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Abstract- In smart electrical grids, wind turbines with variable 
speed are the most attractive choice for high penetration level of 
wind energy due to their high operation flexibility. Wind 
turbines are the core component of the wind energy conversion. 

In this paper, the objectives are to build a realistic wind turbine 
model for smart grid analysis and simulations, and propose wind 
power adaptive control algorithms with a mixed criterion of 
energy maximization and fatigue load minimization during 
partial and full load regimes. The modelling approach considers 
wind aerodynamics and tower dynamics. The generator torque 

set points are calculated based on the wind turbine design values 
and rotor speed. The blade pitch angle set point is calculated 
using a proportional feedback control loop during partial load 
conditions, and a proportional differential control loop during 
full load conditions. The wind speed is also modelled 
considering wind turbulence, tower shadow and wind shear. 
Models and controllers are built in MA TLAB Simulink, and 
simulations are performed using a realistic data of a typical wind 

turbine. The simulation results show that the proposed models 
and controllers accurately simulate the expected performance. 

Index Terms-Smart grid, Wind turbine model, pitch 

control, Torque control, wind speed model 

1 INTRODUCTION 

Smart grid provides the platform for a more 

environment friendly and reliable electrical power system. 

Wind energy comes at the top of renewable energy 

sources in smart grids [1]. 

Wind turbine is the core element of every wind energy 

conversion system (WECS) project, as it is the wind 

power extracting device. The modern wind turbines are of 
variable speed types, in order to maximize power 

extraction capability [1]. The challenge in WECS control 

design within smart grids is to realistically model the 

wind turbine power harvesting process, along with the 

rotor effective wind speed. This allows accuracy and 
reliability of the control design to deliver high quality 

electrical power, with intermittent wind source. 

In literature, modelling of the wind turbines has been a 

crucial issue in the study and analysis of grid integrated 

WECS. Examples of the used main modelling approaches 

are presented in [2], [3], and [4]. In [2], the modelling of 
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the wind turbine mainly considered the drive train, while 

tower bending effects are ignored, and the wind speed is 

simplified as a sinusoidal function with its mean value 

increasing linearly. In [3], a fixed speed wind turbine is 

modelled using connected modules. Although the 

modelling approach is effective, it does not present the 

variable speed type. In addition, tower dynamics are 

neglected and the wind speed model is represented by 

actual measured wind speed data in the form of time 

series. In [4], the wind turbine model is simplified to 

comprise three sub models to simulate the wind turbine 

operation near the cut-in speed. This simulates the wind 

turbine performance under only partial loading 

conditions, and only the wind turbulence effect is added 
to the wind speed estimated value. 

The above mentioned approaches present examples of 

a wide range of wind turbine models that are used for 

power system analysis. However, each method adopts 

some simplifications that neglect important factors, which 

reduces the accuracy of the model. 

This paper introduces a more realistic model that 

shows the main features of the wind turbine with variable 

speed, whereby it is considered as a multi-input/multi­

output system. The modelling approach takes into account 

the tower dynamics and the tower shadow effect on the 

wind speed. In addition, the wind turbulence and shear 

effects are considered. The proposed adaptive wind 

turbine power controller is dependent upon the operation 

mode of the wind turbine (partial or full load). In section 

2 of this paper, the control objectives of the wind turbine 

are specified. In section 3, the mathematical model is 

presented for each of the wind turbine subsystems. In 

section 4, power regulation control strategies are proposed 

based on the wind turbine operating regime. In section 5, 

wind speed modelling is explained. In section 6, the 

simulations of the proposed model and controllers are 

performed in MATLAB Simulink for different wind 
speed profiles. Finally, the conclusion is given in section 

7. 

2 CONTROL OBJECTIVES OF WIND TURBINE 

Wind turbine control aims at developing power 

regulation strategies for maximization of harvested power 

from the wind source and reduction of the mechanical 

load [5]. Wind turbines with variable speed operation 

permit continuous variation of rotational speed for 

maximum aerodynamic power conversion [6]. Operation 

of the wind turbine has two regimes [7]: 
1. Partial load regime. 

