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ABSTRACT This article presents the generalized optimal design procedure and MATLAB app for rotation
magnetized direction (RMD) permanent magnet thrust bearing for maximum characteristics based on air gap,
outer diameter, and length of a bearing concerning the available space for replacing conventional bearings
in industrial applications. To begin with, MATLAB codes for solving the three-dimensional (3D) equations
of force and stiffness are developed. Then, the curve fit correlations are established to obtain the optimized
design parameters for maximum bearing characteristics. The optimization process is further extended for
different aspect ratios and airgap values of the bearing using the curve fit equations of design variables. The
proposed pragmatic and generalized optimization procedure is demonstrated using the application examples.
Finally, to overcome the process of solving the complex design equations and usage of optimization methods,
Industry ready MATLAB app is developed for designing and optimizing the RMD thrust bearing based on
only three general parameters (g, D4, and L). The usage of the proposed computational framework in the
industry is demonstrated by discussing the case study from the literature.

INDEX TERMS Curve fitting, MATLAB app, optimization, rotation magnetized direction, thrust bearing.

ABBREVIATION D3 Inside diameter of the stator ring .
AMB  Active magnetic bearing. D4 Outside diameter of the stator ring .
3D Three-dimensional. ¢ Number of rotor rings .

a Number of stator rings. f Polarized faces of the stator.

Br Magnetic flux density. FEA  Finite element analysis.

c Discrete elements on the faces of the Fonaxy  Maximum axial force.

magnet rings. g Air gap.
D1 Inside diameter of the rotor ring. h The axial thickness of rings .
D2 Outside diameter of the rotor ring . j Number of surface elements on the
faces of the rotor.
The associate editor coordinating the review of this manuscript and Knax  Maximum axial stiffness.

approving it for publication was Su Yan . y Polarized faces of the rotor .
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I. INTRODUCTION

Non-contact bearings are well suited for supporting the
rotating objects in high-speed machinery. Conventional bear-
ings could serve the purpose, but they require lubrica-
tion, maintenance, and are prone to wear and tear. Hence
with electromagnetic forces, rotating objects can be sup-
ported without any mechanical contact because they are
friction-free, and can operate at much higher speeds than
conventional bearings [1]. Electromagnetic forces can be
generated with help of permanent magnets or electromag-
nets. A permanent magnet bearing (PMB) uses permanent
magnets to support the rotor with the help of attractive and
repulsive forces exerted by magnets fitted to the rotor and
stator. An active magnetic bearing (AMB) requires input
energy, sensors, and electrical and electronic components,
while a PMB doesn’t. Due to their attractive features, PMB
have been used to support low [2], [3], and high-speed
[41, [5], [6], [7] applications. Despite their attractive features,
PMB suffers from instability and poor damping [8]. With help
of AMB [9] or superconducting bearings [10], or mechan-
ical bearings [11] the stability of the rotor supported by
PMB could be improved. Whereas the damping can be
enhanced either with a viscoelastic damper [12] or eddy cur-
rent dampers [13], [14]. Mathematical equations were devel-
oped to ascertain force and stiffness for single [15], [16], [17]
and multi-ring radial [18], [19], [20], [21], [22] and thrust
PMB [23], [24], [25], [26]. Optimization of PMB for
their geometrical characteristics is necessary to obtain bear-
ing characteristics as comparable to conventional bearings.
In [27] and [28], a single objective function was utilized to
optimize monolithic PMB in a particular volume for maxi-
mum characteristics. In stack-structured permanent magnet
(PM) bearings where rings can be axially/radially or perpen-
dicularly polarized, authors in [29] and [30] performed opti-
mization within a particular cylindrical volume. Generalized
plots for optimized parameters were provided concerning
the outer diameter of the bearing. In our earlier research
efforts, a generalized optimum design methodology [31] for
axially magnetized multi-ring PM radial and thrust bearings
was presented by utilizing 3D mathematical equations of
force and stiffness. In addition, a handy MATLAB compu-
tational framework [32] suitable for design and optimization
based on three parameters (g, D4, and L) concerning control
volume was presented. Designers could directly use the pre-
sented framework in the industry for obtaining the optimal
design variables for maximum bearing characteristics without
solving complicated 3D equations and using optimization
techniques.

As it was shown in the literature [30] the RMD config-
uration is much superior to the conventional one in terms
of force and stiffness. Optimization of the RMD configu-
ration is carried out concerning to aspect ratio (L/D4) as
shown in Fig. 1. The parameters (n, D1, D2 and D4) are
optimized for maximum bearing characteristics. After opti-
mization, the designer has to solve complicated equations of
bearing features for its usage in the industry. To overcome
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this, a pragmatic optimization, and the generalization of
the same with respect to any aspect ratio is presented in
this paper. In addition, A MATLAB app suitable for the
design and optimization of RMD thrust-bearing configura-
tion for any aspect ratio and magnetic flux density (Br) is
presented.

Il. ROTATION MAGNETIZED DIRECTION THRUST
BEARING CONFIGURATION

The force as well as stiffness generated by the single-ring
PMB, are very less as compared to the conventional bear-
ing [8]. This problem can be solved by incorporating multiple
rings into the stator and rotor to form a stacked structure
where rings are magnetized either in the axial or radial
direction. It can be further improved by employing an RMD
structure where rings are magnetized axially and radially and
are arranged in opposition.

Rotation magnetized direction PM thrust bearing config-
uration is shown in Fig. 1. The inner rings are attached to
the rotor, while the outer one to the stator. The rotor will
be levitated as a result of the repulsive and attractive forces
between the magnet’s faces.

FIGURE 1. RMD thrust bearing configuration employed for optimization.

IlIl. SEMI-ANALYTICAL MODEL

Rotation magnetized direction thrust-bearing properties are
evaluated based on a mathematical model presented in this
section. In RMD thrust bearings, the stator rings exert a net
force on rotor rings due to the interaction between (i) Axially-
Axially (ii) Radially-Radially, and (iii) Axially-Radially or
Radially-Axially polarized magnet rings. The Fig. 2 depicts
the magnetic interaction that occurs between the faces of
ring magnets. Based on the Cartesian coordinate system, the
e™ ring is mounted on the rotor, which can move freely
relative to the a'h ring mounted on the stator. 1, 2, 3, and 4
are the charged surfaces of magnet rings. Based on the inter-
actions between all faces of stator-rotor rings, the net axial
force acting on the rotor rings is given by equation (1) by
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FIGURE 2. Interactions between axially and radially polarized magnet
rings [26].

