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░ ABSTRACT- This paper presents the proposed model to control grid-connected wind turbine by permanent magnet 

synchronous generator (PMSG). With the wind speed changing continuously, the rotor system needs to be able to self-regulate 

according to wind speed and direction to ensure efficient operation of the turbine. The PMSG was chosen because the magnetic flux 

is always available thanks to the permanent magnet system glued to the rotor surface. The generator provides power with low 

rotational speed but high efficiency. These are the important advantages of using PMSG for wind turbine. MATLAB - Simulink 

software was used to design the controllers and the survey results proved that this control system meets the power quality 

requirements when connecting to the grid and optimizing the energy conversion process for turbine wind. 
 

Keywords: wind energy conversion system, permanent magnet synchronous generator, maximum power point tracking, 

generator side converter, wind turbine. 

 

 

 

░ 1. INTRODUCTION   
Wind energy conversion system (WECS) is a renewable energy 

source that is harnessed from wind power. It has been used for 

thousands of years to power humans. Currently, wind turbine 

technology has developed rapidly and has become a popular 

method for generating electricity from wind energy. 
 

PMSG is one of the remarkable technologies in this field [1-5]. 

These generators are constructed with a permanent magnet 

rotor, ie the magnet is capable of generating a constant amount 

of magnetism. This helps to increase efficiency and reduce 

energy loss during the energy conversion from wind to 

electricity. PMSGs work well at low revs, are flexibly adjusted 

and self-adjust according to wind speed and direction. This 

optimizes the intake of energy from the wind and automatically 

adjusts the wind turbine's rotational speed for optimal operation 

[6-8]. 
 

Wind energy from PMSGs has many advantages. It is a clean 

energy source, causing no fuel emissions or environmental 

pollution [9-11]. Wind energy is also an unlimited source of 

renewable energy, because wind power has always existed on 

our planet. This helps to ensure a stable and sustainable energy 

supply in the future. With the development and advancement of 

technology, wind energy is becoming more and more an 

important way to meet energy demand and reduce 

environmental pollution. The use of PMSGs in generating 

electricity from wind energy contributes to the construction of 

a clean and sustainable energy system for the future [12-14]. 
 

Wind turbines need to have the highest efficiency to improve 

the quality of wind energy obtained. In which, improving the 

control mechanism of the wind energy system plays an 

important role. Above rated wind speed, modern wind energy 

systems often apply the Maximum Power Point Tracking 

(MPPT) mechanism based on the best characteristic curve. This 

mechanism is capable of adjusting the mechanical output of the 

generator to match the requirements of the wind turbine in 

different weather conditions [15-18].  
 

In addition, wind speed, blade direction and rotor rotation speed 

are also important factors affecting the wind energy capture of 

turbines. The random variation of the wind source and the 

energy loss in the WECS also affects the stability of the system. 

Therefore, the conversion of wind energy to electricity is not a 

simple linear process, but often encounters considerable 

volatility and uncertainty. In recent studies and literature, many 

theories and control strategies have been proposed to solve the 

problems of PMSGs in wind energy systems. The main 

objective of the control strategies is to maximize the capacity 

utilization efficiency and to adjust the desired power factor and 

reactive power required by the grid. These tasks are performed 

simultaneously using the appropriate line voltage. The global 

model of a PMSG based on a wind energy system is detailed in 

the research papers [19, 20]. 
 

Although the PID algorithm is highly reliable and easy to 

implement, when the system works in extreme weather 

conditions, with wind speed and model parameters changing, 

this controller is no longer suitable [21, 22]. Therefore, a 

number of nonlinear control schemes have been developed and 

applied in wind turbine systems to improve power quality. One 
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of these methods is fuzzy control, which uses discontinuous 

control rules to build models [23-25]. However, the use of these 

discontinuous control laws can cause noise, affect control 

accuracy, and lead to significant heat loss in electrical circuits 

as well as increased wear of the components moving 

mechanical parts. To overcome the disadvantages of the SMC 

method [26-28], a number of other methods have been studied 

and applied in PMSG wind turbine systems. For example, 

optimized control based on Scalar Algorithm has been proposed 

to optimize PMSG wind turbine performance under different 

conditions [29-31]. This method uses an optimization algorithm 

to adjust the parameters of the PMSG wind turbine, in order to 

achieve maximum efficiency and reduce energy loss. 
 

