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Abstract. One way to reduce maintenance costs while improving wind turbine efficiency is to
replace mechanical bearings with permanent magnetic bearings. The permanent magnetic
bearing is a free contact bearing in which the rotor is elevated from the stator by the magnet's
repelling force. The purpose of this study is to analyze the variation of 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 a magnetic
thickness of 0.1m with a magnet gap of 6mm. The greater the thickness of the PMB axial magnet
design, the greater the displacement that provides zero axial magnetic forces. Further, the
maximum of the magnetic axial force is rise on with increasing magnet thickness.

1. Introduction

One of the most critical components of wind turbines is the bearing. Furthermore, bearing failure is
contributes to wind turbine generator failure in general [1]. Large-scale power plants in Indonesia
currently apply mechanical bearings for onshore wind turbines with a capacity of 3.6 MW. One of the
most critical components of wind turbines is the bearing. Furthermore, bearing failure is contributes to
wind turbine generator failure in general [1]. 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 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]. In addition, the
magnetic levitation system helps the rotor rotate with minimal friction, affect the bearing lifetime
becomes longer. The friction on a magnetic bearing is small except with air so that the blades can rotate
easily [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 1MW
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

Figure 1. Main shaft bearings [10]

2. Method

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 1l 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?), 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 Nd2Fe1sB
Remanent flux density, B, (T) 1.45
Control Cut in speed (m/s) 35
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. The bending moment diagram on the HAWT main shaft

shows in Figure 2.
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Figure 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), Wi is the rotor magnet load (N), and W- is the total load
from the connector hub load and the rotor load (N). Hereafter, the equations (1-2) for the deflection
calculations.

Ip :7T4(T'524—T'514) (1)

1 Y
5= — Jy Mx dx (2)



Where Ip is the polar inertia of the shaft, rc: 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] y[m] Wi [N] W2 [N] rei [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 Equation 4.

I 3500 mm 1500 mm

Rotor
blade

T

gearbox

Figure 3. Location of axial PMB on the HAWT main shaft

rotor magnet stator magnet
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Figure 4. Forces and moments on the HAWT main shaft [20]

A=mr2 3
Fyr = 5 p A (v} —v}) @)



The magnetic force simulation in this study uses the finite element method assisted by COMSOL
Multiphysics 5.5 by integrating vector Equations (5). 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)

Where f'is the magnetic force (n), n is the external normal vector, 7 is the tensor stres 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 Equation 6.

B = prpoH (6)
Where [y iS the relative permeability and o is the absolute magnetic permeability.
Magnetic field using Ampere's law model, with the stationary magnetic field Equation 7.

B=VA4 7)

ot TtV A=J (8)
Where V/ is the vector operators, 4 is the Magnetic potential vector, and J is the magnetization residual
or magnetism induction density.
Boundary conditions using the Equation 9.

nA' =0 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
[21]. The Nd:FewB is a kind of hard magnet with excellent magnetic characteristics, possesses the
highest values of maximum energy product (BH) max and coercivity [22-24]. In addition, Nd2Fe14B is
the strongest permanent magnet because maximum energy reaches more than 400kJ/m? [25-27]. 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.
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Figure 5. HAWT main shaft design Figure 6. Design of axial PMB
configuration

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 condition where
there is no axial magnetic force interaction between the two (F,=ON). 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).
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) R;=0.805; 0.806; 0.8067 R;=0.625
Outer Radius (m) Ri=1.1 R>=0.8
Thickness (m) hyp=0.1;0.15;0.2 h;=0.1;0.15;0.2
Magnetic Flux Density, Br (T) 1.45 1.45

3. Results and Discussion

3.1. Thrust force on the HAWT main shaft

The Thrust force (Fyr) of the HAWT main shaft is calculated by equation (3), which A of 2323.098 m?
and p is the air density assumed is 1.293 kg/m?. The thrust force results on the HAWT main shaft are
shown in Figure 7.

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

250
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Figure 7. Graph of the thrust force on the HAWT main shaft vs windspeed

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.
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Figure 8. Maximum deflection of HAWT main shaft use FEM
Table 4. Model Validation with Mohr 1l theory

FEM Analytic Variation (%)
Maximum Deflection (mm) 0.20033 0.20036 0,015

The maximum deflection of the modeling approximates analytic calculations using Mohr 11 theory (see
Table 4). Moreover, the discrepancy between the two methods above has 0.015 %, which indicates that
the modeling method is declared valid.

