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1.Introduction 
The wind turbine generator is a complex model 

system due to its nonlinear aerodynamics structure. 

More accurate models resolve more physical 

processes, but it’s challenging to obtain a precise 

system model. It is, therefore, imperative to build a 

suitable system model for design controllers to 

optimize energy and reduce loads. However, the 

advanced aerodynamics models tend to be 

computationally consuming and therefore be complex 

for control system design and stability analysis. The 

nonlinearity and the fluctuations of wind speed give 

rise to many challenges in the design and control of 

wind turbines. To enable an efficient control system 

to design we need to build mathematical wind turbine 

model. Therefore, it is necessary to investigate the 

modelling in a systematic and integrated manner 

from the viewpoints of validity and computational 

cost, which has not yet been completely addressed. 

The complexity of the design model is determined 

based on a compromise, as a high level of complexity 

can lead to a highly complex control design. 
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In addition, there is a risk of over-specialize the 

controller, which makes it sensitive to model 

uncertainties and disturbances. From an aerodynamic 

efficiency perspective, the wind turbine energy is 

influenced by the blade design. Other factors can be 

significantly impacted, such as gearbox, wind 

characteristics, and the control system. The wind 

turbine produces electrical power that will oscillate 

with the wind speed fluctuation. This fluctuation in 

the windspeed makes the dependence on the 

generated power has a risk. To maintain a stable 

electrical load and keep the electricity processing 

cycle must be implemented a high-quality control 

system. 

 

The goal of a design wind turbine model is to make it 

detailed enough to be able to design a reasonable 

controller and at the same time keep it so simple that 

the control design does not become too complex. 

Furthermore, to increase the overall understanding of 

the wind generators, it is needed to study the models 

of the aerodynamics of the rotor, blades, and dynamic 

features of the mechanism. 

 

 

Research Article 

Abstract  
The development of control systems to improve efficiency requires accurate mathematical models. This article deals with 

the modelling of two-mass variable speed wind turbine generators. A model design of a 3.5 MW vertically axial wind 

generator and a mathematical model of an electromechanical system is considered in this article. Wind turbine 

generators behave to have the most significant uncertainty, specified the possibility for nonlinear behaviour. The main 

focus is on structural aerodynamics, including the forcing and motion of the rotating parts of the turbine. The turbine’s 

critical structural aerodynamics and mechanical components are the blade pitch actuators, drive shaft actuators, and 

turbine specifications. With an accurate wind turbine model, the control engineers will design control systems to reduce 

loads, increase the operating lifetime, and increase electrical power. Methods of linearization about operating points have 

been proposed to enable an efficient control system design. The results show that the model can be used in different 

strategies evaluation. 
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The aerodynamic modelling of the wind turbine has 

been studied and presented in several research papers 

as [1], and it can be estimating the aerodynamic 

coefficient power by an artificial neural network [2]. 

A complete modelling and control technique of 

variable speed wind turbine system proposed in [3]. 

  

Over the past years, various techniques for modelling 

wind turbines have been developed in many aspects 

in the scientific articles in [4−8]. The basic concepts 

of the mathematical modelling of the wind generators 

and its state-space linearization methods have been 

presented. Numerous linear and nonlinear control 

methods have been designed based on the accuracy 

of the turbine model [9, 10]. A method to construct 

reduced-order models nonlinear and developed 

analytical wind turbine systems as described in [11].  

 

The design horizontal wind turbine variable speed 

model consists of an aerodynamic model, a pitch 

actuator, a generator model, and a model for the 

driveshaft. The organization of this article is as 

follows. Section 2 demonstrate the literature review 

of the turbine model. Section 3 illustrate the methods 

to understand the physical mechanisms model. In 

Section 4 demonstrating the simulation results. 

Section 5 discussing the simulation results. Finally in 

section   6 conclusion and future work, includes the 

outcomes of the article. 

 

2.Literature review  
The turbine's kinetic energy obtained by the wind 

blades is transformed into mechanical torque at the 

rotor shaft of the wind turbine [12]. The model is 

described as in the Figure 1. Some of the controller 

criteria differ depending on the wind speed region 

and the design model. The most mode control in a 

wind turbine is the blade pitch angle and the torque 

delivered from the generator. The blade pitch control 

is achieved with collective motion control. 