In addition, intelligent control approaches such as 

reinforcement learning (RL) have been applied to improve the 

efficiency of the PMSG wind turbine system [32-35]. The RL 

method uses machine learning algorithms to find optimal 

control policies and improve performance over time. This helps 

the PMSG wind turbine system automatically adapt to 

environmental conditions and optimize power efficiency. In 

addition, the control method using artificial neural network 

(ANN) has also been applied in the WECS using PMSG [36-

39]. 
 

Although there are many limitations and challenges in applying 

nonlinear control methods to PMSG wind turbine systems, 

further research is conducted to bring about significant 

improvements in the efficiency and reliability of the wind 

turbines system. 

 

░2. SYSTEM MODELLING  
WECS using a PMSG (PMSG) consists of components as 

shown in figure 1. 
 

PMSG GRIDRf,Lf

MSC GSC

PWMPWM

CONTROL SYSTEMMPPT

Vdc

 

  
Figure 1. Components of a WECS 

 

Wind turbine: The main moving component that collects wind 

energy. Wind turbines usually consist of a propeller and a 

rotating shaft, designed to take advantage of the thrust from the 

wind and convert it into mechanical energy. 
 

PMSG Generator: This is a PMSG, which is fixed on the axis 

of rotation of the wind turbine. The PMSG generator consists of 

a permanent magnet rotor and a coiled stator. As the wind 

turbine rotates, the rotor also rotates creating alternating current 

in the windings of the stator, generating electricity. 
 

System control: The control system will manage and regulate 

the operation of the WECS. It will monitor parameters such as 

wind speed, velocity and position of the wind turbine, and 

information from the PMSG transmitter to adjust the speed and 

power of the wind turbine, ensuring the highest and stable 

performance. 
 

Inverter: The inverter is used to convert the alternating current 

from the PMSG generator into alternating current that is 

suitable for the frequency and voltage of the power grid. This 

inverter will adjust the output frequency and voltage to 

synchronize with the power grid and supply power. 
 

Grid: The output of the inverter will be connected to the grid 

through a system that connects and converts parameters such as 

voltage, frequency and power. The WECS using PMSG 

generator will supply electricity synchronously to the grid, 

meeting the demand for electricity. 
 

Thereby, the WECS using PMSG generator helps to convert 

wind energy into electronic electricity and supply it to the grid, 

playing an important role in the utilization and development of 

renewable energy from electricity wind. 

 

2.1 Wind Turbine Modelling 
The mathematical model of a wind turbine is based on kinetic 

and energy principles. This model helps to simulate and predict 

the operation of wind turbines under different conditions. 
 

The mechanical energy ℰ  of a mass of air 𝑚  moving with 

velocity 𝜐 is: 
 

ℰ =
1

2
𝑚𝜐2                      (1) 

 

The power 𝒫 obtained depends on the mass of the moving air, 

the wind speed, the air density 𝜌, the cross-section 𝒮  of the 

propeller rotation. 
 

𝒫𝑤𝑖𝑛 =
1

2
𝜌𝒮𝜐3                      (2) 

 

According to [2-6], the power of wind turbine is calculated by 

the expression: 
 

𝒫𝑡𝑢𝑟 = 𝒞𝑝(𝜆, 𝛽) × 𝒫𝑤𝑖𝑛 =
1

2
𝒞𝑝(𝜆, 𝛽)𝜌𝒮𝜐

3                 (3) 

 

In there: 
 

𝒫𝑡𝑢𝑟: Turbine output power (W); 𝒞𝑝(𝜆, 𝛽): Energy conversion 

coefficient (is the ratio between blade tip speed 𝜆  and blade 

angle 𝛽 ); 𝒮 : Rotating cross-section of the propeller (m2); 𝜌 : 

Density of the air (kg/m3); 𝜐 speed of the wind (m/s). From 

formula (3), we see that wind speed is the most important factor 

of power, when wind speed increases once, the output power 

also increases by a power of three. 
 

