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permanent magnet width and the gap distance between the rotor-stator magnets that
can produce the magnetic axial force opposing the thrust force of 1MW horizontal axis
wind turbines (HAWT). The method used in this study is a magnetic force simulation using
finite element method by varying the magnet thickness, width of the gap, and
displacement between the rotor-stator of the PMB model. The PMB model consists of
rotor and stator magnets arranged in 3 layers with Nd2Fel4B type material with a
magnetic flux density of 1.45 T. Variations in thickness of the rotor and stator magnets
are 0.1; 0.15, respectively; 0.2 (m), while variations in the width of the magnetic gap are
4,5, 6 (mm). The results of the study found that the displacement that produces an axial
magnetic force that can support a thrust force of 199.5kN is the lowest in the PMB model
with a magnetic thickness of 0.15m with a magnetic gap of 4mm, while the highest is at

Keywords: a magnetic thickness of 0.1m with a magnet gap of 6mm. The greater the thickness of the
Bearing; permanent magnetic bearing;  PMB axial magnet design, the greater the displacement that provides zero axial magnetic
horizontal axis wind turbine; axial forces. Further, the maximum of the magnetic axial force is rise on with increasing
force magnet thickness.

1. Introduction

One of the most critical components of wind turbines is the bearing. Furthermore, the wind
industry has recognized main bearing failures as a major concern in terms of raising wind turbine
reliability and availability, according to the European Academy of Wind Energy (EAWE) [1]. It is due
to the high maintenance costs and long periods of downtime related to main bearing failures. Large-
scale power plants currently apply mechanical bearings for onshore and offshore wind turbines.
Nevertheless, the use of it has a limited-service life as well as capability [2]. So, the effort to improve
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the efficiency and reliability of wind turbines is to minimize friction using magnetic bearings [3]. The
magnetic bearing is a bearing that utilizes refuse forces to support a rotor without physical contact
[4].

Magnetic bearings have the benefit of being able to adapt to changing operating conditions and
the environment. Within certain limits, the adjustment of magnetic bearing caused vibration was
independent of the rotor position. Moreover, magnetic bearings can maintain rotor equilibrium
positions at various loads. The rotor can rotate on its main axis and does not cause vibration on the
foundation. Due to the levitation force of magnets, the vibration was significantly reduced [5]. The
study of the magnetic bearing on the flywheel has the same polarity as the rotor, generating repulsive
forces that keep the flywheel magnetically levitating and thereby reducing friction losses inside [6].
Nevertheless, permanent magnetic bearings (PMB) have several problems, including stability
problems. Otherwise, given the long lifetime of its use then PMB is an effective solution to overcome
the bearing problems [7]. The study of PMB in wind turbine prototypes to substitute mechanical
bearings can enhance rotational speed and torque, therefore enhancing Horizontal Axis Wind
Turbine (HAWT) performance [8]. Comparative study of axial force results of PMB between analytical
approach and finite element method shows good agreement between the two [9].

The permanent magnetic bearing has been applied for rotating shafts that are used to replace
conventional bearings which have high maintenance costs and friction [11]. Therefore, maintenance
costs of wind turbines can be minimized by the use of permanent magnetic bearings. It is aligned
with the statement that passive magnetic bearing is one of the most economical and effective
methods to lift the two surfaces in relative motion that do not require active control and additional
energy [12].

The study of modeling of the axial permanent magnetic bearing that comparing the theoretical
simulation of the Monte Carlo method and the finite element method found that errors approximate
zero and are consistent. Moreover, the experimental results are consistent with the simulation
analysis [13]. The previous study [3-8] [10-12] shows the permanent magnetic bearings reduce
friction, minimizes maintenance costs, can replace mechanical bearings. While none of the above
literature has developed or studied the axial force of a PMB for a 1MW HAWT. The main shaft bearing
of the HAWT must support both radial and axial loads (thrust forces). Furthermore, the HAWT thrust
force is affected by the cut in and cut out of wind speed. The higher the wind speed, the higher the
axial load on the main shaft bearing HAWT. Therefore, this paper presents to analyzes the axial
magnetic force of the several thicknesses and air gaps of the permanent magnetic bearing models as
the main bearing of the IMW HAWT. Magnetic force and displacement are analyzed to find the
shortest gap that can sustain the highest thrust force (at the cut out of wind speed). The main bearing
locates near the gearbox, as shown in Figure 1 and indicated by number 2.