 

 
Figure1Horizontal wind turbine generator 

 

Therefore, there are different control strategies 

selected based on which region the wind turbine 

operates. The article aims to present an overview of 

the identical modelling of wind turbines.  

 

A comprehensive review of wind turbine generator 

modelling for increasing the operating lifetime and 

increasing electrical power will be presented. Models 

of wind turbine generators using machine learning 

have been reviewed in [13]. A review of modelling of 

wind turbine generators considering the aspects of 

time scale and stability methodology has been 

presented in [14]. A mathematical model of wind 

turbine based on induction generator has been 

developed in [15]. A simulated system of modelling 

of wind turbine using differential equations has been 

simulated in [16]. The overall analysis of modelling 

and control design for variable speed wind turbine 

systems has been presented in [17].  A combination 

of the wind turbine models based on their strength in 

predicting desirable factors in the operating regions 

have been suggested in [18]. A wind turbine model 

using an artificial neural network to predict power 

generation has been proposed in [19]. An 

electromechanical system modelling has been 

proposed to be extracting the maximum efficiency of 
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wind turbines in [20]. These models have been 

contingent on aerodynamic models, which are only 

valid for no disturbances of tower bending and 

torsion of mode shapes deviations around an axis 

tower, such that they are restricted to ideal operating 

conditions. Therefore, the aim of this article is to 

build mathematical wind turbine linear and nonlinear 

models for control design and compare their 

performance regarding the disturbances of tower 

bending and torsion of mode shapes. 

 

3.Methods 
According to the wind speed range, the wind turbine 

has three operation regions denoted the low, mid, and 

high regions, as shown in Figure 2. The low region 

(Region I) starts when the rotor speed reaches the 

rated value to capture the maximum power [21]. The 

mid-region (Region II) starts at the rated wind speed, 

the rotor speed can reach its rated value, and the 

nominal power is achieved. In the high region 

(Region II), the wind speed is above the rated value 

and below the peak region [22]. The peak region 

(Region IV) starts at a speed value above (25m/s); the 

turbine must stop in this region. 

 

The simplest way to model a wind turbine is with a 

first order system. Here, only dynamics in the 

rotational speed are considered, which is determined 

by the theoretically possible energy in the wind and 

the aerodynamic efficiency of the turbine. 

 

 
Figure 2 Wind speed regions 

 

3.1Aerodynamic and mechanical model 

The complete working mechanism of wind turbine 

model is shown in Figure 3. where (x) is the state 

vector of the turbine model. The main subsystems are 

the aerodynamic, the mechanical (drive train and 

tower structure), the pitch actuator and generator 

subsystem (converter), as summarized in the Figure 

3. 

 

 
Figure 3 The complete working mechanism of wind 

turbine generator model 

 

The verity of the rotor angular speed (   , [rad/sec]) 

is generated from the differences of the aerodynamic 

torques, as follow (Equation 1). 

    ̇            (1) 

 

Where (    , [kg  ]) is the total inertia of moment, 

(  ,[Nm]) is the generator torque,      is the ratio 

speed and (  ; [Nm]) is the rotor torque, which can 

express as (Equation 2). 

   
  

  
       (2) 

 

Since the power      can now be calculated, it is 

possible to find the last stationary value (    from the 

Equation 3. 

   
  

    
      (3) 

 

where (   , [watt]) is the powerful effect of the wind 

hitting the rotor area. The total inertia of moment (  ; 
[kg  ]) can be calculated by using the Equation 4. 

           
      (4) 

 

The high-speed shaft angle rate of the turbine 

generator can be expressed as follows (Equation 5). 

            (5) 

 

A value must now be determined that gives the 

desired output power (     (Equation 6). 

             (6) 

 

The aerodynamic efficiency of the wind turbine is 

indicated by an efficiency parameter called the       

curve. Rotor power (     represents the aerodynamic 

torque       multiplied by the rotational speed of the 

rotor       (Equation 7). 
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              (7) 

 

The (     curve depends on the pitch of the blades ( ) 

as well as the ratio between the equivalent wind 

speed v and the tipping speed of the blades called the 

tip speed ratio (  , [     ]). The electrical power 

(     is due to some losses in the wind turbine 

(Equation 8). 