3.3. PMB model validation

Figure 8 is a plot of axial force versus displacement generated from the modeling, where the axial force
Fzis 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
100 —— Objective value |
z
o 50 .
T /
s of- — / - -
2 /
8 o / -
o
o]
100} .
1 1 1 1 1 1 1 1 1
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
dZ (Axial displacement)
Figure 8. Plot of the magnetic axial force of the modelling
Table 5 Validation of the axial force with Bekinal model
Modeling Bekinal model [28] Variation (%)
Axial Force (N) 126.12 126.59 0.37

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.



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 R3 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 9-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 9-b depicts the axial force towards displacement with dZ — 0.38 m to 0.38 m.

o

dzo dzl
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Figure 9. Plot of the axial PMB 4 ;0.1 m, ¢ 4mm, (a) magnetic flux density (b) axial force-
displacement range dZ -0.38 to 0.38 m
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Figure 10. The plot of the axial force-displacement of axial PMB, with h 0.1 m

Figure 10 is a plot of the axial force versus displacement generated in the axial PMB simulation with
amagnetic thickness of 0.1 m which the width is varied for the magnetic gap "c" (4mm; Smm; 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 4Z 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 ¢ 4mm with
displacement AZ 26mm, ¢ Smm with 4Z 27mm, and ¢ 6mm, the distance 47 is 28mm. Based on the
simulation results, the most optimum axial force is found at ¢ 4mm because it has the smallest
displacement (4Z7) value among the other configuration. Furthermore, this configuration can support the
axial load on the HAWT main shaft with a 47 value of 2.6mm.



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 4#0-h1 indicate a magnet
thickness of 0.15 m. The difference in this configuration magnetic gap c values of 4mm, Smm, and 6mm.
Figure 11-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 11-b shows the axial
force-displacement which dZ — 0.38 m to 0.38 m.
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Figure 11. Plot of the axial PMB #y /; 0.15 m, ¢ 4mm, (a) magnetic flux density (b) axial force-
displacement range dZ -0.38 to 0.38 m
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Figure 12. Plot of the axial force -displacement of axial PMB, with h 0.15 m

Figure 12 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; Smm; 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 4Z 22mm, ¢ Smm with displacement 4Z 22mm, and ¢ 6mm with distance 4Z
23mm. According to the results, the most optimum axial force is discovered at ¢ 4mm since it has the
minimum displacement (47) value among the other configurations. 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.

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 /¢-4; indicating a magnet
thickness of 0.2m. The magnetic gap c values of 4mm, Smm, and 6mm differ in this arrangement. Figure
13-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 13-b depicts the
axial force-displacement relationship with dZ—0.38 m to 0.38 m.
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Figure 13. Plot of the axial PMB / ;0.2 m, ¢ 4 mm, (a) magnetic flux density (b) axial force-
displacement range dZ -0.38 to 0.38 m
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Figure 14. Plot of the axial force -displacement of axial PMB, with h 0.2 m
Figure 14 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; Smm; 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 4Z
25mm, while at ¢ 5 and 6mm, the displacement 4Z was 26mm. The simulation results show that the
thicker the PMB axial magnet, the greater the axial magnetic force.

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 (4Z) in each configuration are limitations into
consideration in selecting the PMB axial for the main shaft of the HAWT. Therefore, the axial PMB
with magnet thickness, /19-4; of 0.15m, air gap of 4mm produces F. value 199.5kN, with a minimum 4Z
value 22mm, which is the optimal configuration to obtain the lowest displacement as the HAWT axial
bearing. Figure 15 depicts the smallest 4Z displacement (22mm) in h1.5c¢4 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 4Z 22mm is the smallest, the flexibility range is still too wide to
be utilized as a single substitute for HAWT's mechanical thrust bearing.
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Figure 16. The maximum of magnetic of the axial PMB variations

Figure 15 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
16). 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 [29-30]. 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.

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, 4Z (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 in
one magnet thickness. 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%.

References

[1] Gong, X. dan Q, Wei. 2011. Bearing Fault Detection For Direct-Drive Wind Turbines via Stator
Current Spectrum Analysis. IEEE, 11: 313-318.

