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 In this paper, we are interested in improving the production efficiency for 
electric energy extracted from a wind turbine, based on a permanent magnet 
synchronous generator (PMSG) that we want to improve the performance by 
means of direct torque control with space vector modulation (DTC-SVM). 
The choice of this control comes from the deficiencies inherent to the 
conventional DTC, which includes variable switching frequency, torque 
ripple and implementation complexity. First we focuse on the wind energy 
conversion system (WECS) modeling using the PMSG machine, as well as 
the detailed study for the control DTC-SVM operating principle. Then, 
system performance is tested and compared by simulation in the 
MATLAB/Simulink in terms of follow instructions, robustness to the 
variations of the external system elements, and effectiveness of the expected 
method. 
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1. INTRODUCTION  

Wind energy is considered among the best clean and renewable natural resources. Indeed, the 
degradation of the ecological environment for the electrical energy production using conventional means 
makes wind power production more efficient to replace the standard production chains. [1]-[2]. The WECS 
system based on a variable wind speed system that incorporates direct drive permanent magnet synchronous 
machine is becoming a current trend in this area, as a better energy capture, reduced mechanical stress, 
increased efficiency and reliability [3]. 

According to [3] a 15% increase in energy captured is achieved using variable wind speed system 
with reference to a fixed speed system, in the same context, and if we neglect the losses in the electronic 
power converter we can reach a rate of 15 to 23% of the energy obtained according to [4]. Another important 
argument for using variable speed strategies is specific wind sites. Whereas a fixed speed system is designed 
to be site specific, operating nearest the maximum power [5], variable speed systems are handy and generic 
system can be employed at a wider range for the different wind sites. 

The use of wind energy generation has mainly been dominated by the induction generator (IG), and 
more especially the doubly fed induction generator (DFIG), with a converter attached to the rotor windings 
[6]. Though this last time, the incorporation of PMSG has become an increasingly attractive alternative 
[7].The use of an IG in a WECS requires a gearbox, due to the high nominal rotational speeds of IGs as 
compared to the slow rotational speeds for the wind turbine. It is desirable to do away with the high weight, 
mechanical losses, costs and maintenance requirements of gearboxes. The integration of PMSGs in these 
applications addresses this problem because PMSGs with a high number of poles operate at much lower 
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speeds, eliminating the need for gearboxes [8]-[9]. A gear-less WECS is commonly referred to as being 
direct-drive. 

Make use of a full- scale back-to-back power converter as depicted on (fig.1) is considered among 
the best topologies of power electronics used in the WECS [10]-[11]. The DTC application to WECSs is a 
relatively new concept, this control strategy was introduced by Takahashi [12] and Depenbrock [13]. In [14] 
and [15] it’s concluded that because of its insensitivity to physical parameters, inherent sensorless operation 
and ease in implementing variable speed strategies, DTC is more suited in WECSs than the classic Field 
Oriented Control (FOC). The aim of this work is the modelling and implementation of a complete position 
sensorless WECS, incorporating direct torque control through space vector modulation (DTC-SVM) of a 
permanent magnet synchronous generator. 

 
 

2. WIND ENERGY CONVERSION SYSTEM MODELING 
2.1.   Wind Turbine modeling 

The proposed system, that is believed to satisfy the description given, is presented in Figure 1. 
 
 

 
 

Figure 1. Representation of the system to be designed 
 
 

The wind turbine and its interaction with the environment is an extremely complex system. A very 
good indepth analysis of the mechanical modeling of wind turbine models can be found in [16]. According to 
Betz's theory of aerodynamics, the input power of the wind turbine can be defined as follows. 

 
𝑃𝑚 = 1

2
 𝐶𝑝(𝜆,𝛽).𝜌. 𝑆.𝑉𝑣3                                                                                                       (1) 

  
𝜆 = 𝑅.Ω

𝑉𝑣                                                                                                                                         (2) 
  

 The tip speed ratio (TSR) represents the ratio of wind speed to turbine rotational speed. This 
quantity is defined in (2) and is of importance when considering the turbine blade power characteristics. 
The wind torque is proportional to the square of the angular speed of the rotor: 
 

𝐶é𝑜𝑜 = 1
2

. 𝐶𝑝
(𝜆).𝜌.𝑆.𝑅3

𝜆3
.Ω2                                                                                                             (3) 

