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Outline

1. State-of-art of wind turbine system
• Configuration evolution 

• Grid codes requirement

• General control structure

2. Modeling and control of wind turbine system
• Topology of DFIG and PMSG

• Modeling and control of grid-side converter 

• Modelling of control of machine-side converter (DFIG and PMSG)

3. Abnormal operation of wind turbine system
• Classification of grid faults

• DFIG operation under symmetrical/asymmetrical grid faults

• PMSG operation under symmetrical/asymmetrical grid faults
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Configuration Evolution

Squirrel-cage 
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Wound-rotor 

induction generator
Transformer
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 Popular in 1980s

 Equipped with SCIG & soft starter

 Electrical power pulsations

 Cap. bank to compensate excited Q

 Emerge in mid-1990s

 Equipped with WRIG & soft starter

 Limited variable speed

 Resistor power dissipation

Type I – Fixed speed wind turbine

Type II – Partial variable speed wind turbine with rotor resistor
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Configuration Evolution (Cont.)

 Equipped with DFIG

 Around 30% rated power converter

 Fragile slip rings

 Crowbar for grid ride-through

 Synchronous/asynchronous generator

 Elimination of slip rings

 Possible gear-less

 Full controllability during grid faults

Doubly-fed 

induction generator

Partial-scale power converter

Transformer

Gear
AC

DC

Grid
DC

AC

Type IV – Variable speed wind turbine with full-scale converter

Type III – Variable speed wind turbine with partial-scale converter

Asynchronous/

synchronous generator

Transformer

Full-scale power converter
Gear/Gearless

AC

DC

DC

AC
Grid
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Grid Codes Requirements
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General Control Structure
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Configurations of DFIG and PMSG Systems

DFIG

Partial-scale Power Converter

Transformer

Gear

Box
AC

DC

Grid

Crowbar

DC

AC

DC chopper

PCC

SG/IG

Transformer

Full-scale Power Converter
Gear

Box

AC

DC

DC

AC

DC chopper

Grid

PCC

 DFIG system

o Economical power converter

o Crowbar

o slip rings

 PMSG system

o Gearless

o Full controllability

o Expensive power electronics
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Control Targets of DFIG Power Converter

Blade
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 Grid-side Converter (GSC):

• Keep DC-link voltage constant

• Provide reactive power as required

 Rotor-side Converter (RSC):

• Control stator active power following MPPT

• Supply stator reactive power as needed
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Control Targets of PMSG Power Converter

Gearbox

PMSG

MSC GSC

Cdc
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Machine-side converter

MSC Control
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 Grid-side Converter (GSC):

• Keep DC-link voltage constant

• Provide reactive power as required

 Machine-side Converter (MSC):

• Control stator active power following MPPT

• Zero reactive power for min. loss dissipation
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Modeling of GSC

Mathematical modeling under abc reference frame
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According to KVL in the ac-side and KCL in the dc-side:
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Modeling of GSC

Mathematical modeling under abc reference frame (Cont.)
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 Complicated and coupled

 Discontinuous and nonlinear

 Not compatible with classical 

controller design

In a symmetrical three-phase system: ,0ga gb gcu u u   0ga gb gci i i  
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Modeling of GSC

State-average modeling under abc reference frame

To ensure a continuous modelling, state-average approach is applied
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The switching function is substituted by duty cycle,

 Continuous and linear

 Neglected switching ripple
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Modeling of GSC

Coordinate transformation

 Clarke transformation (3s->2s)
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Modeling of GSC

Space vector

In a three-phase system, electrical values under abc frame can be expressed:

cos( t); cos( t 2 3); cos( t 2 3)a b cx X x X x X        

To express three scalars in terms of one vector, the space vector is introduced:

2
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2
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 Three-phase system is simplified to two-phase system

 AC values become DC values
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Modeling of GSC

Large-signal modeling under dq reference frame
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 Coupling components is introduced

