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Abstract: Changing the magnetic field on a conductor metal can induce eddy currents, which cause
heat generation. In this paper, we use this idea to convert wind energy into thermal energy directly.
This system contains a vertical axis wind turbine and an eddy currents heat generator. The eddy
currents heat generator has two parts. The first part is a rotor with some permanent magnets causing
the magnetic field changes, and the second part is a stator that acts as a conductor. The magnetic
field changes in the heat generator play an important role in power output; therefore, we test four
different magnet arrangements with different pole numbers on the rotor at different rotational speeds
from 100 rpm to 500 rpm to measure the input torque and power needed to rotate each model. Then,
based on the measured data, the wind turbine is designed by Qblade software based on the blade
element momentum theory. It is shown that compared to the weight of the heat generator and the
area of magnetization, designing a proper magnet arrangement for the heat generator can change
the output power considerably as it can trigger the magnetic field fluctuation along the direction of
rotation. For example, opting for a proper arrangement on the rotor decreases the number of poles
from 120 to 24 but increases the power input from 223 W to 1357 W.

Keywords: wind energy; vertical axis wind turbine; eddy currents; permanent magnets; heater

1. Introduction

Demanding energy for the building sector accounts for more than 30% of the total
world’s energy consumption [1,2]. Moreover, more than half of this portion is used for
space heating and cooling of the buildings, which require burning fossil fuels or electricity.
In recent decades, renewable energy resources as an alternative to fossil fuels were devel-
oped widely to deal with environmental issues and energy market demand [3]. They are
employed for different applications such as electricity generation, heating, and cooling. Of
these different types of renewable energy resources, solar and wind power experienced
considerable growth in producing energy in recent years [4]. Solar panels can capture
heating energy from the sun directly. However, the procedure of producing heat from wind
energy requires several steps; firstly, the kinetic energy of the wind flow is converted into
electricity, and then heat energy is obtained by electric resistance heaters or heat pumps,
which is an inefficient way to produce heat due to the energy loss in each step [5]. Therefore,
if we can convert the wind energy into heat directly, not only will the inefficiencies decline,
but also the final energy costs will decrease.

One idea to generate heat directly from wind energy is the eddy currents phenomenon [6].
Electrical eddy currents are closed paths of electrical current that are induced in a conductor
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moving in a magnetic field due to Faraday’s law. These loops on the conductor can produce
breaking torque and heat [7]. Even though this phenomenon in wind engineering is
widely known as a negative phenomenon that raising the temperature of permanent
magnet synchronous generators and inefficiencies, we want to employ the eddy currents
phenomenon to just generate heat as the output power.

In this paper, a device called Permanent Magnet Eddy Current Heating (PMECH)
with the different magnet areas coupled by a vertical axis wind turbine will be tested to
produce heat from wind energy directly.

Regarding the Figure 1, by rotating the rotor upon which a various number of magnets
were assembled, the magnetic field starts fluctuating on the stator. Then, the closed circles
of eddy currents will be induced on the stator based on Faraday’s law, which opposes the
direction of the magnetic field on the rotor. Therefore, the induced eddy current loops will
resist against the direction of motion of the rotor and generate heat: (heat is produced in
accordance with the Joule—Lenz’s Law and hysteresis losses) [8].

Figure 1. Eddy current principle [9].

The PMECH system of this study is compact and is intended to be utilized as a
renewable thermal energy supplier device for farming facilities, fish farms, heating systems
in mountainous areas, and anti-ice-freezing systems on iced roads. Compared with the
conventional wind power generation system, there is a large cost difference depending on
the installation conditions or specifications. Considering the structural aspect, as shown in
Figure 2, the wind-heat system has the simplest building, consisting of a wind turbine, a
heat source device, and a heat storage tank, while the conventional wind power system
usually contains a wind turbine, an alternator, a controller, an inverter, power lines, and
capacitors. On the other hand, the power control system in the wind turbine only takes
about 30% of the total installation cost. However, since the power control system is replaced
by a heat storage tank and a circulation pump, it is difficult to compare and review the
installation cost, but the wind power generation system has a complicated structure, so the
structure is maintained compared to the very simple wind-heat system.

