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Improvement in the Design Calculations of Multi-Ring Permanent
Magnet Thrust Bearing

Siddappa I. Bekinal®» * and Mrityunjay Doddamani?

Abstract—This article presents the design and optimization of multi-ring permanent magnet thrust
bearing (PMTB) with an axial air gap between successive axial stacks. Larger air gap due to the
inclusion of conductive materials needs to be critically analysed in permanent magnet bearings with
eddy current damper. High conductivity materials can be filled in an axial air gap instead of a radial air
gap to increase the required amount of damping. Three-dimensional (3D) mathematical model for load-
carrying capacity for the said configuration is presented using the Coulombain model. The significance
of an axial air gap between successive ring pairs in the configuration concerning maximization in the
bearing characteristics is presented. Variables such as the number of axial stacks, an axial air gap
between the successive rings, an inside radius of rotor ring magnets, and an inside radius of stator ring
magnets are optimized at different air gap values for maximizing the load-carrying capacity and stiffness.
A significant increase in the values of bearing characteristics is observed in the optimized configuration
as compared to bearing with a single permanent magnet ring pair. Optimized PMTB with comparable
load carrying capacity and stiffness values can be used to replace conventional bearings used in high-
speed applications to improve system efficiency.

1. INTRODUCTION

Permanent magnet bearings (PMBs) [1-3] are friction and lubrication-free bearings having lower
maintenance as compared to conventional bearings. These are simpler due to the absence of sensors,
actuators, and electronic equipment required in the effective functioning of active magnetic bearings [4].
In high-speed applications [5-8] where the aforementioned features are highly desirable, PMB is the
most suitable candidate to enhance the system efficiency. The load-carrying capacity and stiffness of
PMB consisting of only one ring pair can be determined using two-dimensional (2D) [9-12] or 3D [13-18]
equations and these features are too low as compared to the conventional bearings. Yonnet et al. [19]
introduced the concept of stacked structures with significant enhancement in the stiffness value. Further,
many researchers [20-22] presented the equations to address the calculation of bearing features in multi-
ring PMB. Optimization of geometrical dimensions of PMB for achieving their maximum characteristics
was presented by the number of researchers in radial [23,24] and thrust [25-30] bearings. In the
preceding literature on optimization of PMB, researchers focussed on the following points; (i) multi-
layer radial PMB was optimized in a given cylindrical volume for maximum radial stiffness using
finite element simulation method [23], whereas complete optimization was carried out in [24] using
3D equations for maximizing radial force. Also, generalized equations were provided for mean radius
and clearance in given axial length and outer radius of the stator, (ii) different multi-layer thrust PMB
structures were optimized for maximum bearing characteristics using 2D [25,26] as well as 3D [27, 28]
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equations and the process of optimization was for a control volume, (iii) Lijesh et al. [29] presented
multi-objective optimization of radial PMB for maximum force and stiffness in a given volume and
generalized equations for optimized parameters of multi-layer PMB in terms of a single layer. Despite
significant contribution towards the enhancement in PMB characteristics with the aid of optimization,
low damping is the major issue. Although, damping can be increased by active [30] or passive [31]
means, later one is simple and can be achieved by including conductive material in the magnetic space.
The inclusion of conductive materials between stator and rotor magnets creates a larger air gap and
thereby decreases the force and stiffness of PMB. The conductive material can be included by providing
an axial air gap between successive ring pairs to achieve larger stiffness and the required amount of
damping. Yoo et al. [32] demonstrated the presence of optimal axial air gap between axially polarized
successive ring magnets for maximum axial force and optimized the stacked structures for the required
load-carrying capacity using 2D equations. Optimization of standard and Halbach structures with air or
iron intervals for achieving maximum stiffness per magnet volume ratio was presented in [33] using 2D
equations. Besides, the authors mentioned that the stiffness of the Halbach structure does not improve
by providing air intervals. This paper presents a 3D mathematical model for a load-carrying capacity
generated in axially polarized multi-ring PMTB with an axial air gap between successive rings which
is not addressed in the earlier research efforts. Further, the axial air gap is optimized for an optimized
number of axial stacks (nqp) for a given axial length of bearing. Finally, bearing geometrical dimensions
(R1 and R3) are optimized by taking into the account of nqy and an optimum axial air gap (agop:) for
different values of the air gap.

