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ABSTRACT 
This paper describes the dynamic models for a wind turbine 

system equipped with a permanent magnet synchronous generator 

(PMSG) and a back-to-back Voltage Source Converter, which is 

operated with the Space Vector Modulation Technique using a 

symmetric switching sequence. The generator side converter 

works as a three-phase rectifier and the grid side converter works 

as an inverter, which is used to interface the wind turbine system 

with the stand-alone hybrid system. All the components of the 

wind turbine system, including a typical generator side controller 

and except the DC-link and the grid side converter were analyzed. 

These dynamic models can be used for dynamic simulation in 

order to test different configurations, as well as control strategies 

and fault detection and accommodation algorithms.  

 
Keywords - wind turbines, pitch angle control, Permanent magnet 

generator, three-phase PWM rectifiers, Space Vector Modulation, 

Symmetric Switching Sequence.  
 

I. INTRODUCTION 

 
The objective of this paper is to develop computer models 
for a variable speed Wind Turbine System (WTS) equipped 
with PMSG that can be used for dynamic simulation to test 
different configurations, as well as control strategies and 
fault detection and accommodation algorithms.  

One of the problems associated with variable-speed wind 

turbine systems is the presence of the gearbox coupling the 

wind turbine to the generator. This mechanical element 

suffers from considerable faults and increases maintenance 

expenses. In order to improve reliability of the wind turbine 

and reduce maintenance expenses, the gearbox is frequently 

eliminated. Hence, a variable speed wind turbines equipped 

with Permanent Magnet Synchronous Generators (PSMG) 

and power converters are being used more frequently in 

wind turbine application [1,2]. 

The conventional power converter for a small power wind 

turbine system (WTS) is shown in Fig. 1, which consists of 

the diode rectifier, boost circuit, and a grid side 

converter[3]. Since the uncontrolled diode rectifier is 

connected to the PMSG, it is not possible to control the 

generator speed for output power control. Moreover, high 

harmonic distortion currents are obtained in the generator 

that might reduce efficiency and produce torque 

oscillations. 

 

This wind turbine system consists of a Permanent Magnet 

Synchronous Generator (PMSG) connected to a power 

electronic system, which is composed of a back-to-back 

 This paper is 

focused mainly on the generator side, only the wind turbine 

components and generator side controller until the DC-link. 

 

 

 
Figure 1.- Conventional block diagram of a wind turbine with PMSG 

 

 

 
Figure 2.- Block diagram of a wind turbine with PMSG 
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Figure 3.- PMSG driven wind turbine connected to the utility grid 

 

3 shown a wind turbine system with its control 

scheme. Generator side controller is divided into a current 

controller, a frequency shift power control (FSPC) and Torque 

and Pitch Angle control. Theses controller will be briefly 

presented in section III. The input signals to the Generator side 

controller are: Grid Frequency (Fg), Grid Power (Pg), turbine 

rotor speed ( T), three phase sinusoidal current from PMSG 

(Ia, Ib, Ic) and the voltage of the dc bus capacitors (Udc). The 

output signals are reference pitch angle ( ref) and Generator 

Side Converter control 

II. SYSTEM DESCRIPTION AND MODELING 

 

The description and the modeling of a wind turbine with 

PMSG are described throughout this section. The mechanical 

components of the Wind Turbine System (the wind turbine 

rotor and the drive train) as well as the electrical components 

(the synchronous generator and the generator side converter) 

will be briefly presented. 

 

A. Wind Turbine Model 
 

The power in the wind is known to be proportional to the cube 

of the wind speed and may be expressed as 

,               (1) 

where  is the air density, A is the area swept by the blades 

and w is the wind speed. However, a wind turbine can only 

extract a fraction of the power, which is limited by the Betz 

limit (maximum 59%). This fraction is described by a power 

coefficient, Cp, which is a function of the blade pitch angle  

and the tip speed ratio . Therefore the mechanical power of 

the wind turbine extracted from the wind by the turbine is  

,             (2) 

where the tip speed ratio  is defined as the ratio between the 

blade tip speed and the wind speed w: 

,              (3) 

T is the turbine rotor speed and R is the radius of the blades.  

[6]

 ref is taken from Torque and 
Pitch Angle Control 

 
Figure 4.- Hydraulic 

In this paper, the power coefficient is given by [7]

,                 (4)

Where 

             (5)

 
Figure 5.- Power coefficient versus tip-speed ratio 
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              (6)

 
Figure 6.- Yaw angle convention 

 

             (7)

[8]:

,             (8) 

,            (9) 

Synchronous 

Generator (PMSG) is assumed to be constant, so its electrical 

model in the synchronous reference frame is given by [9, 10]: 

,           (10) 

,         (11) 

,                          (12) 

Considering Inverse Park and Clarke Transformation a two 

co-ordinate time invariant (iqs, ids) is transformed into a three 

phase sinusoidal system (Ia, Ib, Ic), where are the inputs to the 

generator side converter model

          (13) 

,           (14) 

,           (15)

where Ps and Qs are the output active and reactive powers, 

respectively. 