The energy conversion coefficient 𝒞𝑝(𝜆, 𝛽)  of formula (3) 

according to [2-6], is calculated as follows: 
 

https://www.ijeer.forexjournal.co.in/
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𝒞𝑝(𝜆, 𝛽) = 0.5176 (
116

𝜆1
− 0.4𝛽 − 5) 𝑒

−21

𝜆1 + 0.0068𝜆 ⇒
1

𝜆1
=

1

𝜆+0.08𝛽
−

0.035

1+𝛽3
                       (4) 

 

The ratio of wind turbine blade tip speed to wind speed is: 
 

𝜆 =
ℛ𝜔𝑡𝑢𝑟

𝜐
                       (5) 

 

where 𝜔𝑡𝑢𝑟 is the rotational speed of the turbine which is also 

the rotor angular velocity, R radius of the turbine. 
 

From equation (3) we have: 
 

𝒫𝑡𝑢𝑟 =
1

2
𝒞𝑝(𝜆, 𝛽)𝜌𝜋ℛ

2𝜐3        (6) 

 

According to [1-5], the wind turbine torque is calculated as 

follows: 
 

𝒯𝑡𝑢𝑟 =
𝒫𝑡𝑢𝑟

𝜔𝑡𝑢𝑟
=

1

2𝜆3
𝒞𝑝(𝜆, 𝛽)𝜌𝜋ℛ

5𝜔𝑡𝑢𝑟
2       (7) 

 

2.2 PMSG Modeling 
Through the use of physical principles and formulas, 

mathematical modeling can help predict and simulate the 

motion and performance of PMSGs under various conditions. 

However, in order to build a detailed and accurate model, the 

specific specifications of the PMSG are required [1-6]. 
 

The stator voltage (also known as open-circuit voltage) of a 

PMSG is the voltage measured at the output of the generator 

when no connected load is connected. This is the voltage that a 

synchronous generator can supply when operating in an 

uncertain state and without securing the application load motor. 

The voltage stator of a PMSG can be tailored to suit the specific 

requirements of the application. In common industrial 

applications, the stator voltage is usually defined in the 

generator specifications. Normally, the stator voltage of a 

PMSG will be higher than the rated voltage of the generator, 

which helps to ensure that the generator is capable of providing 

sufficient voltage for the load connections in the electrical 

network. The stator voltage is represented by the equation [2-

5]. 
 

The equivalent circuit of the PMSG in the d-q rotary reference 

system can be shown in figure 2. 
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Figure 2. Equivalent diagram of generator PMSG 

 

{
𝒱𝑠𝑑 = ℛ𝑠𝒾𝑠𝑑 +

𝑑𝜙𝑑

𝑑𝑡
−𝓌𝑠𝜙𝑞

𝒱𝑠𝑞 = ℛ𝑠𝒾𝑠𝑞 +
𝑑𝜙𝑞

𝑑𝑡
+𝓌𝑠𝜙𝑑

   (8) 

 

Calculation of stator flux of a PMSG is done through the 

following equation: 
 

{
𝜙𝑞 = ℒ𝑞𝒾𝑠𝑞

𝜙𝑑 = ℒ𝑑𝒾𝑠𝑑 + 𝜑𝑓
    (9) 

 

Replacing the expression of equation (9) with the corresponding 

variables in equation (8) will get: 
 

{
𝒱𝑠𝑑 = ℛ𝑠𝒾𝑠𝑑 + ℒ𝑑

𝑑𝒾𝑠𝑑

𝑑𝑡
−𝓌𝑠ℒ𝑞𝒾𝑠𝑞

𝒱𝑠𝑞 = ℛ𝑠𝒾𝑠𝑞 + ℒ𝑞
𝑑𝒾𝑠𝑞

𝑑𝑡
+𝓌𝑠ℒ𝑑𝒾𝑠𝑑 +𝓌𝑠𝜑𝑓

 (10) 

 

In the Park system, the PMSG machine electromagnetic module 

expression can be represented as follows: 
 

{
𝒯𝑡𝑢𝑟 − 𝒯𝑒𝑚 = 𝒥

𝑑𝜔

𝑑𝑡
+ 𝒻𝑐𝜔

𝒯𝑒𝑚 = 1.5𝓅[(ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓]
  (11) 

 

The following equations are used to calculate active and 

reactive power in WECS using PMSG, based on voltage and 

current flowing through the circuit: 

