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Introduction

 

• PMSG is an electrical machine that transforms rotational 
mechanical energy into electrical energy.

• The frequency of the electric current generated is 
intimately related to the angular speed.

• Three phase star connection

• Wind Energy Conversion system 
specialized in convert the kinetic 
energy of the wind into electrical 
power.

• Vertical Axis
• Horizontal Axis
• Fixed speed
• Variable speed
• Fixed Pitch
• Variable Pitch

Permanent Magnet Synchronous Generator:

Wind Turbine:



Introduction

 

• Zone I
• 𝑣𝑤 < 𝑣𝑚𝑖𝑛

• The wind is two low
• No energy extraction

• Zone II
• 𝑣𝑚𝑖𝑛 < 𝑣𝑤 < 𝑣𝑛𝑜𝑚
• Maximum Power Point Tracking
• PMSG control

• Zone III
• 𝑣𝑛𝑜𝑚 < 𝑣𝑤 < 𝑣𝑚𝑎𝑥

• Pitch Control
• Zone IV

• 𝑣𝑤 > 𝑣𝑚𝑎𝑥

• Wind turbine must stop
• No energy extraction

A horizontal axis variable Pitch, variable speed wind turbine

Work zones



• Blades
• Convert the wind’s kinetic energy into kinetic rotational

• PMSG
• Convert the kinetic rotational into electrical power

• Back-to-Back converter
• Manage the power between the electrical grid and the Wind Turbine

Methodology

Subsystems

Modeling



Methodology

𝑃𝑤 =
1

2
ρ𝐴𝑣𝑤

3𝐶𝑝 λ𝑡, β 𝐴 = π𝑟𝑡
2

ቐ𝐶𝑝 λ𝑇 , β = 𝑐1
𝑐2
λ𝑖
− 𝑐3β − 𝑐4β

𝑐5 − 𝑐6 𝑒𝑥𝑝
−𝑐7
λ𝑖

λ𝑖 =
1

λ𝑇 + 𝑐8β
−

𝑐9
β3 + 1

−1

τ𝑤 =
𝑃𝑤
ω𝑇

=
1

2
ρπ𝑟𝑇

3𝑣𝑤
2
𝐶𝑝 λ𝑇 , β

λ𝑡

𝐽 ሷθ + 𝐵 ሶθ + τ𝑒 = τ𝑤

Blades

𝑐1 𝑐2 𝑐3 𝑐4 𝑐5 𝑐6 𝑐7 𝑐8 𝑐9

Heier (1998) 0.5 116 0.4 0 − 5 21 0.08 0.035

Fixed speed 0.44 125 0 0 0 6.94 16.5 0 −0.002

Variable Speed 0.73 151 0.58 0.002 2.14 13.2 18.4 −0.02 −0.003

Torque Mechanical Equation

Power extracted from the wind

Power Coefficient



𝑑

𝑑𝑡
𝑖𝑑 =

2

3𝐿𝑠
𝑣𝑑 +

2

3𝐿𝑠
−𝑅𝑠𝑖𝑑 −

3

2
𝐿𝑠𝑖𝑞𝑛𝑝

𝑑

𝑑𝑡
𝜃

θ 3 = −
𝑛𝑝λ0
𝐽𝐿𝑠

𝑣𝑞 +
1

𝐽
ሶ𝜏𝑚

𝑛𝑝λ0
𝐽𝐿𝑠

− 𝑅𝑠𝑖𝑞 +
3

2
𝑛𝑝 ሶθ 𝐿𝑠𝑖𝑑 + κλ0 + 𝐵𝑚 ሷθ

Methodology
PMSG

 

