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Abstract—This paper proposes the wind turbine emulator
for wind power generation systems. The focus is on
simulation of the operation of wind turbines at different
wind speeds to test the capacity and efficiency of generating
three-phase electricity. The wind turbine emulator consists
of a simulation program and a mechanical part. To simulate
the power generation system of wind turbines, researchers
use a 400-watt permanent magnet synchronous generator
wind turbine connected to a 400-watt servo motor with a
built-in absolute encoder and controlled by a servo driver.
The motor's torque is controlled by data from mathematical
equations in the MATLAB model.

Index Terms—Mechanical model, permanent magnet
synchronous generator, wind energy, wind turbine emulator

. INTRODUCTION

Nowadays the demand for electric power is increasing
day by day. The electricity used today is derived from
natural gas produced from coal, produced by the water
pressure in the dam, and renewable energy such as
biomass energy, solar energy, and wind energy. It is well
known that fossil fuels are a finite resource. It took a long
time to build, and this type of fuel is expected to run out
in the future. By then, renewable energy will play a more
significant role and could become a primary energy
source in the future [1]. Renewable energy is an
alternative form of energy that is clean, highly efficient,
easy to find, and environmentally friendly [2]-[5]. Wind
power is natural energy generated by temperature
differences, atmospheric pressure, and the earth's
rotational forces. These are the factors that contribute to
wind speed and wind power. Wind energy, like solar
energy, is not a costly resource. Currently, wind energy
has been utilized more and more [6]. There are devices
that help in converting wind energy into other forms of
energy, such as wind turbines that turn wind power into
electrical energy.

Renewable energy of wind turbine systems is mainly
based on permanent magnet synchronous generator
(PMSG) and double fed induction generator (DFIG) [7].
The wind turbine with PMSG is more reliable than DFIG
because the PMSG system does not require a gear system
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[8]. It can be installed in almost any terrain and generate
electricity if there is wind. Wind turbines are designed to
handle various wind speeds because the wind speed is not
the same, even in areas not very far from each other. The
speed of the wind is directly proportional to the rotation
of the wind turbine blades.

In this paper, the researchers focus on developing a
wind turbine emulator system at various wind speeds to
test the ability and efficiency of various types of wind
turbine blades. Therefore, the study focuses on wind
turbines with permanent magnet pole generator systems
and permanent magnet generator wind turbine operating
systems.

Wind turbine emulators can be divided into three
groups. Electrical-mechanical simulations, program-
based simulations, and power electronic simulations [9]-
[11]. The most common wind turbine system simulation
is the electrical-mechanical, which consists of a generator
in conjunction with a motor. On the motor side, it can be
used with a DC motor [12], an induction motor with a
speed drive control, an induction motor with frequency
control [13], or an induction motor with torque control
depending on their control system [14]-[16]. The
generator side can use either a three-phase synchronous
generator [17], a permanent magnet synchronous
generator (PMSG) [18]-[22], or a DC motor. The
researchers choose a simulated electrical machines
method and control the operation using a computer
program.

This paper describes the experimental verification of
electrical-mechanical simulations conducted with an AC
servo motor attached to the PMSG wind turbine shaft.
The program part is made in MATLAB/Simulink, which
contains several calculations blocks necessary for
creating wind turbine behavior [23].

The wind turbine model is based on the blade element
momentum theory proposed in [24]. The proposed model
was constructed with fluid analysis considering the wing
shapes of the wind turbine.

Il. WIND TURBINE EMULATOR

Fig. 1 shows the basic structure of a wind turbine
emulator system. This research used Blade Element
Momentum Theory (BEM) to model wind turbines. The
wind turbine model contains three-dimensional data of
the wind turbine characteristics used to generate the
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behavior of the wind turbine blades when in contact with
natural wind, as well as a mechanical model showing the
difference between an actual wind turbine and a
simulated wind turbine driven by a motor drive. The wind
turbine model is the core of the simulation, as we did not
use an actual wind turbine or wind blade in this research
to generate the torque needed to drive the generator. The
wind speed is the default variable for the simulator. The
rotational speed is generated by the encoder (RE)
attached to the motor. The wind speed was specified as
the first condition of the simulator. The wind speed has a
variable value and contains sinusoidal values of the
intention to replicate actual wind speed, which can
change from time to time.
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Fig. 2. Wind turbine model and inertia model.