Bekinal et al. [26].
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Number of discrete elements on the faces of the magnet
rings is c. The surface area (SA) of " element positioned on
" surface of the e rotor magnet is denoted as Sy, and Sjg
denotes the SA of the j element positioned on the f ™ surface
of the a stator magnet. Where,

R\/fa_

and

rye) + (ija - Yrye)2 + (ija - Zrye)2

Royeifw) = (Xifa — Xrye) i + (Yiga — Yrye)J + (Zifa — Zirye) k

The position coordinates of the elements of the faces are given
below.
If e and a are of odd values

Xyye = (X + ryyrcos B) i
Yive = OV + rmr sin B) j
Zyye = (z+H(e—DD k
Xifa = (rpscosa) i

Yifa = (rmscos ) j

Zifa = (al)k @

If e and a are of even values

Xrye = (x +R2cos B) i

Yrye = (v + R2sin B)j

Zrye = (z+1n)k

Xjfa = (R4cosa) i

Yitu = (R4sina) j

Zita = (lm) k
lm—l(h—l)—i-(]—l)—+L 3)

where his eithereoraandeanda=1, 2, 3,..

2N
.n, The surfaces

of the polarized rings are divided into N1 number of elements
and j=1,2,3,...N1
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FIGURE 3. Flow charts depicting the optimization process (a) optimization
of the number of rings for maximum force (b) optimization of D1 for
maximum stiffness (c) optimization of D3 for maximum force.

The following criteria are used to evaluate the value of b in
equation (1).
If e is even or odd and (e+a) is even,

)
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TABLE 1. Curve fit equations of RMD thrust bearing for Fzmax .-

TABLE 2. Curve fit equations of RMD thrust bearing for Kzmax -

Sl. No. | Optimized Parameters Curve fit equations
H, H, LAY g\?
Topt =1 D= 819x (0_4) +55.8 % (0_4)
1. —0.0957
(5,
D,
+0.0509
Dlapt (Dl) _ (g )3
D, =-5172x% D, +74.11
2
“(5)
2. D,
—3.326
(5,
D,
+ 0.3464
D.
3. D3opt (—1) =5.956 x 10715 x (i> +08
D, D,
4, Diopt D2 opt = D3 opt - 28

If e is even and (e+a) is odd

b (M _ e) )
2
If e is odd and (e+a) is odd
b= (@Lz_l) _ e) (6)

The axial stiffness produced in the RMD thrust bearing is
given by Bekinal et al [26].
dF,

Kz = 1z @)

By using MATLAB, the maximum force as well as stiff-
ness, are determined by employing the equations (1)-(7).

IV. OPTIMIZATION OF RMD THRUST BEARING

By optimizing the design parameters, the bearing features
of the RMD thrust bearing can be maximized. For a given
bearing volume, the important bearing characteristics were
optimized. The optimization variables are D1, D2, D3, and n,
and the flowchart below (Fig. 3) illustrates the methodology
used.

Based on the analysis results presented in [30] and [31],
D1, D2, D3, and n were taken as the parameters which affect
the force and stiffness of a RMD thrust bearing for a given
D4, L and g values. Hence these variables were taken for the
optimization process.

Optimization details of variables and relationships between
optimum design variables (nopr, D1opr, D20pr, and D3p;)
and the ratio (g/D4) were presented in [33]. In addition,
curve fit equations (shown in Table 1 and Table 2) expressing
relationships were also presented.

These curve fit equations have been utilized to ascertain
the optimized parameters for the bearing having dimensions,
D4 =70 mm, g = 2 mm, and L = 70 mm, the corresponding
optimized dimensions for RMD thrust bearing for F 4, and
K ;1nax are given in Table 3.
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Optimized
Parameters
H,

Mot =7

Curve fit equations
Sl. No.

H, g)\? g8\?
5o = 2181 (D—) + 6597 x (D—4)
i)
+1.068 x (D4

+0.01324

Dlopt

D 6
(—1) =-2.913 x 108 x (Di) +4.327
4

D,
g )5

7 >

X 107 x (D4
—2.529 x 108

g 4
N x (D—) +737
3
x 10% x <D£4> 2
— 1114 % (D%)
8138 x (Dg)

D,
+0.4281

D
3. Dsope (—1) = 4928 x 10715 x (i) +0.825
D, D,

4, Dope D2 opt = D3 opt - 28

TABLE 3. Optimized dimensions of RMD thrust bearing.

Optimized design For F ymax For K, nax
variables
Nopt 13 22
Dlapt (mm) 21 32
D20pt (mm) 52 56
D3apt (mm) 56 58
D, (mm) 70 70
g (mm) 2 2
L (mm) 70 70
Br (T) 1.2 1.2
Bearing Features Fmax = 4880.5N K ;1max=7210335.58 N mm

The maximum axial force calculated from the optimization
is validated using ANSYS. The magnet rings considered for
analysis are N35 grade with B, = 1.2 T, relative permeability
i, = 1.1, and coercive force H, = 868 kA/m. Modeling
of the thrust bearing is based on a Solid97 elements with
dimensions calculated using equations given in Table 1. The
rings are axially and radially magnetized and are arranged in
opposition (Fig. 4 (a)). In Fig. 4(b), flux lines generated in
thrust bearing are shown. The magnetic virtual displacement
method is used to ascertain the maximum force (Fig. 4(c)) in
the RMD thrust bearing. The maximum axial force generated
is 5191.3 N for an axial offset of 5.5 mm which is in good
agreement with force value of an optimized configuration.