2. PERMANENT MAGNET BEARING GEOMETRIES

Single ring pair PMTB with stator and rotor rings is shown in Fig. 1(a), and its geometrical dimensions
are listed in Table 1. This bearing geometry having a low force and stiffness can be replaced by multi-
ring PMTB (refer Fig. 1(b)) in the same axial length ‘L’ to enhance the force and stiffness. The same
multi-ring PMTB with an axial air gap (ag) between adjacent axial stacks is represented in Fig. 1(c).

Table 1. Geometrical dimensions of single ring pair PMTB.

Parameter Value
Inside radius of the rotor ring magnet, R1 (mm) 10
Outside radius of the rotor ring magnet, R2 (mm) 20
Inside radius of the stator ring magnet, R3 (mm) 22
Outside radius of the stator ring magnet, R4 (mm) | 32
Air gap thickness, g (mm) 2
Axial length, L (mm) 30
Magnetic polarization, B, (T) 1.2

3. MATHEMATICAL MODEL

The generalized mathematical equation for load-carrying capacity in axially magnetized multi-ring
PMTB structure with an axial air gap is presented in this section. In the selected bearing structure,
rings were stacked one adjacent to another with an air gap in the axial direction. Interaction between
the uth ring of a rotor and the vth ring of a stator in multi-ring PMTB is shown in Fig. 2.

The equation for load-carrying capacity in multi-ring PMTB with an axial air gap between
successive rings is expressed as,

n

n 2 4 m m
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Figure 1. PMTB structures with (a) single ring pair, (b) multi-ring pairs and (c) axial air gap between
successive axial stacks.
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Figure 2. Magnetic interaction between two rings in multi-ring PMTB.
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where Rpku)(qlv) = (Xgto = Xpku) i+ (Yaro = Yoru)j+ (Zgo — Zpku) K is the position vector, and coordinates
of elements on the faces of magnets are,
(Xpku)1 o = (T + Ty cos B) 1 (Xgiv)g 4 =
(ka’U)LQ = (Y + 1 sin ) j ( qlv)g 4 = (rmssina) j
(Zpku)y = (2 + (u =1l + (u = 1ag)k (Zgy)3 = ((v = 1)l + (v —1)ag)k
(Zpku)y = (2 + (u)l + (u — 1)ag)k (Zgw)y = (Wl + (v — 1)ag)k
Suffix 1, 3 and 2, 4 are the left and right surfaces of rotor and stator, respectively. The complete

description of all parameters can be referred from [27].
The axial stiffness of the proposed PMTB structure is given by,

ar, 1
dZ ~ 2AZ

v)z4 = (Tmscosa) i

(2)

K, = [Fz (Z+AZ) - Fz (Z — AZ)] (3)

4. SIGNIFICANCE OF AN AXIAL AIR GAP

In this section, an optimized configuration (refer Table 2) without an axial air gap between successive
rings presented in our earlier research work [27] is selected and analysed for an axial load and stiffness
with an axial air gap using the proposed mathematical model. The optimized value of an axial air gap is
calculated by varying its value for maximum bearing features and results are plotted in Fig. 3. The axial
load of the configuration (462.69 N at ag,, = 2mm) and stiffness (321089.14 N/m at agopr = 0.6 mm)
increases by 19% and 3.2% respectively as compared to a structure without an axial air gap.

Table 2. Geometrical dimensions of an optimized configuration [27].

Optimized parameters for Optimized parameters for
Parameters maximum load-carrying maximum axial stiffness,
capacity, F,max = 389.38 N K, max = 311214.1 N/m
z (m) 0.0025 0
n 4 6
R1 (m) 0.004 0.0085
R2 (m) 0.015 0.0155
R3 (m) 0.016 0.0165
R4 (m) 0.02 0.02