Generator
Gearbox

Main bearings

Fig. 1. Main shaft bearings [10]
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2. Methodology

The main shaft of the HAWT model, made of 34CrNiMo6 steel, complies with wind turbine
certification standards [14]. Furthermore, it was analyzed by finite element method and confirmed
by Mohr Il theory calculations to get the deflection value due to radial load. The defection will be
used as the minimum air gap to prevent collisions between the rotor magnets and the stator
magnets. The material properties of 34CrNiMo6 steel used in the finite element method are the
density of 7800 (kg/m?3), elasticity modulus by 210 GPa, and Poisson's ratio of 0.3 [15]. The main shaft
must be safe during operation to prevent damage that causes unexpected economic losses [16].
Furthermore, the 34CrNiMo6 steel has good toughness properties also the shock resistance of the
material is good enough in the operating environment temperature [17]. In addition to being applied
to wind turbine shafts, 34CrNiMo6 is high-strength structural steel frequently used in large-sized
shaft components with complex geometry, such as aircraft propeller shafts and automobile
connecting rods [18-19]. The specifications for the horizontal axis wind turbine show in Table 1.

Table 1

HAWT model specifications

Part name Specification Value

Rotor Blade Number of blades 3
Diameter (m) 54.4
power coefficient, Cp 0.4877
Tip Speed Ratio, TSR 2.82
Rotor Load (N) 164150

Main shaft Density, p (kg/m?) 7800
Diameter (m) 1.25
Massa, m (Kg) 404.3
Length, I (m) 4.5
Material 34CrNiMo6

Bearing Diameter Bore (m) 1.25
Outer diameter (m) 2.2
Material Nd2Fe14B
Remanent flux density, B: (T) 1.45

Control Cut in speed (m/s) 3.5
Cut out speed (m/s) 15

The maximum deflection is the distance of the shaft to prevent the possibility of friction between
the stator magnet and the rotor magnet. This calculation uses two methods, namely the finite
element analysis method and Mohr's Theory calculation. Many uses of FEM in the structural field are
to analyze stresses and displacements [20-24]. The bending moment diagram on the HAWT main
shaft shows in Figure 2.
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2(x+y)/3

I |
Fig. 2. Bending moment diagram of HAWT main shaft

which x (m) is the distance from the base of the shaft to the center of the magnetic load, y is the
distance from the center of gravity to the end shaft (m), W is the rotor magnet load (N), and W is
the total load from the connector hub load and the rotor load (N). Hereafter, the Eq. (1) and Eq. (2)
for the deflection calculations.

Ip =4 (rea?-ra?) (1)
1 Y

6= — Jy Mxdx (2)

where Ip is the polar inertia of the shaft, r.; is the inner radius of the shaft cylinder, rc; is the outer

radius of the shaft cylinder, E modulus of elasticity of 34CrNiMo6, M is an area of the bending

moment diagram, x is the distance of the load to the base of the shaft, and § is the maximum
deflection of the shaft. The data for each variable is present in Table 2.

Table 2

Properties on HAWT main shaft

x [m] ylm] Wi [N] W2 [N] re1 [m] re2 [m] E [GPa]
1 3.5 17,283 164,150 0.225 0.625 210

The location of the axial PMB on the HAWT main shaft is shown in Figure 3, wherein the position
is closer to the gearbox. The free-body diagram of the force and moment on the main shaft see in
Figure 4. The thrust force received by the rotor from the wind calculate using Eq. (4).
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Fig. 3. Location of axial PMB on the HAWT main shaft
MyR fm}'\
Fig. 4. Forces and moments on the HAWT main shaft [25]
A=mr12 (3)
1
Fyr = EPA(Vf_Vg) (4)

The magnetic force simulation in this study uses the finite element method assisted of COMSOL
by integrating vector Eq. (5). COMSOL software is a powerful modeling and simulation tool for
engineering and industrial applications combining several physics connections [26]. The axial force of
the PMB model was simulation by displacement distance between the rotor magnet against the
stator.

f=nT= —>n(H.B) + (n.H)B" (5)
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where fis the magnetic force (n), n is the external normal vector, T is the tensor stress Maxwell, H is
the magnetic field/ coercivity, B is the magnetic flux density (T).