[2] Tazi, N., E. Chételet., dan Y. Bouzidi. 2017. Wear analysis of wind turbine bearings. International
Journal of Renewable Energy Research 7(4): 2120.

[3] Fekry, M., A.M. Mohamed., M. Fanni. dan S. Yoshida. 2019. A Comprehensive performance
assessment of the integration of magnetic bearings with horizontal axis wind turbine.
Mathematics and Computers in Simulation, 156: 1-39.

[4] Zhang, W. dan H. Zhu. 2017. Radial magnetic bearings: An overview, Results in Physics, 7:
3756-3766.

[5] Jin, C., Y. Xu., Z. Jin. dan C. Cheng. 2016. Active Magnetic Bearings Stiffness and Damping
Identification from Frequency Characteristics of Control System. Shock and Vibration, 2016:

1-8.
[6] ‘Yaghoubi, H.2013. The Most Important Maglev Applications. Journal of Engineering technology
2013:1-19.

[7] Micha, P. T., T. Mohan. dan S. Sivamani. 2017. Design and Analysis of a Permanent Magnetic
Bearing for Vertical Axis Small Wind Turbine. Energy Procedia, 117: 291-298.

[8] Kriswanto and Jamari, 2016. Radial Forces Analysis and Rotational Speed Test of Radial
Permanent Magnetic Bearing For Horizontal Axis Wind Turbine Applications”, AIP
Conference Proceedings 1725, 020034 1-10

[9] Daniel DV, Tanase N, Apostol ES, Chirita I and Ilie C, "An overview regarding the analytical vs.
numerical computation for a PMB used for FESS," 2017 10th International Symposium on
Advanced Topics in Electrical Engineering (ATEE), 2017, pp. 458-462

[10] Teng, W., X, Ding., X. Zhang., L. Y. Liu. Dan Z. Ma. 2016. Multi-fault detection and failure
analysis of wind turbine gearbox using complex wavelet transform. Renewable Energy, 93:
591-598.

[11] Bekinal. S. I. and M. Doddamani. 2020. Friction-Free Permanent Magnet Bearings for Rotating
Shafts : A Comprehensive Review. Progress In Electromagnetics Research C. 104: 171-186

[12] Parambil, L. K. 2019. Design methodology for monolithic layer radial passive magnetic bearing.
Journal of Engineering Tribology, 0(0): 1-9.

[13] Zhang, L.,H.Wu.,P.Li., Y.Hu.andC. Song. 2019. Design, analysis, and experiment of multiring
permanent magnet bearings by means of equally distributed sequences based Monte Carlo
method,” Mathematical Problems in Engineering, 2019:1-18.

[14] Wang R, Han T, Wang W, Xue Y, and Fu D. 2018. Fracture analysis and improvement of the
main shaft of wind turbine based on finite element method. Advances in Mechanical
Engineering. Vol. 10 pp1-9



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[25]

[26]

[27]
[28]

[29]

[30]

Anonymous. 2021. Ovako 34CrNiMo6 SB9205 Steel.
http://www.matweb.com/search/DataSheet.aspx?MatGUID=e3376bb4f6ab4d9ba23f4b7aa7f
1882a&ckck=1

Ni, Q., K. Feng., K. Wang., B. Yang. dan Y. Wang. 2017. A case study of sample entropy analysis
to the fault detection of bearing in wind turbine. Case Studies in Engineering Failure Analysis.
9:99-111.

Ge, Y and Wang. K. (2018). Influence of Microalloying Element on the Microstructure and
Mechanical Properties of 34CrNiMo6 Steel for Wind Turbine Main Shaft. Advance in
Material Science and Engineering, vol. 2018, 1-6.

Huang CP, Lin X, Liu FC, Cao J, Liu FCG, and Huang WD. 2016. Effects of cooling condition
on microstructure and mechanical properties in laser rapid forming of 34CrNiMo6 thin-wall
component. Int J Adv Manuf Technol 2016 Vol 82 pp.1269-79,

Branco R, Costa JD, Berto F, Kotousov A, and Antunes FV. 2020. Fatigue crack initiation
behaviour of notched 34CrNiMo6 steel bars under proportional bending-torsion loading. Int J
Fatigue Vol 130

Veritas DN. 2002. Design of Wind Turbines. 2 edition. Norwegia: Det Norske Veritas & Risg
National Laboratory.