 
By placing in the optimal operating conditions of the wind turbine 𝜆 = 𝜆opt, the ratio of the angular 

speed and torque to have the maximum of the power is given by the relationship 
 

𝐶é𝑜𝑜
𝑜𝑝𝑜 = 1

2
. 𝐶𝑝𝑝𝑝𝑝(𝜆).𝜌.𝑆.𝑅3

𝜆𝑜𝑝𝑜
3 .Ω2                                                                                                                  (4) 
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The total mechanical torque delivered by the wind turbine is given by: 
 

𝐶𝑚 = 𝑃𝑝
𝛺

                                                                                                                                                  (5) 
    
 𝐶𝑚 = 1

2
 𝜌.𝜋.𝑅3. 𝐶𝑝(𝜆,𝛽)  

𝜆
                                                                                                                      (6) 

 
Several numerical approximations have been developed in the literature to determine an expression 

of the coefficient CP. We have put the following formula: 
 
𝐶𝑝(𝜆,𝛽) = 0.5176 �116

𝜆′
−  0.4𝛽 − 5� 𝑒

−21
𝜆′ + 0.0068𝜆                                                            (7) 

    
1
𝜆′

=  1
𝜆+0.08𝛽

−  0.035
𝛽3+1

                                                                                                   (8) 

 

 

 
 

Figure 2. Power coefficient Cp for constant values of β 
 
 
2.2.   PMSG modeling 

The  model  of  the  permanent magnet wind generator after  the Park transformation  is  defined  by  
the electrical, magnetic and mechanical following equations: 

 

�
𝑉𝑠𝑠 =  −𝑅𝑠. 𝑖𝑠𝑠 + 𝑠∅𝑑

𝑠𝑜
 – 𝜔𝑟 .∅𝑞

𝑉𝑠𝑞 =  −𝑅𝑠. 𝑖𝑠𝑞 +  𝑠∅𝑞
𝑠𝑜

+ 𝜔𝑟 .∅𝑠
                                                                                                (9) 

 
The totalized fluxes in each phase are as follows: 
 

�
∅𝑠 =  −𝐿𝑠 . 𝑖𝑠𝑠 + ∅𝑓
∅𝑞 =  −𝐿𝑞 . 𝑖𝑠𝑞                                                                                                                                (10) 

 
This allows the electrical equations to be written as follows: 
 

�
𝑉𝑠𝑠 =  −𝑅𝑠. 𝑖𝑠𝑠 + 𝑠�−𝐿𝑑.𝑖𝑠𝑑+ ∅𝑓�

𝑠𝑜
−  𝜔𝑟 . �−𝐿𝑞 . 𝑖𝑠𝑞�     

𝑉𝑠𝑞 =  −𝑅𝑠. 𝑖𝑠𝑞 + 𝑠(−𝐿𝑞.𝑖𝑠𝑞)
𝑠𝑜

+ 𝜔𝑟 . (−𝐿𝑠 . 𝑖𝑠𝑠 +  ∅𝑓)
                                                                      (11) 

 
After transformation and simplification, we have: 
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�
𝑉𝑠𝑠 =  −𝑅𝑠. 𝑖𝑠𝑠 − 𝐿𝑠

𝑠(.𝑖𝑠𝑑)
𝑠𝑜

+ 𝜔𝑟 . �𝐿𝑞 . 𝑖𝑠𝑞�                  

𝑉𝑠𝑞 =  −𝑅𝑠. 𝑖𝑠𝑞 − 𝐿𝑞
𝑠(.𝑖𝑠𝑞)
𝑠𝑜

− 𝜔𝑟 . (𝐿𝑠 . 𝑖𝑠𝑠) + 𝜔𝑟 .∅𝑓
                                                         (12) 

 
 

Equation 12 can be written as follows: 
 

�
𝑉𝑠𝑠 =  −𝑅𝑠. 𝑖𝑠𝑠 − 𝐿𝑠

𝑠(.𝑖𝑠𝑑)
𝑠𝑜

+ 𝑒𝑞             

𝑉𝑠𝑞 =  −𝑅𝑠. 𝑖𝑠𝑞 − 𝐿𝑞
𝑠(.𝑖𝑠𝑞)
𝑠𝑜

− 𝑒𝑠 + 𝐸𝑞0
                                                                               (13) 

 
With: 
 

�
𝑒𝑠 = 𝜔𝑟 . (𝐿𝑠 . 𝑖𝑠𝑠)  
𝑒𝑞 = 𝜔𝑟 . �𝐿𝑞 . 𝑖𝑠𝑞�   
𝐸𝑞0 = 𝜔𝑟 .∅𝑓            

                                                                                                             (14) 