,                         (16) 

 

7

[11]

Figure 7.- Structure of the back-to-back voltage source converter 

The paper is focused on 

A three-phase rectifier is shown in Figure 8: Udc is the voltage 

of the dc bus capacitors; Uan, Ubn and Ucn are the phase voltage 

and each switch is identified with the letter S. It is assumed 
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that Sa and Sa
*
, Sb and Sb

*
 as well as Sc and Sc

*
 are switched in 

a complementary way to avoid a short circuit in the voltage 

source. Thus, the analysis of the switches turn-ons/offs is 

simplified as we only consider the switches of the three upper 

transistors Sa, Sb and Sc. If Sa is equal to 1, the switch of the 

transistors and vice verse. As we have three variables, 

there are (2
3
=8) possible switching vectors; as shown in Table 

I.  

 
Figure 8.- Structure of the back-to-back voltage source converter 

          (17) 

Considering Park and Clarke Transformation a three phase 

sinusoidal system (Uan, Ubn, Ucn) is transformed into a two co-

ordinate time invariant (uds ,uqs, uo), where are the inputs to the 

Permanent Magnet Synchronous Generator (PMSG) Model

The angle used to make the transformation is given by:

             (18)

Considering this angle, the transformation gives:  

 

         (19) 

 

           (20) 

III. MODEL OF CONTROLLERS 

 

A. Current controller Model 
 

[13]

           (21) 

          (22)

These decoupling voltages

           (23)

           (24)

           (25) 

           (26) 

The required d-q components of the rectifier voltage vector are 

given by: 

         (27) 

        (28)

The control requires the measurement of the stator currents, dc 

voltage and rotor position. Space Vector Modulation (SVM) is 

used to generate the switching signals for the power converter 

semiconductors. 

 
Figure 9.- Current controller Model 

 

The stator current reference in d-axis ids-ref is maintained at 

zero, for producing maximum torque, due to the non-saliency 

of the generator. The stator current reference in q-axis iqs-ref is 

calculated from the reference torque Te-ref as follows.  

          (29) 
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B. Frequency Shift Power Control Model 
 

If Wind Turbine System (WTS) is connected to the AC side of 

the stand-alone hybrid system, as depicted in Figure 10, 

battery inverter must be able to inform to the WTS when it 

must limit its output power in order to prevent the excess 

energy from overcharging the battery. The communication 

language is frequency. In other words, the battery inverter 

recognizes this situation and changes the frequency at the AC 

output. This frequency is analyses by Wind Turbine System 

which limits its output power according to the frequency 

previously defined by battery inverter. The operating principle 

used by WTS is called Frequency Shift Power Control (FSPC) 

[14]. This function is shown in the Figure 11, for more 

information read Sunny Island 5048 Manual 

 

 
Figure 10.- Block diagram of a stand-alone grid 

 

 
Figure 11.- Frequency Shift Power Control 

 

fref refers to the base frequency of the stand- alone grid, in our 

case, it is equal to 50Hz. 

 

When a grid 

frequency deviation f occurs a bias power set point, P, is 

generated follows function shown in Figure 11. Then, the bias 

power set point is divided into  T 

Te, added 

to the 

 a reference 

Figure 12.- Frequency Shift Power Control 

C. Torque and Pitch Angle Control 
 

From Figure 13, you can see that the power curve is split into 

three distinct regions. Region I consists of low wind speeds 

and is below the rated turbine power, the turbine is run at the 

maximum efficiency to extract all power. In other words, the 

turbine controls with optimization in mind. On the other hand, 

Region III consists of high wind speeds and is at the rated 

turbine power. The turbine then controls with limitation of the 

generated power in mind when operating in this region. 

Finally, Region II is a transition region mainly concerned with 

keeping rotor torque and noise low [15]. 

speed, 

Figure 13.- Operating region of wind turbines

Region I)

            (30)
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Figure 14.- Control scheme in low wind Speed 

 

 

 

 
Figure 17.- Overview of the complete control scheme 

 

Region II)

keep the rotor speed in a certain 

spam, described as a speed band around the maximum rotor 

speed. The rotor speed, torque and energy capture are 

determined similarly as in the case of a classic fixed speed 

wind turbine approach. Usually this interval ends when 

nominal generator power is reach so in this region turbine 

operate below rated power. The basic scheme is shown in 

Figure 15. 

Figure 15.- Control scheme in middle wind Speed 

 

Region III)

Figure 16.- Control scheme in high wind Speed 
 

To cope with nonlinear turbine behavior caused by 

aerodynamics, the controller gains have been scheduled 

dependent on reference rotor speed. Adaptation of the rotor 

speed set point is a possibility that makes it possible to use the 

allowed rotor speed fluctuation for maintaining rated power at 

sudden negative wind gusts. 

 

The control overview scheme is shown in Figure 17. It is not 

possible to operate in the whole speed area using only one 

controller and due to this the final controller is a combination 

of the controllers from the various wind speed intervals. 

Finally, after modelling and analyzing those three different 

controllers, the whole control scheme is obtained [16]. 