 

{
𝒫𝑔𝑒𝑛 = 1.5(𝒱𝑠𝑑𝒾𝑠𝑑 + 𝒱𝑠𝑞𝒾𝑠𝑞)

𝒬𝑔𝑒𝑛 = 1.5(𝒱𝑠𝑞𝒾𝑠𝑑 + 𝒱𝑠𝑑𝒾𝑠𝑞)
                  (12) 

 

2.3 Generator Side Converter Model 
The input voltage from the WECS is decomposed into two 

components: a component from the 𝑑 axis 𝒱𝑠𝑑and a component 

from the 𝑞 axis 𝒱𝑠𝑞 . The current is represented by 𝒾𝑠𝑑 and 𝒾𝑠𝑞 , 

and the relationship between 𝒾𝑠𝑑  and 𝒾𝑠𝑞  and 𝒱𝑠𝑑  and 𝒱𝑠𝑞  can 

be described by equation (10). This allows the solenoid current 

to be adjusted according to the input voltage. The mechanical 

speed of the rotor and the motor power input from the generator 

through the rotor are calculated using the equations above. This 

allows the generator output power to be adjusted. 
 

https://www.ijeer.forexjournal.co.in/
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By adjusting the stator voltage of the generator, it is possible to 

adjust the mechanical current and speed, thereby adjusting the 

output power of the PMSG generator. This is the basic modeling 

for the generator-side converter of a PMSG generator, and it 

allows for tuning and monitoring of the generator output 

performance based on control variables such as voltage. From 

equations (10), (11) and 𝓌𝑠 = 𝓅𝜔 the generator-side converter 

is rewritten as: 
 

{
 
 

 
 

𝑑𝒾𝑠𝑑

𝑑𝑡
=

1

ℒ𝑑
(−ℛ𝑠𝒾𝑠𝑑 + 𝓅𝜔ℒ𝑞𝒾𝑠𝑞 + 𝒱𝑠𝑑)

𝑑𝒾𝑠𝑞

𝑑𝑡
=

1

ℒ𝑞
(−ℛ𝑠𝒾𝑠𝑞 − 𝓅𝜔ℒ𝑑𝒾𝑠𝑑 − 𝓅𝜔𝜑𝑓 + 𝒱𝑠𝑞)

𝑑𝜔

𝑑𝑡
=

1

𝒥
(𝒯𝑡𝑢𝑟 − 𝒯𝑒𝑚 − 𝒻𝑐𝜔)

 (13) 

 

The key to achieving maximum electromechanical torque 

operation is to set the stator current to zero. We can then choose 

the reference current (𝒾𝑠𝑑−𝑟𝑒𝑓 = 0), which means the actual 𝑑 

axis current (𝒾𝑠𝑑) is adjusted to match the reference value is 

zero. The contribution of the magnetization field is regulated 

only by the current on the 𝑞 axis (𝒾𝑠𝑞), allowing the final output 

voltage to be generated. By eliminating the current component 

in the stator, we maximize the output power by increasing the 

electromechanical torque generated by the machine. This 

configuration helps to optimize the performance of PMSG. 
 

{
𝒱𝑠𝑑 = −𝓅𝜔ℒ𝑞𝒾𝑠𝑞

𝑑𝒾𝑠𝑞

𝑑𝑡
=

1

ℒ𝑞
(−ℛ𝑠𝒾𝑠𝑞 − 𝓅𝜔𝜑𝑓 + 𝒱𝑠𝑞)

  (14) 

 

By taking the steps of current regulation as described, we can 

maximize the electromagnetic torque of the generator: 
 

𝒯𝑒𝑚_𝑜𝑝𝑡 = 1.5𝓅𝒾𝑠𝑞𝜑𝑓    (15) 
 

Where ℒ𝑑  and ℒ𝑞 : generator inductance on axes 𝑑 and 𝑞 (H); 

ℛ𝑠: stator resistance (Ω); 𝒾𝑠𝑑 and 𝒾𝑠𝑞: current on axes 𝑑 and 𝑞 

(A); 𝒱𝑠𝑑  and 𝒱𝑠𝑞 : voltages on the 𝑑  and 𝑞  axes (V); 𝜔: rotor 

angular velocity (rad/s); 𝜑𝑓 : magnetic flux of the permanent 

magnet (Wb); 𝓅: number of pole pairs. 

