
 

 

 
Abstract—This paper concerns with the modeling, simulation, 

and emulation of a wind turbine emulator for standalone wind energy 
conversion systems. By using emulation system, we aim to reproduce 
the dynamic behavior of the wind turbine torque on the generator 
shaft: it provides the testing facilities to optimize generator control 
strategies in a controlled environment, without reliance on natural 
resources. The aerodynamic, mechanical, electrical models have been 
detailed as well as the control of pitch angle using Fuzzy Logic for 
horizontal axis wind turbines. The wind turbine emulator consists 
mainly of an induction motor with AC power drive with torque 
control. The control of the induction motor and the mathematical 
models of the wind turbine are designed with MATLAB/Simulink 
environment. The simulation results confirm the effectiveness of the 
induction motor control system and the functionality of the wind 
turbine emulator for providing all necessary parameters of the wind 
turbine system such as wind speed, output torque, power coefficient 
and tip speed ratio. The findings are of direct practical relevance. 
 

Keywords—Wind turbine, modeling, emulator, electrical 
generator, renewable energy, induction motor drive, field oriented 
control, real time control, wind turbine emulator, pitch angle control. 

I. INTRODUCTION 

LECTRICITY production using wind energy has become 
an important way to deal with the growing energy 

demands and environmental crisis as it is socially beneficial, 
environmentally friendly, and economically competitive for 
many applications. Therefore, a great deal of research has 
been converged on the development of the wind turbine 
technologies in order to increase the profits of the wind power 
and to make the wind turbine more economical and efficient. 

In order to promote research on wind power technology, 
wind turbine emulators (WTEs) are designed to simulate the 
steady-state and dynamic behavior of the system in a 
controlled environment without reliance on natural wind 
resources and real wind turbines. WTEs can produce a 
mechanical torque which depends on the wind speed and the 
possible presence of a device for orienting the blades. Also, 
they can be used for education purpose to teach on the wind 
turbine (operating, control…). 

The aim of this paper is to present the development of a 
useful WTE based on induction motor (IM) controlled by 
Field Oriented Control (FOC) to obtain the characteristics and 
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the performances for applying wind power conversion 
researches. 

There are several approaches for emulator used in different 
situations depending on the desired requirements such as the 
power range and the type of wind turbine. The most common 
type of motor used in the construction of WTE is DC motor 
because of the easy implementation and the direct relationship 
between armature current and the torque produced by the 
machine as presented in references [2], [3], [5], [7], [9], [10]. 
However, it is expensive compare to an AC machine, it needs 
frequent maintenance due to its commutators and brushes and 
it is bulky. WTE based on an IM has smaller size relative to 
DC motor for given power range.  

The Fuzzy Logic Controller (FLC) is used in this work as 
an alternative to the proportional-Integral (PI) controller in 
wind turbine pitch angle control. It is chosen for their stability, 
fast dynamic response, solving non-linear systems such as the 
wind which has the nonlinearity as its main characteristic.  

II. DYNAMIC MODELS FOR WIND POWER SYSTEM 

A wind power system can be described using three 
mathematical models: aerodynamic, mechanical, and electrical 
model [13]. Fig. 1 shows the basic structure of the wind power 
system. 

A. Aerodynamic Model 

1) Aerodynamic Power 

The mechanical power extracted by the wind turbine is 
expressed as:  

 

2 31
( , )

2w t PP R V C           (1) 

 
where R is the turbine rotor radius in meters (m), ρ is the air 
density (kg/m3), R is the turbine radius (m), Vt is the wind 
speed in (m/s) and Cp is the power coefficient, it is a function 
of both blade pitch angle β and Tip Speed Ratio (TSR) λ, it 
represents the ratio of maximum power obtained from the 
wind to the total power available in the wind. 