Fig. 2 shows the workflow of the wind turbine
emulator system, where the data transmission and
calculations come from mathematical equation blocks
generated by the MATLAB/Simulink program. The value
of the signal to be fed into the driver operating system
must be referenced from the equations data set. The
functional diagram can be illustrated as follows. The
illustration of the computer in Fig. 2 represents the data
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that has been put in the system as an input or parameter.
The concept of the wind turbine simulator system looks
similar to [25] in terms of the input data and torque
reference but different in motor and program logic since
this research uses servo motor with driver instead of DC
motor.

A. Wind Speed Data

The first part of the wind turbine model shown in Fig.
2 is wind speed data. Wind speed data is a set of
instructions for generating wind speed signals. The speed
value depends on the size of the signal inserted into the
block.

B. Wind Turbine Wing Performance Calculation

The wind turbine power calculation is a set of
instructions created by simulating the wind flows through
the turbine blades. Kinetic energy is transferred to the
blades, causing the turbine to rotate around its axis and
generate mechanical energy or torque (Ty) in the system.
The resulting value varies depending on the type and size
of the turbine blades. Various information is calculated
from the BEM data of the turbine blades simulated from
the fluid program obtained from wind shape in Table I, a
previous research work by researchers [24]. The airfoil
structure is shown in Fig. 3. The main values used are the
lift coefficient C, and drag coefficient Cq. The three-
dimensional data are calculated by applying the Iift
coefficient C, and drag coefficient Cy obtained by fluid
analysis into the equation of blade momentum theory.

Table | shows the wing blade parameter made from
NACA4412 [24].

The cross-section of blade shape is shown in Fig. 4.
The xu, yu coordinate is the upper part of the airfoil, and
the xI, yl coordinates are the lower part.

Fig. 3. Lift and drag.

TABLE I: WING SHAPE

Code RE:; ]cd;:Z?f; ;r]c;m C[m] width of | pA[deg] a_ngle of
number code twist
rotor

1 0.08 0.096 -
2 0.10 0.094 -
3 0.12 0.093 -
4 0.14 0.092 15
5 0.16 0.090 3.2
6 0.21 0.085 45
7 0.41 0.066 4.8
8 0.61 0.048 49
9 0.66 0.044 4.9
10 0.71 0.040 5
11 0.76 0.035
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Fig. 5. The angle of attack of 10 [deg] of the wind velocity distribution.
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Fig. 6. The angle of attack of 10 of the wind velocity distribution.

ANSYSS Fluent uses the XY coordinate data. Fig. 5 and
Fig. 6 show the examples of data simulators depicting the
wind speed distribution for the NACA4412 profile at a
meeting angle of 10° and —10°. C, and Cq are calculated
from the lift L and drag D obtained from Fluent from (1)
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where p is the air density [kg/m?], L represents the lift, D
represents drag, Vo is the wind velocity [m/s], and c is the
width of code.

C. Inertia Modification

The next part of the wind turbine emulator is the
inertia modification. This section contains real wind
turbine systems and wind turbine simulators [26]-[28].

Fig. 7 (a) shows the mechanical system of the actual
wind turbine. The torque and speed of the wind turbine
come from the rotation of the rotor and are then
transmitted to generator torque and rotational speed
through the gearbox. The mechanical system of an actual
wind turbine is described as follows:
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where T is the wind turbine torque [Nm], Tq is the
generator torque [Nm], J; is the wind turbine moment of
inertia [kgm?], Jq is the generator moment of inertia
[kgm?], By is the wind turbine coefficient of viscosity
[Nm/(rad/s)], Bq is the generator coefficient of viscosity
[Nm/(rad/s)], wq is the generator rotational speed, and
na/ny is the gear ratio.
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Fig. 7. (a) Real turbine and (b) Motor model.

Fig. 7 (b) shows the mechanical system of the wind
turbine emulator, which consists of a motor. The motor
torque and speed come from the rotation of the motor and
are then transmitted to generator torque and rotational
speed through a gearbox. The mechanical systems of
wind turbine emulators are described as follows:

2 2
n, | | dog n n
Jg+3m[ni] W:Tg—TmEZ— Bg+3m[njj oy. (3)

where Jn, is the induction motor moment of inertia [kgm?],
Tm is the motor torque [Nm], and Bn is the motor
coefficient of viscosity [Nm/(rad/s)].