 

░3. CONTROLLER DESIGN 
3.1 MPPT Control 
The controller used to optimize generator output efficiency is 

called MPPT. An important point in MPPT is the 

electromagnetic torque regulation of the generator. Input 

voltage and current parameters are measured and used to 

calculate current electromagnetic torque. By comparing the 

current electromagnetic torque with the maximum applicable 

electromagnetic torque, the required rotational speed 

adjustment direction for the generator can be determined. By 

keeping the wind turbine at this speed rotary, we can achieve 

optimized power output under different wind conditions and 

ensure efficient operation of the generator. 
 

𝒯𝑡𝑢𝑟_𝑟𝑒𝑓 =
𝒫𝑡𝑢𝑟_𝑟𝑒𝑓

𝜔𝑡𝑢𝑟
=

1

2𝜆𝑜𝑝𝑡
3 𝒞𝑝(𝜆𝑜𝑝𝑡)𝜌𝜋ℛ

5𝜔𝑡𝑢𝑟
2  (16) 

( , )
p
 C Equation 

(5)

Equation (7)
1

cJS+f

Equation 

(16)



opt



R


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tur
T

_tur ref
T

−
+

̂

p
C

MPPT

TURBINE

 
 

Figure 3. Wind turbine control diagram and MPPT 
 

When the wind speed changes, the control angle adjusts the tilt 

angle of the blades to ensure the wind generator operates at a 

preset point (unlimited to the optimal mode) and avoids 

operation in any abnormal area. okay or not safe. 

 

When the wind speed is too weak, the tilt angle of the blades 

will be adjusted to increase the efficiency of energy recovery 

from the wind. Conversely, when the wind speed increases to a 

certain extent, the tilt angle of the blades will be adjusted to 

reduce drag and prevent the wind generator from overloading. 

The tilt angle control technique is an important part of the wind 

generator system, and it is accomplished through the use of 

wind speed sensors and control information to adjust the engine 

and the tilt angle of the wind generator. fan blades. This tilt 

angle adjustment helps to ensure that the wind generator 

operates at its optimum point, increasing efficiency and at the 

same time protecting the generator from overload and unsafe 

operation. 
 

PI PISaturation
1

s

ref
 error


 tur

P

tur
P

_tur ref
P

−−+ +

 
 

Figure 4. Wind turbine blade tilt angle control diagram 
 

3.2 GSC control using backstepping 
The way backstepping works is to use continuous and 

incremental control steps to achieve the control goal. Stepping 

control begins by establishing a mathematical model of the 

wind turbine system, then defining control steps and objectives 

to optimize performance or ensure operational safety. 

 

Subsequent control steps are calculated using the driver's 

control methods and starting parameters such as actual wind 

speed, drag, and lift. Furthermore, the control steps can also be 

adjusted to accommodate variable factors such as variable wind 

speed. 

 

Backstepping technology allows more flexible and precise 

operation control in wind turbine systems. It helps to optimize 

performance and save power, while ensuring safe and stable 

operation of the system. 

 

The applied strategy is then separated into two consecutive 

phases. In the first stage, the necessary instructions are provided 

https://www.ijeer.forexjournal.co.in/
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for the second stage. Specifically, the state and control vectors 

are selected as follows: 

 

State vector [𝓍] = [𝓍1 𝓍2 𝓍3]
𝑇 = [𝒾𝑠𝑑  𝒾𝑠𝑞  𝜔]

𝑇
 

Control vector [𝓊] = [𝒱𝑠𝑑  𝒱𝑠𝑞]
𝑇
 

 

The first phase of the strategy focuses on defining the guidelines 

and parameters needed for the next phase. Specifically, the 𝓍 

state stack is defined using the 𝓍1 , 𝓍2  and 𝓍3  variables 𝒾𝑠𝑑 , 

𝒾𝑠𝑞and 𝜔, respectively, and the scene control 𝓊 is defined using 

the variables 𝒱𝑠𝑑  and 𝒱𝑠𝑞 . 

 

These instructions and parameters will be used in the second 

phase of the strategy, with the goal of tuning and directing the 

control system to the defined control and status displays. 