Synchronous Reference frame

Park Angle
θ𝑝 = 𝑛𝑝θ

Electrical Equations / Control inputs

𝑣𝑑 = 𝑅𝑠𝑖𝑑 −
3

2
𝐿𝑠𝑖𝑞𝑛𝑝

𝑑

𝑑𝑡
θ +

3

2
𝐿𝑠

𝑑

𝑑𝑡
𝑖𝑑

𝑣𝑞 = 𝑅𝑠𝑖𝑞 +
3

2
𝐿𝑠𝑖𝑑𝑛𝑝

𝑑

𝑑𝑡
θ +

3

2
κλ0𝑛𝑝

𝑑

𝑑𝑡
θ +

3

2
𝐿𝑠

𝑑

𝑑𝑡
𝑖𝑞

Electromagnetic torque

τ𝑒
𝑑𝑞

=
𝑛𝑝λ0
κ

𝑖𝑞 = 𝑘𝑚𝑖𝑞 States of the system

𝑑

𝑑𝑡
𝑖𝑑 =

2

3𝐿𝑠
𝑣𝑑 − 𝑅𝑠𝑖𝑑 −

3

2
𝐿𝑠𝑖𝑞𝑛𝑝

𝑑

𝑑𝑡
𝜃

𝑑

𝑑𝑡
𝑖𝑞 =

2

3𝐿𝑠
𝑣𝑞 − 𝑅𝑠𝑖𝑞 − 𝑛𝑝

𝑑

𝑑𝑡
𝜃

3

2
𝐿𝑠𝑖𝑑 +

3

2
𝜅𝜆0

𝑑2

𝑑2𝑡
𝜃 =

1

𝐽
𝜏𝑤 − 𝐵𝑚

𝑑

𝑑𝑡
𝜃 −

𝑛𝑝𝜆0
𝜅

𝑖𝑞

𝑖𝑞 =
𝜅

𝑛𝑝𝜆0
𝐽
𝑑2

𝑑2𝑡
𝜃 − 𝜏𝑤 + 𝐵𝑚

𝑑

𝑑𝑡
𝜃

Flat outputs:
𝑦1 = 𝑖𝑑 and  y2 = θ

Differential Flatness

Input-Output model



ሶ𝑄 = −
3𝑉𝑔𝑑

2𝐿𝑓
𝑉𝑖𝑞 −

3𝑉𝑔𝑑

2
−𝑉𝑔𝑞 − 𝑅𝑓𝐼𝑓𝑞 − 𝜔𝑝𝐿𝑓𝐼𝑓𝑑 −

3

2
ሶ𝑉𝑔𝑑𝐼𝑓𝑞

ሷ𝑉𝑐𝑑 = −
3𝑉𝑔𝑑

2𝐿𝑓𝑉𝑑𝑐
𝑉𝑖𝑑 −

3𝑉𝑔𝑑

2𝑉𝑑𝑐
−𝑉𝑔𝑑 − 𝑅𝑓𝐼𝑓𝑑 + ω𝑝𝐿𝑓𝐼𝑓𝑞 +

ሶ𝐼𝑟
𝐶
−
3 ሶ𝑉𝑔𝑑𝐼𝑓𝑑

2𝑉𝑐𝑑
+
3𝑉𝑔𝑑𝐼𝑓𝑑 ሶ𝑉𝑐𝑑

2𝑉𝑐𝑑
2

Methodology
Grid side converter

 

