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ABSTRACT

This study presents an Optimized Wind Turbine Emulator (OWTE) based on a DC generator driven by a
three-phase Induction Motor (IM). The IM speed is varied using an AC drive that converts fixed RMS
voltage and frequency to variable ones due to v/f control. The frequency reference of the control was
calculated through optimized equations of a wind turbine model for maximum power and torque. The
overall system was simulated on Matlab/Simulink using a wind speed profile scenario. An experimental
test bench controlled by a TMS320F28379D card was set up in the laboratory to confirm the effectiveness
of the obtained simulation results.

Keywords-wind power conversion system; Wind Turbine Emulator (WTE); induction motor; DC generator;
Variable Frequency Drive (VFD)

. INTRODUCTION systems, due to the high inv;stment cost of setting up a wind

o ] ) ) turbine and the slow dynamics of wind speed. Emulators are

The growing interest in using wind energy has led many  ysed to reproduce the characteristics developed by wind
researchers to experiment with emulators instead of real power  tyrbines for given wind speed profiles [1-2], and several
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different emulators have been suggested. Some are based on
permanent magnet synchronous machines [3], DC, or induction
motors to replace the mechanical part [4-6]. Many electrical
machines have been considerted for the generator part, such as
self-excited induction generators [7-8], permanent magnet
synchronous generators [9-10], or DC generators [11]. The
study of emulators focuses on several parameters such as the
generator speed, pitch angle, maximum power, and torque [12].
Digital circuits, including FPGAs, microcontrollers, and DSP
cards are used to apply efficient control algorithms with these
emulators [13-14].

This work was based on an electromechanical system
designed to achieve an efficient model of the conversion
system as an Optimized Wind Turbine Emulator (OWTE). The
OWTE was made up of a DC generator driven by an induction
motor monitored through a v/f control. The speed reference
was generated from the derived equations of power and torque
in the maximum states. The model was simulated in
MATLAB/Simulink and analyzed to test its effectiveness. In
addition, an experimental setup was set up in the laboratory,
where the adopted control was implemented on a Texas
Instruments digital signal processing cardboard to provide
more credibility and experimental verification of the results.

II. DESCRIPTION AND MODELING OF THE
PROPOSED SYSTEM

Figure 1 shows the structure of the proposed system, which
is composed of an Optimized Wind Turbine Model (OWTM), a
Variable Frequency AC Drive (VFD), and an AC to DC Motor
Generator Set (M-G).

AC to DC Motor Generator Set
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Variable '
Frequency AC 1 Load
Drive (VFD) ‘ O
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Wind Turbine Model

Fig. 1.
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The proposed system of the OWTE.

A. Wind turbine Model

A Wind Turbine (WT) transforms the kinetic energy taken
by the blades into mechanical torque at the rotor shaft.
However, the geometry of the turbine, the wind speed (V,,), and
the pitch angle (f) of the blades have an essential influence on
its performance [15]. The aerodynamic power depends on the
wind power and the power coefficient C,,:

Py =5 A0V Co (1 B) M

where p is the air density, and A is the area swept by the rotor
blades given by zR’ and R is the turbine radius. Cy(4, p) is the
ratio between P,, and V,,, which depends on f and 4 being the
pitch angle and the Tip-Speed-Ratio (TSR), respectively. 4 can
be obtained from:

Vol. 13, No. 2, 2023, 10559-10564 10560
0OR
A= 2

where Q is the angular velocity.

Moreover, many studies have been conducted to define the
appropriate expression of C,, while others proposed functions
that can approximately represent the real curve of the power
coefficient. Polynomial, sinusoidal, and exponential function
models are usually used to model the power coefficient [16].
The sinusoidal and exponential function models are related to A
and g to control the required C,. The polynomial function
model assumes that the attack angle of the wind turbine blade
is constant. This model makes C, a simple function that
depends on a specific A [17]. The adopted model is based on the
exponential function expressed by:

C(ALB)=¢c (02% —c3f — caffs — Cs) e =i+ cgd (3)
with:

11 aso

2 AtasB B3+l

“

Some studies adjusted the exponential function model to
obtain a specified C, curve by choosing the coefficient values c;
[18]. An ideal wind turbine can obtain only 59.25% mechanical
energy from the overall kinetic wind energy, known as the Betz
limit [19]. However, the aerodynamic torque of the wind
turbine T, is a relation between the mechanical power and the
angular velocity:

_ 1mpR*V,3Cp(AB8)
T2 0

(&)

Figure 2 shows the mechanical model of the WT
conversion system. Turbine blades and the electromechanical
converter are among the main components of the WT system,
as well as the gearbox with its gain G, which is a mediator
between the low-rotation shaft €, and the high-rotation shaft
Q,, [20-21].
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Mechanical model of the WT conversion system.