2. Full load regime. 
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Partial load regime takes place in the periods where 

wind speed is below the rated one, while the full load 
regime occurs above the rated wind speed. The following 

discussion focuses on the mathematical formulation of the 

wind turbine system model showing the input set points, 

and then it is followed by the controller algorithms 

design. 

3 MATHEMATICAL MODELLING 

From the modelling point of view, wind turbine is 

considered as a multi-input/multi-output system. The 

approach is to divide this system into interrelated 

modules. As a result, the set points driving different 

actuation systems consist of aggregate actions of different 

controllers. A typical wind turbine with variable speed is 

composed of five modules representing [7]: 

1. Rotor aerodynamic conversion 

2. Mechanical system 

3. Dynamics of the tower 

4. Pitch actuation system 

5. Electric conversion 

In the following subsections, the mathematical 

formulation of each module is presented. 

3.1 Rotor aerodynamic conversion 

Aerodynamic conversion is formulated mathematically 
by nonlinear equations for the aerodynamic torque (Ta) 
and the thrust force (Fa) over the rotor blades are as 
follows [8], [9]: 

Ta = Cq (A, 8). � Pa 1T rb 3. (Vwind -Snd) 2 

Fa= Ca(A,8). � Pa1Trb2,(VWind-Snd)2 

A = nr. rb 
(Vw-Snd) 

Cq(A, 8) = cp�,e) 

Where, 

Cp (A, 8) : Power coefficient 

Cq(A, 8) : Torque coefficient 

Ca (A, 8) : Thrust coefficient 
A : Blade tip to wind speed ratio 
8 : Pitch angle (degrees) 

rb : Turbine rotor radius (m) 

Pa : Air density (kg/m3) 

Vwind : Wind speed (m/s) 

fir : Turbine rotor speed (r.p.m) 
Snd: Tower nodding displacement (m) 

Snd: Tower nodding speed (m/s) 

3.2 Mechanical system 

(1) 

(2) 

(3) 

(4) 

Rotor speed increases or decreases depending on the 

difference between the aerodynamic torque, Ta and the 

electric torque of the generator, Te. Turbine rotor is 

rigidly connected to the low speed shaft. The gearbox 

connects the low speed shaft to the high speed shaft which 

drives the generator. 
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With rigid coupling, it is assumed that the rotor speed, 

fir and the generator speed fig are equal, leading to zero 

torsional angle. Hence, the rotational losses are ignored. 

Therefore, the mathematical formulation of the 

mechanical system is represented by [9]: 

(5) 

Where, 

Ir : Inertia of rotor (kgm2) 

Ig : Inertia of generator (kgm2) 

It : Total inertia of the coupled rotor and generator 
(kgm2) 

ngb : Gearbox ratio 

The stator of the electric generator and the housing of 

the gearbox are rigidly connected to the frame of the wind 

turbine nacelle; therefore, a reaction torque is produced. 

This torque is called the nacelle torque (Tnac), and it is 

calculated as follows [9]: 

(7) 

3.3 Dynamics of the tower 

Wind turbine tower is affected by two main forces; the 

first is the tower nodding force Fnd , and the second is 

the tower naying force Fny. Those tower dynamics are 

modelled by the following force equations [8], [9]: 

mt· Snd + kt· Snd + Ct· Snd = Fnd 
mt· Sny + kt· Sny + Ct· Sny = Fny 

Where, 

Fnd : Nodding force (N) 

Fny : Naying force (N) 

Snd : Tower acceleration (m/s2) 

Sny: Tower naying displacement (m) 

Sny: Tower naying Speed (m/s) 

Sny : Tower naying acceleration (m/s2) 

mt : Tower top effective mass (tons) 
kt: Structural damping constant 

ct : Spring stiffness constant 

(8) 

(9) 