 

Definition of speed tracking error: 
 

ℯ𝜔 = 𝜔 − 𝜔𝑟𝑒𝑓                     (17) 
 

Derivative of both sides of equation (17): 

ℯ̇𝜔 = 𝜔̇𝑟𝑒𝑓 − 𝜔̇ = 𝜔̇𝑟𝑒𝑓 −
1

𝒥
(𝒯𝑡𝑢𝑟 − 𝒯𝑒𝑚 − 𝒻𝑐𝜔) 

= 𝜔̇𝑟𝑒𝑓 −
1

𝒥
{𝒯𝑡𝑢𝑟 − 1.5𝓅[(ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓] − 𝒻𝑐𝜔} 

                                               (18) 

 

Choose a Lyapunov function of the following form: 
 

𝕍1 =
1

2
ℯ𝜔
2                     (19) 

 

First derivative of  𝕍1 with respect to time: 
 

𝕍̇1 = ℯ𝜔ℯ̇𝜔 = −𝕂𝜔ℯ𝜔
2

+
ℯ𝜔
𝒥
(𝒻𝑐𝜔 − 𝒯𝑡𝑢𝑟 + 𝕂𝜔𝒥ℯ𝜔 + 1.5𝓅𝒾𝑠𝑞𝜑𝑓) 

+
1.5

𝒥
𝓅(ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞ℯ𝜔    (20) 

 

Where 𝕂𝜔 is a positive constant; select the stator current values 

isd and isq so that 𝕍̇1 is negative. 
 

𝕍̇1 = −𝕂𝜔ℯ𝜔
2 ≤ 0    (21) 

 

So system (13) is stable. 
 

Next define the stator current errors: 
 

{
ℯ𝑠𝑑 = 𝒾𝑠𝑑_𝑟𝑒𝑓 − 𝒾𝑠𝑑
ℯ𝑠𝑞 = 𝒾𝑠𝑞_𝑟𝑒𝑓 − 𝒾𝑠𝑞

    (22) 

 

Derivative of both sides of equation (22): 
 

{
ℯ̇𝑠𝑑 = 𝒾⏞

∗

𝑠𝑑_𝑟𝑒𝑓 − 𝒾⏞
∗

𝑠𝑑

ℯ̇𝑠𝑞 = 𝒾⏞
∗

𝑠𝑞_𝑟𝑒𝑓 − 𝒾⏞
∗

𝑠𝑞

    (23) 

ℯ̇𝑠𝑑 = 𝒾⏞
∗

𝑠𝑑_𝑟𝑒𝑓 − 𝒾⏞
∗

𝑠𝑑 = 0 − 𝒾⏞
∗

𝑠𝑑 = −
𝑑𝒾𝑠𝑑

𝑑𝑡
=

1

ℒ𝑑
(ℛ𝑠𝒾𝑠𝑑 −

𝓅𝜔ℒ𝑞𝒾𝑠𝑞 − 𝒱𝑠𝑑)                   (24) 

 