V. OPTIMIZATION OF RMD CONFIGURATION
CONCERNING DIFFERENT ASPECT RATIOS

The optimum design methodology for RMD thrust bear-
ing for different aspect ratios has been presented in this
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FIGURE 4. FEA results, (a) modeling of the stator as well as rotor rings,

(b) flux lines generated in both rotor and stator, (c) Maximal axial force
developed at an offset of z = 5.5 mm.

section. Table 4 shows the selected dimensions of the RMD
thrust bearing with different air gaps and lengths so that
the aspect ratio is varied from 0.25 to 1.5 in steps of 0.25.
With the selected configuration, the optimal design param-
eters (Tables 5 and 6) are determined using corresponding
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TABLE 4. Thrust bearing dimensions.

g(mm) L (mm) D4 (mm) L/D4
20 0.25

0.5 40 0.50
60 0.75

80 1.00

100 1.25

120 1.50

20 0.25

40 0.50

60 0.75

10 80 1.00
100 1.25

120 1.50

20 0.25

40 0.50

60 0.75

I3 80 1.00
100 1.25

120 1.50

20 0.25

40 0.50

60 0.75

20 80 1.00
100 1.25

120 1.50

20 80 0.25

40 0.50

60 0.75

23 80 1.00
100 1.25

120 1.50

20 0.25

40 0.50

3 60 0.75
80 1.00

100 1.25

120 1.50

20 0.25

40 0.50

60 0.75

35 80 1.00
100 1.25

120 1.50

20 0.25

40 0.50

4 60 0.75
80 1.00

100 1.25

120 1.50

curve-fit equations provided in Tables 1 and 2. The maximum
force and stiffness are evaluated by using equations (1) - (7)
for the optimized parameters concerning different aspect
ratios considering optimum number of rings as well as only
one ring in the control volume defining each aspect ratio.
Then, the relationship between the ratios ( (Fynax / Fonaxs)
and (L/D4)), ( (K zmax / K inaxs) and (L/D4)) is established for
different (g/D4) values and corresponding curve fit equations
are shown in Figs. 5 and 6.

VI. APPLICATION EXAMPLE

In this section, the optimum design methodology for RMD
thrust bearing is demonstrated with the help of an example.
The steps involved in the selection and optimizing the bearing
are given below.

1. For the optimization process, the specific values of
L/D4 and g/D4 should be chosen.

VOLUME 11, 2023
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TABLE 5. Optimized design parameters and the ratio of Fzmax / Fzmaxsfor differentg /D4andL / Dyvalues.