             (8) 

 

where, ( ) is the efficiency of the electrical power 

generation. The power wind turbine (     is directly 

proportional to the cube of the wind speed, which can 

be formulated below (Equation 9). 

                  (9) 

 

where the rotor area (  =   , [  ]), ( , [ ]) is the 

rotor turbine radius and (  
 

   
 ) is the tip speed 

ratio formula. 

 

The rotor power (     can be extracted from the wind 

power as follows (Equation 10). 

                            (10) 

 

The aerodynamic performance is the ratio of instant 

turbine power to wind power, defined as follows 

(Equation 11). 

 

                               (11) 

 

The coefficient (  ) can calculate using the following 

formula (Equation 12). 

   
 

        
 

     

        (12) 

 

Based on the above equations (1-12), it is now 

possible to set up the differential Equation 13, that 

describes a simple wind turbine model. 

 

 ̇  
  

    
 

    

  
     (13) 

 

The optimum region map of power against pitch 

angle and tip speed ratio is shown in Figure 4. A 

unique optimal value of tip speed ratio   can satisfy 

maximum power coefficient      under controlling 

blades pitch angle  .  

 

 
Figure 4 Power coefficient curves vs tip-speed ratio and the blades pitch angle 

 

During the description of the aerodynamic model, it 

is seen that this part is a non-linear system. It is, 

therefore, necessary to linearize the wind turbine 

system at a given wind speed before a sensible 

controller can be designed. The linearized system in a 

state-space model over the system, shown below 

(Equation 14 and 15).. 

 

 ̇̅     ̅     ̅    (14) 

 ̅     ̅     ̅     (15) 

 

where the ( ̅  ̅,  ̅)  are the state, the input, and the 

output vectors respectively. Which is can be defined 

as follows (Equation 16). 

 ̅  [  ]         ̅  [

 
 
  

]       ̅  [

  

  

 
]          (16) 

 

where (  , [rad/s]) is the angular velocity of 

generator and (P, [watt]) is the supply electric power. 

The train dynamics of the rotor angular speed can be 

written as follows (Equation 17). 



Thaker Nayl et al. 

86 

 

 ̇  
             

    
 

    

  
    (17) 

 

According to the aerodynamic model, the non-linear 

function of rotor speed, wind speed, pitch angle and 

generator torque can be formulated into linear at 

[    ], and the function can be as below (Equation 

18). 

   *
  ̇ 

   
+     (18) 

 

The linearization of the aerodynamic can calculated 

by assuming that the (       ) at the operating 

points (Equation 19). 

[   ,    ,      ]. 

 

   *
  ̇ 

  

  ̇ 

  

  ̇ 

   
+   (19) 

 

The output vector is (Equation 20). 

   [

 
  

    

]    (20) 

 

The value of    = 0 and the value of    can be 

expressed as (Equation 21). 

   
 

   
*
             

    
 

    

  
+   (21) 

 

Also, can get (Equation 22), 

   [*
          

    
 
    

   
 

             

    
 +]  (22) 

 

The differential expression is still included in 

determining the coefficient analytically, 
    

   
 which is 

not possible. Therefore, it’s necessary to find the 

coefficient numerically. Also, it is not possible to 

find the differentiation concerning    . Noted that the 

    curve is a function of   and  . Then, a new 

expression can write it as below (Equation 23). 

 
    

   
  

    

  
 
  

   
     (23) 

 

For 
  

   
 can calculated by using the formula (  

 

   
).  

 

The final expression of Aa matrix can be determined 

in the below Equation 24. 

 

   [ *
          

    
(

 

   
 )

    

  
 

             

    
 +] (24) 

 

where 
  

   
 can find it numerically. 

 

Same procedure is now used to find the    matrix 

(Equation 25). 

