equal to 1 for a bandwidth

as large as possible. The zero of the PI controller is used to cancel the

dynamics of the dominant pole (large time constant) and the proportional

gain is adjusted in order to set the closed loop damping equal to 1√
2
. Therefore

the control response for a step changing in the reference presents a small

overshoot (4, 3%) and a rising time of 4,7*τsm. The following equations are

used to calculate the controller gains:

Ti = τlr, (A.8)

Kp =
τlr

2Ksτsm
, (A.9)

where Ks is the system open loop gain.

The SO method is similar to the MO, but a closed loop gain of 0.5 is

chosen and, thus a overshoot of approximately 8.1% and a rising time of

7.6*τsm are obtained. This method is more suitable for systems with pure

integrators (Suul et al., 2008). Even with an integrator in the system to be

controlled, a control integrative parcel is used to improve the phase margin.

The gains are calculated as following:

Ti = 4τsm, (A.10)

Kp =
1

2Ksτsm
. (A.11)
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A.3 Control Mathematical Modeling and Gains

Tunning

A.3.1 GSC control

The classical GSC control strategy uses internal loops controlling the grid

(filter) currents oriented in a synchronous reference frame. For the orienta-

tion, the angle of the grid voltage is used in the Park Transformation(Section

A.1). This orientation permits a decoupled control of active and reactive

power.

A.3.1.1 GSC Current Control

Equation 2.10 can be divided in real (d) and imaginary (q) parts, then

it is rewritten as:

vnd = −Rf ind − Lf
dind
dt

+ vNd + ωNLf inq , (A.12)

vnq = −Rf inq − Lf
dinq
dt

+ vNq − ωNLf ind . (A.13)

Using the grid voltage orientation vNq = 0, thus these equations can be

again rewritten as:

vnd = −Rf ind − Lf
dind
dt

+ vNdcomp, (A.14)

vnq = −Rf inq − Lf
dinq
dt

+ vNqcomp, (A.15)

where vNdcomp = vNd + ωNLf inq and vNdcomp = −ωNLf ind . These are called

cross-coupling terms and they can be compensated as depicted in Figure 2.3.

Applying the Laplace Transformation in Equations A.14 and A.15, and

considering that the cross-coupling terms are totally compensated, Equation
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A.16 gives the transfer function that describes the current dynamics:

Gin(s) =
in(s)

vn(s)
= − 1

Lfs+Rf

. (A.16)

In this transfer function the subscript d and q are omitted, since both

components have the same dynamics. The GSC current control loop is de-

picted in Figure A.2. Besides the current dynamics, there exist the converter

dynamics (Ga).

Figure A.2: Block diagram of the GSC current control.

The complete modeling of the converters requires studies that are out of

the scope of the present work. Nevertheless, the converter dynamic behavior

influences the control system. Therefore, a simple first order transfer function

plus time delay (dead time) is used to model this dynamics:

Ga(s) =
e−Td

τas+ 1
, (A.17)

where Td is the dead time and τa is the time constant of the approximated

converter dynamic behavior. This time constant and dead-time can also

include the dynamic of the measurement system that also influences the

control behavior.

Through the transfer functions given in Equations A.17 and A.16 and

using the method of Modulus Optimum (MO), which was described previ-

ously, the GSC current controllers gains can be calculated as following:
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Ti =
Lf
Rf

, (A.18)

Kp =
Lf
2τa

. (A.19)

The transfer function of the closed loop using this gains can be approxi-

mated by (Suul et al., 2008):

Gmfin
(s) =

1

2τas+ 1
, (A.20)

equation used for the project of the external control loops.

Equations A.18 and A.19 are used to calculate the GSC current controller

gains for the simulation model and also for the test bench.

A.3.1.2 DC-Link Voltage Control

The DC-link voltage control is done balancing the active power flowing

through the GSC and the RSC. Three situations are possible:

• In the subsynchronous generator operation, the GSC injects in the DC-

link an active power equal to the active power drawn by the RSC and

supplied to the rotor;

• In the synchronous operation, no power is flowing through the DC-link;

• In the supersynchronous generator operation, the power flow is inverted

and, thus, the GSC draws the power supplied by the RSC to the DC-

link.

The schematic diagram of the DC-link is shown in Figure A.3. Analyzing

this circuit, the following equations can be written:

idc = C
dvdc
dt

, (A.21)
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idcn = idcr + C
dvdc
dt

, (A.22)

Figure A.3: Schematic diagram of the DC-link.

The regulation of the DC-link voltage is done manipulating the direct

axis current flowing through the GSC. Therefore, the DC-link voltage control

loop is external to the direct GSC current, as depicted in Figure 2.3.