g | Ds| g/D4 L | L/Dy | g/Ds | Hop/Ds | Hope n Nopt | D1opt/Da | Dlopt | D3op/Ds | Daopt |  Fomax | (Fomaxs) (:"‘% RI R2 R3 R4 L | Nope
20 | 025 | 000625 | 00523 | 4184 | 478 5 0328 26.24 0.8 64 201281 | 475.83 423 0013 | 0.0315 | 0.032 | 0.04 | 0.02 | 5
40 | 05 | 000625 | 00523 | 4.184 | 956 10 0328 26.24 0.8 64 | 454418 | 45291 10.03 0013 | 0.0315 | 0.032 | 0.04 | 0.04 | 10
60 | 075 | 000625 | 00523 | 4184 | 1434 14 0328 26.24 038 64 | 689948 | 43235 15.95 0013 | 0.0315 | 0.032 | 0.04 | 0.06 | 14
0.5 80 0.00625
80 1| 000625 | 00523 | 4184 | 19.12 19 0328 26.24 0.8 64 9453.01 | 42285 2235 0013 | 0.0315 | 0.032 | 0.04 | 0.08 | 19
100 | 125 | 000625 | 00523 | 4.184 | 2390 24 0328 26.24 08 64 | 1199876 | 418.02 28.70 0013 | 0.0315 | 0.032 | 0.04 | 0.1 | 24
120 | 15 | 0.00625 | 00523 | 4.184 | 28.68 29 0328 26.24 0.8 64 | 1454032 | 41538 35.00 0013 | 0.0315 | 0.032 | 0.04 | 0.12 | 29
20 | 025 | 00125 | 00568 | 4544 | 440 4 0315 252 038 64 1483.61 | 449.45 3.30 0013 | 0031 | 0032 | 004 | 002 | 4
40 | 05 | 00125 | 00568 | 4544 | 880 9 0315 252 0.8 64 | 357808 | 43278 8.26 0013 | 0031 | 0032|004 | 0.04 | 9
60 | 075 | 00125 | 00568 | 4544 | 1320 13 0315 252 08 64 | 556290 | 413.12 13.46 0013 | 0031 | 0032 | 0.04 | 0.06 | 13
R R 80 1 00125 | 00568 | 4.544 | 17.60 18 0315 252 0.8 64 762265 | 403.83 18.87 0013 | 0031 | 0032 | 0.04 | 0.08 | 18
100 | 125 | 00125 | 00568 | 4544 | 22.00 2 0315 252 08 64 | 961622 | 399.02 24.09 0013 | 0031 | 0032|004 | 01 | 22
120 | 15 | 00125 | 00568 | 4544 | 2640 26 0315 252 0.8 64 | 1159580 | 396.26 2926 0013 | 0031 | 0032 | 0.04 | 0.12 | 26
20 | 025 | 0.01875 | 00633 | 5.064 | 394 4 0307 24.56 038 64 124744 | 42342 2.94 0012 | 0.0305 | 0.032 | 0.04 | 0.02 | 4
40 | 05 | 001875 | 00633 | 5064 | 7.89 8 0307 24.56 0.8 64 | 200262 | 41210 7.04 0012 | 0.0305 | 0.032 | 0.04 | 0.04 | 8
60 | 075 | 0.01875 | 00633 | 5.064 | 11.84 12 0307 2456 08 64 | 456835 | 39335 1161 0012 | 0.0305 | 0.032 | 0.04 | 0.06 | 12
S R s 80 1| 001875 | 00633 | 5064 | 1579 16 0307 2456 0.8 64 623403 | 38431 16.22 0012 | 0.0305 | 0.032 | 0.04 | 0.08 | 16
100 1.25 0.01875 0.0633 5.064 19.74 20 0.307 24.56 0.8 64 7899.68 379.60 20.81 0.012 0.0305 | 0.032 | 0.04 0.1 20
120 | 1.5 | 001875 | 00633 | 5.064 | 23.69 24 0307 24.56 08 64 | 956530 | 37690 2537 0012 | 0.0305 | 0.032 | 0.04 | 0.12 | 24
20 | 025 | 0025 | 00706 | 5648 | 3.54 4 0302 24.16 08 64 1055.08 | 398.09 265 0012 | 003 | 0032|004 |002]| 4
40 | 05 0025 | 00706 | 5.648 7.08 7 0302 24.16 08 64 | 239125 | 39144 6.10 0012 | 003 | 0032|004 |004]| 7
60 0.75 0.025 0.0706 5.648 10.62 11 0.302 24.16 0.8 64 3818.65 373.60 10.22 0.012 0.03 0.032 | 0.04 | 0.06 11
R 80 1 0025 | 00706 | 5648 | 14.16 14 0302 24.16 0.8 64 518213 | 364.84 14.20 0012 | 003 | 0032 | 004|008 | 14
100 1.25 0.025 0.0706 5.648 17.70 18 0.302 24.16 0.8 64 6614.42 360.25 18.36 0.012 0.03 0.032 | 0.04 0.1 18
120 | 15 0025 | 00706 | 5648 | 21.24 21 0302 24.16 08 64 7973.03 | 357.61 2229 0012 | 003 | 0032|004 | 012 21
20 0.25 0.03125 0.0774 6.192 322 3 0.299 23.92 0.8 64 791.67 373.63 2.11 0.012 0.0295 | 0.032 | 0.04 | 0.02 3
40 | 05 | 003125 | 00774 | 6192 | 645 6 0.299 23.92 08 64 1970.67 | 371.09 531 0012 | 0.0295 | 0.032 | 0.04 | 0.04 | 6
60 0.75 0.03125 0.0774 6.192 9.6892 10 0.299 23.92 0.8 64 3239.09 354.14 9.14 0.012 0.0295 | 0.032 | 0.04 | 0.06 10
25| 80 | 003125
80 1| 003125 | 00774 | 6192 | 1291 13 0.299 23.92 0.8 64 | 442405 | 34568 12.79 0012 | 0.0295 | 0.032 | 0.04 | 0.08 | 13
100 | 125 | 003125 | 00774 | 6.192 | 1614 16 0299 23.92 0.8 64 | 560352 | 341.22 16.42 0012 | 0.0295 | 0.032 | 0.04 | 0.1 | 16
120 | 15 | 003125 | 00774 | 6192 | 19.37 19 0.299 23.92 08 64 | 677985 | 33865 20.02 0012 | 0.0295 | 0.032 | 0.04 | 0.12 | 19
20 0.25 0.0375 0.0825 6.6 3.030303 3 0.298 23.84 0.8 64 695.44 350.00 1.98 0.01192 0.029 0.032 | 0.04 | 0.02 3
40 | 05 | 00375 | 00825 | 66 | 6.060606 | 6 0.298 23.84 038 64 173513 | 351.03 4.94 001192 | 0.029 | 0.032 | 0.04 | 0.04 | 6
60 | 075 | 00375 | 00825 | 6.6 | 9.090909 | 9 0.298 23.84 0.8 64 2776.13 | 334.96 8.28 001192 | 0.029 | 0.032 | 0.04 | 0.06 | 9
R 80 1 00375 | 00825 | 66 | 1212121 | 12 0.298 23.84 08 64 3817.63 | 326381 11.68 001192 | 0.029 | 0.032 | 0.04 | 0.08 | 12
100 | 125 | 00375 | 00825 | 6.6 | 1515152 | 15 0298 23.84 0.8 64 | 485928 | 322.50 15.06 001192 | 0.029 | 0032 | 004 | 0.1 | 15
120 | 15 | 00375 | 00825 | 66 | 1818182 | 19 0.298 2384 038 64 592893 | 320.00 18.52 001192 | 0.029 | 0032 | 004 | 0.12 | 19
20 | 025 | 00438 | 00848 | 6.784 | 2948113 | 3 0299 23.92 0.8 64 613.41 327.18 1.87 001196 | 0.0285 | 0.032 | 0.04 | 0.02 | 3
40 | 05 | 00438 | 00848 | 6784 | 5.896226 | 6 0.299 23.92 038 64 1533.19 | 331.23 462 0.01196 | 0.0285 | 0.032 | 0.04 | 0.04 | 6
60 | 075 | 00438 | 00848 | 6.784 | 8.84434 | 9 0299 23.92 0.8 64 245123 | 31603 7.75 001196 | 0.0285 | 0.032 | 0.04 | 0.06 | 9
e 80 1 00438 | 00848 | 6.784 | 11.79245 | 12 0.299 23.92 08 64 3369.73 | 30820 10.93 001196 | 0.0285 | 0.032 | 0.04 | 0.08 | 12
100 | 125 | 0.0438 | 00848 | 6784 | 14.74057 | 15 0299 23.92 0.8 64 | 428837 | 304.05 14.10 001196 | 0.0285 | 0.032 | 0.04 | 0.1 | 15
120 | 15 | 00438 | 00848 | 6784 | 17.68868 | 18 0.299 23.92 038 64 | 520690 | 30163 17.26 001196 | 0.0285 | 0.032 | 0.04 | 0.12 | 18
20 | 025 0.05 00831 | 6.648 | 3.008424 | 3 03 24 0.8 64 592.49 304.07 1.94 001203 | 0.028 | 0.032 | 004 | 0.02 | 3
40 | os 0.05 00831 | 6.648 | 6016847 | 6 03 24 038 64 1537.56 | 310.06 4.95 001203 | 0.028 | 0.032 | 0.04 | 0.04 | 6
M 60 | 075 0.05 00831 | 6.648 | 9.025271 | 9 03 24 0.8 64 246841 | 29572 8.34 001203 | 0.028 | 0.032 | 0.04 | 0.06 | 9
80 1 0.05 00831 | 6.648 | 12.03369 | 12 03 24 08 64 | 345767 | 28829 11.99 001203 | 0.028 | 0.032 | 0.04 | 0.08 | 12
100 | 125 0.05 00831 | 6.648 | 1504212 | 15 03 24 0.8 64 | 425108 | 28434 14.95 001203 | 0.028 | 0.032 | 004 | 0.1 | 15
120 | 15 0.05 00831 | 6.648 | 1805054 | 18 03 24 038 64 501338 | 28205 17.77 001203 | 0.028 | 0.032 | 0.04 | 0.12 | 18

2. Based on the values D4 and L concerning the applica-
tion, g is calculated.

3.

Curve fit correlations

Figures 4 and 5.).

are used to calculate opti-
mal design parameters and the ratios F gy / Fonaxss
Konax / Komaxs (Refer to Tables 1 and 2 as well as

Force and stiffness produced for a single-ring con-
figuration F,4s and Ky are calculated using
equations (1) and (7).
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Finally, F,,4x and K., are calculated using the ratios
calculated in step 3.