5. OPTIMIZATION AND RESULTS

The mathematical Equations (1)—(3) presented in the previous section are solved in MATLAB for load-
carrying capacity and stiffness in a single (Fig. 1(a)) and multi-ring pair PMTB without (Fig. 1(b))
and with (Fig. 1(c)) an axial air gap between successive ring pairs. The calculated value of load-
carrying capacity (259.89 N) and stiffness (59630 N/m) of a bearing structure shown in Fig. 1(a) and
for the properties given in Table 1 are too low as compared to the conventional bearings. To replace
conventional bearings by PMB, optimization of different parameters such as the number of axial stacks
(n), axial air gap (ag) between the successive rings, inside radius of rotor ring magnets (R1) and inside
radius of stator ring magnets (R3) for maximum load-carrying capacity and stiffness is necessary. Steps
followed for an optimization process are given below,

1. Initially, load-carrying capacity and stiffness values are determined for single ring pair (Fig. 1(a))
with an axial length of 30 mm.
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Figure 3. Characteristics of the bearing structure presented in [27] for the axial air gap. (a) Load-
carrying capacity. (b) Axial stiffness.

2. The number of axial stacks ‘n’ is varied in the same axial length of 30 mm by taking into the
account of an optimum value of the axial offset (which is L/2 for maximum load-carrying capacity

and zero for maximum stiffness) to determine an optimum value, i.e., ‘ngy,’ for the same magnet
volume.

3. Then, an axial air gap (ag) between successive rings is varied at ‘nqy’ to calculate ‘agop: -

4. Further, the inside radius of rotor rings (R1) is varied at ‘ngy’ and ‘agep:’ to get ‘Rlgp:’.

5. Finally, the inside radius of stator rings (R3) is optimized at ‘nep’, ‘agope’ and ‘Rlgp’.
Initially, optimization is carried out for the selected structure (Fig. 1(a)) for an air gap of 2mm by
varying aforementioned parameters for maximum load-carrying capacity and stiffness and optimized
results are shown in Figs. 4(a)—(d) and 5(a)—(d). Maximized values corresponding to different optimized

parameters along with results of single ring pair PMTB are given in Fig. 4(e) and Fig. 5(e).

It is observed that the maximized value of load carrying capacity is 971.6 N (274% higher) and
stiffness 377200 (533% higher) as compared to single ring pair bearing.
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Figure 4. Optimized parameters for maximum load-carrying capacity. (a) Number of axial stacks. (b)
Axial air gap. (c) Inside radius of rotor rings. (d) Inside radius of stator rings and (e) comparison of
results.

Further, an optimization is extended for different air gap values ranging from 0.2 to 3 mm in steps
of 0.2mm. Variation of bearing characteristics with the number of axial stacks for different air gap
values is shown in Fig. 6 and an optimum number of axial stacks with maximum bearing characteristics
are given in Table 3. It is observed that the optimum number of axial stacks decreases with an increase
in the air gap for maximum load-carrying capacity and stiffness values in an axial length of 30 mm.
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Figure 5. Optimized parameters for maximum axial stiffness. (a) Number of axial stacks. (b) Axial
air gap. (c) Inside radius of rotor rings. (d) Inside radius of stator rings and (e) comparison of results.

Table 3. Optimum values of the number of axial stacks and axial air gap for maximum bearing
characteristics.

Air gap, Load carrying capacity, F. [N] Axial stiffness, K, [N/m]
g (mm) nopt Fz max agopt Fz max Nopt Kz e a.gopt Kz max
(mm) at agopt P (mm) at agopt
0.2 ) 1349.22 24 1576.17 12 | 1203528.68 0.4 1307562.29
0.4 ) 1240.76 2.8 1474.28 11 976016.03 0.6 1068936.81
0.6 4 | 1156.93 2.8 1328.45 9 | 807384.87 0.6 865884.53
0.8 4 1082.96 2.8 1258.92 8 678966.63 0.6 726762.72
1.0 4 |1013.01 3.2 1192.59 7 | 579439.61 0.6 616212.98
1.2 3 949.84 3.2 1047.04 7 503309.31 0.8 545986.34
1.4 3 905.61 3.2 1006.03 6 441726.81 0.8 472122.87
1.6 3 | 863.14 3.2 966.50 6 | 391400.22 1.0 425687.58
1.8 3 822.41 3.4 928.62 ) 349917.06 1.0 371081.99
2.0 3 | 783.40 3.4 892.22 5 | 316327.74 1.0 339828.32
2.2 3 746.07 3.8 858.01 ) 286366.48 1.2 312316.15
24 3 | 710.38 4.0 825.19 5 | 259560.76 1.2 287754.11
2.6 3 676.30 4.0 793.75 4 239446.52 1.2 253133.58
2.8 3 643.76 4.0 763.55 4 221292.69 1.4 236180.12
3.0 3 612.73 4.2 734.69 4 204718.73 14 220814.22