DC-link voltage
𝑑

𝑑𝑡
𝑉𝑑𝑐 =

1

𝐶
𝑖𝑐 =

1

𝐶
𝑖𝑟 − 𝑖𝑖

Park angle θ𝑝 = ω𝑝

Electric equations / Control inputs

𝑉𝑖𝑑 = 𝑅𝑓𝑖𝑓𝑑 − 𝐿𝑓𝑖𝑓𝑞 + 𝐿𝑓
𝑑

𝑑𝑡
𝑖𝑓𝑑 + 𝑉𝑔𝑑

𝑉𝑖𝑞 = 𝑅𝑓𝑖𝑓𝑞 + 𝜔𝑝𝐿𝑓𝑖𝑓𝑑 + 𝐿𝑓
𝑑

𝑑𝑡
𝑖𝑓𝑞 + 𝑉𝑔𝑞

𝑃 =
3

2
𝑉𝑔𝑑𝑖𝑓𝑑 + 𝑉𝑔𝑞𝑖𝑓𝑞

𝑄 =
3

2
𝑉𝑔𝑞𝑖𝑓𝑑 − 𝑉𝑔𝑑𝑖𝑓𝑞

𝑉𝑔𝑞 = 0

𝑃 =
3

2
𝑉𝑔𝑑𝑖𝑓𝑑 = 𝑉𝑐𝑑𝑖𝑖

𝑄 = −
3

2
𝑉𝑔𝑑𝑖𝑓𝑞

State of the system

𝑖𝑓𝑞 = −
2

3𝑉𝑔𝑑
𝑄

𝑖𝑓𝑑 =
2𝑉𝑐𝑑
3𝑉𝑔𝑑

𝐼𝑟 − 𝐶
𝑑

𝑑𝑡
𝑉𝑐𝑑

Flat outputs:
y3 = 𝑄 and  y4 = Vcd

Differential Flatness

Input-Output model

Synchronous Reference Frame

Instantaneous Power



Methodology
Control objectives

1. MPPT
2. Reduces Joule loses
3. Voltage DC-Link
4. Reactive Power
5. Synchronization with electrical grid



ሶƸ𝑒𝑦0 = ෞ𝑒𝑦1 + λ3 𝑒𝑦0 − ෞ𝑒𝑦0 = ෞ𝑒𝑦1 + λ3 𝑒0
ሶƸ𝑒𝑦1 = ෞ𝑒𝑦2 + λ2 𝑒0
ሶƸ𝑒𝑦2 = 𝑒𝑈𝑞 + 𝑧 + 𝜆1 𝑒0
ሶ𝑧 = 𝜆0෦𝑒𝑜

Methodology
Active disturbance Rejection Control

θ 3 = −
𝑛𝑝λ0
𝐽𝐿𝑠

𝑣𝑞 +
1

𝐽
ሶ𝜏𝑚

𝑛𝑝λ0
𝐽𝐿𝑠

− 𝑅𝑠𝑖𝑞 +
3

2
𝑛𝑝 ሶθ 𝐿𝑠𝑖𝑑 + κλ0 + 𝐵𝑚 ሷθ

θ 3 = −
𝑛𝑝λ0
𝐽𝐿𝑠

𝑣𝑞 + ξθ = 𝑈𝑞 + ξθ

Extended State Observer

𝑈𝑞 = 𝑈𝑞
∗ − 𝑘2 Ƹ𝑒𝑦

2
− 𝑘1 Ƹ𝑒𝑦

1
− 𝑘0𝑒𝑦 − 𝑧 Characteristic polynomial

𝑠3 + 𝑘2𝑠
2 + 𝑘1𝑠 + 𝑘0 = 0

𝑒θ
3
= 𝑒𝑈𝑞 + ξθ

𝑒θ = θ − θ∗;

𝑒𝑈𝑞 = 𝑈𝑞 − 𝑈𝑞
∗;