Wind energy utilization in the industry became very prevalent in recent years [10].
It is widely used to generate electricity. On the other hand, by introducing permanent
magnet synchronous generators in wind turbines, implementing them as an efficient way to
produce electricity directly without presenting transmission systems has been popular [5].
However, the effects of the eddy currents phenomenon on the energy loss of alternators
are a serious problem in designing steps [6]. Even though this phenomenon is known as a
negative aspect of generating power in the wind industry, several studies were conducted
to employ these power losses in different industries to produce heat by means of induction
heaters or as a braking system in buses or trucks. We can also implement this idea to
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generate heat from renewable energy resources. However, there are few studies concerning
this aspect [7,8].

Figure 2. Diagram of the wind-heat system.

Recent Studies

Chakirov introduced the first idea to produce heat directly from wind energy based
on the principle of the Joule machine coupled by a vertical axis wind turbine [11]. He
used a water container containing an impeller. Wind energy rotates the impeller, and
friction between water and the impeller surface raises the water temperature. Sobor tested
a permanent magnet eddy currents heater at different rotational speeds and showed that
compared to the Joule machine, the eddy currents heating device was much more efficient
at low angular velocities [12]. However, at high rotational speeds, they have similar power
coefficients. Moreover, it was calculated that the energy efficiency of the eddy currents
heating device can exceed 90% of the water temperature. In another study, Worley tested a
PMECH to measure the input torque in different rotational velocities [9]. He assembled the
permanent magnets on a disc and tried to develop his analytical model to predict the input
torque of the system at each rotational speed.

These studies show that PMECH systems can have a satisfactory power coefficient.
Therefore, studying the parameters that can change the energy output has become popular
among the engineers. Lieu proposed a system including a vertical axis wind turbine
connected to a PMECH and studied the effect of air gaps between permanent magnets and
the stator on the temperature changes at different rotational speeds. It was concluded that
decreasing the air gap and increasing rotational speeds raise the output temperature [13].

Other numerical simulations based on the Finite Element Momentum (FEM) studied
the effects of different parameters, namely: magnet numbers, air gaps, rotational speeds, the
thickness of the conductor, and different metals as the conductor on PMECH performance
to produce heat from wind energy [14–18].

While in all studies, there is just one rotor used to evaluate its performance in different
conditions based on FEM methods, in this study, we want to experiment with four different
PMECHs with different magnet arrangements, pole numbers, and magnet numbers at
different rotational speeds to show the importance of the magnet arrangements on the
performance of PMECH. Moreover, changing the pole and magnet numbers will result in
changing the total weight of the heat generator; consequently, a portion of input power will
be lost because of the mass, but it was neglected in previous studies. Therefore, to evaluate
the effect of the pole number and magnet arrangement on the power performance, we will
calculate the input torque per number of magnets used on the rotor, which is the main
novelty of this study.

Then, based on the measured input torque and power, a vertical axis wind turbine
will be designed.
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2. Materials and Methods
2.1. PMECH Model

A simple 3D sketch of the PMECH used in this research is shown in Figure 3 [19]. The
material used as the conductor is aluminum. A specific type of the permanent magnet
(Nd-Fe-B) with magnetic flux density 4000 G is used to induce magnetic flux on the
conductor [20–22]. The upper face of each magnet facing the inner conductor is the N pole,
and another face is the S pole.

Figure 3. 3D prototype of PMECH.

When the cylindrical rotor rotates, a magnetic field will apply in the same direction as
its axis; then, it will generate resistive torque, which is akin to the eddy current braking
used for industrial machines, buses, and trains. However, it is important to recognize the
distinction in the application for PMECH versus braking.

