~ ¥ o

° s - . \— = 6
Enmeering Journal = e~ o~

A
3

Article

Development of Novel Wind Turbines Hybridized
between Permanent Magnet Disks and Additional
Motor/Generator for Extending Operating Range and
Enhancing Conversion Efficiency

Rungsiman Kulpetjira"’, Jeeraphun Kulpetjira', and Suwit Kiravittaya®

1 Phitsanulok Pittayakom School, 1 Moo 8, Ta Tong Sub-District, Muang District, Phitsanulok Province,
Thailand

2 Department of Electrical and Computer Engineering, Faculty of Engineering, Naresuan University,
Ta-Pho Sub-District, Muang District, Phitsanulok Province, Thailand

*E-mail: severip101@hotmail.com (Cotresponding author)

Abstract. We implement and evaluate a novel wind turbine setup, which consists of a
conventional wind turbine and a pair of coupled disks. The disks are coupled by
permanent magnets (PMs) and the distance between the coupling disk pair can be varied.
The force between disks has been simulated as a function of disk distance and magnetic
field strength. The strongest repulsive force is produced when the PM disks are in-line but
when the PM disks are interdigitated, the coupled force is changed to attractive force and
the coupling is maximized. Our testing experiment shows that when the wind speed is too
low, the coupled disks can transfer angular speed to the turbine in order to maintain the
turbine movement. With these added parts, we can avoid the rotational barrier from static
friction when the wind speed is increased again. Without the coupled disks, the turbine
will completely stop when the wind speed is too low. The static turbine needs stronger
wind to start the movement again. Extension of the utilization of the turbine to the high-
wind-speed situation has also been proposed. This work enhances the usage of wind
turbine for producing renewable energy in low-wind-speed regions.
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1. Introduction

Nowadays, utilization of renewable power and
energy becomes ubiquitous [1-3]. Wind energy is a kind
of renewable energy that has been integrated into the
electrical generation and distribution systems in many
countries [2-4]. Globally, the generated wind power in
2018 reaches 564 GW (from the total generated
renewable energy of 2351 GW) [5]. Wind turbine farms
have been continuously installed around the world.
However, in many countries including Thailand this kind
of energy resource is not practical because of several
limitations [3, 6]. The randomness nature of wind speed
and direction produces unstable energy flow in the
generating system based on pure wind [7]. Energy
storage might be used to relieve this problem, but it does
increase the system cost and complexity. Many
researchers have developed novel hybrid systems for
overcoming this problem. For example, Sun ¢f a/. have
demonstrated that the energy storage in term of
compressed air is feasible to integrate with a wind turbine
system [8]. Nowadays, many kinds of integrative power
systems and circuits have also been developed and
demonstrated for improving the energy conversion of
the overall systems [9-11].

In any turbine system, coupling is an important part
to transmit mechanical power from the turbine to
electrical generator. Simple coupling system consists of
only shaft, which directly connect the turbine and
generator on a single axis. For more complicated systems,
gearbox and mechanical brake system might be installed
in order to control the turbine. In many designs,
permanent magnet (PM) has been utilized in the coupling
system because it has advantages that there is no
mechanical contact involved [12-17]. Force can be
transferred via induced magnetic field. Hallbach design
has been widely adapted for this purpose [12-15]. Eddy
current is usually generated in such systems. In a novel
design of Potgieter ez al., PM coupling has been used for
coupling both turbine and stator [18]. In addition, this
PM coupling can also be used for braking function. To
our knowledge, PM coupling technology has not been
specifically tested in any conventional wind turbine
systems.