 
The mechanical equations are described: 
                        

�
𝐶𝑒𝑚 = 3

2� .𝑝. [�𝐿𝑠 − 𝐿𝑞�. 𝐼𝑠𝑠 . 𝐼𝑠𝑞 − 𝐼𝑠𝑞 .∅𝑓
𝐶é𝑜𝑜 − 𝐶𝑒𝑚  = 𝐽. 𝑠Ω

𝑠𝑜
+  𝑓𝑐 .Ω                              

                                                                                                            (15) 

 
 

3. DIRECT TORQUE CONTROL  
3.1.   The DTC control principle 

The direct torque control (DTC) based on the orientation of the stator flow uses the instantaneous 
values of the voltage vector. A three-phase converter can provide eight instantaneous basic voltage vectors, 
of which two are zero [17]-[18]. These vectors are chosen from a switching table as a function of the flux and 
torque errors and the position of the stator flux vector. 
The voltage vector Vs can be written: 
 

𝑉𝑠 = �2
3
𝑈𝐷𝐶{𝑆𝑎 + 𝑆𝑏𝑒

𝑗2𝜋3 + 𝑆𝑐𝑒
𝑗4𝜋3 �                                                                          (16) 

 
• 𝑆𝑖(𝑖=1,3,|5) = 0  if the high switch is closed and the low switch is open. 
• 𝑆𝑗(𝑗=2,4,|6) = 1  if the high switch is closed and the low switch is closed. 

 
3.2.   Space Vector Modulation 

The theory and operation principle of space vector modulation (SVM) is mostly adapted from. SVM 
is an alternative inverter switch control method to traditional sinusoidal PWM, over which it has many 
advantages. Control structures are greatly simplified and power electronic hardware is exploited to the 
maximum. SVM inherently realises third harmonic injection, increasing the maximum output voltage of the 
inverter. Important characteristics for the implementation of SVM are that there must be a single DC source 
to the converter. SVM is realised in the stationary reference frame, as depicted in Figure 3. 

The voltage vectors and their relationship to the converter in Figure 3 are given in Table 1. The top 
level switches of the converter (S1, S3 and S5), and the bottom level switches (S2, S4 and S6) switch 
complimentary. In the table, a 0 represents an open or off switch, while a 1 represents a closed or on switch. 
The α,β plane as shown in Figure 3, is divided up into six aqual sectors, these voltage vectors are the only 
eight possible outputs of this topology of converter. The reference voltage 𝑉𝛼𝛽, which is the desired voltage 
at the inverter terminals, rotates in the α,β plane at a certain angular frequency, with angle θ. This voltage 
vector is then projected as T3 and T4 shown in Figure 3 onto the voltage vectors enclosing the current sector. 
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Figure 3. Reference frame of the operation principle of space vector modulation 

 
 

Table 1. SVM voltage vectors and the implications on converter switching and output voltages 
Vector S1      S3     S5 S2       S4       S6 Va     Vb     Vc   

V0 0       0       0 1         1         1 0        0         0 
V1 1       0       0 0         1         1 Vdc      0         0 
V2 1       1       0 0         0         1 Vdc     Vdc       0 
V3 0       1       0 1         0         1 0        Vdc       0 
V4 0       1       1 1         0         0 0        Vdc      Vdc 
V5 0       0       1 1         1         0 0         0        Vdc 
V6 1       0       1 0         1         0 Vdc      0        Vdc 
V7 1       1       1 0         0         0 Vdc      Vdc      Vdc 

 
 

The projections will then ultimately determine the duty cycles of the power electronic switches. The 
size of the projection vectors determine the amount of time that the switches spend in a certain switching 
state for each switching period.  An example timing diagram of one such switching period is given in Figure 
5 to illustrate this. The order in which the boundary vectors are switched in a specific switching period can be 
arbitrarily chosen, as long as the total switching time of a vector remains the same in any sequence. Note that 
V0 and V7 are the zero vectors, and can be interchangeably used. 