Ramlan., Muljadi., P. Sardjono., F. Gulo., D. Setiabudidaya. 2016. Crystal Structure and
Magnetic Properties of Nd2Fel4B Powder Prepared by Using High Energy Milling from
Elements Metal Nd,Fe,B Powders. Journal of Physics, 776:1-6

Suprapedi, Sardjono P, and Muljadi. 2016. Physical and magnetic properties, microstructure of
bonded magnet NdFeB prepared by using synthesis rubber. Journal of Physics: Conference
Series. 776. 012015

Wang, X., Zhu, K., Li, W., Xu, J., Ali, Z., & Hou, Y. 2020. Nd2Fe14B hard magnetic powders:
chemical synthesis and mechanism of coercivity. Journal of Magnetism and Magnetic
Materials Vol. 518 ppl-6.

Jeong, J. H., Ma, H. X., Kim, D., Kim, C. W., Kim, I. H., Ahn, J. W., ... Kang, Y. S.
2016. Chemical synthesis of Nd2Fe14B hard phase magnetic nanoparticles with an enhanced
coercivity value: effect of CaH2 amount on the magnetic properties. New Journal of
Chemistry, Vol 40, 10181-10186.

Krugel G, Korner W, Daniel FU, Gutfleisch O and Elsésser C. 2019. High-Throughput Screening
of Rare-Earth-Lean Intermetallic 1-13-X Compounds for Good Hard-Magnetic Properties.
Metals. Vol 9. pp. 1-13.

Constantinides, S., and J. D. Leon. (2017). Permanent Magnet Materials and Current Challenges
Development of Magnet Materials. Arnold Magnetic Technology, Denmark.

Schroeter, H. (2007). Permanent Magnets Materials and Magnet Systems. IBS Magnet, Berlin.

Bekinal, S. I., T. R. Anil. dan S. Jana. 2012. Analysis Of Axially Magnetized Permanent Magnet
Bearing Characteristics. Progress In Electromagnetics Research B. 44: 327-343.

Micha PT, Mohan T. and Sivamani S. 2017. Design and Analysis of a Permanent Magnetic
Bearing for Vertical Axis Small Wind Turbine. Energy Procedia. Vol 117 pp 291-298.

Zhang L, Wu H, Li P, Hu Y, and Song C.2019. Design, Analysis, and Experiment of Multiring
Permanent Magnet Bearings by Means of Equally Distributed Sequences Based Monte Carlo
Method, Mathematical Problems in Engineering, Vol. 2019, pp 1-17.



2.Bukti konfirmasi review dan hasil review
pertama (28 Oktober 2021)



6/19/24, 10:38 PM UNNES Mail - [J. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision

A

UNIVERSITAS NEGERI SEMARANG

Kriswanto Unnes <kriswanto@mail.unnes.ac.id>

[J. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision

2 messages

Nor Azwadi <azwadi@semarakilmu.com.my> Thu, Oct 28, 2021 at 9:09 PM

To: Kriswanto <kriswanto@mail.unnes.ac.id>

Kriswanto:

We have reached a decision regarding your submission to Journal of Advanced Research in Fluid Mechanics and
Thermal Sciences, "EIC-Analysis of an Axial Permanent Magnetic Bearing for 1MW Horizontal Axis Wind Turbine ".

Our decision is: Revisions Required

Please submit the revised article by 15 Nov 2021

Editorial Comments:

Please cite few articles from
http://www.akademiabaru.com/submit/index.php/araset
http://www.akademiabaru.com/submit/index.php/cidl
http://www.akademiabaru.com/submit/index.php/armne
http://www.akademiabaru.com/submit/index.php/arnht
http://www.akademiabaru.com/submit/index.php/arefmht

http://www.akademiabaru.com/submit/index.php/aram

Reviewer A:
Grammar and Spelling:
No language mistakes. Good sentence and paragraph structure and transitions.

Abstract:

Abstract section is excellently written. The abstract has all the required elements (as stated below) that are connected

properly.

1. Introduction

2. Aims/objective
3. Methodology
4. Results

5. Discussion

Quality of Tables and Figures:

Tables and figures have excellent clarity and numbered. All tables and figures are mentioned in text and properly
discussed.