Here, we propose a novel concept of hybrid wind
turbine. It has advantages for both light-wind and strong-
wind situation as compared with a typical turbine system.
Qualitative comparison is presented in Fig. 1. Typically, a
wind turbine can operate in a wind speed range between
cut-in and cut-out speeds. The turbine can generate
amount of electric power depending on the turbine speed
[2-4]. The cut-in wind speed is needed because the
turbine at rest must overcome the static friction in the
system while the turbine cannot operate above the cut-
out speed due to the safety reason. For the latter case,
the maximum turbine speed must be set based on the
mechanical design of the system. With the hybrid wind
turbine, we can extend the operating range. The cut-in
speed can be shifted to the lower value by avoiding the

static friction and the second generator can be applied to
increase the generated power and reduce the turbine
speed. Both functionalities can be integrated to a
conventional wind turbine by using coupling disks
connected with motor/turbine.

In this work, we investigate the PM coupling disk by
first simulating the magnetic field to qualitative describe
the coupling behavior. A prototype of hybrid wind
turbine is implemented in this work and the experimental
testing of the system in light wind situation is done. A
promising result is obtained. Algorithm for operating this
hybrid wind turbine for both low-wind-speed and high-
wind-speed situations is proposed. The paper is divided
into 7 sections. They are 1. Introduction, 2. Simulation of
Magnetic Coupling Force, 3. Prototype Development, 4.
Experimental Setup, 5. Results in Low-wind-speed
Scenario, 6. Proposed Diagram for Automatic Operation
and 7. Conclusion.

2. Simulation of Magnetic Coupling Force

In order to evaluate the magnetic coupling, a
simulation of magnetic field distribution from the PM
disks is performed. Figure 2(a) is a schematic drawing of
the simulated PM disks installed on solid circular plates.
The PM disks are axially aligned. The distance 4 and the
mismatch angle 0 between them are varied in this work.
For the simulation we use a finite-clement-method (FEM)
based software package to simulate the magnetic field
and calculate the force [19]. Details of the structural
normal wind
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Fig. 1. Schematics of generated power vs. wind speed in
(a) a conventional wind turbine and (b) the proposed
hybrid wind turbine.
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Fig. 2. (a) Schematic of the simulated coupling disks. Magnetic field distribution on the middle plane when between
the disks when the magnets are (b) aligned and (c) interdigitated.

parameters are as follows. The solid circular plates have
the diameter of 17 cm. Nine cylindrical PMs (diameter of
19 mm and height of 8.9 mm) are installed on the inner
edge of each circular plate. The angular distance between
PMs is 40°. Therefore, 0 can be varied from 0° (petfectly

aligned) and 20°. In the latter state, the PMs on the
coupling disks are interdigitated. Magnetic strength in
term of equivalent magnetic flux density is fixed at 1 T
for each PM. North pole of all PMs on the upper PM
disk are faced down to the north pole of the PMs on the
lower PM disk.

Figure 2(b) shows the results from the magnetic field
simulation on the middle plane between the PM disks for
d =2 cm and O = 0° It shows that magnetic field is
distributed into a ring shape for each PM pair because
the strong magnetic repulsion between the same poles
(north) of each pair is induced in this configuration. This
configuration thus exhibits the unfavorable coupling of
the PM disks.

Figure 2(c) shows the simulation results for 4 = 2 cm
and O = 20°. The magnetic field distribution largely
changes as compared with the former case (Fig. 2(b)).
The magnetic field from each PM are interdigitated
uniformly along azimuthal direction. The result implies
the preference of the coupling between these coupling
disks. The PM in upper and lower disks are furthest apart
at this configuration and therefore the north pole of each
PM can interact with the opposite pole on another side
of the nearby PMs.

To quantify the induced magnetic force between PM
disks, the vertical and hotizontal forces are calculated as
a function of both 4 and 0. They are calculated from the
obtained magnetic field vectors |20, 21], i.e.,

F:%j(H(n-B)—kB(n-H)—n(B-H)) dA=0 (1)

where F is the derived force vector (N), H is the
magnetic field strength (A/m), B is the magnetic flux
density (T), n is the unit normal vector, and A is the
integrated area which is the middle plane.