The magnetic model uses the relationship between the density of the magnetic lines force and
the magnetic field, which is expressed by Eq. (6).

B = prpoH (6)

where u,is the relative permeability and o is the absolute magnetic permeability.
Magnetic field using Ampere's law model, with the stationary magnetic field Eq. (7).

B=TVA (7)
ot "tV A= (8)

where V is the vector operators, A’ is the Magnetic potential vector, and J is the magnetization
residual or magnetism induction density. Boundary conditions using the Eq. (9).

nq A’ = O (9)

The magnetic field was the model using a magnetic field interface model. Ampere's law used to
include magnetic field physics into all free air domains. The infinite element domain uses to simulate
the large region of free space surrounding the magnets. The material for all free domains is air. The
free triangular mesh generated in the simulation is both the computational domain and the magnets.
In this study, the magnet material made from Nd.Fe14B, which the magnet is composed of a mixture
of neodymium (Nd), iron powder (Fe), and boron powders (B) using the high compression molding
method [27]. The Nd;FeisB is a kind of hard magnet with excellent magnetic characteristics,
possesses the highest values of maximum energy product (BH) max and coercivity [28-30]. In
addition, Nd;Fe14B is the strongest permanent magnet because maximum energy reaches more than
400kJ/m?3 [31-33]. Figure 5 show the HAWT main shaft design, all dimensional units of mm. The
diameter of the HAWT main shaft is a limitation in determining the inner diameter of the PMB rotor
magnet.

250 3850

@1250

#2700
Bas0

Fig. 5. HAWT main shaft design

As illustrated in Figure 6, the PMB axial configuration design includes three magnets on the rotor
magnet B and the stator magnet A, which has a magnetic force density direction like in Figure. The
rotor magnet is an inner magnet with an outer diameter smaller than the stator magnet's inner
diameter, resulting in a gap. Placement of the rotor magnet against the stator, LZ0 must be in a
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condition where there is no axial magnetic force interaction between the two (F;=0N). This setting is
a condition when the wind turbine rotor does not receive thrust force from the wind. Meanwhile,
the maximum thrust force or at the cut-out wind speed must restrain by the PMB thrust force with
the smallest possible displacement distance (42).

LZD

R,

Fig. 6. Design of axial PMB configuration

The design specifications of the axial PMB model are presented in Table 3, wherein the model
uses a configuration of concentric ring permanent magnets which have different dimensions and
have opposite directions of magnetic force density (Br). Furthermore, the axial PMB in the present
study functions as the axial main shaft bearing of HAWT.

Table 3
PMB model specifications

Outer magnet, A Inner magnet, B
Inner Radius (m) R3=0.805; 0.806; 0.8067 R1=0.625
Outer Radius (m) Rs=11 R2=0.8
Thickness (m) ho=0.1;0.15; 0.2 h:1=0.1;0.15; 0.2
Magnetic Flux Density, Br (T) 1.45 1.45

3. Results
3.1 Thrust Force on The HAWT Main Shaft

The Thrust force (Fyg) of the HAWT main shaft is calculated by Eq. (3), which A of 2323.098 m? and

p is the air density assumed is 1.293 kg/m3. The thrust force results on the HAWT main shaft are
shown in Figure 7.
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Fig. 7. Graph of the thrust force on the HAWT main shaft vs windspeed

The minimum thrust force is 10862.22 N generated at a wind speed of 3.5 m/s at the cut-in of
HAWT, while the maximum is 199.5kN generated at a wind speed of 15 m/s, namely at a HAWT cut-

out. The higher the wind speed, the higher the thrust force. According to Figure 7, the HAWT main
shaft bearing must sustain an thrust force of 199.5 kN.