The tip speed ratio λ is expressed as: 
 

t

wR

V
                                       (2) 

 
where ω is the angular speed of the turbine rotor in (rad/s). 
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Fig. 1 Wind Power System 
 

The curve power that relates Cp to the different value of 
pitch angle β and TSR λ is different for each wind turbine and 
it is obtained from direct measurements of the turbine in 
operation. The generic equation used to model the Cp is 
obtained from the curve power for different points of 
operation of the turbine. An expression that is commonly used 
for the determination of Cp is: 

 
5

1 2 3 4 6( , ) ( ) iC
P iC C C C C e C                (3) 
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0.08 1i   
 

 
                      (4) 

 
Table I shows the parameters of the performance 

coefficient. 
 

TABLE I 
PARAMETERS OF THE PERFORMANCE COEFFICIENT 

C1 C2 C3 C4 C5 C6 
0.5109 116 0.4 5 21 0.0068 

 
The torque of a wind turbine is expressed as: 
 

3 2 ( , )1

2
t P

w

R V C
T

  


                      (5) 

 
According to (5), the mechanical torque of the wind turbine 

is relative to the wind speed. Therefore, it is expected to 
produce a torque with a stochastic profile. 

2) Blade Aerodynamics 

Blade Element Momentum (BEM) method can be used to 
examine how a wind turbine works and to predict the blade 
forces produced due to the interaction of the blade and the 
wind. When the wind passes through the rotor plane and 
interacts with the moving rotor, a resultant relative velocity at 
the blade is introduced, depicted as W in Fig. 3, which is the 
difference between the undisturbed wind velocity and the 

blade tip velocity. 
 

22222 )'1()1( araVW t                  (6) 

 
where Vt is the wind velocity perpendicular to the rotor plane, 
r is the distance of blade element from the rotor axis, a and a’ 
are the flow factors and Ω is the angular velocity of blades. 
The aerodynamics forces on the blade are the lift force and the 
drag.  

The lift force is: 
 

21

2 LL cW C


                            (7) 

 
The drag force is: 

21

2 DD cW C


                              (8) 

 

where LC  and DC  are respectively the lift and drag 
coefficient, c is the chord length of the blade, and ρ is the air 
density. 
 

 

Fig. 2 Profile of a turbine blade 
 
The resultant relative velocity at the blade W creates an 

angle with the blade chord C, depicted as α in Fig. 3, the angle 
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of attack. It is controlled by rotating the blade about its axis. 
The pitch angle β is the angle formed by the blade chord C and 
the rotor plane. The power of the wind turbines depends on the 
wind velocity, it increases as the wind increases. Therefore, 
the wind turbine must be protected against the risk of damages 
from the strong wind. This can be achieved by rotating the 
blade about its axis in a position where a part of incoming 
wind will pass by the wind turbine. The angle of attack α 

decreases when the pitch angle β increases. The lift force L


 
decreases as well and this reduces the wind turbine’s 
mechanical power. 

B. Coupling System and Transmission 

The mechanical model of a wind turbine is commonly 
modeled by two rotating masses. This model is basically 
involved the rotor of the wind turbine and the generator shaft. 
The association between them can be made with a gearbox or 
direct coupling. Fig. 3 shows the structure of the mechanical 
model. 

 


Fig. 3 Mechanical model of wind turbine 

 
The parameters presented in Fig. 2 are described: Ta: 

Torque of the turbine applied on the rotor; Tls: Torque applied 
on low speed shaft; Ths: Torque applied on high speed shaft; 
Tgen: electromagnetic torque of generator; Wt: rotor angular 
speed; Wls: angular speed of the low speed shaft; Whs: angular 
speed of the high speed shaft; Br: rotor damping effect; Bls: 
low speed damping effect; Bg: high speed damping effect; Kls: 
Stiffness of low speed shaft; Jg: moment of inertia of the 
generator; ng: speed multiplication ratio. 

Thus, the equations for the mechanical model of the wind 
turbine are: 

 

a ls r t r tT T J w B w                           (9) 

 

( ) ( )ls ls t ls ls t lsT B w w K                    (10) 

 

hs gen g hs g hsT T J w B w                      (11) 
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g
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T
n

T
                                     (12) 

C. Electrical Model 

The electrical dynamic equations of permanent magnet 

synchronous generator (PMSG) are expressed as [6], [8]: 
 

d
d s d e q q d

di
V R i w L i L

dt
                       (13) 
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           (15) 

 

1
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di
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           (16) 

 
where p is the number of pole pairs, ωe is the angular speed of 
the reference frame (ωe =pωg), ψf is the flux constant of the 
generator rotor, Ld and Lq are the inductance of the stator in 
the Park reference frame, and Rs is the stator resistance. 