First, spinning the rotor establishes a changing magnetic field, which induces an
electric field in the stator under the area of the magnet in accordance with Faraday’s Law.
The induced electric field then generates an eddy current. The induced current density is
given by [23].

j =
E
ρ
=

Bv
ρ

=
BRω

ρ
(1)

where j is the current density (A/m2); E is the electric field (V/m); ρ is the resistivity of the
stator (Ohm-m); B is the magnetic field strength (Tesla); v is the velocity of the magnet (m/s);
R is the distance from the center of the rotor to the center of the magnet pole (m);ω is the
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angular velocity of the disk (rad/s); and σ is the conductivity of the stator (Siemens/m). The
power dissipated per unit volume by the eddy currents through Ohmic heating is given:

Phg = j2ρ =
(BRω)2

ρ
(2)

where Pd is the power dissipated per unit volume (W/m3). In this study, the magnetic field
is the most important parameter for us as the main cause of the eddy current induction.

According to Equation (2), power generation is proportional to (BRω)2

ρ . Therefore, some
approaches can be adopted to change the input torque, such as the area of magnetization,
creating a high frequency alternating electromagnetic field to produce a powerful magnetic
induction, improving the conductivity of metal. In this study, we want to create a high
frequency alternating electromagnetic field by changing the position of the magnet on
the rotor as it has the highest effect on induction. Compared to other variables which
may increase the size and cost of the eddy current generator, finding the proper magnet
arrangement not only can reduce the area of magnetization but also rotational speed.

2.2. Experiment

The experimental setup of the PMECH is shown in Figure 4. To control the rotational
speed of the AC motor, a power supply unit is used. The measuring equipment contains
a computer monitoring real-time data and the data logger measuring torque, rotational
speed. The specifications of the measurement equipment are indicated in Table 1. Moreover,
all output data such as angular velocity and torque will be stored in a data logger.

1 
 

Figure 4. PMECH Test setup.
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Table 1. Specifications and accuracies of measurements.

Item Characteristics and Accuracy

Torque sensor 0.23–0.87%

Rotary sensor ±0.031 rad/s

Computer monitor Data storage and real-time
monitoring

Regarding Figure 5, there are four rotors with different magnet numbers and magnet
areas. Two Z and θ vectors are introduced to show the direction of the magnet rows on the
rotor. Case 1 covered with 120 permanent magnets and 48 poles in the θ direction; case 2
with 32 permanent magnets and 16 poles in the θ direction has 40 and 50 mm gaps between
each magnet in the Z and θ directions, respectively; case 3 with 24 permanent magnets
and 12 poles in the θ direction is an array with 40 gaps between magnets in the Z direction
and a fixed 75 mm gap between magnets in the θ direction; and case 4 has 48 magnets and
24 poles [24].

Figure 5. Four different rotors with different magnet areas.

Uncertainty analysis is important to improve the reliability of experimental results, as
well as during the planning stage. The uncertainty value (U) corresponds to 90% or 99%
confidence that the true value exists between ±U, based on the measurement results. Our
uncertainty analysis was based on the method of the American Institute of Aeronautics
and Astronautics in which error is classified as precision or bias error. The root sum square
method was used to determine the uncertainty of the measured values.

A coverage factor of k = 2 provides a confidence level of about 95% [25].
The uncertainty in the power input (P) is given by Equation (1):

UP
P

=

[(
∂P
∂T

UT
P

)2
+

(
∂P
∂ω

Uω

P

)2
]0.5

(3)
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Partial differentiation of Equation (3) results in the following:

UP
P

=

[(
UT
∂T

)2
+

(
Uω

∂ω

)2
]0.5

(4)

2.3. Wind Turbine Modeling

To model the vertical axis wind turbine, an open-source software called Qblade,
modeling wind turbines based on the blade element momentum theory, is employed [26].

Qblade can model both vertical and horizontal axis wind turbines. To model a wind
turbine in Qblade, some input data such as airfoil type, chord length of the airfoils, rotor
diameter, blade length, Reynolds number, lift and drag coefficient of airfoils versus angle
of attack, and wind speed range are needed to define. Then, Qblade divides the blade
into several small elements and starts calculating the aerodynamic loads of each section
based on the Blade Element Momentum theory. The principle of employing Blade Element
Momentum theory is introduced in Section 2.4. Finally, the output power of the wind
turbine can be plotted versus different wind speeds and rotational speeds.