Since the foundation of the offshore wind turbine is 

located in the sea; it is subjected to additional 

hydrodynamic loading caused by waves and sea currents 
[10]. Therefore, with offshore wind turbines, the nodding 

force Fnd(offshore) is composed of the thrust force Fa and 

the hydrodynamic nodding force F��d 
as follows [9]: 

_ hyd 
Fnd(offshore) - Fa + Fnd 

3 

Fhyd = � � Nt, wave (X- Yk)2 Fhyd,k 
nd 2 L..k=l Ht nd 

(10) 

(11) 
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Where, 

x : Water depth (m) 

Yk : Distance to water surface at the element k (m) 

Ht : Tower hub height (m) 

The hydrodynamic loading will also induce coupling to 
the aerodynamic loading seen by the tower and the 

nacelle [10]. Therefore, in case of offshore wind turbines, 

the naying force Fny(offshore) is assumed to be composed 

of the nacelle force Fnac and the hydrodynamic naying 

force as follows [9]: 

F F + Fhyd ny(offshore) = nac ny 
F � Tnac nac = 2 Ht 

3 

Fhyd = � L
Nt,wave (X- Yk)"Z Fhyd,k ny 2 k=l Ht ny 

Where, 

Tnac : The nacelle torque (N.m) 

(12) 

(13) 

(14) 

In case of onshore wind turbines, the wind tower 

foundation is located on the land with the wind turbulence 

as the only environmental factor; therefore, the 

hydrodynamic loading is ignored, and the nodding and 

naying forces are represented by: 

Fnd(onshore) = Fa 
Fny(onshore) = Fnac 

3.4 Pitch actuation system 

(15) 

(16) 

The pitch speed (u ), which is the control input to the 

pitch actuation system (servomotor) is calculated based 

on the control algorithm during partial or full load 

operation. The output of the actuation system is the pitch 

angle which is applied to the rotor blades for rotor 

aerodynamic conversion during the wind turbine 

operating regimes. The pitch actuation system is 

presented in Laplace domain as follows [9]: 

8(s) = Ypt(s) u(s) 

Where, 

(17) 

(18) 

TD:J°1 : is defined as the conditional delay time to 
overcome Coulomb friction (ms). 

TD�t 
: pitch delay time (ms) 

w�t 
: pitch eigen frequency (rad/s) 

�Pt : damping rate 

3.5 Electric conversion 

The electric torque set point (T;) is calculated from the 

torque/rotor speed curve based on the wind turbine 

operating regimes. A simplified first order equation is 

3 

used to represent the overall dynamic behaviour of the 

electric generator from the set point to actual electric 
torque. The actual electric torque is calculated as follows 

[9]: 

Te = T; -TTe te 
Where, 
TTe: Time constant (s) 

(19) 

The functional block diagram that represents the 
interrelated five turbine modules is presented in Fig.l. 

4 Power Regulation Control Strategies 
The adaptive power regulation control of the wind 
turbines is composed of two controllers [6]: 

1. Pitch controller: for aerodynamic power regulation 
2. Generator control: for maximization of the harvested 

power 

Since there are two operating regimes of the wind turbine 
based on the wind speed; the two controllers are operating 
during both operating regimes. In each operating regime 
one of the controllers is dominant and the other is 
auxiliary as explained in the following subsections. 

4.1 Control during a partial load regime 
In the operation periods under the rated wind speed or 

with partial load regime, the generator controller is the 
dominant controller that maximizes the captured wind 
power [6]. This is done by adjusting the electric torque set 
point (T;) in such a way that the optimum tip to wind 
speed ratio (Aopt) is tracked [7], [11].The extracted 

aerodynamic power (p:oPt) at the optimum tip to wind 

speed ratio is [9] : 

"opt _ ( ) 1 2 ( . )3 
Pa - Cp,max Aopt,8 . ;: Pa IT rb . Vwind - Snd (20) 