 Continuous and simplified modeling
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Modeling of GSC

Small-signal modeling under dq reference frame

By adding the disturbance around the static operation point
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• Equation at static operation point: • Equation for disturbance:
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 Linear characteristics are suitable for classical control theory

 Transfer function can be obtained
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Control of GSC (PI)

Overall control structure of GSC
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Control of GSC (PI)

Plant of grid current and decoupling control
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Control of GSC (PI)

PWM delay
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Delay unit can roughly be considered as inertia unit:
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Control of GSC (PI)

Block diagram of current loop control
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Control of GSC (PI)

System parameters and design of PI controller 

2 MW 7.5 kW
Grid peak phase voltage Ug (V) 563 311

Dc-link voltage Vdc (V) 1050 650
Boost inductor Lg (mH) 0.5 18

Sampling freqency fsa (kHz) 2 10
Switching freqency fsw (kHz) 2 5
Delay time in PWM Td (µs) 625 250

Proportional coefficient of PI controller Kp_ig 0.3 40
Integral coefficient of PI controller Ki_ig 15 120

 Design criteria of PI controller:

 Bandwidth: 1/20~1/10 switching frequency

 Phase margin: higher than 45°
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Control of GSC (PI)

Bode plots of 2 MW system
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Control of GSC (PI)

Bode plots of 7.5 kW system
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Control of GSC (PI)

Plant of dc-link capacitor
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Control of GSC (PI)

Block diagram
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Control of GSC (PI)

System parameters

2 MW 7.5 kW

Dc-link capacitor C (µF) 20,000 600

Filter time constant Tf (ms) 0.001 10

Proportional coefficient of PI controller Kp_V 2 0.1

Integral coefficient of PI controller Ki_V 10 0.5

 Design criteria of PI controller:

 Bandwidth: 1/50~1/10 of inner current loop

 Phase margin: higher than 45°
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Control of GSC (PI)

Bode plot (2 MW)
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Control of GSC (PI)

Bode plot (7.5 kW)
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Control of GSC (PI)

Control Scheme
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Control of GSC (PI)

Simulation results at 2 MW system
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Control of GSC (PI)

Experimental configuration
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Control of GSC (PI)

Grid-tied converter

Switching frequency 5 kHz

Inner loop
Bandwidth 300 Hz

Expected rise time 1.17 ms

Outer loop
Bandwidth 10 Hz

Expected rise time 35 ms

0.35BW rf t 

1.0 ms

Grid voltage [250 V/div] Grid current [2 A/div]

Current reference [2 A/div]

Current feedback [2 A/div]

Step response of grid current

35 ms

Grid voltage [250 V/div]

Grid current [2 A/div]

Dc votage reference [130 V/div]

Dc voltage feedback [130 V/div]

Step response of dc voltage

Experimental validation
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Control of GSC (PR)

Introduction of PR controller
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 Ideal Proportional-Resonant (PR) controller:

 Practical PR controller:

Kp – proportional gain

Kr – resonant gain

W0 – grid frequency

Wc – resonant bandwidth   
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Control of GSC (PR)

Open-loop transfer function
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Control of GSC (PR)

Theoretical design
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Control of GSC (PR)

Simulation validation
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Modeling of DFIG Machine-side Converter
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Modeling of DFIG Machine-side Converter

DFIG model under dq reference frame (Cont.)

 According to stator Voltage Oriented Control (VOC),
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Modeling of DFIG Machine-side Converter

DFIG model under dq reference frame (Cont.)