Figure 3(a) shows the extracted vertical force
between coupling disks at different angle for the distance
d=1,2,and 3 cm. The repulsive force (positive value) is
generally observed because of the same PM polarity. The
maximum repulsive force is observed when the PM disks
are aligned and it monotonically increases when the
distance decreases. When the angle 0 is varied, the
change of the sign from repulsive force to attractive
force is observed. For the distance 4 = 1 cm, the

attractive force occurs at 0 between 12° and 28°. This
indicates the coupling ability of the disks.
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Fig. 3. (a) Calculated vertical pushing force between the
disks when the distance 4is 1, 2, and 3 cm. (b) Calculated
in-plane pushing force between the disk when 4 =1 cm.

Zero in-plane force is observed at 8 = 0° and 20°.
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Fig. 4. Photo of prototype of the developed hybrid wind turbine. It consists of a pair of coupling PM disks, motor,
electric slider, generator, turbine, proximity sensor and anemometer.

Figure 3(b) shows the in-plane pushing force between
the disk at the distance 4 = 1 cm. When the disks are
either petfectly aligned (B = 0°) or petfectly interdigitated
(0 =20°), the in-plane force disappears because of the
symmetrical cancellation of all in-plane attractive/
repulsive forces. Maximum in-plane force occurs at the
angles of 7°-10° and 30°-33°. The asymmetric force
profile originates from the geometries of both PMs and
the coupling disk. At these angles, the disk prefers to
rotated away in order to reduce this force. In
combination with the vertical force, the disk will prefer
to couple in the interdigitated states (at O = 20°).

3. Prototype Development

The prototype developed and further tested in this
work consists of a generator connected with a turbine
and a coupling disk. Another coupling disk is connected
with a DC motor installed on a linear electric slider.
Wind speed and turbine speed are measured with an
anemometer (UNI-T UT363) and a proximity sensor,
respectively. A photo of the prototype is shown in Fig. 4.

Coupling PM disks consist of 9 pieces of donut
shape neodymium iron boron grade N42. They are
installed on the inner edge of 1 cm thick acrylic disk. The
first PM disk connects to the generator and the turbine
with the same shaft. Another PM magnet disk connects

to the speed-controlled motor (Oriental DSC Series 6W
speed 18-320 rpm). The linear electric slider consists of
THK Caged ball LM series guide actuator and Vexta
oriental stepping motor at the base. This slider is for
moving the motor connected with PM disk to couple or
uncouple with another PM disk.

4. Experimental Setup

Schematic diagram of the setup for testing
experiment is shown in Fig. 5. Controlled and constant-
speed wind is generated from a commercial fan. The
measuring part consists of a 4-channel digital
oscilloscope (Keysight MSOX2014A) and a computer.
The wind speed is measured by the anemometer, which
is installed below the turbine. The signal is sent to the
oscilloscope. The turbine speed is measured by the
proximity sensor. The wind power is converted to the
voltage signal at the generator. The signals from both
proximity sensor and the generator are sent to the same
oscilloscope. The motor and electric slider are separately
controlled. The control box is developed to allow a
manual control of both DC motor speed and the
distance between two coupling disks. All signals are
recorded and analyzed offline by using a computer with
the MATLAB program [22].
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Fig. 5. Schematic diagram of the setup for testing experiment.

5. Results in Low Wind Speed Scenario

Typical voltage signals from the generator, proximity
sensor and anemometer are shown in Fig. 6 for three
wind speeds. In Fig. 6(a), the average voltages (18.34,
24.74, and 28.33 V) can relate to the turbine speeds (469,
638, and 728 rpm). The higher voltage is obtained when
the input wind is stronger. However, the voltage signals
are not constants. The observed oscillation is due to the
internal pole inside the generator. This oscillation
frequency is proportional to the turbine speed as well. To
accurately measure the turbine speed, signal from the
proximity sensor is measured as shown in Fig. 6(b). The
width of the pulse 47 and the period is inversely
proportional to the turbine speed. From this signal, one
can measure the turbine speed by the measuring the
pulse width or the signal period.