As shown in Table 2, the vertical axis wind turbine reviewed in this paper is a three-
bladed H-Darrius type, with a diameter of 2.2 m, the blade height of 3.2 m, and chord
length of 0.3 m, and starting wind speed of 3 m/s.

Table 2. Specifications of wind turbine.

Type H-Derrius

Blade number 3

Height of the rotor (H) 3.2 m

Diameter of the rotor (D) 2.2 m

Chord length (C) 0.3 m

Dynamic viscosity (µ) 1.83e-5N·s/m2

Air density (ρ) 1.22 5 kg/m3

Cut-in speed (V) 3 m/s

Reynolds Number 40,164

To design a vertical axis wind turbine, a new type of airfoil called KA2, developed in
the Kunsan national university, is used [27]. The shape of this airfoil is shown in Figure 6.

Figure 6. KA2 airfoil coordination.

The lift and drag coefficients of the KA2 are shown in Figure 7. The KA2 has a
maximum lift coefficient of 1.4 and a maximum drag coefficient of 2.962, and a maximum
thickness ratio of 14% is an asymmetric airfoil.
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Figure 7. Aerodynamic characteristics of KA2 airfoil (A): Drag coefficient, (B): Lift coefficient at
different angles of attacks.

2.4. Blade Element Momentum Theory

The principle of implementing BEM for the Darrius wind turbine is briefly explained
by Tai [28]. After projecting the aerodynamic loads on blades (see Figure 8), the output
power of the wind turbine will be calculated at different wind speeds regarding the flow
chart in Figure 9 and Table 3.

Table 3. Equations used in the flowchart (Figure 9).

Name Equations Number of Equations

Induction factor a = 1− U
U∞

(5)

Angle of attack α = tan−1
(

U sin∅
U cos∅+Rω

) (6)

Relative velocity UR = U sin∅
sin α

(7)

Tangential coefficient Ct = CL sin α− CD cos α
(8)

Tangential force Ft =
1
2 CtρhcUR2

(9)

Power p = FtRω
(10)
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Figure 8. Aerodynamic load of Darrius wind turbine.

Briefly, calculating the wind turbine power performance, the following steps should
be followed:

(1) At the first position (θ0): Assign a value of the local stream tube wind speed (U) and
the corresponding induction factor, a (Equation (5)), at the specified position.

(2) Calculate the angle of attack, α (Equation (6)), and relative velocity, UR (Equation (7)).
(3) Find out the values of Ct (Equation (8)) by applying the interpolation method with

CL and CD.
(4) Calculate the values of tangential force, Ft (Equation (9)), and new induction factor, αi+1.
(5) Compare the values of local induction factors. If the residual is equal to or less than

0.001, then go on to the next step. Otherwise, replace the initial value of the induction
factor, and go back to step 2.

(6) Repeat the loop until ∅ = 360.
(7) Calculate the torque and output power.
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2 
 

Figure 9. Flow chart used to run the BEM method.
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3. Methodology

In this paper, at first, four different PMECHs will be tested at different rotational
speeds from 100 rpm to 500 rpm to measure torque and required power. The torque and
rotational speed will be measured by torque and rpm sensors located between the altering
current motor and the heat generator. In the second step, the measured data for all four case
studies, which have different magnet numbers, poles, and gaps in both Z and θ directions
between magnets will be compared together at various rotational speeds to show the effect
of these variables on the heat generator′s input torque.

Then, based on the rotational speed and torque measurements, the input power of the
heat generators will be obtained. Since, in most of the studies, it was measured that the
power coefficient of the eddy current heat generators can be more than 90% or equivalent [8],
in this study, there is no discussion about the power coefficient of devices.