The transfer function relating the GSC current and DC-link voltage is

obtained through the Laplace transformation applied to Equation A.22 as

highlighted below:

GVdc(s) =
vdc(s)

ind(s)
=

1

sC
, (A.23)

where current idcr in Equation A.22 acts like a perturbation, thus, its effect

can be reduced using a feedforward compensator or choosing a control with

an adequate bandwidth.

Figure A.4 shows the block diagram representing the DC-link voltage

control loop. Besides the DC-link dynamics, it is represented the dynamics

of the internal current control loop.

The presence of a pure integrator in the system leads to the use of the

Symmetrical Optimums (SO) method for the control adjustment:

Ti = 4τvdc, (A.24)
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Figure A.4: Block diagram representing the DC-link voltage control loop.

Kp =
C

2τvdc
, (A.25)

where τvdc represents the delay inserted by the measurement system plus the

dynamics of the current control loop, which is given in Equation A.20.

A.3.1.3 GSC Reactive Power Control

The reactive power has several purposes such as minimizing losses, con-

trol the grid power factor, compensate harmonics, guarantee voltage support,

etc.

With the grid voltage angle orientation, the reactive power control loop is

implemented externally to the loop controlling the quadrature current. The

reactive power is not direct measured, but calculated through the following

equation:

Qn = −3

2
vNdinq . (A.26)

Generally the calculated power is noisy, because it is used the multipli-

cation between the measured current and voltage that are a bit noisy due to

the grid harmonics. It is common the use of a filter which is considered a

first order one in the present work. Therefore, the transfer function of the

system to be controlled is:
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GQn(s) =
Qn(s)

inq(s)
=

−3
2
vNd

TfQns+ 1
, (A.27)

where TfQn is the filter time constant. The closed loop is represented in

Figure A.5.

Figure A.5: Block diagram representation of the GSC reactive power control.

Through Equations A.20 and A.27, using the MO method the gains are

calculated as:

Ti = τfQn , (A.28)

Kp =
τfQn
3vndτa

. (A.29)

The reactive power control does not need to be so fast, that is, it is not

necessary a large bandwidth to avoid power quality problems. Therefore, the

filter time constant is chosen large and the bandwidth resulting from the MO

method can be reduced dividing the proportional gain accordingly.

A.3.2 RSC control

Figure 2.5 shows the block diagram representation of the control struc-

ture. Before starting the presentation of each RSC control loop, in the fol-

lowing subsection the orientation of the generator variables is analyzed.
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A.3.2.1 Generator Variables Orientation

Similar to the GSC control, it is desirable to use the rotor currents ori-

entation that permits the decoupled control of active and reactive power. In

electrical machines is common to use the stator, the rotor or the mutual fluxes

for the control orientation (Hopfensperger et al., 2000). For the doubly-fed

machine normally the so called virtual grid flux is used for the rotor currents

orientation (Petersson et al., 2004), (Hopfensperger et al., 2000).

In steady state the grid virtual flux (ψsv), or similarly the stator virtual

flux, is calculated from Equation 2.1 neglecting the voltage drop in the stator

resistance, since this resistance is generally small:

→
ψsv =

→
vs
jωs

. (A.30)

Equation A.30 shows that the virtual flux has the same frequency of the

grid (ωs = ωN) and it is 900 lagging the grid voltage. Figure A.6 depicts the

the vector diagrams for the orientation of the direct axis in the direction of

the virtual flux and stator flux. One can notice that using the virtual flux

orientation, the angle difference compared with the use of the stator flux is

small if the voltage drop in the stator resistance is relatively small.

(a) (b)

Figure A.6: Vector diagram of the grid voltage and stator flux:
(a) - Virtual flux orientation;
(b) - Stator flux orientation.
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Instead of using the virtual flux, in this work the stator currents and

voltages are orientated using angle of the stator (grid) voltage (transforma-

tion angle θN), as depicted in the vector diagram of Figure A.7. With this

orientation the stator current direct current controls the active stator power

whereas the quadrature stator current is responsible for the reactive power,

similar to the GSC.

Figure A.7: Stator or grid voltage orientation.

Petersson et al. (2004) analyzes the advantages of using the stator voltage

orientation. This paper shows that, using this orientation, the system stabi-

lity and damping are independent of the rotor currents, thus, independent of

the RSC control, different from the case that uses the stator flux orientation.

It is possible to implement a decoupled control of active and reactive stator

power manipulating the rotor currents, as demonstrated below.