ℯ̇𝑠𝑞 = 𝒾⏞
∗

𝑠𝑞𝑟𝑒𝑓 − 𝒾⏞
∗

𝑠𝑞 =
2

3𝓅𝜑𝑓
(−𝒻𝑐𝜔̇−𝕂𝜔𝒥ℯ̇𝜔) +

1

ℒ𝑞
(ℛ𝑠𝒾𝑠𝑞 +

𝓅𝜔ℒ𝑑𝒾𝑠𝑑 + 𝓅𝜔𝜑𝑓 − 𝒱𝑠𝑞) =
2

3𝓅𝜑𝑓
{−𝒻𝑐

1

𝒥
(𝒯𝑡𝑢𝑟 − 𝒯𝑒𝑚 −

𝒻𝑐𝜔)−𝕂𝜔𝒥
1

𝒥
[−𝒯𝑡𝑢𝑟 + 𝒻𝑐𝜔 +

3𝓅

2
((ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 +

𝒾𝑠𝑞𝜑𝑓)]} +
1

ℒ𝑞
(ℛ𝑠𝒾𝑠𝑞 +𝓅𝜔ℒ𝑑𝒾𝑠𝑑 +𝓅𝜔𝜑𝑓 − 𝒱𝑠𝑞) =

2

3𝓅𝒥𝜑𝑓
{−𝒻𝑐 [𝒯𝑡𝑢𝑟 −

3𝓅

2
((ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓)−𝒻𝑐𝜔] +

𝕂𝜔𝒥 [𝒯𝑡𝑢𝑟−𝒻𝑐𝜔 −
3𝓅

2
((ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓)]} +

1

ℒ𝑞
(ℛ𝑠𝒾𝑠𝑞 + 𝓅𝜔ℒ𝑑𝒾𝑠𝑑 +𝓅𝜔𝜑𝑓 − 𝒱𝑠𝑞) =

2

3𝓅𝒥𝜑𝑓
{(𝕂𝜔𝒥 −

𝒻𝑐) [𝒯𝑡𝑢𝑟−𝒻𝑐𝜔 −
3𝓅

2
((ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓)]} +

1

ℒ𝑞
(ℛ𝑠𝒾𝑠𝑞 + 𝓅𝜔ℒ𝑑𝒾𝑠𝑑 +𝓅𝜔𝜑𝑓 − 𝒱𝑠𝑞)   

                                                                         (25) 
 

Choose the second Lyapunov function of the following form: 
 

𝕍2 =
1

2
(ℯ𝜔

2 + ℯ𝑠𝑑
2 + ℯ𝑠𝑞

2 )    (26) 

 

Derivative of equation (26) with respect to time: 
 

𝕍̇2 = ℯ𝜔ℯ̇𝜔 + ℯ𝑠𝑑 ℯ̇𝑠𝑑 + ℯ𝑠𝑞 ℯ̇𝑠𝑞                  (27) 

 

𝕍̇2 = −𝕂𝜔ℯ𝜔
2−𝕂𝑠𝑑ℯ𝑠𝑑

2 −𝕂𝑠𝑞ℯ𝑠𝑞
2 +

ℯ𝜔

𝒥
[−

3𝓅

2
𝜑𝑓ℯ𝑠𝑞 −

3𝓅

2
(ℒ𝑑 −

ℒ𝑞)𝒾𝑠𝑞ℯ𝑠𝑞] +
ℯ𝑠𝑑

ℒ𝑑
(ℛ𝑠𝒾𝑠𝑞 − 𝓅𝜔ℒ𝑞𝒾𝑠𝑞 − 𝒱𝑠𝑑 + 𝕂𝑠𝑑ℒ𝑑ℯ𝑠𝑑) +

ℯ𝑠𝑞

ℒ𝑞
{
2ℒ𝑞

3𝓅𝒥𝜑𝑓
((𝕂𝜔𝒥 − 𝒻𝑐) [𝒯𝑡𝑢𝑟 − 𝒻𝑐𝜔 −

3𝓅

2
((ℒ𝑑 − ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 +

𝒾𝑠𝑞𝜑𝑓)]) ℛ𝑠𝒾𝑠𝑞 + 𝓅𝜔ℒ𝑑𝒾𝑠𝑑 + 𝓅𝜔𝜑𝑓 − 𝒱𝑠𝑞 + 𝕂𝑠𝑞ℒ𝑞ℯ𝑠𝑞} 

                                                 (28) 

 

For a stable system, or negative 𝕍̇2 , the stator voltage is 

calculated: 
 

𝒱𝑠𝑑_𝑟𝑒𝑓 = ℛ𝑠𝒾𝑠𝑑 − 𝓅𝜔ℒ𝑞𝒾𝑠𝑞 +𝕂𝑠𝑑ℒ𝑑ℯ𝑠𝑑 −
3𝓅

2𝒥
ℒ𝑑(ℒ𝑑 −

ℒ𝑞)𝒾𝑠𝑞ℯ𝜔    (29) 

𝒱𝑠𝑞_𝑟𝑒𝑓 =
2ℒ𝑞

3𝓅𝒥𝜑𝑓
((𝕂𝜔𝒥 − 𝒻𝑐) [𝒯𝑡𝑢𝑟 − 𝒻𝑐𝜔 −

3𝓅

2
((ℒ𝑑 −

ℒ𝑞)𝒾𝑠𝑑𝒾𝑠𝑞 + 𝒾𝑠𝑞𝜑𝑓)]) + ℛ𝑠𝒾𝑠𝑞 + 𝓅𝜔ℒ𝑑𝒾𝑠𝑑 + 𝓅𝜔𝜑𝑓 +

𝕂𝑠𝑞ℒ𝑞ℯ𝑠𝑞 −
3𝓅

2𝒥
ℒ𝑞𝜑𝑓ℯ𝜔      (30) 