 
 

 
 

Figure 4. Representation of one switching period of SVM 
 
 
The reference voltage vector is in sector 3, as in the vector diagram in Figure 3. From Figure 3 it can be seen 
that each voltage vector is switched for a certain time. These times can easily be calculated as: 
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⎩
⎪
⎨

⎪
⎧ 𝑡3 = |𝑇3|

|𝑉3|
.𝑇𝑠

𝑡4 = |𝑇4|
|𝑉4|

.𝑇𝑠
𝑡0 = 𝑇𝑠 − 𝑡3 − 𝑡4

                                                                                                                   (17) 

 

3.3.    Direct Torque Control with Space Vector Modulation 
3.3.1. Flux linkage control 

DTC-SVM has many advantages that strongly support the application thereof in this system. Most 
importantly, these advantages include [19]: 

• Direct control over electromagnetic torque, which allows for easy implementation of maximum power 
point tracking strategies in wind energy conversion system. 

• Requires a lower switching frequency, especially when compared to classical DTC. 
• Offers very good speed control performance, which is a component of the WECS. 

The following equations presents the relationship between the voltage vectors and the stator flux 
vectors of the PMSG: 

 
∅𝑠����⃗ (𝑡) =  ∫ (𝑜𝑒

0 𝑉𝑠���⃗ − 𝑅𝑠. 𝐼𝑠��⃗ ).𝑑𝑡 +  ∅𝑠0������⃗                                                             (18)  
 
If it is assumed that the stator resistance is small enough, the voltage drop across the resistance 

becomes neglected in front of 𝑉𝑠. The calculation of the integral in the interval [0, te] gives: 
 

∅𝑠����⃗ =  𝑉𝑠���⃗ . 𝑡𝑒 + ∅𝑠0������⃗                                                                                                                  (19) 
 
In a global way, it can be considered that: 
 

∅𝑠����⃗ (𝑘+1) =  𝑉𝑠���⃗ . 𝑡𝑒 +  ∅𝑠����⃗ (𝑘)                                                                                                       (20) 
With: 
 ∅𝑠����⃗ (𝑘)     : Vector of the flux in the step of current sampling 

 ∅𝑠����⃗ (𝑘+1) : Vector of the flow of the next step of the sampling. 
 𝑡𝑒           : Sampling period 
 
3.3.2.  The electromagnetic torque Control: 

The electromagnetic torque developed by the PMSG, in terms of dq-frame variables, can be 
expressed by the following equation: 

 

𝐶𝑒𝑚 =  3
2
𝑝(�∅

��⃗ 𝑠�∅𝑓 sin 𝛿

𝐿𝑑
−  �∅

��⃗ 𝑠�
2

(𝐿𝑑−𝐿𝑞) sin 2𝛿
2𝐿𝑑𝐿𝑞

)                                                                            (21) 

 
When a non-salient PMSG is considered, and we equate the static stator inductance to Ls, the 

expression in (21) reduces to:  
 

𝐶𝑒𝑚 =  3
2
𝑝(�∅

��⃗ 𝑠�∅𝑓 sin 𝛿

𝐿𝑑
)                                                                                                            (22) 

 
The principle of DTC can be deduced from (22), the electromagnetic torque Cem of the synchronous 

machine can be directly controlled by varying the torque angle δ, also referred to previously as the power 
angle, which is actually the angle difference between the PM rotor field and the rotating stator flux linkage. 
The torque angle can therefore be controlled by varying the stator flux angle. According to (19) we have the 
relation.  It is clear that the adjustment of the PMSG terminal voltage 𝑉𝑠,𝛼𝛽 has a direct effect on the 
derivative of the stator flux linkage .The appropriate voltage vector is then selected by the SVM, and DTC-
SVM is realised. The basic configuration of DTC with Space Vector Modulation, or DTC-SVM, is presented 
in Figure 5. 
 

𝑠∅𝑠,𝛼𝛼�����������⃗

𝑠𝑜
 = 𝑉𝑠,𝛼𝛽���������⃗ −  𝑅𝑠 𝐼𝑠,𝛼𝛽��������⃗                                                                                (23) 
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Figure 5. General structure of the DTC-SVM applied to the PMSG 
 
 
3.3.3.   Estimation of the flux and the torque 
The electromagnetic torque is estimated by: 
 

𝐶𝑒𝑚 =  3
2
𝑝. (∅𝑠𝛼 . 𝑖𝑠𝛽 −  ∅𝑠𝛽 . 𝑖𝑠𝛼)                                                                                          (24) 

 
The flux is estimated by: 
 

∅𝑠 =  ∅𝑠𝛼 + 𝑗.∅𝑠𝛽                                                                                                              (25) 
 