θ∗ = න ሶ𝜃𝑜𝑝𝑡

𝑈𝑞
∗ =

𝑑3

𝑑𝑡3
𝜃∗

Gain parameters
𝑘0 = 𝑝ω𝑛

2

𝑘1 = 2ζω𝑛𝑝 + ω𝑛
2

𝑘2 = 2ζω𝑛 + 𝑝

Gain parameters
λ0 = ω𝑛

4

λ1 = 4ζω𝑛
3

λ2 = 4ζ2ω𝑛
2 + 2ω𝑛

2

λ3 = 4ζω𝑛

Characteristic polynomial

𝑠4 + λ3𝑠
3 + λ2𝑠

2 + λ1𝑠 + λ0 = 0

Controller

Simplified model Output-tracking error system



Methodology

Simplified system

𝑑
𝑑𝑡
𝑖𝑑=

2
3𝐿𝑠

𝑣𝑑+
2
3𝐿𝑠

−𝑅𝑠𝑖𝑑−
3
2
𝐿𝑠𝑖𝑞𝑛𝑝

𝑑
𝑑𝑡
𝜃

𝑑

𝑑𝑡
𝑖𝑑 =

2

3𝐿𝑠
𝑣𝑑 + ξ𝑖𝑑 = 𝑈𝑑 + ξ𝑖𝑑

PI Controller

𝑈𝑑 𝑠 = − 𝑘1 +
𝑘0
𝑠

𝑖𝑑 𝑠

Simplified system

ሶ𝑄 = −
3𝑉𝑔𝑑

2𝐿𝑓
𝑉𝑖𝑞−

3𝑉𝑔𝑑

2
−𝑉𝑔𝑞− 𝑅𝑓𝐼𝑓𝑞− 𝜔𝑝𝐿𝑓𝐼𝑓𝑑 −

3

2
ሶ𝑉𝑔𝑑𝐼𝑓𝑞

ሶ𝑄 = −
3𝑉𝑔𝑑

2𝐿𝑓
𝑉𝑖𝑞 + ξ𝑄 = 𝑈𝑖𝑄 + ξ𝑄

Output tracking error system

ሶ𝑒𝑄 = 𝑒𝑈𝑖𝑞 + ξ𝑄;