 

   

[
 
 
 
 
 
             

    
 

             

     
 

    

  

          

    

    

  

    

   ]
 
 
 
 
 
 

   (25) 

 

To differentiate the Cp curve concerning the wind, 

we can use the same techniques as above. The simple 

linearization wind turbine model has been set up 

around a suitable linearization point. Since the wind 

turbine can operate in three different regions (low, 

mid, and high), it is necessary to calculate the 

suitable stationary values in three different ways. In 

high wind speed, the turbine angular velocity can 

exceed design limits, and then the turbine should not 

be operated without a load. The standard operating 

region of the wind turbine will be rotating at fixed 

rotational velocity. 

 

3.2Pitch actuator model 

A hydraulic servo system controls the pitch of the 

wind turbine. The dynamics of the actuator are 

therefore only described as a linear model.  

The model is shown in the following state-space 

Equations 26 and 27. 

 ̇̅     ̅     ̅     (26) 

 

 ̅     ̅      (27) 

 

where the ( ̅  ̅   ̅ ) are the state vector, the input 

vector, and the output vectors respectively. A 

mechanical hydraulic actuator changes the control of 

pitch angle, expressed as follows (Equation 28). 

 ̇  
 

  
  

 

  
      (28) 

 

where    is the desired pitch blade angle and    is the 

time constant of the pitch actuators. Which can be 

written in the state-space Equation 29 and 30 as 

follows. 

 ̅  [ ̂]      ̅  [  ]      ̅  [ ]     (29) 

   [ 
 

  
]        [ ]        [

 

  
]    (30) 

 

Control the blade pitch angle to maintain the desired 

operating condition. 
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3.3Generator model 

The wind turbine generator model is used, which can 

supply the desired torque, with which it is possible to 

regulate the wind turbine’s rotational speed and 

power output. It is seen that such a generator can be 

modelled satisfactorily with a simple system, as 

follows [23] (Equation 31). 

 ̇  
 

  
            (31) 

 

where     is the desired generator torque and (  , [s]) 

is the time constant of the generator. As the desired 

generator torque which is given by the relation 

    
   

  
 , can get the following relation (Equation 

32). 

 ̇  
 

  
 
   

  
        (32) 

 

where     is the desired output electrical power. By 

using Laplace transformation and a bit of relocation, 

can get (Equation 33). 
  

   
  

 

    
    (33) 

 

where the again taken from the double model (   = 

0.1s), this provides bandwidth for the actuator. The 

system in the linear state-space model can be set up 

directly based on the transfer function, shown in the 

following form (Equation 34 and 35). 

 ̅  [ ̂ ]      ̅  [   ]      ̅  [  ]     (34) 

   [ 
 

  
]        [ ]        [

 

  
]    (35) 

 

The output of the generator model is the torque at a 

high speed of   . 

 

3.4Drive shaft actuator model 

The rotating part in the hub consists of the blades, the 

axis that connects the blades to the overdrive system 

and the pitch angle servos, which rotate the blades 

around their longitudinal axes. The transmission 

system consists of low and high-speed shafts, 

gearboxes, and brakes. The drive shaft model that 

drives the gearbox and generator is not entirely rigid. 

The driveshaft is modelled as a spring with damping 

and a mass at each end. The dynamics of the drive 

shaft and the structural part of the simplified wind 

turbine have here been put together into a single 

system, depicted in Figure 5. It is noted that only the 

drive shaft on the rotor side is considered elastic and 

that the gear is lossless. 

 

 
Figure 5 Drive shaft model 

 

As depicted in Figure 6, the dynamic of the shaft-

torque can be described by the following Equation 36 

and 37. 

          ̇     (36) 

 ̇   ̇  
 ̇ 

  
    

  

  
    (37) 

 

The drive train dynamics, which describes the system 

using  ̇   ̈  can now be seen below (Equation 38). 

 ̇  
 

  
         

    

  
   ∫    

  

  
     

     (38) 

 

The same procedure was also used to find the  ̇ . 

The constants are defined as the drive train damping 

factor     =    1/s) as well as the drive train spring 

factor     = 5.6*   N/m).  

 

The constants [  ,   ] are determined from the 

resonant frequency         of the shaft from 

below relation (Equation 39 and 40). 

       
      (39) 

              (40) 

 

Here it should be noted that and       ̇ ,    

   ̇  and  ̇     
  

  
.  