A. CASE STUDY 1
Rotation magnetized direction thrust bearing is designed and
optimized for g/Ds = 0.025 and L /D4 = 0.5 for maxi-
mum axial force and stiffness. Utilizing the steps outlined in
this section and by assuming g=2 mm, the optimal design
parameters as well as force and stiffness are determined.
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TABLE 6. Optimized design parameters and the ratio of Kzmax / Kzmaxs for different g / DgandL /D4 values.

g | Dyi| g/Ds | L | L/Dy| /Dy | Hope/Ds | Hope n | e | Diope/Ds | Dlo | D3gpe/Dy | Daope Komax (K ymaxs) (KK;.% Rl R2 R3 | R4 | L | mgp
20 | 025 | 0.00625 | 0019 | 1.568 | 1275 | 13 045 36 0.825 66 2158200 172480 1251 0018 | 0.0325 | 0.033 | 0.04 | 002 | 13
40 | 05 | 000625 | 0019 | 1568 | 2551 | 26 045 36 0.825 66 4422600 168376.86 | 2626 | 0.018 | 0.0325 | 0.033 | 0.04 | 0.04 | 26
60 | 075 | 000625 | 0.0196 | 1.568 | 3826 | 38 045 36 0.825 66 6604800 166570.19 | 39.65 0018 | 0.0325 | 0.033 | 0.04 | 0.06 | 38
05| 80| 000628 80 1 000625 | 0.019 | 1.568 | 51.02 | 51 045 36 0.825 66 8870000 165675.92 | 53.53 0018 | 0.0325 | 0.033 | 0.04 | 008 | 51
100 | 125 | 000625 | 0.0196 | 1.568 | 63.77 | 64 045 36 0.825 66 11135000 | 165188.66 | 6740 | 0.018 | 0.0325 | 0.033 | 0.04 | 0.1 | 64
120 | 1.5 | 000625 | 00196 | 1.568 | 7653 | 77 045 36 0.825 66 13400000 | 164907.36 | 8125 0018 | 0.0325 | 0.033 | 0.04 | 0.12 | 77
20 | 025 | 00125 | 00276 | 2208 | 9.05 9 045 36 0.825 66 1143800 129790.95 8.81 0.018 | 0.032 | 0.033 | 0.04 | 0.02 | 9
40 | 05 | 00125 | 00276 | 2208 | 18.11 | 18 045 36 0.825 66 2381500 126317.96 | 18.85 0018 | 0.032 | 0.033 | 0.04 | 0.04 | 18
60 | 075 | 00125 | 0.0276 | 2208 | 27.17 | 27 045 36 0.825 66 3619200 12460262 | 29.04 | 0.018 | 0.032 | 0.033 | 0.04 | 0.06 | 27
A R 80 1 00125 | 00276 | 2.208 | 3623 | 36 045 36 0.825 66 4856900 12374624 | 3924 | 0.018 | 0032 | 0.033 | 0.04 | 0.08 | 36
100 | 125 | 00125 | 0.0276 | 2.208 | 4528 | 45 045 36 0.825 66 6094600 12327886 | 49.43 0018 | 0.032 | 0033 | 0.04 | 0.1 | 45
120 | 1.5 | 00125 | 00276 | 2.208 | 5434 | 54 045 36 0.825 66 7332300 123009.04 | 59.60 | 0.018 | 0.032 | 0.033 | 0.04 | 0.12 | 54
20 | 025 | 001875 | 0.0347 | 2776 | 720 | 7 045 36 0.825 66 725530 104338.33 6.9 0.018 | 0.0315 | 0.033 | 0.04 [ 0.02 | 7
40 | 05 | 001875 | 00347 | 2776 | 1440 | 14 045 36 0.825 66 1534900 10125038 | 15.15 0018 | 0.0315 | 0.033 | 0.04 | 0.04 | 14
60 | 075 | 001875 | 0.0347 | 2.776 | 21.61 | 22 045 36 0.825 66 2390200 99624.74 23.99 0018 | 0.0315 | 0.033 | 0.04 | 0.06 | 22
I3 | R0 | 00T 80 1 001875 | 0.0347 | 2.776 | 2881 | 29 045 36 0.825 66 3199900 98805.89 32.38 0018 | 0.0315 | 0.033 | 0.04 | 0.08 | 29
100 | 125 | 001875 | 0.0347 | 2.776 | 36.02 | 36 045 36 0.825 66 4009300 98358.22 4076 | 0.018 | 0.0315 | 0.033 | 0.04 | 0.1 | 36
120 | 15 | 001875 | 00347 | 2776 | 4322 | 43 045 36 0.825 66 4818700 98099.79 49.12 0018 | 0.0315 | 0033 | 0.04 | 0.12 | 43
20 | 025 | 0025 | 00409 | 3272 | 6.11 6 045 36 0.825 66 510970 86800.10 5.88 0018 | 0.031 | 0033 | 0.04 [ 002 | 6
40 | 05 0025 | 00409 | 3272 | 1222 | 12 045 36 0.825 66 1094200 84076.20 13.01 0018 | 0.031 | 0.033 | 0.04 | 0.04 | 12
60 | 075 | 0025 | 00409 | 3272 | 1833 | 18 045 36 0.825 66 1677400 82538.54 20.32 0018 | 0.031 | 0033 | 0.04 | 0.06 | 18
R 80 1 0025 | 00409 | 3272 | 2444 | 24 045 36 0.825 66 2260600 81756.83 27.65 0018 | 0.031 | 0.033 | 0.04 | 0.08 | 24
100 | 125 | 0025 | 00409 | 3.272 | 30.56 | 31 045 36 0.825 66 2882200 81328.72 3543 0018 | 0.031 | 0033 | 0.04 [ 0.1 | 31
120 | 15 0025 | 00409 | 3272 | 3667 | 37 045 36 0.825 66 3465700 81081.56 4274 | 0018 | 0.031 | 0033 | 0.04 | 0.12 | 37
20 | 025 | 0.03125 | 0.0462 | 3.696 | 5.41 5 045 36 0.825 66 366090 73735.29 496 0018 | 0.0305 | 0033 | 0.04 [ 002 | 5
40 | 05 | 003125 | 00462 | 3.696 | 1082 | 11 045 36 0.825 66 833130 71353.73 11.67 0.018 | 0.0305 | 0.033 | 0.04 [ 0.04 | 11
60 | 075 | 003125 | 0.0462 | 3.696 | 1623 | 16 045 36 0.825 66 1264400 69902.24 18.08 0.018 | 0.0305 | 0.033 | 0.04 | 0.06 | 16
S e Rl 1 003125 | 0.0462 | 3.696 | 21.64 | 22 045 36 0.825 66 1727900 69157.28 24.98 0.018 | 0.0305 | 0.033 | 0.04 | 0.08 | 22
100 | 125 | 003125 | 0.0462 | 3.696 | 27.05 | 27 045 36 0.825 66 2160100 68748.53 3142 0.018 | 0.0305 | 0.033 | 0.04 | 0.1 | 27
120 | 15 | 003125 | 0.0462 | 3.696 | 3246 | 32 045 36 0.825 66 2591500 68512.56 37.82 0018 | 0.0305 | 0.033 | 0.04 | 0.12 | 32
20 | 025 | 00375 | 0051 | 408 | 490 | 5 045 36 0.825 66 297813.8 63529.03 4.68 0018 | 003 | 0033 | 0.04 [ 002 | 5
40 | 05 | 00375 | 0051 408 | 980 | 10 0.45 36 0.825 66 648769.30 | 61108.04 10.61 0018 | 003 | 0033 | 0.04 | 004 | 10
60 | 075 | 00375 | 0051 408 | 1470 | 15 045 36 0.825 66 999979.46 | 59790.24 1672 | 0018 | 0.03 | 0.033 | 004 | 006 | 15
S 80 1 00375 | 0.051 4.08 | 1960 | 20 045 36 0.825 66 135122442 | 59208.57 2282 | 0.018 | 0.03 | 0.033 | 0.04 | 0.08 | 20
100 | 125 | 00375 | 0.051 4.08 | 2450 | 25 045 36 0.825 66 1702479.85 | 58914.04 2889 | 0.018 | 0.03 | 0.033 | 004 | 0.1 | 25
120 | 15 | 00375 | 0.051 408 | 2941 | 29 045 36 0.825 66 | 202855208 | 58746.81 3453 | 0018 | 0.03 | 0.033 | 004 | 0.12 | 29
20 | 025 | 00438 | 00543 | 4344 | 460 | 5 045 36 0.825 66 243637.24 | 55603.06 4.381 0.018 | 0.0295 | 0.033 | 0.04 | 0.02 | 5
40 | 05 | 00438 | 00543 | 4344 | 920 | 9 045 36 0.825 66 51426142 | 53480.07 9.61 0.018 | 0.0295 | 0.033 | 0.04 | 0.04 | 9
60 | 075 | 00438 | 0.0543 | 4344 | 1381 [ 14 045 36 0.825 66 805280.11 | 52237.87 15.41 0.018 | 0.0295 | 0.033 | 0.04 | 0.06 | 14
S 80 1 00438 | 00543 | 4344 | 1841 | 18 045 36 0.825 66 1076564.14 | 51684.55 2082 | 0.018 | 00295 | 0.033 | 0.04 | 0.08 | 18
100 | 125 | 00438 | 00543 | 4344 | 23.02 | 23 045 36 0.825 66 1367588.03 | 51403.49 2660 | 0.018 | 00295 | 0.033 | 0.04 | 0.1 | 23
120 | 1.5 | 00438 | 00543 | 4344 | 2762 | 28 045 36 0.825 66 | 1657531.224 | 51243.68 3234 | 0018 | 0.0295 | 0.033 | 0.04 | 0.12 | 28
20 | 025 0.05 00558 | 4464 | 448 | 4 0426 | 3413 | 0825 66 179687.08 | 50011.72 359 0.017 | 0.029 | 0.033 | 0.04 | 0.02 | 4
40 | 05 0.05 00558 | 4464 | 896 | 9 0426 | 3413 | 0825 66 41991004 | 48300.04 8.69 0.017 | 0.029 | 0.033 | 0.04 | 0.04 | 9
60 | 0.75 0.05 00558 | 4464 | 13.44 | 13 0426 | 3413 | 0825 66 643083.76 | 47085.18 1365 | 0017 | 0029 | 0.033 | 0.04 | 0.06 | 13
M R e 80 1 0.05 00558 | 4464 | 1792 | 18 0426 | 3413 | 0825 66 87951249 | 46528.15 1890 | 0.017 | 0029 | 0.033 | 0.04 | 0.08 | 18
100 | 1.25 0.05 00558 | 4464 | 2240 | 22 0426 | 3413 | 0825 66 1103528.09 | 46242.11 2386 | 0.017 | 0.029 | 0.033 | 004 | 01 | 22
120 | 15 0.05 0.0558 | 4.464 | 26.88 | 27 0426 | 3413 | 0825 66 1339109.69 | 46078.60 2906 | 0.017 | 0.029 | 0.033 | 004 | 0.12 | 27