 

The block diagram of the control system in WECS is shown in 

figure 5. 
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Figure 5. Block diagram of control system in WECS 

 

░4. RESULTS 
To evaluate the operation of WECS under different wind 

conditions and test the efficiency of newly designed controllers, 

the PMSG wind turbine generator system is simulated using 

MATLAB - Simulink software. Wind speed varies from below 

rated to above rated according to actual operation situation. The 

power of the direct drive generator is 1 MW. 

 

Assume a scenario where the wind speed changes in sequence: 

5 - 8 - 6 - 12 m/s and the transition time between speeds is 1s as 

shown in figure 6 to evaluate the response of the system when 

the speed wind changes. The performance simulation results of 

wind turbines and PMSG generators are shown in figures 7 to 

15. 

 

Simulation parameters: Power generator 1 MW, stator 

resistance 6.25e-3 Ω, generator rotor flux 11.1464 Wb, d axis 

inductance and q axis inductance 4.229e−3 H, number of pole 

pairs 75. 
 

 
 

Figure 6. Wind speed 

 
 

Figure 7. Turbine speed 
 

 
 

Figure 8. Electromagnetic and mechanical torque 
 

 
Figure 9. Stator current 
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Figure 10. Generator voltage 
 

 
 

Figure 11. DC link voltage 
 

 
 

Figure 12. Generator power and mechanical power 
 

 
 

Figure 13. Reactive power 
 

 
 

Figure 14. Grid current 

 
Figure 15. Grid voltage 

 

From the simulation results, we can see that the speed of the 

wind turbine has tracked the reference value as shown in figure 

7. The electromagnetic torque is shown in figure 8, the smaller 

the wind speed, the larger the torque, and vice versa, the higher 

the wind speed, the smaller the torque. Figure 9 shows that the 

stator current varies according to the sinusoidal law 

corresponding to the wind speed change. The voltage of the 

generator changes according to the sine law with a constant 

amplitude of 5000V shown in Figure 10. The DC bus voltage 

value of 5000V is always equal to the reference value during 

operation and is supplied to the unit the GSC side control is 

shown in figure 11. Similarly, the output power is stable and 

equal to the reference power figure 12, reactive power Q is kept 

zero during operation figure 13. The operation of the grid-side 

converter is shown as shown in Figure 14, figure 15. Figure 14 

shows that the grid-side current in the d-q reference frame has 

i_gq that changes correspondingly to the active power 

generated on the grid, this value follows reference current. 

Figure 15 shows that the quality of voltage supplied to the grid 

is stable to ensure safety and longevity for the equipment. 
 

The following comparison table shows that the Backstepping 

control method for the WECS system has many outstanding 

advantages and is an effective alternative to traditional control 

methods. Thanks to the ability to operate at various wind 

speeds, voltage stability is improved and thus helps wind power 

plants maintain operation, ensuring continuous grid connection 

for high performance. 
 

░ Table 1. Performance comparison 
 

Compare 

methods 

Rise 

time 

(s) 

Settling 

time 

(s) 

Overshot 

(%) 

Power 

factor 

Performance 

Research 

[40] 

0.3 0.4 3.6 0.993 Moderate-

high 

Proposed 

method 

0.2 0.25 3 0.997 High 

 

░ 5. CONCLUSIONS 
This paper has designed current controllers, power controllers 

and DC link voltage controllers for AC-DC-AC converters. In 

order to check the operation of the PMSG wind turbine 

generator system, the simulation results on Matlab - Simulink 

software are performed in case the wind speed changes 

corresponding to the actual operating conditions. Simulation 

results have shown that the control system of the PMSG wind 

turbine generator works well and stably in the condition of wind 
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speed change. The response of the DC link current, voltage and 

power always keep track of their reference values. This proves 

the efficiency of the designed PMSG wind turbine generator 

control system. 
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