Inertial modification is a series of mathematical
calculations to convert wind turbine system to motor
system because, in this research, the servo motor is used
to drive the generator, not an actual wind turbine.
Therefore, it is necessary to relate the torque T; generated
by the turbine blade to the torque Tm generated by the
motor. The torque control and inertia modification are
also used in [29], with a squirrel cage induction motor as
the drive source. Since the stator of the induction motor
consists of coils while the stator of the servo motor
consists of a permanent magnet, the inertia of the
induction motor is very high while the inertia of the servo
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motor is low. For this reason, a servo motor can be
stopped very quickly. A servo motor is more effective
than an induction motor when high torque, positioning,
and brake control are required. The difference between T;
and Ty, can be compensated by

J
T et =J—m(Tt—Bta)t)+ B, . (4)
t

where an]ef is the induction motor torque reference [Nm],
and w is the wind turbine emulator rotational speed.

D. Controller

When the motor's torque has been acquired, the next
step is to send the data to the driver, as shown in Fig. 1.
The driver used in this research requires an analog input
as a torque command for torque control. Therefore, the
microcontroller used in this research must receive data
from MATLAB and forward the analog data to the
controller driver. The microcontroller chosen for this
research is the Arduino Due Board. It is one of the few
Arduino boards equipped with two real DAC converter
channels and has high processing power (ARM Cortex-
M3 core), which improves the execution speed of the
digital controller [30]-[31]. In some projects related to
wind turbines, the Arduino board has been used as a
microcontroller in data acquisition and processing
systems [32]-[33]. In [34], a control system was
presented using FPGA with MATLAB to control a DC
motor. FPGA is more expensive and complex than
Arduino.

The data received from the inertial block needs to be
converted into a data set that the microcontroller can
understand. Therefore, an additional MALAB block in
the wind turbine acts as a data conversion system. The
hardware also had to be modified because the input and
output ranges of the Arduino Due and the driver did not
match. The microcontroller board has an operating
voltage of 3.3 V. This means that the maximum voltage
that the DAC can produce is 3.3 V. In contrast, the
driver's analog input commands for speed and torque are
10 V and 9 V, respectively. Conditioning hardware had to
be developed to connect the Arduino Due Board to the
driver system. Therefore, the system requires control
circuitry to adjust the D/A output signal. The chosen
microcontroller, control circuit inspiration, and
MATLAB control method for the Arduino were
explained in [35]. The microcontroller also receives the
pulse data from the encoder through the driver.
Programming in the Arduino is also required to convert
the pulse data into rotational speed [rpm] data [36]. The
control system in [37] also uses the MATLAB control
method, but with a PI controller and fuzzy logic with a
DC motor as the drive, which requires more
computational effort than controlling the servo motor
used in this research. The Arduino system supports C++,
but other languages can be used with the appropriate
software [38].

I1l. EXPERIMENTAL SYSTEM

When the wind turbine emulator system is integrated
with the device and external circuits, it can be described

©2022 Int. J. Elec. & Elecn. Eng. & Telcomm.

in Fig. 8. A microcontroller controls this system. The
wind turbine model uses wind data as input to generate
torque reference. The velocity data is input through the
data stored on the computer, and the angular velocity is
obtained from the encoder through the microcontroller.
The driver controls the motor torque. The motor operates
based on the reference torque value provided by the
microcontroller. The encoder sends the signal back to
MATLAB/Simulink [39] through the bifurcation circuit,
a filter for the encoder when the motor rotates. The torque
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Fig. 8. Experimental system.

Fig. 9 shows the change in wind speed, Vo [m/s]. The
140s is the simulation time used for the simulation
process. The change in wind speed includes the ranges of
low wind speed of 5 m/s, which increases to 6 m/s at the
70s, and then changes to the range of medium wind speed
of 7 m/s at 95s. At the high wind speed of 9.2 m/s at 132s,
there is turbulence in the wind speed at the 50s, 75s, and
100s made to duplicate the sudden change in wind speed.
The turbulence is used to test the performance of the
wind turbine emulation system and whether the system
can work in the actual wind, which is not a stable value.
Moreover, the wind speed increase was represented as a
slope to duplicate the actual wind speed, which keeps
increasing with time.
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Fig. 9. Wind velocity.