 

 

Fig. 4 D-axis equivalent circuit 
 

 

Fig. 5 q-axis equivalent circuit 
 
Figs. 4 and 5 show the equivalent circuit of the PMSG in d-

q synchronous rotating reference frame.  
The electrical torque (Tg) of the generator is expressed as: 
 

3
( ( ) )

2g p q d q d qT mi L L i i                (17) 

III. WTE DESIGN 

Fig. 6 represents the structure of the WTE using IM 
controlled by torque control inverter. 

The wind speed, the pitch angle, and the mechanical torque 
of IM are the three inputs of a mathematical model of the wind 
turbine, and its output is a speed depending practically on the 
wind velocity. 
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Fig. 6 Structure of WTE 
 
In order to emulate the real behavior of the wind turbine, it 

is necessary to compare the speed characteristics of the 
mathematical model of the wind turbine and the IM. The 
reference speed derived from the mathematical model is the 
input of a speed controller based on a PI regulator, and the 
outputs of this regulator are set points for the torque and the 
flux applied to the FOC block. This control consists of 
controlling the stator currents of the IM by generating pulses 
to the inverter, and producing a mechanical torque depends on 
the wind velocity required by the PMSG in a similar way as 
the real wind turbine. 

A. IM Model in the Park Reference Frame 

For torque and rotor flux calculation, stator current in three-
phase system (a, b, c) is decomposed in two dimensions 
orthogonal system. This change of variables is well known as 
Park transformation and can be used to reduce the complexity 
of the system control implementation. After the acquisition, 
the stator abc voltage and current are transformed into a 
stationary dq coordinate system. 

The dq stator voltages are expressed as: 
 

sd
sd s sd s sq

d
V R I w

dt

                          (18) 

 

sq
sq s sq s sd

d
V R I w

dt


                          (19) 

 
The dq stator voltages are expressed as: 
 

0 Rd
R Rd R Rq

d
R I w

dt

                          (20) 

 

0 Rq
R Rq R Rd

d
R I w

dt


                         (21) 

The dq stator flux is expressed as: 
 

sd S Sd SR RdL I M I                          (22) 

 

sq S Sq SR RqL I M I                          (23) 

 
The dq rotor flux is expressed as: 
 

Rd R Rd SR SdL I M I                          (24) 

 

Rd R Rq SR sqL I M I                          (25) 

 
The torque is expressed as: 
 

( )Rq
E Rd sq Rq sd

R

M
T p I I

L
                    (26) 

 
The speed is expressed as: 
 

s Rw p w                                (27) 

B. Torque and Flux Control  

The Field Orientated Control (FOC) is a technique of 
controlling the stator currents identified as two orthogonal 
components that can be represented by a vector. This control 
for the IM is based on Park reference which corresponds to a 
two-phase reference frame and it is generally related to the 
rotating magnetic field. This projection leads having for the 
IM a mechanical torque proportional to a flux and current 
similar to that of DC machine. 

The flux component (aligned with d coordinate) and the 
torque component (aligned with q coordinate) are the two 
constant reference inputs of the FOC strategy.  

The use of an IM with FOC brings more accurate to the 
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torque with less ripples but depends on machine parameter. 
This control requires a high performance calculator and 

consumes more processing resources. Fig. 7 represents the 
structure of FOC. 

 

 

Fig. 7 Structure of FOC 
 
According to the motor equation synthesis, the motor’s 

rotor flux r  is estimated to find the phase angle of the rotor 

flux rotating field e  and calculating with the torque 

reference Torque* the stator current quadrature component 
needed to develop the electromagnetic torque on the motor’s 
shaft. 