In Fig. 6(c), the voltage signals from the anemometer
are recorded. Both pulse width dfc and the signal period
are inversely proportional to the wind speed. The wind
speeds are 3.6, 4.0, and 4.4 m/s. A linear relation
between the wind speed and the turbine speed is
assumed in our test.

The experiment comparison between normal wind
turbine and wind turbine with rotating disk coupling is
presented in Fig. 7. In the tested situation, strong-wind
to no-wind and light-wind scenario is set. Figure 7(a)
shows normal wind turbine without rotating disk
coupling. The result shows that when the turbine faces
with strong wind the turbine speed increases and become
stable in the first 30 second. Then, by switching off the
wind, the turbine speed decrease to zero (in the next 18
second). Later, when the light wind presented, the
turbine is still not rotated because the wind speed is still
below the cut-in speed of the turbine.

For the same turbine with the rotating disk coupling,
the result is shown in Fig. 7(b). If the rotating disk is
coupled to the turbine when the light wind is presented,
the turbine can initiate its rotation and the wind can
maintain it. One can gain the wind power in this scenario
if the light wind scenario occurs in a long-time scale. The
energy is needed for initially rotating the turbine.
However, we believe that one can gain more energy
when the light wind does continuously flow.
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Fig. 6. The recorded signals at three different wind speeds: (a) voltage signal at the generator terminal, (b) proximity

sensor signal and (c) anemometer signal.
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Fig. 7. The recorded turbine speeds in case that the rotating PM disk is (a) unused and (b) coupled when the wind

speed is low.

6. Proposed Diagram for Automatic Operation

According to the result shown in the previous
section and the concept described in the introduction
(Fig. 1), an automatic operation of the hybrid wind
turbine can be proposed. The proposed diagram for
automatic operation is shown in Fig. 8. The operational
system starts by getting the signal from proximity sensor
then convert signal from digital pulse to turbine speed. If

turbine speed is lower that constant value ®Wmin, coupling
process will do. The procedure is drive speed control
motor at turbine speed. Next, the electric slider is driven
to the coupling position that PM disks are closed
together so the magnetic field can transfer force together.
Next, the signal from anemometer is read if the wind
speed is more than a preset constant value 1/ or
minimum wind speed that turbine can rotate. The electric
slider will move to uncoupling position that PM disk far
together so the magnetic field cannot transfer force
together then stop the speed control motor. If the wind

speed is lower than constant value 17, wind speed is
checked again and redo the whole process.

In case of high wind, the system is operated by
measuring signal from proximity sensor and then convert
it to wind turbine speed. If the turbine speed is faster
than the maximum angular speed, the linear slider will be
moved the generator with PM disk close to another PM
disk. The coupling disks can couple each other and
reduce the turbine speed. If the wind speed is slower
than maximum angular speed, the linear slider will
separate generator from wind turbine for uncoupling.

If the turbine speed is slower than minimum angular
speed, it means the low wind condition occurred. The
speed-controlled motor will rotate at wind turbine speed
then the linear slider will move the motor to couple it
with turbine. The motor will remain the turbine speed at
minimum angular speed. If the wind speed is slower than
minimum angular speed. The linear slider will separate
motor from wind turbine for uncoupling and stop the
motor.
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Fig. 8. The flowchart of the proposed control algorithm.
7. Conclusions

This work presents a proposed concept for
extending the operation range of a wind turbine. First, a
simulation study of the PM coupling disks is performed.
The prototyped hybrid wind turbine is realized and tested
with low-wind-speed scenario. It has been shown that
the developed hardware can induce the turbine rotation
in light wind scenario. Diagram for operating the hybrid
wind turbine in both light and strong wind scenarios is
proposed. This work enhances the development of
renewable energy technology.
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