The calculated values for maximum axial force, as well as
stiffness and the corresponding optimized design variables,
are given in Tables 7 and 8. Apart from using the proposed
optimization method, the values of the maximum force and
stiffness are also calculated using the mathematical model
and results are provided in Tables 7 and 8. The results
obtained from optimization are in close agreement with the
values calculated using the mathematical model. The devia-
tion of 0.046% and 1.12% are observed in force and stiffness
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values with respect to mathematical model results. In addi-
tion, the maximum axial force is calculated by modeling the
optimized configuration in ANSYS (Fig. 7) and the deviation
of 6.29% is observed in the axial force value with respect to
the results of the optimization.

B. CASE STUDY 2 (PROTOTYPE MODEL)
In our previous research efforts, we designed and developed
an RMD thrust bearing, which was subsequently presented
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FIGURE 5. Relationship between F,4x/Fzmaxs and L/D4 for RMD thrust bearing with curve fit equations with g/D4 equals
to (a) 0.00625, (b) 0.0125 (c) 0.01875 (d) 0.025 (e) 0.03125 (f) 0.0375 (g) 0.0438 (h) 0.05.

in [24]. The force and stiffness generated by the configured
prototype were initially calculated using MATLAB code.
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To ensure the accuracy and reliability of these calculations,
further verification was conducted using ANSY'S simulations
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TABLE 7. Results using the proposed optimization and mathematical
model for Fzmax-

TABLE 8. Results using the proposed optimization and mathematical
model for Kzmax .