Controller

𝑒𝑈𝑖𝑞 𝑠 = − 𝑘1 +
𝑘0
𝑠

𝑒𝑄 𝑠

PI Controller

Current 𝑖𝑑 Reactive power

Gain parameters

𝑘0 = ω𝑛
2

𝑘1 = 2ζω𝑛

Gain parameters

𝑘0 = ω𝑛
2

𝑘1 = 2ζω𝑛

𝑒𝑄 = 𝑄 − 𝑄∗; 𝑒𝑈𝑖𝑞 = 𝑈𝑖𝑞 − 𝑈𝑖𝑞
∗

𝑈𝑖𝑞
∗ =

𝑑2

𝑑𝑡2
𝑄∗



Methodology
GPI control

ሷ𝑉𝑐𝑑 = −
3𝑉𝑔𝑑

2𝐿𝑓𝑉𝑑𝑐
𝑉𝑖𝑑 −

3𝑉𝑔𝑑

2𝑉𝑑𝑐
−𝑉𝑔𝑑 − 𝑅𝑓𝐼𝑓𝑑 + ω𝑝𝐿𝑓𝐼𝑓𝑞 +

ሶ𝐼𝑟
𝐶
−
3 ሶ𝑉𝑔𝑑𝐼𝑓𝑑

2𝑉𝑐𝑑
+
3𝑉𝑔𝑑𝐼𝑓𝑑 ሶ𝑉𝑐𝑑

2𝑉𝑐𝑑
2

ሷ𝑉𝑐𝑑 = −
3𝑉𝑔𝑑

2𝐿𝑓𝑉𝑑𝑐
𝑉𝑖𝑑 + 𝜉𝑐𝑑 = 𝑈𝑖𝑑 + 𝜉𝑐𝑑

𝑈𝑖𝑑 𝑠 = 𝑈𝑖𝑑
∗ −

𝑘2𝑠
2 + 𝑘1𝑠 + 𝑘0
𝑠 𝑠 + 𝑘3

𝑒𝑉𝑐𝑑 𝑠

Characteristic polynomial
𝑠4 + 𝑘3𝑠

3 + 𝑘2𝑠
2 + 𝑘1𝑠 + 𝑘0 = 0

ሷ𝑒𝑉𝑐𝑑 = 𝑒𝑈𝑖𝑑 + 𝜉𝑐𝑑; 𝑒𝑉𝑐𝑑 = 𝑉𝑐𝑑 − 𝑉𝑐𝑑
∗ ; 𝑒𝑈𝑖𝑑 = 𝑈𝑖𝑑 − 𝑈𝑖𝑑

∗ ; 𝑈𝑖𝑑
∗ =

𝑑2

𝑑𝑡2
𝑉𝑐𝑑
∗

Simplified model

Output-tracking error system

Controller

Gain parameters
𝑘0 = ω𝑛

4

𝑘1 = 4ζω𝑛
3

𝑘2 = 4ζ2ω𝑛
2 + 2ω𝑛

2

𝑘3 = 4ζω𝑛



Methodology
SRF-PLL

𝑉𝑔𝑎
𝑉𝑔𝑏
𝑉𝑔𝑐

=

𝑉 cos θ𝑔

𝑉 cos θ𝑔 −
2π

3

𝑉 cos θ𝑔 +
2π

3

𝑉𝑔𝑑
𝑉𝑔𝑞
𝑉𝑔0

= κ

3

2
𝑉 cos 𝜃𝑔 − 𝜙𝑝

3

2
𝑉 sin 𝜃𝑔 − 𝜙𝑝

0

; Park angle:  ϕp

 

Grid signals
Synchronous reference frame

𝑉𝑔𝑞 =
3κ

2
𝑉 sin 𝜃𝑔 − 𝜙𝑝 ; 𝑉𝑔𝑞 = 0 ⇔ 𝜃𝑔 = 𝜙𝑝

Synchronous Reference Frame Phase Lock Loop



Results

 

Parameter Symbol Value Unit

Nominal Power 𝑃𝑤,𝑛𝑜𝑚 5 𝑀𝑊

Total inertia 𝐽 1 × 104 𝐾𝑔 ∙ 𝑚2

Blade length 𝑟𝑡 56 𝑚

Wind density ρ 1.225 𝐾𝑔 ∙ 𝑚3

Stator resistance 𝑅𝑠 6.25 mΩ

Stator inductance 𝐿𝑠 4.229 𝑚𝐻

Permanent magnet 

flux density
λ0 11.1464 𝑊𝑏

Pole pairs number 𝑛𝑝 75 −

Nominal voltage 𝑉𝑛𝑜𝑚 0.9 𝑘𝑉

Nominal angular 

speed
ω𝑛𝑜𝑚 1.447 𝑟𝑎𝑑/𝑠

Parameter Symbol Value Unit
DC-Link 

capacitor
𝐶 40 μ𝐹

Filter 

resistance
𝑅𝑓 0.01 𝑚Ω

Filter 

inductance
𝐿𝑓 0.5 𝑚𝐻

Wind Turbine parameters

Filter parameters

Source: (Aimene, Payman, & Dakyo, 2014) Source: (Aimene, Payman, & Dakyo, 2014) 

5MW Wind Turbine Simulation
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5MW Wind Turbine Simulation



Results

  

5MW Wind Turbine Simulation



Conclusions

• Differential flatness property.
• The PMSG is flat.

• The GSC is flat using a RL Filter.

• Control of the Wind Turbine
• An ADRC is proposed to track the maximum power point.

• A GPI is proposed to regulate the DC-Link voltage.

• The current 𝑖𝑑 and the reactive power 𝑄 are controlled with two PI.

• Synchronization with the electrical grid via a SRF-PLL.

• Numerical simulations
• Shows a good performance using the proposed controllers.

• Further Work
• Sensorless control.

• Avoid measuring the wind speed.



References
• Ackermann, T. (2005). Wind power in power systems.

Chichester, UK: John Wiley.
• Ackermann, T., & Söder, L. (2002). An overview of wind energy-

status 2002. Renewable and Sustainable Energy Reviews, 67-
127.

• Aimene, M., Payman, A., & Dakyo, B. (2014). Flatness-based
control of a variable-speed wind-energy system connected to
the grid. Ninth International Conference on Ecological Vehicles
and Renewable Energies, (pp. 1-7). Monte-Carlo, Monaco.