 Rotor flux can be expressed by rotor current,
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Modeling of DFIG Machine-side Converter

Plant model of DFIG
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Vector Control of DFIG Machine-side Converter

Control block diagram

 Dual-loop control: Inner rotor current loop; Outer speed/power loop
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Control of DFIG Machine-side Converter

Decouple control of inner rotor current
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Control of DFIG Machine-side Converter

Transfer function of open-loop rotor current 
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_
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2 MW 7.5 kW
Stator peak phase voltage Us (V) 563 311

Stator resistance Rs (mΩ) 1.69 440
Stator inductance Ls (mH) 2.95 82.74
Rotor resistance Rr (mΩ) 1.52 640
Rotor inductance Lr (mH) 2.97 84.46

Magnetizing inductance Lm (mH) 2.91 79.30
Leakage coefficient σ 0.03 0.10

Winding ratio between stator and rotor ksr 0.369 0.336
Sampling freqency fsa (kHz) 2 10
Switching freqency fsw (kHz) 2 5

Delay time introduced by PWM Td (µs) 625 250
Proportional coeffcient of current controller Kp_ir 0.5 200

Integral coefficient of current controller Ki_ir 7.5 1000
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Control of DFIG Machine-side Converter

Bode plot of open-loop rotor current (2 MW)
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Control of DFIG Machine-side Converter

Bode plot of open-loop rotor current (7.5 kW)
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Control of DFIG Machine-side Converter

Control block diagram of power outer loop
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Control of DFIG Machine-side Converter

Blot plot of power outer loop (2 MW)
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Control of DFIG Machine-side Converter

Blot plot of power outer loop (7.5 kW)
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Control of DFIG Machine-side Converter

Control Scheme
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Control of DFIG Machine-side Converter

Simulation validation at 2 MW DFIG
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Control of DFIG Machine-side Converter

Experimental verification at 7.5 kW DFIG
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Control of DFIG Machine-side Converter

RSC mathematical modeling adopting Direct Power Control (DPC)

SVM1( )rj
e

  PI

d/dt

DFIG

2r/3s
sabcI

Encoder

rr

Power 

grid

_

2r/3sPLL
1

+
*

sP
*

sQ

sP sQ

Power

Calculation

+

sdqU

+

sdqI

+

rdqdpcV

+

rdqdpcE

+

+

1

+

-

C
Vdc

RSC
+

rdqdpcU

sP

sQ +

sdqI

+

sdqU sabcU

* *

1 1

( ) ( )s r sd s r sd

rddpc rddpc rddpc power s s s PI s s s

m msd sd

Q L U Q L U
U V E C P P C P P

L Lk U k U 

 
 

   
              

   

* *( ) ( )s s

rqdpc rqdpc rqdpc power s s s PI s s s

sd sd

P P
U V E C Q Q C Q Q

k U k U 

        



| MAY 31, 2021 | SLIDEWinGrid Mini-course 55

Control of DFIG Machine-side Converter

GSC mathematical modeling adopting DPC
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Control of DFIG Machine-side Converter

Simulation results
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Modeling of PMSG Machine-side Converter

PMSG system with back-to-back power converter
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Modeling of PMSG Machine-side Converter

Steady-state equivalent circuit
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Control of PMSG Machine-side Converter

Control scheme
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Control of PMSG Machine-side Converter

Parameters of 2 MW PMSG

Rated wind speed vw_rate [m/s] 12

Rated turbine speed nrot_rate [rpm] 19

Number of pole pairs p 102

Rated shaft speed ns [rpm] 19

Magnetizing inductance Lm [mH] 0.276

Rated fundamental frequency fe [Hz] 32.3

Rated output voltage [Vrms] 554

Rated current [Arms] 2085

Proportional coefficient of speed controller Kp_ω 50

Integral coefficient of speed controller Ki_ ω 1000

Proportional coefficient of current controller Kp_is 0.5

Integral coefficient of current controller Ki_is 50

DC-link voltage Udc [Vdc] 1050

Switching frequency fs [kHz] 2

Filter inductance [mH] 0.15

Rated output voltage [Vrms] 704

Rated current [Arms] 1641

Proportional coefficient of voltage controller Kp_vdc 50

Integral coefficient of voltage controller Ki_ dvc 1500

Proportional coefficient of current controller Kp_ig 0.3

Integral coefficient of current controller Ki_ig 30

MSC specification GSC specification
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Control of PMSG Machine-side Converter