Fig. 10 shows the difference between the experimental
wind turbine torque and the simulated wind turbine
torque calculated using the wind turbine model block.
The simulation time is 140s. The simulation data is from
mathematical calculations, while the experimental data is
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from the actual motor. At Os to 12s, the wind turbine
simulation graph shows that the wind turbine does not
start properly. At Os to 5s, the experimental graph for the
wind turbine torque is also uncontrollable. After 12s, the
system starts to control, and two values approach 0.6 N/m,
which means that the experimental system worked
correctly. When the input velocity became sinusoidal, the
experimental value was slightly unstable but still under
control. The highest value is 0.8 N/m, while the lowest is
0.3 N/m for the simulation data. In the 60s to 70s, the
torque increases from 0.6 to 0.8 N/m. At 75s, the system
experiences another sinusoidal signal, shifting the torque
signal between 1 and 0.38 N/m for the simulation data.
The experimental value was slightly unstable but still
within control. At 85s to 95s, the torque increases from
0.7 to 0.8 N/m. The experimental data still follows the
simulation value but is less stable than a constant
simulation. At 75s, the system experiences another
sinusoidal signal that causes a shift in the torque signal
between 1 and 0.9 N/m. The experimental value is still
under control. After 95s, the sinusoidal signal causes the
simulation torque signal to move between 1.1 and 0.5
N/m. The torque experiment still follows the simulation.
When the system enters the high-speed range at 120s to
140s, the experimental value increases and decreases
rapidly, which means that the control system is less
efficient in the high-speed range, but it is still controllable
because the value continuously approaches the simulation
value.
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Fig. 10. Wind turbine torque experimental and Wind turbine toque
simulation.

Fig. 11 shows the difference in value between the wind
turbine torque simulation and the motor torque simulation
resulting from the inertia modification block. The
simulation time is 140s. The y-axis of these two values is
different due to the conversion from the actual wind
turbine torque simulation to the motor torque simulation,
which is used as the control signal data sent to the
microcontroller to control the motor. The y-axis on the
left side of the diagram is the wind turbine torque
simulation, while the right is the motor torque simulation.
The wind turbine torque simulation graph is the same as
in Fig. 10. The shape of the graph looks identical, but the
value is different. At Os to 12s, the graph shows that the
wind turbine does not start properly, resulting in a sudden
shift of the value from 0.4 to 1 N/m in the wind turbine
torque simulation and from 0.03 to 0.08 N/m in the motor
torque simulation.
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Fig. 11. Wind turbine torque simulation and Motor toque simulation.

Fig. 12 shows the difference between the experimental
wind turbine torque and the experimental motor torque
calculated from the inertia modification block. The y-axis
of these two values is different from that in Fig. 11. The
y-axis on the left side of the plot is the experimental wind
turbine torque, while the right side is the experimental
motor torque. The experimental wind turbine torque
graph is the same as in Fig. 10. The shape of the graph
looks identical, but the value is different. The graph
shows that the experimental value has some ripple due to
the actual motor performance. At 0-5s, the graph shows
that the wind turbine system does not start properly,
resulting in a sudden shift of the value from 0.5 to 1 N/m
in the wind turbine torque simulation and from 0.04 to
0.08 N/m in the motor torque simulation. At the 120s,
when the system enters the high wind zone, there is more
ripple data than the low and medium wind speed zone.
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Fig. 12. Wind turbine torque experimental and Motor toque
experimental.

Fig. 13 shows the difference between the simulated
and experimental motor torque. Both data are from the
right side of the y-axis in Figs. 11 and 12, which are
calculated from the inertia modification block. This
figure explains the control situation of the wind turbine
emulator system when the wind turbine model data is
converted to the inertia modification block in the
simulation and experimental perspective. Since the data
itself is from the wind turbine torque, it also inherited the
control situation of wind turbine torque experimental
compared with wind turbine torque simulation in Fig. 10.
The behavior of the experimental diagram differs from
that of the simulated diagram, as the control system for
the simulation only starts control after 12s, while the
experimental diagram reaches control after 5s.
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Fig. 14 shows the rotational speed simulation
compared to the simulation of the analog motor signal
converted from the torque output simulation. The y-axis
of these two values is different. The y-axis on the left
represents the rotation speed simulation, and the one on
the right represents the analog motor signal simulation.
At 0s to 12s, the graph shows that the wind turbine is not
starting correctly, causing the value of the analog motor
signal to increase to 80 suddenly. After 12s, the system
starts to regulate, and the shape of the graph looks
slightly identical.

Fig. 15 shows the rotational speed experiment
compared to an analog signal experiment converted from
the experimental torque output. The y-axis of these two
values is different. The y-axis on the left side is the
experimental velocity, and the right side is the
experimental analog signal from the motor. The graph
shows that the experimental value has some ripple due to
the actual motor output and the stability of the
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microcontroller signal. The motor signal also has a high
ripple when it enters a high wind speed area. Since the
microcontroller can only receive digital data, the system
must convert analog data to digital data. The
microcontroller then converts this signal back to analog
values to control the motor through a driver that uses the
analog signal as reference data. The process involves
electrical circuitry to amplify the signal required for use
as a reference signal, as the microcontroller does not have
an acceptable signal range to control the motor at
maximum speed.