• Akagi, H., Watanabe, E. H., & Aredes, M. (2017). Instantaneous
power theory and applications to power conditioning.
Hoboken, New Jersey: John Wiley & Sons.

• Bianchi, F. D., de Battista, H., & Mantz, R. J. (2007). Wind
Turbine Control Systems. London: Springer-Verlag.

• Fliess, M., Lévine, J., Martin, P., & Rouchon, P. (1992). Sur les
systèmes non linéaires différentiellement plats. CR Acad. Sci.,
(pp. 619-624). Paris.

• Hwas, A., & Katebi, R. (2012). Wind Turbine Control Using PI
Pitch Angle Controller. IFAC Proceedings Volumes, 241-246.

• Karimi-Ghartemani, M. (2014). Enhanced phase-locked loop
structures for power and energy applications. John Wiley &
Sons.

• Njiri, J., & Söffker, D. (2016). State-of-the-art in wind turbine
control: Trends and challenges. Renewable and Sustainable
Energy Reviews, 377-393.

• Polinder, H., Ferreira, J. A., Jensen, B. B., Abrahamsen, A. B.,
Atallah, K., & McMahon, R. A. (2013). Trends in wind turbine
generator systems. IEEE Journal of emerging and selected
topics in power electronics, 174-185.

• Sira-Ramírez, H. (2018). From flatness, GPI observers, GPI
control and flat filters to observer-based ADRC. Control Theory
and Technology, 249–260.

• Sira-Ramírez, H., & Agrawal, S. (2004). Differentially flat
systems. Crc Press.

• Sira-Ramírez, H., & Zurita-Bustamante, E. W. (2021). On the
equivalence between ADRC and Flat Filter based controllers: A
frequency domain approach. Control Engineering Practice.

• Sira-Ramírez, H., Luviano-Juárez, A., Ramírez-Neria, M., &
Zurita-Bustamante, E. W. (2017). Active disturbance rejection
control of dynamic systems: a flatness based approach.
Elsevier.

• Sira-Ramirez, H., Zurita-Bustamante, E. W., & Huang, C. (2019).
Equivalence among flat filters, dirty derivative-based PID
controllers, ADRC, and integral reconstructor-based sliding
mode control. IEEE Transactions on Control Systems
Technology, 1696-1710.

• Wu, B., Lang, Y., Zargari, N., & Kouro, S. (2011). Power
Conversion and Control of Wind Energy Systems. John Wiley &
Sons.

© (2021) Rights Reserved | ECORFAN,S.C. (ECORFAN®-Mexico-Bolivia-Spain-Ecuador-Cameroon-Colombia-Salvador-Guatemala-Nicaragua-Peru-Paraguay-Democratic Republic of Congo-Taiwan)



© 2009 Rights Reserved | ECORFAN,S.C. (ECORFAN®-México-Bolivia-Spain-Ecuador-Cameroon-Colombia-Salvador-Guatemala-Paraguay-Nicaragua-Peru-Democratic Republic of Congo-Taiwan)

ECORFAN®

© ECORFAN-Mexico, S.C.

No part of this document covered by the Federal Copyright Law may be reproduced, transmitted or used in any form or medium, whether graphic, electronic or mechanical, including but not limited to the

following: Citations in articles and comments Bibliographical, compilation of radio or electronic journalistic data. For the effects of articles 13, 162,163 fraction I, 164 fraction I, 168, 169,209 fraction III and other relative of

the Federal Law of Copyright. Violations: Be forced to prosecute under Mexican copyright law. The use of general descriptive names, registered names, trademarks, in this publication do not imply, uniformly in the absence of

a specific statement, that such names are exempt from the relevant protector in laws and regulations of Mexico and therefore free for General use of the international scientific community. BCIERMMI is part of the media of

ECORFAN-Mexico, S.C., E: 94-443.F: 008- (www.ecorfan.org/booklets)