Finally, a vertical axis wind turbine that can meet the required power for each case
will be designed. In this regard, we will compare the starting torque and power amount
between each case and the wind turbine.

Previous studies showed that changing some parameters such as the air gap between
the magnet and conductor, the use of different metals as a conductor, and conductor
thickness change the output power. However, these parameters can change the size and
final cost of the heat generator too. The main goals of this research are to study the effects
of magnet arrangement, permanent magnet number, and pole number on the eddy currents
heat generator’s power at different rotational speeds. Studying these variables can help us
to increase the productivity of the wind-heat generator system, while the size of the system
remains fixed.

4. Results and Discussions
4.1. Uncertainty

The first step to improve the reliability of experimental results is the calculation of
uncertainty. The uncertainties of the heat generator’s input power of the PMECHs are
calculated in Tables 4–7. The uncertainty of each case is important to answer the validation
of the experimental precision measurement. Case 1 has the highest amount of uncertainty
(0.87%) among all. On the other hand, for cases 2, 3, and 4, when the input torque increases,
the uncertainty of the models declines.

Table 4. Relative uncertainty of case 1 in terms of output energy.

Item RPM Factor Measurement Unit Accuracy Relative
Uncertainty

Case 1

100
T 0.755 N·m 0.87%

0.87%
ω 10.5 rad/s ±0.031 rad/s

200
T 1.76 N·m 0.87%

0.87%
ω 20.8 rad/s ±0.031 rad/s

300
T 2.688 N·m 0.87%

0.87%
ω 31.1 rad/s ±0.031 rad/s

400
T 3.5 N·m 0.87%

0.87%
ω 41.5 rad/s ±0.031 rad/s

500
T 4.269 N·m 0.87%

0.87%
ω 52.1 rad/s ±0.031 rad/s
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Table 5. Relative uncertainty of case 2 in terms of output energy.

Item RPM Factor Measurement Unit Accuracy Relative
Uncertainty

Case 2

100
T 9.99 N·m 0.87%

0.87%
ω 10.6 rad/s ±0.031 rad/s

200
T 17.17 N·m 0.47%

0.47%
ω 20.8 rad/s ±0.031 rad/s

300
T 21.46 N·m 0.47%

0.47%
ω 31.6 rad/s ±0.031 rad/s

400
T 24.13 N·m 0.47%

0.47%
ω 41.6 rad/s ±0.031 rad/s

500
T 25.93 N·m 0.23%

0.23%
ω 51.8 rad/s ±0.031 rad/s

Table 6. Relative uncertainty of case 3 in terms of output energy.

Item RPM Factor Measurement Unit Accuracy Relative
Uncertainty

Case 3

100
T 7.55 N·m 0.87%

0.87%
ω 10.6 rad/s ±0.031 rad/s

200
T 12.9 N·m 0.87%

0.87%
ω 20.8 rad/s ±0.031 rad/s

300
T 16.052 N·m 0.47%

0.47%
ω 31.6 rad/s ±0.031 rad/s

400
T 18.4 N·m 0.47%

0.47%
ω 41.6 rad/s ±0.031 rad/s

500
T 19.522 N·m 0.47%

0.47%
ω 51.8 rad/s ±0.031 rad/s

Table 7. Relative uncertainty of case 4 in terms of output energy.

Item RPM Factor Measurement Unit Accuracy Relative
Uncertainty

Case 4

100
T 11.672 N·m 0.87%

0.87%
ω 10.55 rad/s ±0.031 rad/s

200
T 20.58 N·m 0.47%

0.47%
ω 21 rad/s ±0.031 rad/s

300
T 26.69 N·m 0.23%

0.23%
ω 31.9 rad/s ±0.031 rad/s

400
T 30.958 N·m 0.23%

0.23%
ω 41.9 rad/s ±0.031 rad/s

500
T 33.457 N·m 0.23%

0.23%
ω 51.4 rad/s ±0.031 rad/s
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4.2. Heat Generator Measurement