Conclusion:
Conclusion related to objective. Well written.
References:

As a reminder, please cite related and latest references within 5 years of study since, the year of study is not clarified
in the journal.

https://mail.google.com/mail/u/0/?ik=66fd1c7248&view=pt&search=all&permthid=thread-f:17148728416808814428&simpl=msg-f:17148728416808...

1/2



6/19/24, 10:38 PM UNNES Mail - [J. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision
Recommendation: Revisions Required

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Kriswanto Unnes <kriswanto@mail.unnes.ac.id> Sat, Nov 13, 2021 at 8:54 PM
To: Nor Azwadi <azwadi@semarakilmu.com.my>

Ok, | will do it. Thank you for the information on the results of the review and suggestions.

| have cited several articles according to the editor's suggestion, including:

1. https:/fakademiabaru.com/submit/index.php/araset/article/view/1954/1530

Azizan A, Israr, H A, and Tamin M N. (2020). Effect of Fiber Misalignment on Tensile Response of Unidirectional CFRP
Composite Lamina. Journal of Advanced Research in Applied Sciences and Engineering Technology, 11(1), 23-30.

2. hitps://'www.akademiabaru.com/submit/index.php/araset/article/view/1942/1523

J. Ibrahim, M I, and Mohamed Yusoff M Z. (2020). Optimization of Interlocking Structures Made of Flax Fibre Composites to
Improve Its Energy Absorption Capability. Journal of Advanced Research in Applied Sciences and Engineering Technology,
10(1), 1-17

3. hitps://www.akademiabaru.com/submit/index.php/cfdl/article/view/3141/2175

Nasri, W. ., Djebali, . R. ., Goodarzi, M. ., Abbassi, M. A. ., & Abboudi, S. . (2021). Apple Convective Drying - Part I: Finite
Elements Parametric Study for Appraising the Operating Conditions Effects. CFD Letters, 11(3), 28—41.

Thanks a lot

Best regards

Kriswanto
[Quoted text hidden]

@ Semarakllmu_PMB Artikel.docx
1411K

https://mail.google.com/mail/u/0/?ik=66fd 1c7248&view=pt&search=all&permthid=thread-f: 171487284 168088 1442&simpl=msg-f:17148728416808... = 2/2



ER

Konfirmasi review di OJS SEMARAK ILMU

B Kriswanto et al.

Notifications

[J. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision

2021-10-28 02:09 PM

Kriswanto:

We have reached a decision regarding your submission to Journal of Advanced Research in Fluid Mechanics and

Thermal Sciences, "EIC-Analysis of an Axial Permanent Magnetic Bearing for 1MW Horizontal Axis Wind Turbine

Our decision is: Revisions Required

Please submit the revised article by 15 Nov 2021

Editorial Comments:

Please cite few articles from

http:/jwww akademiabaru com/submit/index phpfaraset
http:/fwww.akademiabaru.com/submit/index.phpjcfdl
hep:/fwww.akademiabaru.com/submitfindex.php/armne
http:/fwww.akademiabaru.com (submit/index.phpfarnht

http:/jwww.akademiabaru.com/submit/index.phpfarefmnt

":‘.5 Kriswanto et al.

http:/{www.akademiabaru.com/submitfindex.php/aram

Reviewer A:

Grammar and Spelling:

Mo language mistakes. Good sentence and paragraph structure and transitions.
Abstract:

Abstract section is excellently written. The abstract has all the required elements (as stated below) that are
connected properly.

1. Introduction

2. Aimsfobjective

3. Methodology

4. Results

5. Discussion

Quality of Tables and Figures:

Tables and figures have excellent clarity and numbered. All tables and figures are mentioned in text and
properly discussed.

Conclusion:
Conclusion related to objective. Well written.
References:

As a reminder. please cite related and latest references within 5 years of study since, the year of study is not

clarified in the journal.