3.2 Maximum Deflection on The Main Shaft Of HAWT

The maximum deflection is analyzed to determine the minimum gap between the rotor magnets
and the stator not to touch later. The results obtained from the finite element method (FEM) use
COMSOL will then compare with mathematical of the Mohr Il theoretical equation. The results of the
maximum deflection analysis show in Figure 8.

. ‘_] Max: 2.00338E-4

z

Fig. 8. Maximum deflection of HAWT main shaft use FEM

The maximum deflection of the modeling approximates analytic calculations using Mohr Il theory
(see Table 4). Moreover, the discrepancy between the two methods above has 0.015 %, which
indicates that the FEM agrees with the analytic.
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Table 4
Model Validation with Mohr Il theory

FEM Analytic Variation (%)
Maximum Deflection (mm) 0.20033 0.20036 0.015

3.3 PMB Model Validation

Figure 9 is a plot of axial force versus displacement generated from the modeling, where the axial
force Fz is 126.12 N, is the rotor magnet experiences an of the stator as far as 6mm towards the
positive axial direction dZ. This also applies to the displacement that leads to negative axial where at
dZ at a distance of -6mm an axial force Fz equal to -126.12 N is produced.

Global: Objective value (N) o
T T T T T T T T T
iy
100} / LN —— Objective value |+
2 /N
o 50 / . .
= / S
w 0 — f ———
2 ~ /
B sol > / 4
8 /
100k \\ / i
i
| | | | | | | | |
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

dZ (Axial displacement)
Fig. 9. Plot of the magnetic axial force of the modelling

The maximal axial force obtained through modeling is 126.12N, whereas the Bekinal
mathematical model yields 126.59N (see Table 5). The discrepancy between the results of the two
methods is 0.37%, which indicates that the modeling method is declared valid.

Table 5
Validation of the axial force with Bekinal model
Modeling Bekinal model [34] Variation (%)
Axial Force (N) 126.12 126.59 0.37

3.4 Axial Force Modeling Of 0.1 M Magnet Thickness of the PMB

The axial PMB design is depicted in Figure 6, then the parameters provided in Table 1 have values
of ho-h; indicate a magnet thickness of 0.1 m. The variation in this configuration lies in the width of
the magnetic gap with Rs values are 0.805, 0.806, 0.807 (m), so that the magnetic gap ¢ becomes 4
mm, 5 mm, and 6 mm. The maximum magnetic flux density of 1.45T (see Figure 10(a)) at 0.1 m
thickness variation and 4mm gap as shown in the red area concentrated in the center of the magnet
both on the rotor and stator. Figure 10(b) depicts the axial force towards displacement with dZ—0.38
m to 0.38 m.

180



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 172-187

dzo dz1
AZ

-1500 -1000 1000 mm

(b)
Fig. 10. Plot of the axial PMB hg h; 0.1 m, c 4mm, (a) magnetic flux density (b) axial force-displacement
range dZ-0.38t0 0.38 m

Figure 11 is a plot of the axial force versus displacement generated in the axial PMB simulation
with a magnetic thickness of 0.1 m which the width is varied for the magnetic gap "c" (4mm; 5mm;
and 6mm) and for the distance set at dZ—190mm to -140mm. The rotor-stator distance that produces
ON (LZ0) magnetic axial force is 187mm. The measurement of AZ starts from the displacement point
of the rotor-stator at an axial force of ON (dZ0) to the location (dZ1) wherein Fz 199.5 kN is produced.
The thrust force on the HAWT main shaft, which is 199.5 kN, can be supported by axial PMB at c 4mm
with displacement AZ 26mm, ¢ 5mm with AZ 27mm, and ¢ 6mm, the distance AZ is 28mm. Based on
the simulation results, the minimum displacement against the thrust force is found at ¢ 4mm.
Furthermore, this configuration can support the axial load on the HAWT main shaft with a AZ value
of 2.6mm.