<=

Fig. 2.

Equation (6) describes the basic mechanical equation Q,,
for the high-speed shaft tied to an electrical generator, whereas
(7) expresses the equivalent inertia J acted on the high-speed
shaft, i.e., the generator side [21]:
dom

Tt _
G Ty =] dt

6)

J=2+], (7)

where T, and T, are the corresponding turbine and generator
torques and J, and J, are the low-speed (turbine side) and high-
speed (generator side) inertia shafts, respectively. Figure 3
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shows the static and dynamic characteristics based on the
above equations to provide a realistic WT model [21-22]. The
adopted model was verified in Matlab/Simulink based on the
parameters in Table I. Figure 4 shows the obtained curve of C,
based on (3), where the chosen c; values are listed in Table II.

Static model | Adaptaion (Gearbox) | Dynamic model
I

Vi 1mpR*V G, B) | Te |
2 Q 1
I
Cp |
I
Co(AB) |«—g =R |
s AN
1
Fig. 3. Overall wind turbine model.
TABLE L PARAMETERS OF THE WIND TURBINE MODEL
Parameters Values
Rated power 10KW
Cut-in wind speed 3.0m/s
Rated wind speed 10m/s
Rotor diameter 7.1m
Gear 7
Number of blades 3

—p=0 —p=2 B=4 —p=6 —p=8
T T

Power Coefficient CP

Lamda

Fig. 4. Curve of the power coefficient Cp.
TABLE II. PARAMETERS OF THE POWER COEFFICIENT
Cy C2 C3 Cq Cs
0.5175 116 0.4 0 0
Cs C7 Cy ay a10
5 21 0.0068 0.08 0.035
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Fig. 5. Wind turbine power versus angular speed.

As shown in Figure 4, several curves were deployed based on
various pitch angles. However, only the curve corresponding

to f=0° will be considered in this paper with 1=8.1 that will be
defined as the optimal 4,, as a result of the achieved
maximum value of the power coefficient C,,,,=0.48 [23].
Figures 5 and 6 show the mechanical power and torque
characteristics of the wind turbine model used versus the
angular speed. The Maximum Power (MP) and Torque (MT)
curves shown in Figures 5 and 6 are the main structure of the
OWTM.
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Fig. 6. Wind turbine torque versus angular speed.

B. Variable Frequency AC Drive

Figure 7 shows the major components of a PWM-based
VFD: non-controlled three-phase rectifier, DC bus/filter, and
the three-phase inverter with its control unit.

_— U
N s’
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w
3-Phase Bridge 3-Phase
Diode Rectifier Inverter
Fig. 7. Structure of a PWM-based VFD.

The VFD varies the speed of the induction motor based on
v/f control to keep the torque constant [24]. Figure 8 presents
the variation of the stator voltage of IM versus frequency. The
linear zone in the range [f;,;, - fwea] Will be used to generate an
adequate v/f profile for the control unit.
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Fig. 8. Variation of IM voltage versus frequency.

C. AC to DC Motor Generator Set

The M-G set used consists of a three-phase induction motor
(squirrel-cage) coupled directly to a DC generator (DC-G). The
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IM will produce a variable speed to the DC-G. This latter will
produce a variable power according to the wind speed profile.

ik

Fig. 9. The M-G set association.

III. THE ADOPTED CONTROL METHOD

Figure 10 shows the adopted OWTM with the VFD and the
M-G set, which operates at the optimal C,,,=0.48 and
Aopr =8.1.

3-Phase Bridge 3-Phase
Diode Rectifier Inverter v
] —fYLT\
= Lt v
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— W

I J
Wind !
Profile>] Tmax [ Pmax [ Qopt

N e oo 7
Optimized Wind Turbine
Model
Fig. 10.  Block diagram of the proposed OWTM.