Based on Eq. (2), the aerodynamic torque at optimum 
tip to wind speed ratio is: 

T"oPt _ cp,max("opt,e) � 3 (v.. _ S' )2 
a - . Pa IT rb ' WInd nd "opt 2 (21) 

Based on Eq. (5), the electrical torque at the optimum 
tip to wind speed ratio is: 

T"oPt = T"oPt -J fi e a t· r (22) 

The generator side converter controls the electric 
torque based on the electric torque/ rotor speed curve of 
the wind turbine. The torque value under the cut-in speed 
is zero. Based on the wind speed operating values, the 
partial load period is divided into three regions: 
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Fig.l functional block diagram of wind turbine modules 

Regionl: In this region the partial load regime is starting the 
optimum tip to wind speed ratio tracking. This region is 
usually small in terms of time period and it is presented 
by a steep linear torque /speed curve. The torque set point is 
calculated by [9]: 

(23) 

Where, 

Q�i: Rotor speed corresponding to the cut-in wind speed 
Ain 

Qr 
opt 

: Minimum rotor speed with the optimum tip to wind 

speed ratio 

Region 2: In this region the partial load regime is in the 
region of optimum tip to wind speed ratio. This region is 
presented by a low order polynomial torque /speed curve. 
The torque set point is calculated by [9]: 

N" +1 (. ) T* - '" opt C C·) Q 1-1 
e ('-opt> - L..i= 1 T"opt I .  r e (24) 

4 

Where, ,-out 
Qr 
opt: Maximum rotor speed with the optimum tip to wind 

speed ratio 

Region 3: In this region, the partial load regime ends. This 
region is considered as a transition region between partial 
load and full load operation. It is presented by a linear 
transition between the maximum rotor speed with the ,-out 
optimum tip to wind speed ratio (Qr 

oPt) and the rated rotor 

speed (Q�ated). The torque set point is calculated by [9]: 

T'-opt n,-gg� ( nr - n�gp� ) (p�ated T; (transition) = e . Hr + "out . rated-nrated _ n opt nr 

Where, 

Q�ated: Rated rotor speed 

r r 

p:ated : The rated electric power (W) 

(25) 

During the partial load regime, the auxiliary control is the 
pitch angle control. Reference value of the pitch angle is 
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obtained from a predefined table relating each rotor speed 
value to its corresponding pitch angle reference value. 
The measured pitch angle is compared to the obtained 

reference value and controlled using a proportional feedback 
controller (P-controller), which produces the pitch speed 
(u ) control input to the pitch actuation system at partial load 
conditions. 

The proportional gain (Kt) is calculated based on a linear 
model [9]: 

(26) 

Where, 

Tt : The delay time = 1.3 s. 

4.2 Control during full load regime 
In the operation periods above rated wind speed or with 

full load regime, the pitch angle controller is the dominant 
controller that limits the extracted wind power to its rated 
value [6]. Therefore, this controller basically reduces the 
mechanical loading on the wind turbine. The error in the 
rotor speed is fed to a Proportional derivative controller (P­
D-controller) producing the pitch speed (u) control input to 
the pitch actuation system at full load conditions. The 
controller model is: 

(PD(S) = K� + Kb · S (27) 

The proportional gain, K� , and differential gain,Kb are 

calculated based on [9] as: K� = 1.14 (o/s) / (rad/s), Kb = 
17.33 C/s) / (rad/s2). 