50000
0
-50000

-100000

-150000

Fz(N)

-199510
-200000 - ————— - L S

-250000 '
‘ AZ
-300000

-350000
-400000
dZ (x 102 m)

-450000
-—#--c=4mm -B-c=5mm —+—c=6mm =B FyRHAWT

Fig. 11. The plot of the axial force-displacement of axial PMB, with h 0.1 m
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3.5 Axial Force Modeling Of 0.15 M Magnet Thickness of the PMB

The axial PMB design uses the parameters provided in Table 1 have values of h0-h1 indicate a
magnet thickness of 0.15 m. The difference in this configuration magnetic gap c values of 4mm, 5mm,
and 6mm. Figure 12(a) shows the maximum magnetic flux density of 1.45T at 0.15 m thickness
variation and 4mm gap, which is centered in the magnet's center on both the rotor and stator. Figure
12(b) shows the axial force-displacement which dZ—0.38 m to 0.38 m.

dzo dz1
AZ

—

2 1 0 1 2 3 x107
dZ (Axial displacement (m))

(a) (b)
Fig. 12. Plot of the axial PMB hy h; 0.15 m, ¢ 4mm, (a) magnetic flux density (b) axial force-displacement
range dZ-0.38t0 0.38 m

-1500 -1000 500

Figure 13 shows a plot of the axial force against displacement created in the axial PMB simulation
with a magnetic thickness of 0.15 m and a magnetic gap "c" (4mm; 5mm; 6mm) and a distance set at
dZ-270mm to -220mm. The rotor-stator distance required to generate (LZ0) 0 N magnetic axial force
is 270mm.The thrust force of 199.5 kN on the HAWT main shaft may be sustained by axial PMB at ¢
4mm with displacement AZ 22mm, ¢ 5mm with displacement AZ 22mm, and ¢ 6mm with distance AZ
23mm. According to the results, the minimum displacement sustain the thrust force is discovered at
¢ 4mm. Furthermore, with a AZ value of 22mm, this arrangement can sustain the axial load on the
HAWT main shaft. The simulation results of the axial magnetic force at 0.15m thickness of the magnet
is similar to 0.1m thickness configuration, wherein the air gap (c) the smaller the displacement
smaller too.
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Fig. 13. Plot of the axial force -displacement of axial PMB, with h 0.15 m
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3.6 Axial Force Modeling Of 0.2 M Magnet Thickness of the PMB

The axial PMB design proposes the specifications shown in Table 1, with ho-h; indicating a magnet
thickness of 0.2m. The magnetic gap c values of 4mm, 5mm, and 6mm differ in this arrangement.
Figure 14(a) depicts the maximum magnetic flux density of 1.45T in the central magnetic region of
the rotor and stator, for 0.2 m thickness variation and 4mm gap of the axial PMB Design. Figure 14(b)
depicts the axial force-displacement relationship with dZ—0.38 m to 0.38 m.

25 dzo dzZi

AZ
2
3
.
s o
=
3 \

1
v 1.2x103 1 2 3 x107

\ - — -1 o
T = 42 (Axial displacement (m))
-1500 -1000 -500 ] 500 1000 mm

(a) (b)
Fig. 14. Plot of the axial PMB ho h; 0.2 m, ¢ 4 mm, (a) magnetic flux density (b) axial force-displacement
range dZ-0.38t0 0.38 m

Figure 15 displays the plot of axial force versus displacement of the axial PMB simulation with a
magnetic thickness of 0.2 m, a magnetic gap "c" (4mm; 5mm; 6mm), and a distance set dZ-360mm
to -310mm. The distance between the rotor and the stator generates ON magnetic axial force (LZ0)
is 354 mm. The HAWT thrust force of 199.5 kN was sustained by axial PMB at ¢ 4mm with
displacement AZ 25mm, while at ¢ 5 and 6mm, the displacement AZ was 26mm. The simulation
results show that the thicker the PMB axial magnet, the greater the axial magnetic force.
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Fig. 15. Plot of the axial force -displacement of axial PMB, with h 0.2 m