The maximum torque and power expressions obtained from
Figures 5 and 6, using the curve fitting tool in Matlab, are:

Tpax = 5437 V2 — 1.506 + 10713 ®
Pmax = 0857 'Qopt3 + 3505 * 10—13 (9)

The sensed angular speed @y, of the IM and the wind
profile speed were employed to obtain the maximum power
using (8). Then, the reference angular speed Q,,, was obtained
according to (9). After that, the frequency reference f,, of the
VFD was generated for the three-phase inverter. The v/f profile
was determined for a rated frequency and voltage of 50Hz and
380V. Three sinusoidal reference signals were generated and
compared with a carrier triangular signal to control the inverter
switches.

IV. SIMULATION RESULTS

The proposed system was modeled in Matlab/Simulink, as
shown in Figure 11, using an M-G set of 1.5KW and a load of
122Q. This simulation aimed to analyze the response of the
optimized wind turbine emulator when it is exposed to a
variable wind profile scenario between 4-9m/s. Figures 12-15
show the results obtained for 12s.
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Fig. 11.  Simulink model diagram of the proposed OWTM.
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Fig. 12.  Simulation results: (a) V,, (m/s), (b) Q,, and Q. (rad/s), (c) frr
(Hz).
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Fig. 14.  Simulation results: (a) Iy (A), (b) Torque (Nm).
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Fig. 15.  Simulation results (a) Vpc (V); (b) Ipc (A); (c) Power (W).

As shown in Figure 12, the optimal speed Q,,, follows the
wind speed scenario. The difference between Q,,, and the speed
produced by the induction motor Qy,, is justified by the slip.
The calculated f,.; which varied between 20-50Hz, was used to
control the VFD. The output AC voltage of the VFD has three
levels with a variable frequency and RMS value, as shown in
Figure 13. The rotational speed Nj, varied between 600-
1430rpm. However, the obtained torque, shown in Figure 14,
was almost constant due to the v/f control. The same remark
was noted for the IM current, which was also sinusoidal in
shape. According to Figure 15, the generated power of the DC-
G pursued the different variations of wind speed, which
provided the main outcomes of the OWTE. The DC voltage
varied in the 85-200V interval. The DC current changed from -
1.6 to -0.6A, the negative values were due to the generator
operating mode in Simulink, whereas the power variation was
between 55-300W. These results show that the system
effectively reproduced the static and dynamic characteristics of
the wind turbine for the maximum value under different wind
conditions.

V. EXPERIMENTAL RESULTS

Figure 16 shows the proposed hardware rig of the OWTE,
consisting of a variable speed drive, namely Altivar 18, and a
1.5KW three-phase induction motor coupled to a DC machine
that fed a resistive load of 122Q. A TMS320F28379D
launchpad card was used to control the VFD. Current and
velocity hall-effect sensor cards were used to sense voltage.
Data acquisition in real-time was carried out in Matlab using a
NI 6009 card.

Fig. 16.

Test bench of the proposed system.

The proposed system was verified experimentally using the
same wind profile scenario as the simulation. Figures 17 and 18

illustrate the main results for 60s. The rotational speed Ny,
shown in Figure 17, varies with the wind profile between 500-
1430rpm. In the same figure, the AC voltage with three levels
has a variable frequency and RMS value, and the IM current is
sinusoidal in form. Figure 18 shows the variation of the
generated DC power across the load between 10-320W. The
DC voltage was established in the 10-210V interval and the DC
current was between 0.4-1.7A. The experimental results
confirmed the simulations and validated the proposed emulator.

Speed (pm)
IR

a
8

200

I I i I
01 91.01 9102 9103 01.04 91.05 91.06 91.07 01.08 91.00

L f L 1 L 1 L 1
o1 91.01 9102 91.03 91.04 91.05 91.06 91.07 91.08 91.090
Time (seconds) sec

Fig. 17.  Experimental results: (a) Ny (rpm), (b) Uac, (¢) I
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Fig. 18.  Experimental results: (a) Vpc, (b) Ipc, (c) Power.

VI. CONCLUSION

This paper presented an efficient structure of a wind turbine
emulator based on an optimized model. This emulator system
consists of an induction motor connected directly to a DC
generator to reproduce the same dynamic behavior of a wind
turbine, such as the torque, mechanical power, and angular
speed. Considering the turbine model with a fixed pitch angle,
the used control extracts the maximum power using simple
fitting equations of power and torque curves. Based on the
simulation and experimental results, the proposed WTE can
effectively emulate the behavior of a real wind turbine, and the
control method achieved good tracking of wind speed
variation. In future work, the proposed OWTE will be
developed by testing other structures and controls with the
possibility of injecting energy into the grid.
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