9/D,=0.025 and 9/D,=0.025 and
L/D,=0.5, assume g =2mm, D, = 80mm L = 40mm L/D,=0.5, assume g =2mm, D, = 80mm L = 40mm
Optimal . Values of design Optimal . Values of design
Parameter Equations variables Parameter Equations variables
H, g9\? g9\? Hy g)\? g\?
Bo =819 (13_4) +558x (D—) Bo = 2181 x (D—) +6.597 x (D—) Ho = 3272, s
n —0.0957 Ho = 5.648, Topt +1.068 x (é) ‘
opt _ . D - 12
X (i) no="7 4
D, +0.01324
+0.0509 Diope Dip=36mm
Dy AN D 6
fat ) 5 8
(94) 5172 x (94) +7411 (D—i) = —2.913 X 10 x (D—) +4327
9y _ Dyo =24.16 8\
(2) s | Do o a(2)
x (i) mm —2.529 x 10°
D4 g 4
+0.3464 x (D_) +7.37
A 15, (9 _ iy (2
Diope (04) =5.956 x 1015 x (D4) +08 | D3p=64mm x 10* x (D—)
Daope D2 opt=D3 opt - 2g Dy = 60 mm - 11;142
F F L =
F"" —“% =15.881 x o~ 1.5896 FF““ =6.3509 * (D4)
zms . zms . 4 zms +8.138X(£>
F Using mathematical model for Fins = D,
. . 0.4281
zms single ring 413.448 N *
Calculation utilizing the = D
Fzmo u ! u l.Z g Fymo D3ope (D_l) =4.928x 10715 x (Di) +0.825 D30 =66 mm
proposed optimization method 2621.68 4 4
F Calculation using mathematical F. =2621.25 ';(Z‘W‘ . D2 opt = D3 Oft ~28 Do =62 mm
= . K
zm model zm = “N = 29.587 x — — 1.7124 —=13.0811
szs Zms D4 szs
F ymax=2786.6 K=
Frmax FEA (ANSYS) N Using mathematical model for zms
Kms single ring 82923.77
N/m
. . . . Calculation utilizing Proposed Komo =
and experimental testing. [llustration of the test rig is shown Kymo R hod 1081977.024
in Fig. 8. The dimensions of the developed configuration, optimization metho N/m
as well as the corresponding force and stiffness values, are K. =
; ; Calculation using a zm
provided in Table 9. Kym i g 1094177.9407
: S Mathematical model
Using the proposed optimization procedure, the developed N/m

RMD thrust bearing is optimized in a control volume pertain-
ing to D4 = 68 mm and L = 15 mm and results are presented
in Table 10. The results of the optimization are validated with
mathematical model and FEA results (Fig. 9) The maximum
axial force measured in the first prototype was 271.2 N. The
maximum axial force increased to 325 N after implementing
the proposed optimization procedure. Thus, in the optimized
configuration the axial force generated is 19.92% higher than
the original prototype. The value of the axial force for the
optimized configuration obtained in ANSYS is 322.39 N
which is very close to an optimized value of 325 N calculated
using the proposed optimization method.

VIi. MATLAB APP FOR DESIGN AND OPTIMIZATION
The proposed application is created in app Designer by con-
sidering two windows: procedure and RMD thrust bearing
optimization. In the initial window (Fig. 10), a description of
managing the framework used for the design, and optimiza-
tion is provided.

In the second window, users can optimize the RMD thrust
bearing by selecting various tabs such as input, g/D4, force

VOLUME 11, 2023

TABLE 9. The dimensions of RMD thrust bearing and characteristics.

Values of
Parameter design
variables
n H=5,n0=3
D, 40
D, 50
D3 58
D, 68
L 15
Fzmax
(Mathematical 2712 N
model)
FEymax (FEA) 269.75N
Fzmax
(Experimental) 24132
Kymax 93820 N

calculation, and optimized results. An illustration of the RMD
thrust bearing configuration is also provided for the user’s
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TABLE 10. Results of prototype using the proposed optimization
procedure.

g/D4=0.05and
L/D,=0.2, assume g =3.4mm, D, = 68mm L = 15mm
1 f
Optimal . va u.es °
Equations design
Parameter .
variables
H 3 2
2= 819X (Di) +55.8 (Di)
n 4 4 4 g Ho = 5.66,
opt ~0.0957 x (—) no=3
Dy
+0.0509
Dy _ AN g )Z
(D—) = —517.2x (D—) +7411x (13_4
D1opt 3326 % (i) 20.44 mm
Dy
+ 0.3464
D Dy\ _15 9
30pt —]=5956x%x10"°x (=) + 0.8 54.4 mm
D, D,
D3ope D2 opt = D3 opt - 2g 47.6 mm
F. F L
—zm 0 = 12.89 x —— 1.28 1.5558
Fzms zms D4
F s Using mathematical model for single ring 209 N
Calculation utilizing the proposed
Fzmo optimization method 325N
Fzmax FEA (ANSYS) 322.39 N
Cpiwes ANSYS
o R16.0
TYPE NUM BiAa: JUL 11 2023
o2 2aa, 21:30:49

e d

S
S

3 v piln

FIGURE 7. FEA results of the proposed optimization procedure.

reference in Fig. 11. Four edit fields are available on the input
tab: g, D4, L, and Br.

The Fig. 11 shows how different values of L and D4 can be
inputted into their respective fields, while different magnetic
flux density (Br) values can be used. The users can enter their
required L, D4 and Br values as per their requirements. The
flowchart in Fig. 12 depicts the steps to be taken when using
the MATLAB app.

In the proposed work, the optimization process is gen-
eralized by establishing the relationship between optimized
parameters and air gap with respect to outer diameter. This
generalization is with respect to geometrical aspects and it
suits to permanent magnet with any magnetic flux density
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FIGURE 8. Description of the test rig used to measure axial force:(a) An
illustrated representation is provided, showcasing the configuration of
rings placed on the inner ring holder, also known as the rotor. (b) The
positioning of the rings on the outer ring holder, referred to as the stator,
is described. (c) A test rig is depicted, featuring both a load cell and a dial
gauge, which are integral components used for measuring the axial force.

ANSYS

R16.0

JUN 5 2023
10:18:51

ELEMENTS

MAT NUM

SUMMARY OF FORCES BY UIRTUAL WORK
ad Step Number: 1.
tep Number:

15
0.1000E+01
CND>

Units of Force:

o
Conponent Force-X Force-¥ Force—Z
A -0.15046E+00  0.1P849E+81  0.32239E+@3

FIGURE 9. Modeling of rings in ANSYS along with value of F -

Design and Optimization of RMD Thurst Bearings
Procedure

> Enter 'g' or 'D4' value (any one) in the Input Tab.