The Magnetic axial force (F;) from axial displacement (dZ) in the PMB axial design varied with the
magnetic gap and magnetic thickness simulated using the finite element method. The magnetic
thrust force must meet 199.5kN and the lowest displacement (AZ) in each configuration are
limitations into consideration in selecting the PMB axial for the main shaft of the HAWT. Therefore,
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the axial PMB with magnet thickness, ho-h; of 0.15m, air gap of 4mm produces F; value 199.5kN, with
a minimum AZ value 22mm, which is the optimal configuration to obtain the lowest displacement as
the HAWT axial bearing. Figure 15 depicts the smallest AZ displacement (22mm) in h1.5c4 and h1.5¢5
variants, which are PMB axial designs with a thickness of 0.15m and a magnetic gap between the
rotor and stator of 4 mm and 5 mm, respectively. Although AZ 22mm is the smallest, the flexibility
range is still too wide to be utilized as a single substitute for HAWT's mechanical thrust bearing.

Figure 16 depicts the LZ0 distance of 187mm on the Axial PMB 0.1m magnet thickness for the
three magnetic gap changes (4,5,6mm), 270mm distance at 0.15m thickness, and 354mm distance at
0.2m thickness. The 0.1m magnet thickness has the lowest LZ0 value. This demonstrates that the
greater the thickness of the PMB axial magnet design, the greater the displacement that provides
zero axial magnetic force, but is unaffected by changes in the magnetic gap (c). The rise in
displacement value is proportional to the axial magnetic force produced, which increases with the
size of the magnet's thickness (see Figure 17). However, there is small decrease produce in the axial
magnetic force wherein the size of the magnetic gap (c) gets large. This result is similar to studies in
that a smaller magnetic gap width will produce a higher magnetic force [7,35]. The effect of axial
magnetic force fluctuation from magnetic gap variation is insignificant, with a difference of 3.16 %
for axial PMB with a thickness of 0.1m, a difference of 2 % for a magnet thickness of 0.15m, and a
difference of 1.69% for a magnet thickness of 0.2m.

ODistance, LZ0 X Displacement, AZ

3 400
X

25 X X X‘I‘ x‘} X ‘I‘ 350
S 300 ~
5 2 ? ? + 2505
<15 200 S
~ i
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0-5 50

0 0
hlc4 hlc5 hlc6 hl.5c4h1.5¢c5h1.5¢c6 h2cd h2c5 h2c6
Variation

Fig. 16. Displacement AZ and distance LZ0 of the axial PMB variations
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Fig. 17. The maximum of magnetic of the axial PMB variations
4. Conclusions

The permanent magnetic bearing as an axial bearing of the main shaft HAWT was designed to
generate the magnetic force that resists the thrust forces from wind imposed on the rotor blades.
The PMB model consists of rotor and stator magnets arranged in 3 layers that vary in thickness and
width of the gap has been simulated base on the displacement of the rotor magnet against the stator.
The PMB model with a thickness of 0.15m and a gap of 4mm has the shortest displacement, AZ
(22mm) that produces a minimum axial magnetic force of 199.5 kN compared to other variations.
However, this displacement has a considerable distance, so it is not feasible to use it as a single
replacement for HAWT's axial bearing unless combined with the HAWT shaft main bearing close to
the rotor. It is also feasible to decrease axial displacement by increasing the number of PMB axial
models in one main axis of the HAWT. Analysis shows that the greater the magnet thickness of the
PMB, the greater the magnetic axial force and the displacement that provides zero axial magnetic
force. Furthermore, increasing the size of the rotor magnet gap towards the stator decreases the
magnetic force even though small. The insignificant decrease in the value of the axial force is due to
the variation of small gap magnet width. The highest decrease was found of the PMB model with a
0.1m thick magnet, where the magnetic force generated at a 4mm magnet gap compared to a 6mm
magnetic gap decreased by 3.16%.
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