Using Equations 2.1 to 2.6 the stator currents can be written as:

isd
∼= −Lm

Ls
ird , (A.31)

isq
∼=

∣∣∣
→
ψs

∣∣∣
Ls

− Lm
Ls

irq . (A.32)

Through Equations A.31 and A.32 it is seen that the direct and quadra-

ture axes rotor currents affect only its respective stator current components.

Therefore, the active and reactive stator power equations can be written as:
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Ps =
3

2
vsdisd = −3

2

Lm
Ls

vsdird , (A.33)

Qs = −3

2
vsdisq =

3

2

v2sd
ωsLs

+
3

2

Lm
Ls

vsdirq . (A.34)

One can notice that the active stator power depends on the direct axis

rotor current and the reactive power depends on the quadrature axis rotor

current. Therefore, decoupled rotor currents control loops with external ac-

tive and reactive power control loops are used, as depicted in Figure 2.5.

Through Equations 2.8 and A.30 the electromagnetic torque can be cal-

culated as:

Te = −3

2
P
Lm
Ls

vsd
ωs
ird , (A.35)

therefore just depending on the direct rotor current.

A.3.2.2 RSC Current Control

Using the stator voltage orientation, Equation 2.2 is divided in direct

(real) and quadrature (imaginary) components and is rewritten as:

vrd = Rrird + σLr
dird
dt

− ωr
Lm
Ls

ψsq − ωrσLrirq , (A.36)

vrq = Rrirq + σLr
dirq
dt

+ ωrσLrird , (A.37)

where σ = 1 − L2
m

LsLr
is the machine leakage coefficient. The last terms in

these equations are the cross-coupling between direct and quadrature axes.

The term dependent on the stator flux linkage in Equation A.36 is the back

electromotive force (EMF). Equations A.36 and A.37 can be written grouping

these terms:
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vrd = Rrird + σLr
dird
dt

+ vrdcomp, (A.38)

vrq = Rrirq + σLr
dirq
dt

+ vrqcomp, (A.39)

where vrdcomp = −ωr LmLs ψsq − ωrσLrirq and vrqcomp = ωrσLrird . These terms

act like a perturbation for the current control and, as it is possible to estimate

them, compensators are used to improve the perturbation rejection.

Applying the Laplace Transform and neglecting the perturbation terms,

Equations A.38 and A.39 are written in the frequency domain as:

Gir(s) =
ir(s)

vr(s)
=

1

σLrs+Rr

. (A.40)

The subscripts dq were suppressed since both axes have the same transfer

function. The rotor currents are controlled imposing a voltage in the rotor

circuit through the converter, as depicted in Figure A.8.

Figure A.8: Block diagram representation of the rotor currents control structure.

For the rotor current control adjustment is also used the MO method,

thereby using the transfer function given in Equation A.40 the controllers

gains are calculated:

Ti =
σLr
Rf

, (A.41)
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Kp =
σLr
2τa

. (A.42)

The closed loop response of the rotor current control can be approximated

by a first order system given in Equation A.43 that is used to calculate the

control parameters of the external control loops, as presented in the next

subsection.

Gmfir
(s) =

1

2τas+ 1
. (A.43)

A.3.2.3 Stator Active and Reactive Power Control

Equations A.33 and A.34 show the calculation of the active and reactive

stator power using the stator voltage orientation. Similar to the GSC control,

active and reactive powers are filtered using a first order filter. Equation A.44

and A.45 show the transfer function representing the dynamics of the active

and reactive power, respectively. Figures A.9 and A.10 depict the control

loop blocks diagram.

GPs(s) =
Ps(s)

ird(s)
=

−3
2
Lm
Ls
vsd

TfPss+ 1
. (A.44)

GQs(s) =
Qs(s)

irq(s)
=

3
2
Lm
Ls
vsd

TfQss+ 1
. (A.45)

The active and reactive stator power, controlled through the RSC, is

similar to the GSC reactive power control, therefore the gains are calculated

as:

Ti = TfPs = TfQs , (A.46)

Kp =
TfPs
3Lm
Ls
τa
. (A.47)
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Figure A.9: Block diagram representation of the stator active power control struc-
ture.

Figure A.10: Block diagram representation of the stator reactive power control
structure.

A.4 Controller Discretization

The MO and SO methods described previously are employed using the

continuous transfer functions, but generally the control is implemented digi-

tally. Therefore, it is necessary to make the discretization of the controller.

In this work the Euler approximation, which is shown in Equation A.48, is

used.

s→ 1− z−1

Ts
, (A.48)

where Ts is the sampling time and z−1 is the unity delay in the Z-Transform.

Choosing a sampling time much smaller than the system time constants,

the project using the continuous transfer functions does not differ from the



project in the discrete domain (Suul et al., 2008).