The rotor flux reference Flux* is used to compute the stator 
current direct component required to produce the rotor flux in 
the machine. 

In order to reduce the steady-state flux error and controlling 
the flux dynamics a flux controller based on PI regulator is 
used. 

The bang-bang current controller with adjustable hysteresis 
band width is used as the current regulator. 

The equations for the structure of FOC are as follows: 
 

* E R
qs

r SR

T L
i

p M
                                 (28) 

 

* r
ds

SR

i
M


                                    (29) 

 

e r mw w                                   (30) 

 

SR R
r qs

r R

M R
w I

L
                               (31) 

 

1
SR

r ds
R

M
I

t s
 


                                (32) 

C. Pitch Angle  

1) Pitch Actuator  

The wind turbine operates mainly in four regions delimited 

by the critical operating points. The first region related to low 
wind speeds. In this region, the wind turbine encounters the 
first critical point known as cut-in speed. Below this speed, the 
wind turbine does not operate, and it does not produce power 
as well; once this point reached, the wind turbine begins to 
capture the maximum energy from wind speed as power is 
proportional to wind speed. As the wind speed increases, the 
second critical point that is reached by the wind turbine is the 
rated speed. This region is related to medium and high wind 
speeds. Once the wind speed exceeds this point, the wind 
turbine blades begin to adjust their pitch angle to minimize the 
extracting of energy by shedding some of the energy in the 
wind. The objective of the control is to regulate both output 
power and speed to their rated values. As the wind speed 
increases, the third critical point that is reached is the cut-out 
speed. At this point, the wind turbine reaches their mechanical 
limit, it must shut-down to prevent damage to its self [1], [12], 
[14]. 

These regions of operation are shown in Fig. 8 where θ 
represents the blade pitch angle. 

 

 

Fig. 8 Regions of wind turbine operation 
 
The best way to exploit the maximum capacity of the wind 

in wind energy conversion systems is through the variable 

World Academy of Science, Engineering and Technology
International Journal of Energy and Power Engineering

 Vol:12, No:3, 2018 

251International Scholarly and Scientific Research & Innovation 12(3) 2018 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
ne

rg
y 

an
d 

Po
w

er
 E

ng
in

ee
ri

ng
 V

ol
:1

2,
 N

o:
3,

 2
01

8 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
00

08
75

9.
pd

f



 

 

speed wind turbines with pitch angle control [4], [11], [14]. 
However previous studies into the emulation of wind turbine 
system do not give attention to the control of pitch angle 
system. In order to make the WTE system more efficient and 
able to provide a complete substitution of the real wind 
turbine, we presented the pitch control using a FLC for their 
usefulness when the system is nonlinear, such as the wind. 

2) Pitch Angle Control Using Fuzzy Logic 

Fig. 9 shows the pitch angle control block diagram using 
fuzzy control. 

 

 
Fig. 9 Pitch angle block diagram using FLC 

 
The present work developed the fuzzy control using the 

Fuzzy Logic ToolboxTM of MATLAB/Simulink. Figs. 10 and 
11 represent respectively Membership function plots of input 
and output of the FLC using Mamdani’s fuzzy inference 
method to define how each point in the universe of discourse 
is mapped to a degree of membership between 0 and 1. 

 

 
Fig. 10 Membership function ΔP 

 

 

Fig. 11 Membership function Output 
 

Table II gives the rule base modeled in this work for the 
FLC. 

 
TABLE II 

RULES BASE FOR FLC 

ΔP NL       NM        NS        ZE          PS         PM         PL 

βref NL       NM        NS        ZE          PS         PM         PL 

 
The abbreviations used in Table II are defined as follows: 

 NL is negative large; 

 NM is negative medium; 
 NS is negative small; 
 ZE is Zero; 
 PL is positive large; 
 PM is positive medium; 
 PL is positive large.  

The De-Fuzzification is the process of interpreting the 
membership degrees of the fuzzy sets into a real value. In this 
FLC, the centroid method from singletons functions is used. 