With: 
 

�
∅𝑠𝛼 =  ∫ (𝑉𝑠𝛼 −  𝑅𝑠. 𝑖𝑠𝛼).𝑑𝑡𝑜

0

∅𝑠𝛽 =  ∫ (𝑉𝑠𝛽 −  𝑅𝑠. 𝑖𝑠𝛽).𝑑𝑡𝑜
0

                                                                                              (26) 

 
To model in the complex plane (α,β) the different variables, vectors tensions, currents and flux we 

must put in disposition the transformation of Concordia: 
 

�𝑋𝛼𝑋𝛼� = �2
3

.�
1 −12 −12
0 √3

3 −√33
� .�

𝑋𝑎
𝑋𝑏
𝑋𝑐
�                                                                                           (27) 

 
With: X = 𝑉𝑠  𝑜𝑜 𝑖𝑠 
 
3.3.4.  General selection table for Direct Torque Control 

From the following table it can be seen that the states Vk and Vk+3 are not used in the torque evolution 
provided that they can be changed to the same sector in agreement with the evolution of the stator flux. 

 
 

Table 2. General Selection table for Direct Torque Control 
Voltage Vector Increase Decrease 

Stator flux Vk       Vk+1      Vk-1 Vk+2     Vk-2      Vk+3 
Torque Vk+1     Vk+2 Vk-1      Vk-2 
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With    k: the sector number. 
The state choice is made through the switching Table.3 [20]. 

 
 

Table 3. The switching table for the PMSG DTC drives 
HФs HCem Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 

1 1 V2 (110) V3 (010) V4 (011) V5 (001) V6 (101) V1 (100) 
1 0 V7 (111) V0 (000) V7 (111) V0 (000) V7 (111) V0 (000) 
1 -1 V6 (101) V1 (100) V2 (110) V3 (010) V4 (011) V5 (001) 
0 1 V3 (010) V4 (011) V5 (001) V6 (101) V1 (100) V2 (110) 
0 0 V0 (000) V7 (111) V0 (000) V7 (111) V0 (000) V7 (111) 
0 -1 V5 (001) V6 (101) V1 (100) V2 (110) V3 (010) V4 (011) 

 
 
HФs HCem: are the output of the flux regulator and the electromagnetic torque regulator. 
 
 
4. RESULTS AND DISCUSSION 

The system is modeled in MATLAB/Simulink. The simulation results are presented and discussed. 
The global model is presented in Figure 6. 
 

 
 

Figure 6. Simulation scheme of DTC control for PMSG in Matlab/Simulink 
 
 
4.1.   Simulation results 

In this simulation we took the following values as references, the reference stator flux is of the order 
of ∅𝑠_𝑟𝑒𝑓 = 4.5 𝑊𝑊, the  hysteresis comparator bandwidth of the stator flux it is of the order ± 0.0001Wb, as 
well as hysteresis comparator bandwidth for torque is fixed in ± 0.01N.m. 

 
4.1.1. Optimal wind speed test 

The figure (7.a) shows the wind profile and the figure (7.b) illustrates the angular speed evolution of 
machine. The figures (8.a and.8.b) show the evolution of the stator flux which remains constant at its 
reference value, the evolution of the stator flux in the complex reference frame (α, β) (fig.8.c) perfectly 
shows the circular trajectory. The figure (9.a) illustrates the evolution of the electromagnetic torque with its 
reference value, and the figure (9.b) shows the control result of the active and reactive power delivered by the 
machine. The curve of figure (9.c) shows the components of three-phase stator currents which have the 
sinusoidal shape with a frequency proportional to the rotation speed. Throughout the test, the system operates 
at unit power factor (Qs_res = 0). 
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(a)                                                                                               (b) 

Figure 7. Optimal wind speed test, (a) Wind profil, (b) angular speed 
 
 

               
(a)                                              (b)                                                        (c) 

Figure 8. Optimal wind speed test, (a) stator flux alpha-beta, (b) stator flux, (c) evolution of the stator flux in 
the reference frame (α, β) 

     
(a)                                           (b)                                                     (c) 

 
Figure 9. Optimal wind speed test, (a) Electromagnetic torque (b) active and reactive power, (c) Stator 

currents 
 
 
4.1.2. Random wind speed test 
The simulation is done to a wind profile as follows: 

𝑉1(𝑡) = 12 + 0.2 ∗ 𝑠𝑖𝑠(0.1047𝑡) + 2 ∗ 𝑠𝑖𝑠(0.2665𝑡) + 𝑠𝑖𝑠(1.293𝑡) + 0.2 ∗ 𝑠𝑖𝑠(3.6645𝑡)  
It has been observed since the test that the evolution of the stator flow perfectly follows the reference values 
even if in the presence of a variable wind, which means a perfect decoupling between the torque and the flux, 
which shows the efficiency and the robustness of the DTC control vis-à-vis the variation of external 
parameters as shown in the graphs of the Figure10,11 and 12. 
 