Figure 10 shows the torque measured at different rotational speeds for all four cases.
Increasing steadily from 0.755 N.m at the rotational speed of 100 rpm to 4.26 N.m at the
rotational speed of 500 rpm, case 1 needs the lowest amount of torque to rotate in all
rotational speeds, though it has the largest numbers of pole and permanent magnets than
the other cases. On the other hand, surprisingly, by inserting just a 40 mm gap between
magnets in the Z and 25 mm in the θ direction, the torque needed to rotate case 4 raised
sharply from 11.672 N.m at the rotational speed of 100 rpm to 33.457 N.m at the rotational
speed of 500 rpm. In cases 2 and 3, however, increasing the gap in the θ direction decreases
the required torque compared to case 4. Figure 11, meanwhile, shows the effect of the
pole number on torque measurement at a rotational speed of 100 rpm. Increasing the pole
numbers from 12 to 24 causes the torque growth, while in case 1 with 48 as the pole number
on the rotor, we can see a sharp reduction in measured torque. One reason would be that
when there is no gap between the magnet with the same pole direction, the magnetic field
created by each magnet will close mainly between the adjacent magnets, not with the stator
ring, resulting in poor input torque.

Figure 10. Torque measurements in different rotational speeds.

Figure 11. Torque changes vs. pole number at rotational speed of 100 rpm.
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The input torque per permanent magnet numbers for each case is measured to see
the input torque changes regardless of each rotor’s weight (see Figures 12 and 13). This
measurement can be a good variable to show the torque per each magnet of PMECH, which
can compare the power capacity of each magnet arrangement.

Figure 12. Torque per number of magnets at different rotational speeds.

Figure 13. Torque per number of magnets vs. pole number at rotational speed of 100 rpm.

While case 3 needs the highest torque compared to the other cases, the needed torque
per each magnet for this case is less than in cases 2 and 3. Surprisingly, there is no significant
difference between cases 2 and 3 in terms of input torque per number of magnets. Thus,
for cases 2 and 3 with pole numbers of 16 and 12, respectively, decreasing or increasing
the gap between magnets in the θ direction does not have a significant effect on the input
torque absorption per each magnet, and increasing the torque of the system is just because
of the rising number of magnets and magnetization area of the rotor. On the other hand,
in case 4, it seems that widening the gap between magnets in the θ direction is needed to
raise the torque capacity of magnets. In contrast, case 1 had the lowest torque per number
of magnets, which means raising the number of magnets for this arrangement is not an
effective parameter to induce more magnetic force on the PMECH. Therefore, changing the
magnet arrangement is needed.
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The frequency of the heat generator will be calculated by following equation:

f =
P.RPM

120
(11)

where f is frequency (Hz), and P is the pole number.
As for Figure 14, cases 2, 3, and 4 show a similar trend while frequency increases.

However, in low frequency amounts, cases 2 and 3 need more input torque, but at high
amounts of frequency more than 60 Hz, case 3 needs more torque to rotate. In Figure 15,
meanwhile, cases 2 and 3 see an exponential growth in needed torque per magnet while
frequency increases. Compared to all cases, case 3 rises rapidly and reaches to the highest
amount of 0.813 N.m for each magnet at a frequency of 50 Hz.

Figure 14. Torque changes at different frequencies.

Figure 15. Torque per magnet changes at different frequencies.

4.3. Wind Turbine

After measuring the input torque of each PMECH, it is necessary to calculate the
starting torque of the wind turbine as the first and most important part of system design.

Figure 16 shows the torque produced when the wind turbine begins to start at a wind
speed of 3 m/s at different azimuth angles of the wind rotor. The starting torque fluctuates
somewhere between −0.11 N.m and 2 N.m.
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Figure 16. Starting torque of wind turbine with different pitch angles in the rotor plan.

In addition, the starting torque values of each PMECH is examined through the
experiment. In Figure 17, the average torque produced by a wind turbine at a wind speed
of 3 m/s is calculated and compared with the required starting torque of all four cases. The
wind turbine can meet the starting torque of each model in the wind speed of 3 m/s.