 

The Equations (36, 37 and 38) can therefore be 

reduced as shown below (Equation 41-46). 

 ̇   
       

  
   

(    )

    
 

     

  
 

  

  
     (41) 

 

 ̇   
  

    
    

  

    
  

  

  
    

     

    
 

  

  
    

 (42) 

 ̇     
 

  
       (43) 

 

It can now be set up in a state-space model, which is 

seen as follow. 
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 ̅  [

  

  

 
]   ̅  [

  
  

]      ̅  [

  

  

 
 

]  (44) 

   

[
 
 
 
 
  

       

  

  

    

  

  

 
  

    
 

  

    
  

  

  
 

  

    

  
 

  
 

]
 
 
 
 
 

 (45) 

   [

 

  

 
 

 

 
 

  

 

],     [

 
 
 
 

 
 
  
 

 
 
 
 

] (46) 

 

All parts of the design model have now been 

described. An overall state-space model is currently 

being created for the design model. 

 

3.5Mechanical system model 

The simple wind turbine model is helpful in the 

corresponding analysis of different control strategies, 

whereas the dynamic factors can treat as 

uncertainties. This model has two degrees, 

particularly the torsion of the drivetrain and the axial 

tower bending. The existence of these fundamentals 

requires careful design of the wind turbine and 

control unit [24]. The wind turbine model included 

the first mode of the drivetrain and the tower 

bending. Figure 6 shows a schematic diagram of the 

mechanical model. 

 

 
Figure 6 Tower bending and torsion of mode shapes 

 

The incoming wind velocity   is superimposed by the 

nacelle velocity  ̇ resulting from the deflection of the 

wind from the tower by the Equation 47. 

      ̇    (47) 

The additional term  ̇ is the axial shift of the blades 

due to the bending of the tower, which can be 

expressed as follows (Equation 48). 

   ̈          ̇       (48) 

 

where    is the mass of the turbine tower and 

nacelle,    is the tower’s stiffness,    is the damping 

of the turbine tower. The aerodynamic thrust Ft is 

given by the following Equation 49. 

              
           (49) 

 

where the thrust coefficient    is a function of tip 

speed ratio   and the blade pitch angle  . Defining 

the state space as follows (Equation 50). 

*
 ̇
 ̈
+  [

 
   

  

 
   

  

] *
 
 ̇
+  [

 
  

  

]  (50) 

 

where  ,  ̇  and  ̈ represents the position, velocity, 

and acceleration of the nacelle of the tower, 

respectively. The parameters are selected as 

following,             ,               

and               . 

 

3.6Overall state space model 

Overall design models are used of increasing 

complexity, and it is an advantage to make the 

aggregation of the turbine model in one step. The 

model is now being expanded with the generator 

model, and the two actuators, pitch angle actuator 

and driveshaft actuator, are described as follows. 

 ̇̅      ̅      ̅     (51) 

 ̅      ̅    (52) 

 

These Equations 51 and 52 can be written by defining 

new state, input, and output vectors, as follow 

(Equation 53). 

 ̅  

[
 
 
 
 
 
 
 ̂

 ̂ 
  
  

 
 
 ̇ ]
 
 
 
 
 
 

,  ̅  [

  

  

   

],  ̅  [

  

  

  
 

]   (53) 

 

The below equations are describing the complete 

stats   ̇̅ of the system (Equation 54-59). 

 ̂̇  
 

  
 ̂  

 

  
      (54) 

 ̂̇  
 

  
 
   

  
   ̂     (55) 

 ̂̇  
          

   

    
 

    

  
   

(    )

    
 

     

  
    (56) 
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 ̂̇   
 ̂ 

    
 

  

    
   

  

    
    

     

    
        (57) 

 ̂̇     
 

  
      (58) 

 ̈  
 

  
         ̇        (59) 

 

Based on the above equations, the state matrix in 

dimensions,     [   ] can now be set up by 

differentiating all the Equations 60, 61 and 62 

concerning the states. 

    [

  

  
  

   
    

  

]   (60) 

 

The input matrix dimensions,     [   ]  is found 

by differentiation concerning the inputs. 