Recommendation: Revisions Required




3.Bukti konfirmasi submit revisi, respon
kepada reviewer, dan artikel yang
diresubmit (13 November 2021)



6/19/24, 10:38 PM UNNES Mail - [J. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision
Recommendation: Revisions Required

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Kriswanto Unnes <kriswanto@mail.unnes.ac.id> Sat, Nov 13, 2021 at 8:54 PM
To: Nor Azwadi <azwadi@semarakilmu.com.my>

Ok, | will do it. Thank you for the information on the results of the review and suggestions.

| have cited several articles according to the editor's suggestion, including:

1. https://akademiabaru.com/submit/index.php/araset/article/view/1954/1530

Azizan A, Israr, H A, and Tamin M N. (2020). Effect of Fiber Misalignment on Tensile Response of Unidirectional CFRP
Composite Lamina. Journal of Advanced Research in Applied Sciences and Engineering Technology, 11(1), 23-30.

2. https://www.akademiabaru.com/submit/index.php/araset/article/view/1942/1523

J. Ibrahim, M I, and Mohamed Yusoff M Z. (2020). Optimization of Interlocking Structures Made of Flax Fibre Composites to
Improve Its Energy Absorption Capability. Journal of Advanced Research in Applied Sciences and Engineering Technology,
10(1), 1-17

3. https://www.akademiabaru.com/submit/index.php/cfdl/article/view/3141/2175

Nasri, W. ., Djebali, . R. ., Goodarzi, M. ., Abbassi, M. A. ., & Abboudi, S. . (2021). Apple Convective Drying - Part I: Finite
Elements Parametric Study for Appraising the Operating Conditions Effects. CFD Letters, 11(3), 28—41.

Thanks a lot

Best regards

Kriswanto
[Quoted text hidden]

@ Semarakllmu_PMB Artikel.docx
1411K

https://mail.google.com/mail/u/0/?ik=661d1c7248&view=pt&search=all&permthid=thread-f: 171487284 168088144 2&simpl=msg-f: 17148728416808... = 2/2



Konfirmasi submit revisi di 0JS SEMARAK ILMU

1 U Ady

& semarakilmu.com.my/jour| { ubm
]

UNMES & Paper Rater Proof O ER

The article has been revised.

Participants Edit
MNor Azwadi {norazwadi)

Kriswanto (kriswanto)

Messages

Thank you for the information on the results of the review and suggestions.
I'have cited several articles according to the editor's suggestion. including:

1. https://akademiabaru com/submit/index php/araset/articlefview/1954/1530

Agzizan A, Israr, H A, and Tamin M N. {2020). Effect of Fiber Misalignment on Tensile
Response of Unidirectional CFRF Composite Lamina. Journal of Advanced Research in
Applied Sciences and Engineering Technelogy, 11(1), 23-30.

2. hitps:f fwww akademiabaru com/submit/index phplaraset/article fview/1943 /1523

J. Ibrahim, M L, and Mohamed Yusoff M Z. (2020). Optimization of Interlacking
Structures Made of Flax Fibre Composites to Improve Its Energy Absorption
Capability. Journal of Advanced Research in Applied Sciences and Engineering
Technology, 10{1), 1-17

3. https://www.akademiabaru.com/submit/index.php/cfdl/article/view/3141/2175
Nasri, W. ., Djebali, . ., Goadarzi, M. ., Abbassi, M. A. ., & Abbeudi, 5. . (2021). Apple

Convective Drying - Part I: Finite Elements Parametric Study for Appraising the
Operating Conditions Effects. CFD Letters, 11(3), 28-41. Thanks a lot Bestregards

Kriswanto

Add Message

STER | Tridharma
C% UNNES per Rater Proofr... RA ORDER

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

ick to Submissions

[l. Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision

[J-Adv. Res. Fluid Mech. Therm. Sc.] Editor Decision

tor Decision

[_Adv. Res Fluid Mech. Therm. Sc.

Reviewer's Attachments Q, Search

Revisions Q Search Upload File

» w242 Semarakllmu_PMB Artikel.docx

Review Discussions Add discussion

v The article has been revised. kriswanto - 1]
2021-11-13 02:03
PM




Journal of Advanced Research in Fluid Mechanics and Thermal Sciences XX, Issue X (2021) XX-XX

SEMARAK ILMU
S ieeTisi e

Journal of Advanced Research in Fluid

https://semarakilmu.com.my/journals/index.php/fluid_mechanics_thermal_sciences/index

Mechanics and Thermal Sciences

Journal homepage:

ISSN: 2289-7879

Analysis of an Axial Permanent Magnetic Bearing for 1MW Horizontal Axis

Wind

Kriswanto*, Rizqi Fitri Nuryanto?, Renaldy Prasdiansyah?, Dony Hidayat Al-Janan?, Widya Aryadi?,
Ahmad Rozigin?, Samsudin Anis!, Wirawan Sumbodo?, and Jamari?