The Euler approximation in this work is used to implement the PI con-

trollers and also the digital filters used in some situations.
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TUD Test Bench Parameters

Table B.1: Parameters of the generator of the TUD test bench.

Variable Value Unity

Rated Power 4 kW

Stator Voltage 400 V

Rotor Voltage 950 V

Frequency (fs) 50 Hz

Number of Poles (P) 4 -

Magnetizing Inductance (Lm) 160.1 mH

Stator Self Inductance (Ls) 169.7 mH

Rotor Self Inductance (Lr) 169.7 mH

Stator Resistance (Rs) 1.07 Ω

Rotor Resistance (Rr) 1.32 Ω

Inertia (J) 0.032 Kg.m2

Friction (B) 0.007 N.m.s

Table B.2: Voltage sag parameters of the TUD test bench.

Variable Value Unity

L1 20 mH

L2 3 mH

R1 0.3 Ω



Table B.3: Controller gains of the TUD test bench.

Control Loop Proportional Gain (Kp) Integral Gain (Ki)

GSC Currents 8.2 [Ω] 3300 [Ω/s]

DC-link Voltage 0.5 [S] 125 [S/s]

RSC Currents 50 [Ω] 3000 [Ω/s]

Stator Power 0.0013 [1/V] 0.04 [1/(V.s)]

Table B.4: Other parameters of the TUD test bench.

Variable Value Unity

DC-link Voltage (Vdc) 450 V

DC-link Capacitance (C) 1 mF

Filter Inductance (Lf ) 8 mH

Filter Resistance (Rf ) 0.5 Ω

Transformer Ratio 400/70 -
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UFMG Test Bench Parameters

Table C.1: Parameters of the generator of the UFMG test bench.

Variable Value Unity

Rated Power* 30 kW

Stator Voltage** 400 V

Rotor Voltage 300 V

Frequency** (fs) 50 Hz

Number of Poles (P) 4 -

Magnetizing Inductance (Lm) 100 mH

Stator Self Inductance (Ls) 102.4 mH

Rotor Self Inductance (Lr) 102.4 mH

Stator Resistance (Rs) 0.240 Ω

Rotor Resistance (Rr) 0.300 Ω

Inertia (J) 0.476 Kg.m2

Friction (B) 0.010 N.m.s

* Due to the limited current capability of the converter, the rated power

of this system is considered equal to 25kW, since the rated power of the

generator cannot be attained, because the restrictions on rotor currents sup-

plying.

** The generator is supplied with a stator voltage equal to 380V with

60Hz.



Table C.2: Controller gains of the UFMG test bench.

Control Loop Proportional Gain (Kp) Integral Gain (Ki)

GSC Currents 6 [Ω] 750 [Ω/s]

DC-link Voltage 1 [S] 10 [S/s]

RSC Currents 3 [Ω] 150 [Ω/s]

Stator Power 0.06 [1/V] 0.64 [1/(V.s)]

Table C.3: Other parameters of the UFMG test bench.

Variable Value Unity

DC-link Voltage (Vdc) 450 V

DC-link Capacitance (C) 3.06 mF

Filter Inductances (Lf ) 2 mH

Filter Capacitance (Cf ) 20 µF

Filter Resistance (Rf ) 3 Ω

Transformer Ratio 380/220 -
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Simulation Model Parameters

Table D.1: Parameters of the generator used in the simulation model.

Variable Value Unity

Rated Power 2 MW

Stator Voltage 690 V

Rotor Voltage 690 V

Frequency (fs) 50 Hz

Number of Poles (P) 4 -

Magnetizing Inductance (Lm) 2.3 mH

Stator Leakage Inductance (Lσs) 75.8 µH

Rotor Leakage Inductance (Lσr) 60.4 µ H

Stator Resistance (Rs) 23.81 mΩ

Rotor Resistance (Rr) 23.81 mΩ

Inertia (J) 59.4 Kg.m2

Friction (B) 0.007 N.m.s

Table D.2: Controller gains of the simulation.

Control Loop Proportional Gain (Kp) Integral Gain (Ki)

GSC Currents 0.4 [Ω] 10 [Ω/s]

DC-link Voltage 66 [S] 1670 [S/s]

RSC Currents 0.26 [Ω] 1.36 [Ω/s]

Stator Power 0.0026 [1/V] 0.0789 [1/(V.s)]



Table D.3: Other parameters of the simulation model.

Variable Value Unity

DC-link Voltage (Vdc) 2000 V

DC-link Capacitance (C) 133.7 mF

Filter Inductance (Lf ) 407 µH

Filter Resistance (Rf ) 0.01 Ω

Transformer Ratio 690/690 -