5 WIND SPEED MODELLING 

Performance analysis of the WECS models and 

controllers depends on the wind speed profile as the main 

external driving signal [12]. Wind is intermittent; therefore 

wind speed fluctuates in magnitude and direction [13]. Wind 
speed is modelled based on its effect on the rotor of the 

wind turbine from two main operation perspectives as: 

1. A driving signal. 

2. A disturbing signal. 

Based on those perspectives, the modelling of the wind 

speed considers the wind shear, turbulence, and the shadow 

effect of the tower [14], [15]. The effective wind speed 

(Vwe) model includes high frequency and low frequency 

components [16]. Those two components are dependent 

upon the rotor azimuth angle (tVr) as follows [6], [9]: 

Vwe = VHF + VLF VHF = Vw x [1 + V�r(tVr)] 
VLF = Vw x [1 + v�roP(tVr)] x [v�wer(tVr ) + v�ear (tVr ) ] 

tVr = f; nr . dt 

Where: 

(29) 
(30) 

(31) 

(32) 

v�r,v�roP,v�wer,v�ear are the normalized wind speed 
variations with different effects (turbulence, tower shadow, 
wind shear) respectively, with respect to the mean wind 
speedVw' 
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6 SIMULATIONS AND RESULTS ANALYSIS 

Dynamic models are developed using MATLAB 

Simulink software, to represent the overall wind turbine 

model and the adaptive control strategies. The feedback 

loops for the adaptive power regulation controllers as 

modelled in MATLAB are shown in Fig.2. Based on the 
effective wind speed value, a wind turbine operation regime 

detector selects the operation regime, hence the required 

pitch angle controller for either partial load or full load 

conditions. The system data used for verification of the 
proposed models and controllers are based on the Dutch 

wind turbine data presented in [9]. Table.l summarizes the 

operational and system data to be used in the simulation. 

Fig.2. Feedback loops of the adaptive power regulation 
controllers 

Table.l Operational and system data r91 
Rated electric power p:atcd 
Wind speed (rated) v:;,·ted 
Rated rotor speed n;atcd 

Cut in wind speed V;} 
Cut out wind speed V�o 

Air density p. 

Rotor blades number 

Radius of the rotor rb 
Inertia of the rotor J, 

Inertia of the generator J. 
Hub height Ht 

Starting pitching speed as;.,t 
Full pitch speed ai"1I 

Max. pitch angle omax wt 
Min. pitch angle a�in 

2750 kW 
12.3 m/s 

15.7 r.p.m or (1.65 
rad/s) 
4 m/s 

25 m/s 
1.225 kg/m' 

3 
46 m 

12.6 • 106 kg.m' 
239 kg.m' 

94 m 
0.5 2 5 

425 
902 

- 2.5 2 

6.1 Scenario 1: Linear increase of the wind speed 

The wind speed changes linearly from 4 mls. the 

estimated, uniform, and effective wind speed are shown in 

Fig.3. The effective wind speed is the driving signal of the 

turbine model under simulation. Generator power and torque 

curves are calculated from the simulation model, as shown 

in Fig 4 and Fig 6, respectively. 
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Comparison between the simulation torque / rotor speed 
curve, FigA, with the steady sate torque/rotor speed curve 
obtained in [9], Fig.5, shows that the simulation accurately 
represents the realistic operating regions of the wind turbine 
under partial and full load conditions. It should be noted that 
the starting region is very small compared to the optimum 
tip to wind speed ratio (optimum lambda) region. During the 
full load region, the generator torque operation tends to limit 
the produced electric power to its rated value as shown in 
Fig.6 of the generator power/ rotor speed curve. This 
verifies that the proposed wind turbine model and 
controllers accurately represent the characteristics of a 
typical variable speed wind turbine under different operating 
conditions. 

6.2 Scenario 2: different mean wind speed values 

Having verified that the proposed model and controllers 

present the operating regions of the wind turbine during 

partial and full load conditions, it is important to show the 

power regulation control performance using two different 

mean wind speeds: (100% , and 160% ) of the rated wind 

speed. 