Simulation validation
Ug (pu)

ig (pu)

Vdc (pu)
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GSC steady-state MSC steady-state
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Summary

 Control targets of DFIG and PMSG back-to-back power converters

 Grid-side converter:

 Modeling and control of inner grid-current and outer dc-link voltage

 PI controller under dq frame

 PR controller under αβ frame

 Machine-side converter:

 DFIG system: 

 PI controller design of inner rotor-current and outer stator power

 Modeling and controller design of Direct Power Control (DPC)

 PMSG system:

 Control and simulation validation of machine-side converter
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Outline

1. State-of-art of wind turbine system
• Configuration evolution 

• Grid codes requirement

• General control structure

2. Modeling and control of wind turbine system
• Topology of DFIG and PMSG

• Modeling and control of grid-side converter 

• Modelling of control of machine-side converter (DFIG and PMSG)

3. Abnormal operation of wind turbine system
• Classification of grid faults

• DFIG operation under symmetrical/asymmetrical grid faults

• PMSG operation under symmetrical/asymmetrical grid faults
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Classification of Grid Faults

Definition of grid fault
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 Dip level Pdip:
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Classification of Grid Faults

Propagation of grid faults
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PCC

Dip level pdip pdip pdip pdip

Classification A B C E

Pos., neg. and zero 

components

1- pdip;

0;

0

1- pdip/3;

-pdip/3;

-pdip/3

1- pdip/2;

pdip/2;

0

1- 2 pdip/3;

pdip/3;

pdip/3

Bus1

Classification A C D F

Pos., neg. and zero 

components

1- pdip;

0;

0

1- pdip/3;

pdip/3;

0

1- pdip/2;

-pdip/2;

0

1- 2 pdip/3;

-pdip/3;

0

Zs

Zf
Grid

Bus1
Fault

PCC

150/33 kV

33/0.69 kV

T1

T2

WT1

WTn

 Symmetrical fault: 3Φ-g

 Asymmetrical faults: Φ-g; 2Φ; 2Φ-g 
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Classification of Grid Faults

Grid codes requirement on Low-Voltage Ride-Through

 Various withstand periods with different types of grid faults

 Reactive current to support voltage recovery
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DFIG Operation under Grid Faults

Existing challenges during grid fault

Blade

Gear box

DFIG

RSC GSC

dc-link

Filter Transformer

Grid

 Rotor voltage is related to stator flux and rotor current:

( )r r rm
r s r r r

s

L d d
u R L i

L dt dt
   

 Stator flux under rotor reference frame:

( )rj tr s
s

U
e

j

 




ψs(0)

ψsf(0)

ψsn(0)

ψsf(1)

ψsn(1)

ψs(1)

 Stator flux cannot be changed abruptly
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DFIG Operation under Grid Faults

Dynamic DFIG models during grid fault
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DFIG Operation under Grid Faults

Max. and min. natural flux under various grid faults

Fault types 3Φ-g Φ-g 2Φ 2Φ-g

Max. natural flux (pu) pdip pdip/3 pdip pdip

Min. natural flux (pu) pdip 0 0 pdip /3

1.5 1 0.5 0 0.5 1 1.5

1.5

1

0.5

0

0.5

1

1.5

φsα (pu)

φ
sβ

  (
p

u
)

Φ-g

Max. φsn 
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1.5
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0.5

0

0.5

1

1.5

φsα (pu)

φ
sβ

  (
p

u
)

2Φ

Max. φsn 

1.5 1 0.5 0 0.5 1 1.5
1.5

1

0.5

0

0.5

1

1.5

φsα (pu)

φ
sβ

  (
p
u

)

2Φ-g

Max. φsn 
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DFIG Operation under Grid Faults