*kriswanto@mail.unnes.ac.id

1

2

Department of Mechanical Engineering, Universitas Negeri Semarang, Gd E9 Kampus Sekaran Gunungpati, Semarang, Indonesia

Department of Mechanical Engineering, University of Diponegoro, JI. Prof. Sudharto Kampus UNDIP Tembalang, Semarang 50275, Indonesia

ARTICLE INFO

ABSTRACT

Article history:

Received 29 October XXXX

Received in revised form 1 December XXXX
Accepted 9 December XXXX

Available online 10 December XXXX

Keywords:
Bearing; Permanent Magnetic Bearing;
Horizontal Axis Wind Turbine; Axial

One way to reduce maintenance costs while improving wind turbine efficiency is to
replace mechanical bearings with permanent magnetic bearings. The permanent
magnetic bearing is a free contact bearing in which the rotor is elevated from the stator
by the magnet's repelling force. The purpose of this study is to analyze the variation of
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

Force.
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
a magnetic thickness of 0.1m with a magnet gap of 6mm. The greater the thickness of the
PMB axial magnet design, the greater the displacement that provides zero axial magnetic
forces. Further, the maximum of the magnetic axial force is rise on with increasing
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
the efficiency and reliability of wind turbines is to minimize friction using magnetic bearings [3]. The
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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]

2. Methodology
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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/m3), 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, / (m) 4.5
Material 34CrNiMo6
Bearing Diameter Bore (m) 1.25
Outer diameter (m) 2.2
Material Nd:Fe14B
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 equations (1-2) for
the deflection calculations.

Ip =7T4(Tc24—rc14) (1)
1 Y
6= — [, 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] y[m] W1 [N] W:2[N] rea [m] rez [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 Equation 4.
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3500 mm 1500 mm

3

v
A

L ]
Rotor
blade
rotor magnet stator magnet T
gearbox
Fig. 3. Location of axial PMB on the HAWT main shaft
MxFE -
Fig. 4. Forces and moments on the HAWT main shaft [25]
A=mr2 (3)
1
FyRZEpA(Ulz_UZZ) (4)

The magnetic force simulation in this study uses the finite element method assisted of COMSOL
by integrating vector Equations (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 Equation 6.

B = pyuoH (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 Equation 7.

B=VaA (7)
o LTtV A=Y (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 Equation 9.

nA' =0 (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.Fe1sB 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, Nd2Fe14B 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

Figure 5. HAWT main shaft design Figure 6. Design of axial PMB configuration
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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
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).

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=1.1 R2=0.8
Thickness (m) ho=0.1;0.15; 0.2 h;=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 (Fyz) of the HAWT main shaft is calculated by equation (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.

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 .
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Fig. 7. Graph of the thrust force on the HAWT main shaft vs windspeed

3.2 Maximum deflection on the main shaft of HAWT
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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.
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Figure 8. Maximum deflection of HAWT main shaft use FEM
Table 4
Model Validation with Mohr Il theory
FEM Analytic Variation (%)
Maximum Deflection (mm) 0.20033 0.20036 0,015

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.

3.3 PMB model validation

Figure 8 is a plot of axial force versus displacement generated from the modeling, where the
axial force Fzis 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.
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Table 5
Validation of the axial force with Bekinal model

Modeling Bekinal model [34] Variation (%)
Axial Force (N) 126.12 126.59 0.37

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.

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 he-h; indicate a magnet thickness of 0.1 m. The variation in this configuration lies in the width of
the magnetic gap with Rz 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.

L8 il dz0 dz1
.
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16 ]S S

-1500 -1000 500 0 500 1000 mm

Fig. 10. Plot of the axial PMB hy h; 0.1 m, ¢ 4mm, (a) magnetic flux density (b) axial force-
displacement range dZ-0.38 t0 0.38 m
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Fig. 11. The plot of the axial force-displacement of axial PMB, with h 0.1 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.