 

                           
(a)                                                                              (b) 

Figure 10. Random wind speed test, (a) Wind speed profile, (b) angular speed 
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(a)                                              (b)                                                       (c) 

Figure 11. Random wind speed test, (a) stator flux in Concordia plan, (b) Stator flux with their reference, (c) 
evolution of the stator flux in the reference frame (α, β) 

 
 

   
(a)                                                (b)                                                     (c) 

Figure 12. Random wind speed test (a) Electromagnetic torque (b) active and reactive power, (c) Stator 
currents 

 
 
The inherent shortcomings of classic DTC, which include variable switching frequency, severe 

torque ripple and implementation complexity is overcome by implementing DTC-SVM. DTC-SVM has 
many advantages that strongly support the application thereof in this system. Most importantly, these 
advantages include:  
1. Direct control over electromagnetic torque, which allows for easy implementation of maximum power 

point tracking strategies in wind energy conversion systems. 
2. Requires a lower switching frequency, especially when compared to classical DTC.  
3. Offers very good speed control performance, which is a component of the WECS. 
 
 
5. CONCLUSION 

The principal goals of this paper is to perform a modeling and to implement a complete position 
sensorless wind energy conversion system (WECS), incorporating DTC control with space vector modulation  
for à PMSG generator, this is why mathematical models of the system have been developed and the theory of 
the referential applied to the electrical model has been designed in order to obtain the models of fixed and 
rotation reference fram systems. The coordinate transformations are not only necessary to simplify the design 
and simulation of the system, but are required by the sub systems comprising the WECS, the DTC-SVM 
control method that is implemented in this system requires the system model to be expressed in the stator flux 
synchronously rotating reference frame.The control strategy proposed in this work has shown that it can 
manage the electromagnetic torque of the PMSG generator in order to provide the desired power and this 
according to the change in wind speed, the simulation results clearly shows the efficiency of the followed by 
instructions regarding the permanent changes of the external parameters. Although the application of DTC to 
WECS is a relatively new concept, the conclusion of this work agrees that DTC control is more suited to the 
control of WECSs than FOC. 
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APPENDIX 
 

Table 4. Parameters of Permanent Magnet Synchronous Machine and wind turbine 
Variable Symbol Value (unit) 

Power Generator  Pn 1.5 MW 
pair pole number p 48 
Stator Resistance Rs 6.25e-3 Ω 
d axis inductance Ld 4.229e-3 H 
q axis inductance Lq 4.229e-3 H 
Generator rotor flux ϕf  11.1464 Wb 
Coefficient of friction fc  0,0003035 N.m.s/rad 
Turbine moment J 10000 N.m 
Specific density of air ρ 1.22 kg/m3 
Radius of the turbine blade         R 55m 
power coefficient Cpmax 0.35 
tip-speed ratio 𝜆opt 7.07     

 
 
Nomenclature 

Designation Symbol Unit 
time  t S 

pitch angle β ° 
Power captured by the wind turbine  Pm W 

Blade swept area S m2 

Wind speed 𝑉𝑣 m/s 
Mechanical generator speed  Ω Rpm 

Turbine torque 𝐶é𝑜𝑜  N.m 
Optimal turbine torque 𝐶é𝑜𝑜

𝑜𝑝𝑜 N.m 
d–q axis stator voltage 𝑉𝑠𝑠 ,𝑉𝑠𝑞 V 
d–q axis stator current 𝑖𝑠𝑠, 𝑖𝑠𝑞 A 

d-q axis flux ∅𝑠,∅𝑞 Wb 
Electromagnetic generator torque 𝐶𝑒𝑚 N.m 

 Stator voltage vector 𝑉𝑠 V 
Stator flux in the complex plane ∅𝑠𝛼 ,∅𝑠𝛽 Wb 

DC-link voltage VDC V 
Electric pulsation ωr Rad/s 
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