Fig. 16 shows the comparison between the rotational
speed simulation and the rotational speed experiment. For
wind turbine emulation systems using accurate engine
data, deviations from the reference values obtained from
the simulation data system occur during the first O to 12
seconds of operation, so the plots are quite different.
After the 12 second period, when the data is high and
stable enough, the motor starts to regulate correctly,
causing the data in the encoder circuit to become
turbulent and the data to deviate a little from the real-time
speed, but still closer to the simulation value than in the
first 12 seconds. At the 60s, the simulation value
increases as a slope from 420 rpm to 580 rpm. The
experimental data still follows the simulation but does not
have the same performance as when the simulation value
is stable. At 85, the rotation speed increases steeply again.
The performance is still the same as in the 60s to 70s. At
110s, the rotational speed of the system increases steadily
and enters a zone of high wind speed. At 130s to 140s, a
slight disturbance occurs. If the input is a sine wave, the
rotational speed also fluctuates depending on the input.
This system looks stable enough when the wind speed is
stable or not in a high-speed zone.
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Fig. 16. Rotational speed simulation and Rotational speed experimental.

Table Il shows the control parameters of the wind
turbine emulator. The pitch angle is used to calculate the
wind turbine torque. Coefficient of viscosity for motor,
coefficient of viscosity for the wind turbine, moment of
inertia for motors, moment of inertia for the wind turbine,
and gear ratio are used for inertia modification. Speed
gain of analog signals is used to regulate the
microcontroller's performance as the data provided
contains minor errors in each range of data signals, and
the data runs through an electrical circuit, which also
amplifies the shift in data sent to the driver. The
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microprocessor gain converts the motor torque data to 12-
bit data because the digital-to-analog and analog-to-
digital functions of the microcontroller use 12-bit
memory.

Table 111 shows the technical data of the servo motor
used in this experiment. Table IV shows the
specifications of the servo amplifier (servo driver) used in
this experiment. The specifications of the servo driver
and the servo motor must match for the servo motor to
function correctly.

TABLE Il: CONTROL PARAMETER OF WIND TURBINE EMULATOR

coefficient of viscosity for motor By, [Nm/(rad/s)] 0.00095101
coefficient of viscosity for wind turbine B, [Nm/(rad/s)] 0
moment of inertia for motor J,, [kgm?] 0.000024610

moment of inertia for wind turbine J; [kgm?] 0.104303696

gear ratio ny/n, 1
pitch angle[degree] 10
Low-speed gain of analog signal 0.85
Middle-speed gain of analog signal 0.75
High-speed gain of analog signal 0.70
microprocessor gain 3.3/4095
TABLE Ill: SERVO MOTOR SPECIFICATION

rated output [kKW] 0.4

rated torque [Nm] 1.27

max torque [Nm] 3.82

rated speed [rpm] 3000

max speed [rpm] 5000

rated current [A] 2.7

max current [A] 8.1

TABLE IV: SERVO AMPLIFIER SPECIFICATION

voltage input [V] 200-230
phase input 1
phase output 3
voltage output [V] 98
power [kKW] 0.4
frequency input [Hz] 50 or 60
frequency output [Hz] 0-333.3
rated current input [A] 4.3
rated current output [A] 2.7

IV. CONCLUSION

This paper proposed the wind turbine emulator for
wind power generation system. The wind turbine model
is built using the characteristic data of the wind turbine,
which is calculated with the lift and drag coefficient to
emulate the behavior of the wind turbine when its wind
blade is contacted by the neutral wind and generates
torque to operate the generator. The wind turbine model
is a mathematically calculated model using
MATLAB/Simulink. The wind turbine emulator was
implemented using a servo motor connected to a small
PMSG wind turbine without wind blades. The proposed
the wind turbine emulator system has verified its
performance by comparing the simulation of the wind
turbine model with the results of the experimental system.
The wind turbine model contains the wind turbine data
and a mechanical model. Therefore, the proposed wind
turbine emulator system can test the wind turbine design
without actual blades and can be used to analyze various
mechanical and electrical characteristics of a PMSG wind
turbine connected to the grid.
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