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 hO-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.
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Fig. 12. Plot of the axial PMB ho h; 0.15 m, ¢ 4mm, (a) magnetic flux density (b) axial force-
displacement range dZ-0.38 t0 0.38 m
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Fig. 13. Plot of the axial force -displacement of axial PMB, with h 0.15 m

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 c
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.

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.
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Figure 14. Plot of the axial PMB hy h; 0.2 m, ¢ 4 mm, (a) magnetic flux density (b) axial force-
displacement range dZ-0.38 t0 0.38 m
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Fig. 15. Plot of the axial force -displacement of axial PMB, with h 0.2 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.

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,
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.
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Fig. 16. Displacement AZ and distance LZ0 of the axial PMB variations

28



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume XX, Issue X (2021) XX-XX

1400
1200 1$2 l?l 1$2
1000 9i9 9i4 9}@9
Z 800 7$3 eio 6i1
EGOO
400
200

hlc4 hlc5 hlc6é hl.5c4 hl1.5¢5 hl1l.5¢6 h2c4d h2c5 h2c6
Variation

Fig. 17. The maximum of magnetic of the axial PMB variations

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.

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
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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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ARTICLE INFO ABSTRACT

Article history: One way to reduce maintenance costs while improving wind turbine efficiency is to
Received 12 November 2021 replace mechanical bearings with permanent magnetic bearings. The permanent
Received in revised form 10 March 2022 magnetic bearing is a free contact bearing in which the rotor is elevated from the stator
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by the magnet's repelling force. The purpose of this study is to analyze the variation of
Available online

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, [ (m) 4.5
Material 34CrNiMo6

Bearing Diameter Bore (m) 1.25
Outer diameter (m) 2.2
Material Nd2Fe1sB
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 =7T4(T'cz4—7"c14) (1)
1 Y
§=— [y Mxdx (2)

where Ip is the polar inertia of the shaft, rc; 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] y[m] Wi [N] W2 [N] re1 [m] rez [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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gearbox
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=mr2 (3)
1
FyRZEpA(Ulz_UZZ) (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 = pruoH (6)

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

B=VA (7)
po TtV 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).

n1 A’ = 0 (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 NdiFe1sB 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/m3 [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) Rz =0.805; 0.806; 0.8067 R:1=0.625
Outer Radius (m) Rs=1.1 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 (F,g) 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/m?3. 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
100 /\\ —— Objective value |
z /
o 50 / N .
= / S
- o ——————————— f _—
2 \ /
8 sof x / :
-100 \ /f' E
e
1 1 1 1 1 1 1 1 1
-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.
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Fig. 10. Plot of the axial PMB ho h; 0.1 m, c 4mm, (a) magnetic flux density (b) axial force-displacement
range dZ-0.38t00.38 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.
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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 hO-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))

(@) (b)
Fig. 12. Plot of the axial PMB ho h; 0.15 m, c 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.

50000

\ dZ0

dz1

-24 -23

0
-25

i
&3

-50000

-100000

-150000

= -199510
Ez\'. -200000 ——— - - = == e N = = == = = = = = = — - —
5 i i
]
|
-250000 , Az
i
-300000
-350000
-400000
dZ (x 102 m)
-450000 —=S--c=4mm -—-W-c=5mm —k—c=6mm =—o= FzHAWT

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
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=
3 \
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\ — 3 1 0
— " yirzay dZ (Axial displacement (m))
-1500 -1000 -500 ] 500 1000 mm

(a) (b)
Fig. 14. Plot of the axial PMB hy h; 0.2 m, ¢ 4 mm, (a) magnetic flux density (b) axial force-displacement
range dZ-0.38t00.38 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.
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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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ARTICLE INFO ABSTRACT

Article history: One way to reduce maintenance costs while improving wind turbine efficiency is to
Received 12 November 2021 replace mechanical bearings with permanent magnetic bearings. The permanent
Received in revised form 10 March 2022 magnetic bearing is a free contact bearing in which the rotor is elevated from the stator

Accepted 13 March 2022

: : : by the magnet's repelling force. The purpose of this study is to analyze the variation of
Available online 11 April 2022

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

* Corresponding author.
Email address: kriswanto@mail.unnes.ac.id

https://doi.org/10.37934/arfmts.94.1.172187

172