> Enter the 'L’ value and 'Br' value in the same Input Tab.

> Select the required 'g/D4’ ratio from the options available in the g/D4 Tab.

> Depending on the output required, select either the 'FORCE' or 'STIFFNESS' button from the Calculate Tab.
> Please wait until the calculations are complete in the back end.

> Now click on the 'Optimized Force' button or 'Optimized Stiffness' button as per the message displayed in the dialogue box.
> All the results will be displayed in the Results Tab.

> Finally, click the "Reset' button to clear all the fields.

Note:

> Refer'Optimized Parameters Tab' for the meaning of notations.

> Choose 'L' value such that 'L/D4' lies between 0.25 to 1.5

> All the Input values must be entered in meter 'm'.

Bearing type
Thrust

FIGURE 10. Initial procedure window of MATLAB app.

(Br) value. In addition, optimization is extended to differ-
ent aspect ratios of the RMD configuration and the final
maximized force and stiffness values of the optimized con-
figuration are calculated by utilizing (running) the MATLAB
code written for a single ring configuration in the selected
control volume at the back end of the app.

The designer/user will be providing flux density value in
the initial window of MATLAB app depending upon the
selected magnet grade and thereafter all calculations will
be carried out with respect to chosen magnetic flux density
value.
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Click on the procedure button to go back to the main menu. Thrust bearing configuration
Optimized Parameters

Inside diameter of rotor ring magnets = D1o (m)

Outside diameter of rotor ring magnets = D20 (m)

Inside diameter of stator ring magnets = D30 (m)

Outside diameter of stator ring magnets = D4o (m)

Radial air gap = g (m)

Length of the bearing = L (m)

Axial length of each magnet rings = Ho (m)

Number of optimized rings in bearing = No

Optimized Results

Ho=

Dto=
020

D= D4o= ]
|

RN 0.0000

FIGURE 11. The second window of the MATLAB app for design and
optimization.

[ s
| |

‘ Click on Thrust |

bearing option

/ Input the values of g or D4, /
L, Br !

Please
enter
either g or

Enter the value
of L/D4 ~—
between 0.2- l’

13

Select appropriate g/D4 button
based on either g or D4 values

|

Select either force or stiffness
button

)

Select either optimized force or
stiffness button

v

Optimized parameters are
calculated: H,, N, D). Doy Dy

Frmax / Frmaxs- Fems- Fam- oF

Kemax !/ Kemaxs: Kzms. Kzm

Clears all the

Yes

FIGURE 12. Flowchart depicting steps to be followed in MATLAB app.

VIIl. RESULTS AND DISCUSSIONS

This section provides the usage of the MATLAB app devel-
oped to design and optimize RMD thrust PMB for different
aspect ratios and any remanence values of the magnets.
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Final Click on the procedure button to go back to the main menu. Thrust bearing configuration
Optimized Parameters

Inside diameter of rotor ring magnets = D1o (m)

Outside diameter of rotor ring magnets = D20 (m)

Inside diameter of stator ring magnets = D30 (m)

Outside diameter of stator ring magnets = D4o (m)

Radial air gap = g (m)

Length of the bearing = L (m)

Axial length of each magnet rings = Ho (m)

Number of optimized rings in bearing = No

Optimized Results
Ho= D4= Ddo= [
Dio= No=
D20=
D3o=

FIGURE 13. Optimized result for RMD thrust bearing for Fzmax -

Final Click on the procedure button to go back to the main menu. Thrust bearing configuration
Optimized Parameters

Inside diameter of rotor ring magnets = D1o (m)

Outside diameter of rotor ring magnets = D20 (m)

Inside diameter of stator ring magnets = D30 (m)

Outside diameter of stator ring magnets = D4o (m)

Radial air gap = g (m)

Length of the bearing = L (m)

Axial length of each magnet rings = Ho (m)

Number of optimized rings in bearing = No.

Optimized Results

CEEN 00016 D4= Ddo= 0.04/
DILES 00180 No=
D20 = CEEI 13.08
4.124e+04

DEEN  0.0330

FIGURE 14. Optimized result for RMD thrust bearing for Kzmax .

A. EXAMPLE

For designing an optimized RMD thrust bearing for max-
imum force as well as stiffness, only D4 = 0.04 m, L =
0.02 m, g/D4 = 0.0025, and Br = 1.2 T are chosen. By run-
ning the app, the optimized values of the design variables
and maximized axial force for an RMD thrust bearing are
shown in Fig. 13. The results obtained using app are in
consistent with results presented in [30], and the deviation in
the maximum axial forces is 4.79%. The maximum stiffness
obtained for RMD thrust configuration is shown in Fig. 14.
The value of maximum stiffness (5.88 x 10° N/m) obtained
in [30] is in close agreement with value obtained using app
(5.39 x 10°N/m).

IX. CONCLUSION

In this paper, a complete generalized optimum design
methodology and a computational framework (for selecting
the optimum design parameters with maximized character-
istics in a particular volume of the bearing) for RMD thrust
bearing are presented. Based on the present work, the follow-
ing conclusions are drawn:

« With the help of the proposed generalized optimization
procedure, the optimal design parameters and corre-
sponding maximized force and stiffness values of the
RMD thrust bearing in a particular volume could be
determined just by calculating the force and stiffness
values of a monolithic bearing in that volume.
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Results of the proposed optimization procedure were
validated using the results obtained by solving compli-
cated 3D equations of force and stiffness for RMD thrust
bearing. A deviation of 0.046% for maximum force and
1.12% for maximum stiffness was observed.

To overcome the burden of calculating bearing features
for a monolithic bearing using complicated equations in
the proposed optimization method, a MATLAB compu-
tational framework was developed.

A MATLAB app could be easily used to calculate opti-
mal design parameters along with maximum bearing
features in a particular volume just by providing values
of L, D4, Br, and g.

Results obtained using the MATLAB app were validated
by selecting the case study of RMD thrust bearing from
the literature.

The proposed generalized optimization procedure and
MATLAB app are best suited for an industrial use for
any aspect ratio (L/D4) and magnetic flux density (Br)
values.
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