 

D. Yaw Mechanism 
 

Horizontal axis wind turbines (HAWT) need extra devices to 

orientate their rotors against the wind. Yaw control would be 

an excellent way of controlling the power input to the wind 

turbine rotor. The main problem with yaw control is that the 

part of rotor which is closest to the source direction of the 

wind, however, will be subject to a large force (bending 

torque) than the rest of the rotor. 
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The yaw mechanism can be divided into two types: passive 

(free yaw) and active (forced yaw). Passive yaws have large 

application in small wind turbines. The turbine freely aligns 

itself to the wind direction by using a tail vane, with no need 

of wind measurement. Rotors with downwind configuration 

are another example of use of passive yaws. 

 

IV. SPACE VECTOR MODULATION 

 

Space Vector Modulation (SVM) became a standard for the 

switching power converters. The block diagram of (SVM) is 

shown in Figure 18. The reference output voltage vector is 

sampled at a fixed frequency, equal to the inverter switching 

period Ts. Then, the position of reference vector and the times 

of application of each vector generators involved are 

calculated. After that, a switching sequence system takes these 

application times to define the switches control signal. Thus, 

the reference vector will be really reflected in the output of the 

inverter during the switching period next to the reference 

voltage sampled time [17].  

 

 
Figure 18.- Block diagram of Space Vector Modulation (SVM) 

 

The reference voltage components in the dq reference frame   

(uds-ref, uqs-ref) are transformed to a stationary  reference 

frame using the rotor position  as 

,            (31) 

,         (32) 

 

(u ref, u ref)

           (33) 

           (34) 

            (35) 

As shown in the Table I, the eight inverter states give eight 

vectors called 

The tips of these vectors form a regular hexagon. We 

define the area enclosed by two adjacent vectors, within the 

hexagon, as a sector. Thus there are six sectors numbered 1 to 

6 [18].  

The reference vector, Uref, placed on the  plane, is 

decomposed using any subset of the eight space vectors. 

Nonetheless, decomposition is done typically using only the 

two adjacent active vectors, by averaging the two adjacent 

vectors and the zero state vectors. In other words, the 

switching pattern is obtained by selecting the nearest two 

active vectors of the six available and filling the rest of the 

switching period with zero space vectors 

Voltage 
Vector Sa Sb Sc 

 0 0 0 

 1 0 0 

 1 1 0 

 
0 1 0 

 0 1 1 

 
0 0 1 

 1 0 1 

 1 1 1 

Table I.- Inverter Voltage Vectors 
 

.  
Figure 19.- Voltage space vectors on the  plane  
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Figure 20.- Reference Vector placed on the  plane 

 

The time spent on each of the active space vectors (denoted t0, 

t1, t2 and t7) are determinated by 

,         (36) 

,           (37) 

switching period

          (38) 

          (39) 

        (40) 

           (41) 

           (42) 

The angle of reference vector, , identifies one of the six 

sectors on  plane. An relative angle, r (0  r  /3), is 

defined according to a specific sector, such as 

,                (43) 

           (44) 

           (45) 

 

Switching Sequence Schemes 

 

The active space vectors generate the same average output 

voltage regardless of the order in which they are applied 

within the current sampling period. SVM does not recommend 

any specific order. 

Space vector modulation also offers flexibility with zero 

vectors. They can be used in any order within the switching 

period and relative to active vectors. The order of individual 

zero vectors during the inactive time is another degree of 

freedom. 

In this paper we have chosen the switching sequence called 

Symmetric Sequence: each switching period starts and ends 

with a zero vector and active vectors are exchanged. The 

reference voltage can be constructed by the switching pattern 

shown in Figure 21. Ux  can be U1, U3, U5. Uy can be U2, 

U4, U6. This pattern satisfies the condition that only one 

transistor is switched during a change interval. This scheme is 

expected to have low THD (Total Harmonic Distortion) 

because of the symmetry in the waveforms [19]. 

 

 
Figure 21.- Switching pattern for Symmetric  Sequence 

 
The switching pattern for different sectors is shown in the 

Figure 22. 

 
Figure 22.- Switching pattern for different sectors 

In the example of Figure 23, the sequence of vectors applied 

in this scheme is shown in Figure 11 for sector 1. The number 

of commutations in one switching period is six with three 

turn-ons and three turn-offs. 

 

Page 106



 

 

 

 
Figure 23.- Switching pattern for vector reference located in the sector 1  

 

V. CONCLUSION 

 

This work has presented the modelling of a wind turbine 

system equipped with a Permanent Magnet Synchronous 

Generator (PMSG) for dynamical simulation and controller 

design. PMSG generated voltage is converted into DC voltage 

though a Voltage Source Converter (VSC) that works as 

rectifier. The generator side converter is used to control 

power; the grid side converter is used to control dc-link 

voltage. The DC-link capacitor voltage is maintained at a 

constant value by ensuring the balance of the input and output 

energies at both sides of the capacitor. The future work will be 

to complete the scheme wind turbine system, simulate the 

whole system and compare this result with typical 

configurations for controller design. 
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