After knowing the optimized axial stacks, an axial air gap between successive ring pairs is varied for

different air gaps for maximum load-carrying capacity and stiffness keeping the thickness of inner and
outer rings constant and results are plotted in Fig. 7 and tabulated in Table 3. Results show that the
optimum value of the axial air gap increases with an increase in the air gap for maximum load-carrying
capacity and stiffness.

The inside radius of rotor rings of the bearing configuration is varied by keeping optimized axial
stacks (nept) and optimum axial air gap (agop:) constant at different air gaps for maximum bearing
characteristics, and results are shown in Fig. 8 and given in Table 4. The optimum value of Rl
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Figure 7. Variation of bearing characteristics with an axial air gap between ring pairs. (a) Load-
carrying capacity. (b) Axial stiffness.
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Figure 8. Variation of bearing characteristics with an inner radius of inner rings for different air gap
values. (a) Load-carrying capacity. (b) Axial stiffness.

decreases with an increase in the air gap up to 1 mm, and it becomes constant with a further increase
for maximum load-carrying capacity, whereas in the case of stiffness maximization, the optimum value
decreases with an increase in the air gap.

The inside radius of stator rings (R3) is varied at optimized values of n, ag, and R1 for different air
gaps for maximum values of bearing characteristics, and results are shown in Fig. 9. It is observed that
the optimized value of R3 is independent of an air gap, and its value is 24 mm and 26 mm for maximum
load-carrying capacity and stiffness values, respectively.
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Table 4. Optimum values of the inner radius of inner rings for maximum bearing characteristics at

optimized values of (n) and (ag).

. Axial force, F. [N] Axial stiffness, K, [N/m]
Air gap,
Rlop: agopt F. max at Rlopt agopt K. max at
g (mm) - Tropt
(mm) (mm) agopt and Nopt (mm) (mm) agopt and Mopt
0.2 6 5 2.4 1592.85 16.5 12 0.4 1457178.70
0.4 5.5 5 2.8 1493.57 15.5 11 0.6 1125540.10
0.6 3 4 2.8 1368.38 14.5 9 0.6 886365.23
0.8 3 4 2.8 1296.91 13.5 8 0.6 735735.21
1.0 3 4 3.2 1229.44 12 7 0.6 613015.59
1.2 1 3 3.2 1118.26 11.5 7 0.8 547392.53
1.4 1 3 3.2 1074.59 10.5 6 0.8 472206.34
1.6 1 3 3.2 1032.53 10 6 1.0 425687.58
1.8 1 3 3.4 993.59 8.5 5 1.0 371785.37
2.0 1 3 3.4 954.85 8.5 5 1.0 340560.68
2.2 1 3 3.8 922.18 8 5 1.2 313323.84
2.4 1 3 4.0 888.42 7.5 5 1.2 289017.19
2.6 1 3 4.0 854.85 6 4 1.2 256514.02
2.8 1 3 4.0 822.59 5.5 4 1.4 239815.31
3.0 1 3 4.2 792.91 5 4 14 224325.31
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Figure 9. Variation of bearing characteristics with an

values. (a) Load-carrying capacity. (b) Axial stiffness.

6. CONCLUSIONS

inner radius of outer rings for different air gap

Multi-ring PMTB with an axial air gap between successive axial stacks is designed and optimized for
maximum bearing features in a given axial length of the magnet. The optimized bearing configuration
could be used to develop PMTB with an eddy current damper in which there is a scope for including
conductive material in an axial air gap for maximum stiffness and damping coefficient.

The following conclusions are drawn based on this research work,

e Maximized values of load carrying capacity and stiffness increase by 3.73 and 6.32 times respectively

in the selected geometry of bearing for an air gap of 2 mm.

e An optimum value of the axial air gap is a dependent parameter as its value increases with an air

gap and increases with a decrease in the number of optimized axial stacks.
e The optimized value of R1 decreases with an increase in the air gap whereas R3 is independent of

an air gap.
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