    [
   
   
   

]   (61) 

 

The overall state-space model with dimensions, 

    [   ]  is as follow. 

    [
   
   
   

]   (62) 

The following function now gives the output power 

(Equation 63). 

  
 ̂   

  
    (63) 

A complete linearized design model has now been 

made over the wind turbine. 

 

4.Results 
A fixable, variable speed, torque, and pitch blade 

angle with power rating 3.5MW is considered in the 

simulation tests. To verify that the linear model 

behaves following the non-linear model is now 

compared under step wind speed. The verification 

consists of step response to input response of wind, 

pitch angle and torque. It is selected only to show the 

response to the three outputs   , P and  . The wind 

turbine is in the plots that linearized around a wind 

speed of (14m/s - 16m/s). The amplitude of the steps 

is response    = 2m/s,  = 1 degree and    = 100N. 

Steps on the wind speed with amplitude 2m/s at a 

time of 200sec have been tested. The verification is 

for 14m=s with a step in the wind shown in the 

Figure 7. Table 1 contains all turbine specifications. 

 

 

Table 1 Contains the specifications of the turbine 

No. Turbine parameter Value 

1 Rotor radius 40m 

2 Air density 1.225      

3 Rated rotor speed 2.1428 rad/s 

4 Rated generator torque 8376.6Nm 

5 Rotor inertia 2.96×        

6 Generator inertia 53      

7 Total moment of inertia 9.78375×   kg   

8 Drive-train spring factor 5.6×       

9 Drive-train damping     1/s 

10 Mass of the tower 250×   kg 

11 Stiffness of the tower 8.88×   Nm 

12 Damping of the tower 296×   Ns/m 

13 Gearbox ratio 85 

14 Pitch actuator constant 0.12s 

15 Generator torque constant 0.1s 

16 Pitch angle limit        

17 Pitch rate limit        

18 Power output 3.5MW 
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Figure 7 Step wind speed test 

 

5.Discussion 
The result of these simulations can be seen in Figures 

(8, 9, 10 and 11). It can be seen from the plots that 

there is a good compromise between the linearized 

and the nonlinear turbine model. This consistency 

will, of course, be reduced if the step size is 

increased, as one will move further away from the 

linearized area. At a step on pitch angle, when the 

model is linearized around 14m/s, linearization gives 

a step in the opposite direction of the other two 

stages. That is, accounting for the wind speed 

improves the model accuracy in terms of the rotor 

angular speed and generator angular speed. This is 

because the dynamics of the rotor angular speed and 

generator angular speed are based on the rotor torque 

and rotor thrust, respectively, which in turn depend 

on the wind speed. 

 

The challenges of this research, there is poor 

agreement between the nonlinear and the calculated 

linear model. This is because a linearization in this 

area takes place at the top of the    curve. However, 

it is so convenient that the controller in this area 

maximises the power output. This article analysis the 

linearized model of the wind turbine, also the tower 

structure and the turbulence effects on wind turbine 

efficiency. Although the nonlinear wind turbine 

model is accurate, it is too complicated for controller 

design utilization.  

 

Linearizing the model in the state-space form 

representation is essential for modern controller 

design.  A linearized model is crucial for the real-

time implementation of controller design because the 

accurate response of the model needs to be complex 

computations for optimizing the control action. 

 

 
Figure 8 Angular rotor speed 

 

 
Figure 9 Angular generator speed 
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Figure 10 The output power 

  

 
Figure 11 The linear and nonlinear model response system 

 

6.Conclusion and future work 
Wind turbine models will continue to evolve in more 

analysis methods to understand the physical 

mechanisms better. The state-space representations 

that were obtained are suitable for use in control 

design strategies. Many factors are considered before 

starting to model the wind turbine system. Therefore, 

a small error in the linearization could give rise to a 

significant deviation from the nonlinear model. This 

linearization, of course, is very unfortunate if a 

controller is to be designed. The controller will be 

designed to maintain the rotor speed at the rated 

rotation under wind flotations. We will design linear 

and nonlinear controllers to discuss the control 

strategy in more detail in future work. Future work 

includes modelling and control of wind turbine in 

more complicated situations, such as a wind shear 

and tower shadow disturbances.  
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