For each mean wind speed the following calculations are 

obtained from the simulation: 

6.2.1 

Effective wind speed (Vwe) in (mls) vs. simulation time 

Rotor speed (nr) in (r.p.m) vs. simulation time 

Electric power (Pe) (kW) vs. simulation time 

Generator torque (Te) (kNm) vs. simulation time 

Pitch angle (8) in (0) vs. simulation time 

Pitch speed (8) in (o/s) vs. simulation time 

Control performance at 100% of the rated wind 
speed 

Time (sec) 

I::� 
� 14 

1
30�-�5�0--�1�00�-�1�50�-�2�0�0--�25�0--�300 

Time (sec) 
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Fig.7 Wind turbine operation curves with 100% rated wind 
speed 

I'�B JITlJ o 50 100 150 200 250 300 
Time (sec) 

i1� � o 50 100 150 200 250 300 
Time (sec) 

Fig.8 Pitch angle and pitch speed with 100% rated wind 
speed 

The mean power production for the simulation period 

amounts to 2358kW (85.7% of its rated value). This 

decrease below the rated value is because of the drop of the 
wind speed for long time periods during the simulation. 

During these periods, the pitch angle is adjusted by the 

controller to (1°). The generator control is operating at the 

optimum tip to wind speed ratio. Power production is 

limited to its rated value for wind speeds above the rated 

(e.g. this is clear in time periods such as between (194s-

240s). Rotor speed mean value is 98% of its rated value. 

6.2.2 Control performance at 160% of the rated wind 

speed (high wind speed) 

I ��J\:J��AI:'·�1 o 50 100 150 200 250 300 
Time (sec) 

I ::::r�v'v.�.� .. �.�.w.� .• � i 1000 
i5 � 500 

°0�--�50�--�'0�0 ----'�50�--�2�00�--�2�50----�300 
Time (sec) 

I!�C • : J 
500 0�--�50�--�'0�0 ----,� 50�--�2�00�--�2�50----�300 

Time (sec) 
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Fig.9 Wind turbine operation curves with 160% rated wind 
speed 

Fig.10 Pitch angle and pitch speed with 160% rated wind 
speed 

The mean power production for the simulation period 

amounts to 2747kW (99.9% of the rated value). For time 

periods where wind speed is above the rated one, the power 

production is limited to its rated value. It can be noticed that 
at this wind speed level, the pitch angle is varying according 

to the fluctuations of the wind speed profile as shown in 

Fig.10. 

6.3 

30 ,-----�----�----�----�----�----__, 

°O�--�50�--�'0�0----'�5�O----2�OO�--�2�50�--�30-0 
Time (sec) 

Fig.10 Pitch angle varying according to the wind speed 

profile for the 160% rated wind speed 

Discussion of the results 

The first simulation scenario was intended to show the 

adaptive performance of the power regulation controllers by 

presenting the relation between the generated electric torque 

and the rotor speed. The resulting curve showed accurate 

realistic presentation of the wind turbine torque 

characteristics below and above rated wind speed when 

compared to a peer typical curve. The resulting simulation 

of the electric power curve showed that the controllers are 
capable of maximum power tracking during partial load 

conditions, and that they are able to limit the extracted 

power to its rated value under full load conditions. The 

second simulation scenario was intended to show the power 
control performance during rated wind speed operation and 

during a high wind speed operation, considering the wind 

speed variations caused by the turbulence, wind shear and 

tower shadow. With high wind speed, the mean power 

Authorized licensed use limited to: Cape Peninsula University of Technology. Downloaded on July 28,2020 at 16:01:26 UTC from IEEE Xplore.  Restrictions apply. 



production increases as the wind speed profile is above the 
rated even with wind fluctuations. Also, the blade pitch 

angle was tracking accurately the wind speed profile. 

7 CONCLUSION 

This paper developed the mathematical formulation of a 

realistic wind turbine model for smart grid applications. 

The proposed wind power regulation algorithms are 

determined through the criteria of power maximization 

during partial load regime and power limitation to the rated 

value to minimize fatigue load during full load regimes. The 

modelling approach considered wind aerodynamics and 

tower dynamics. The simulation results show that the 

proposed models and controllers accurately simulate the 

expected performance of a wind turbine with variable speed. 

The developed models and controllers will be used to study 

the operation of a grid connected wind turbine generators to 

analyse different integration scenarios. 
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