IV. SIMULATION RESULTS AND DISCUSSIONS 

Based on the different mathematical models of wind power 
system presented previously, a software application was 
developed in MATLAB/Simulink. Fig. 12 presents the block 
diagram of the implemented and simulated WTE system. The 
wind profile exploited in this simulation is presented in Fig. 13 
and it is modeled in the deterministic form of a sum of several 
harmonics: 

 

tttttVt 645.36sin2.0930.12sin665.2sin2047.1sin2.09)(       (33) 

 
TABLE III 

PARAMETERS OF THE IM AND PMSG 

EQUIPMENT PARAMETERS 

IM 

- Rated power:1.5 kW; 
- Rated speed: 1450 rpm; 
- Number of pole pairs: 2; 

- Moment of inertia: 9.7 10-3 kg.m2; 
- Stator resistance (Rs): 5.63Ω; 
- Rotor resistance (Rr): 2.89 Ω; 
- Stator inductance (Ls):0.385H; 
- Stator inductance (Lr):0.385H; 

- Mutual inductance (Lm):0.367H; 
- Viscous friction f: 1.55 10-3 Nm/rd/s. 

PMSG 

- Type MA-6; 
- Stall Torque:3.6 Nm 

- Rated armature voltage: 127 V 
- Stall current:4.2A 

- Max Mechanical speed:6000rpm  
- Winding Resistor: 5.3 Ω 

- Winding Inductance: 11.6 mH 
- Rotor Inertia: 0.3 Kg m210-3 
- Torque Constant: 0.9 Nm/A 

 
Fig. 14 shows the dynamic behavior of the rotor speed of 

IM. The IM’s speed mostly depends on the wind speed 
velocities. This means that WTE can provide a speed similar 
to the wind turbine speed. 

Fig. 15 shows the torque generated by the IM, it pursues the 
different variation of wind speed, which confirms the 
effectiveness of WTE by reproducing the torque developed by 
a wind turbine for given wind velocities and driving the 
electrical generator in a similar way as a wind turbine. 

Fig. 17 shows the different values of pitch angle β for 
different wind velocities. Adjusting the pitch angle of the 
blades, provides an effective means of regulations or limiting 
turbine performance in strong wind speeds. The pitch angle β 
increases when the wind speed increases, which decreases the 
angle of attack. The lift force diminishes also, and this causes 
decrease of mechanical energy of WTE. 

Fig. 18 shows the line current generated by the PMSG. Both 
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the amplitude and frequency of the PMSG current varies 
depending on the wind profile.  

As it can be analyzed from the figures, there is a high level 
of correspondence between the wind speed profile applied to 

the mathematical wind turbine model and the characteristics of 
different responses of WTE such as the torque, the speed and 
pitch angle.  

 

 

Fig. 12 Membership function output 
 

 

Fig. 13 Wind profile 
 

 

Fig. 14 Rotor speed of IM 
 

 

Fig. 15 Mechanical torque of IM 
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Fig. 16 Power coefficient of the wind turbine 
  

 

Fig. 17 Pitch angle 
 

 

Fig. 18 PMSG current line response 
 
From results, it can be confirmed that the WTE can 

efficiently provide the steady-state and dynamic 
characteristics of a given wind turbine for different wind 
conditions. 

V. CONCLUSION 

Our work describes the main components of a WTE based 
on IM controlled by FOC.  

WTE can supply all required parameters of the wind turbine 
system such power coefficient, tip speed ratio, output torque 
and output power. It creates a controlled test environment for 
research into WECS. 

The control of pitch angle is one of the main steps in the 
emulation of the wind turbine for providing more realistic 
conditions for the emulator and a complete substitution of the 
real wind turbine. However, most of the previous studies into 
the WTE systems do not take into account the control of pitch 
angle despite the best way to extract the maximum power of 
the wind is through the variable speed wind turbines with 
pitch angle control. 

FLC is used in the pitch angle control system for their high 

accuracy, fast dynamic response, stability, solving nonlinear 
systems such as the wind which has the nonlinearity as its 
main characteristic. 

The next stage of our research will be the experimental 
confirmation of our theory. 
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