State-of-art solutions

Blade

Gear box

DFIG

RSC GSC

dc-link

Filter

Grid

DVR

Chopper

Crowbar

 Hardware solutions:

 DVR: maintain a constant stator voltage during grid faults

 Crowbar & dc-chopper: acceleration of natural flux damping

 Software solutions:

 Demagnetizing control



| MAY 31, 2021 | SLIDEWinGrid Mini-course 71

DFIG Operation under Grid Faults

Concept of demagnetizing control

Lr Rr

RSC

emf

DFIG

r

rni

r r

rn r sne j    r

rnu
r

sn

r

rne

r

rni

_

r

rn RLur

rnu

s

su

 Rotor current is controlled in opposite of the natural flux

 Most effective way to overcome transient natural flux

 Counteraction of rotor emf
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DFIG Operation under Grid Faults

Safe Operation Area (SOA) during symmetrical faults
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 Maximum of 2 pu demagnetizing current can be provided

 Higher rotor speed causes higher rotor emf

 A higher amount of demagnetizing current facilitates a higher ride-through capability
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DFIG Operation under Grid Faults

Control scheme during symmetrical faults

DFIG
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DFIG Operation under Grid Faults

Symmetrical faults at 1800 rpm
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DFIG Operation under Grid Faults

Capability at various asymmetrical faults
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DFIG Operation under Grid Faults

Control objectives during asymmetrical faults

sU 

s 

s+I

rI 
rU 

rE 

RLU 

sU 

s 

-rE

rI 

RLU 
r -U

Positive component Negative component

 Normal condition: rotor current is almost in reverse with stator current

 Asymmetrical fault: rotor current is in the opposite of negative stator flux
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DFIG Operation under Grid Faults

Improved capability using demagnetizing rotor current
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 Φ-g fault: withstand up to 0.80 dip level, compared to 0.44 dip level of traditional control

 2Φ-g fault: withstand dip level from 0.29 to 0.54

 2Φ fault: withstand dip level from 0.30 to 0.61
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DFIG Operation under Grid Faults

Control scheme during asymmetrical faults
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DFIG Operation under Grid Faults

Simulation results at Φ-g fault  
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PMSG Operation under Grid Faults 

PMSG system subjects to grid fault

 Full-scale power converter fully decouples generator and power grid

 Grid-side converter is responsible for grid faults
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PMSG Operation under Grid Faults 

Control structure during symmetrical fault
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 Transfer function of SRF-PLL:
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PMSG Operation under Grid Faults 

7.5 kW PMSG system parameters
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PMSG Operation under Grid Faults 

Simulation results
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PMSG Operation under Grid Faults 

Zero-voltage ride-through capability

 Adaptive voltage normalization for independent voltage amplitude

 During fault: keeping pre-fault frequency and phase-angle

 Fault clearance: PLL is switched back to normal operation
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PMSG Operation under Grid Faults 

Simulation results at zero-voltage fault

Adaptive PLL without freezing method Adaptive PLL with freezing method
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PMSG Operation under Grid Faults 

Grid Synchronization during asymmetrical faults
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PMSG Operation under Grid Faults 

Current-reference generation method
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PMSG Operation under Grid Faults 

Control scheme during asymmetrical fault
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PMSG Operation under Grid Faults 

Simulation results

Single line-to-ground fault Line-to-line fault
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Summary

 Investigation of various grid fault types in power system and their propagation

through Y/D transformer

 Type III wind turbine:

 Newly introduced natural and negative stator flux may lead to rotor-side converter 

out-of-control

 Demagnetizing control can be applied to overcome symmetrical/asymmetrical faults

 Type IV wind turbine: 

 Symmetrical faults: advanced PLL to achieve zero-voltage ride-through

 Asymmetrical faults: novel current reference generation method with dual-sequence 

current provision
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Thank you for your attention!

Questions & Comments ?

Dao Zhou

Email: zda@et.aau.dk