Figure 17. Comparison between torque needed to run PMECHs and wind turbine starting
torque produced.

As shown in Figure 18, there is a comparison between the rated power of the wind
turbine at three wind speeds of 4, 5, and 7 m/s and the needed power to run the PMECHs
at different rotational speeds. By increasing the wind speed from 4 m/s to 7 m/s, the
wind turbine can provide the needed power to run the heat generators at high rotational
speeds. At a wind speed of 7 m/s, the system can generate 350 W power output for the
heating demand.

Overall, several attempts have been conducted to increase the power capacity of
PMECH based on the FEM methods, while there are not enough experimental studies
focusing on how to increase the power performance. In simulation studies, it was reported
that the air gap between magnets and the conductor, the conductor’s material, and conduc-
tor thickness can change the power capacity [14,15]. However, changing these parameters
will change the size and cost of the heat generator system. Previous studies showed that
when the gap between magnets and the conductor is fixed, increasing the rotational speed
will result in growth in the power input of PMECH [13], but it should be considered that
due to some technical problems, the wind turbine cannot work at high rotational speeds.
The pole number on the rotor is a key parameter to increase the input power. Studies show
the optimum number of poles on their proposed system in a single rotational speed [16,18].
However, to increase the pole number on the rotor, more permanent magnets are needed
to insert, leading to raising the total weight of the heat generator. Therefore, a portion
of the wind turbine’s torque will be used to rotate a heavy heat generator’s rotor. In this
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study, we defined four different cases with different magnet arrangements and measured
the amount of needed torque per magnet in each case. When the number of poles on the
rotor increased, the magnetic fields produced by magnets need enough space to circulate
freely. Thus, this idea will be more helpful to understand how arranging the permanent
magnet on the rotor can change the PMECH power performance.

Figure 18. Comparison between power produced by wind turbine and needed power for each case
at different rotational speeds.

5. Conclusions

In this paper, a permanent magnet eddy currents heater with different magnet areas
was tested at different rotational speeds. Our results are summarized below:

• The effect of magnet arrangements on changing the torque is by far more significant
than the number of magnets and magnet areas.

• Cases 2 and 3 have the same trend in terms of torque per magnet at different rotational
speeds, which means that the inserted gap between magnets provides enough space
to let magnetic fields circulate freely around the permanent magnets and induce the
eddy current on the stator with the highest rate.

• Even though case 1 has the largest weight, it needs the lowest amount of torque to start
the rotating, which means the momentum inertia of the rotor is not a more effective
variable to raise the starting torque than the effect of eddy currents. Moreover, when
there is no gap between the magnets, the magnetic field created by each magnet will
close mainly between the permanent magnets, not with the stator ring, resulting in
poor eddy current induction.

• While case 4 has the highest amount of torque in each rotational speed, the needed
torque per magnet for this case is less than in cases 2 and 3. Therefore, it can be
concluded that the gap between magnets should be widened to let the magnetic fields
circulate in bigger space.

• Increasing the pole number from 12 to 24 raises the input torque steadily, whereas a
converse pattern occurs for torque per magnet when the pole number increases from
16 to 24. Therefore, it is recommended to find the optimal pole for a PMECH based on
the needed torque per magnet.

• Regarding the wind turbine design, the highest power output occurs when coupling
with case 2 at a wind speed of 7 m/s.
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Glossary

Symbol Variable

a Induction factor
B Magnetic field strength (Tesla)
c Chord (m)
CD Drag coefficient
CL Lift coefficient
Ct Tangential momentum
E Electric field (V/m)
Ft Tangential force (N)
j Current density (A/m2),
P Power (W)
T Torque (N·m)
U Velocity (m/s)
α Angle of attack (degree)
ρ Density of aluminum (kg/m3)
∅ Azimuth angle (degree)
ρ Resistivity of the stator (Ohm-m) ore density (kg/m3)
ω Angular velocity of the rotor (rpm)
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