Portland State University

PDXScholar

Electrical and Computer Engineering Faculty

Publications and Presentations Electrical and Computer Engineering

2019

A High Torque Density Halbach Rotor Coaxial
Magnetic Gear

Ho Yin Wong
Portland State University, h28@pdx.edu

Jonathan Z. Bird
Portland State University, jonathanbird@pdx.edu

David Barnett
University of North Carolina at Charlotte

Wesley Williams
University of North Carolina at Charlotte

Follow this and additional works at: https://pdxscholar.library.pdx.edu/ece_fac

b Part of the Electrical and Electronics Commons

Let us know how access to this document benefits you.

Citation Details

Wong, Ho Yin; Bird, Jonathan Z.; Barnett, David; and Williams, Wesley, "A High Torque Density Halbach
Rotor Coaxial Magnetic Gear" (2019). Electrical and Computer Engineering Faculty Publications and
Presentations. 486.

https://pdxscholar.library.pdx.edu/ece_fac/486

This Presentation is brought to you for free and open access. It has been accepted for inclusion in Electrical and
Computer Engineering Faculty Publications and Presentations by an authorized administrator of PDXScholar.
Please contact us if we can make this document more accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/ece_fac
https://pdxscholar.library.pdx.edu/ece_fac
https://pdxscholar.library.pdx.edu/ece
https://pdxscholar.library.pdx.edu/ece_fac?utm_source=pdxscholar.library.pdx.edu%2Fece_fac%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=pdxscholar.library.pdx.edu%2Fece_fac%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/ece_fac/486
https://pdxscholar.library.pdx.edu/ece_fac/486?utm_source=pdxscholar.library.pdx.edu%2Fece_fac%2F486&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:pdxscholar@pdx.edu

A High Torque Density Halbach Rotor Coaxial
Magnetic Gear

Ho Yin (David) Wong Jonathan Z. Bird
Department of Electrical and Department of Electrical and
Computer Engineering Computer Engineering

Portland State University
Portland, OR, USA
h28@pdx.edu

Portland State University
Portland, OR, USA
jonathan.bird@ieee.org

Abstract— This paper presents the design, analysis, and exper-
imental testing results for a 5.67:1 Halbach rotor magnetic gear-
box with a ferromagnetic back support. Using 3-D finite element
analysis software the Halbach magnetic gearbox was calculated to
achieve a volumetric torque density of 284N-m/L with only an ac-
tive region outer diameter of 120mm. The experimental prototype
obtained an active region volumetric torque density of 261.4N-m/L

Keywords— Magnetic gear, permanent magnet, Halbach array

I. INTRODUCTION

MECHANICAL gearboxes require routine servicing and lu-
brication due to wear from contacting gear teeth. Some gearing
systems are not back-drivable and most offer limited compli-
ance capabilities, a mechanical gearing system can also have a
large starting torque [1], [2]. A MG utilizes magnetic field
space modulation to achieve speed-amplification without any
physical contact. If properly designed, a magnetic gearbox
(MG) has the potential to eliminate most of the problems asso-
ciated with mechanical gears and in addition offers the capabil-
ity of increasing power conversion efficiency and inherent
overload protection [3].

One of the main obstacles to the wide-spread use of MGs
is that the torque density of the currently developed MGs is still
not high enough to be competitive with their mechanical gear-
box counterparts. For instance, mechanical gearboxes with
torque densities well in excess of 300 N-m/L are achievable [2],
[4], yet the development of MGs to-date still struggle to break-
through this limit.

The object of this paper is to try to increase the torque den-
sity capability of coaxial MGs by utilizing a Halbach rotor co-
axial MG. An example of a Halbach rotor flux-modulating co-
axial MG is shown in Fig. 1, it consists of an inner rotor, with
p1 permanent magnet (PM) pole-pair rotating at w1, a middle
cage rotor with n, ferromagnetic segments that can rotate at w;
and a fixed p3 pole-pair PM outer rotor (w3 = 0). The inner and
outer rotors that contain PMs interact with the cage rotor ferro-
magnetic steel segments to create space harmonics. If the rela-
tionship between the steel segments is chosen to be pi1=n>— p3
then the rotors will interact via a common space harmonic and
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the angular speeds between the inner and cage rotor is [5]
WP = N,y (1
In 2004 Atallah et al. calculated that a torque density of up
to 100N-m/L is achievable when using the surface mounted PM
coaxial MG [5]. More recently a flux-focusing coaxial MG ty-
pology was presented by Uppalapati ef al. that achieved an ex-
perimentally tested torque density of 239N-m/L [6]. However,
using a flux-focusing typology results in a relatively large 3™
and 5" order field harmonic being created, consequently this
generates a significant amount of loss within the MG structure
thereby degrading performance [7]. Halbach rotor structures are
well-known for creating highly sinusoidal field distributions [§8]
and therefore offer the potential for both increasing torque den-
sity and lowering harmonic related losses. In 2009, Jian ef al.
studied the torque density and torque ripple performance of a
1:4.25 gear ratio Halbach rotor MG [9]. Jian’s design achieved
a peak torque and torque density of 155.8 N-m and 108 N-m/L
respectively. In 2016, Jing et al. also constructed a 1:4.25 gear
ratio Halbach rotor MG Jing’s prototype achieved a peak torque
and volumetric torque density of 168 N-m and 129.8N-m/L re-

spectively [10].

Jian et al. [11] and Jing et al. [12] used 2-D analytic and 2-D
finite element analysis (FEA) modeling technique to study the
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Fig. 1. A 5.67:1 coaxial Halbach rotor magnetic gearbox with p,=3 pole-pairs,
n,=17 ferromagnetic slots and p;=14 pole-pairs on the outer rotor.
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performance of the Halbach PM rotor relative to the radial rotor
MG equivalent and Gardner et al. developed a 2-D magnetic
equivalent circuit model of the Halbach MG [13]. Jian con-
vincingly demonstrated that the Halbach array MG could per-
form significantly better than the conventional radially mag-
netized rotor MG in terms of volumetric torque density as well
as torque ripple and iron loss [11]. It should be noted that the
3-D axial edge-effects are particularly high within a MG and
therefore if the axial length is less than the radius the torque will
be significantly lower than what the 2-D models predict. There-
fore before building a MG, extensive 3-D FEA analysis is also
recommended [5], [14], [15].

As the Halbach rotor field is focused only one side the Hal-
bach MG has the potential for being built with minimal steel.
Asnani et al. [16] and Scheidler et al. [17] have recently studied
the performance of MGs when using 3-D printed plastic hous-
ings. Scheidler demonstrated a MG with a volumetric torque
density of 162 N-m/L and because of the all plastic housing de-
sign the mass torque density was an impressive 44.7 N-m/kg.

An axial equivalent of the Halbach rotor MG typology was
also studied by Johnson et al. [18] with a 1:4.41 gear ratio John-
son calculated that the axial MG could operate with a volumet-
ric torque density of 183.9 N-m/L. The axial MG can be de-
signed with a short axial length but maintaining the uniform air-
gap would be challenging.

The contribution made by this paper is to use a parameter
sweeping analysis to both study and experimentally test a Hal-
bach rotor MG with the goal of demonstrating that the Halbach
typology enables torque densities close to 300 N-m/L to be
within reach.

II. 2-D MAGNETIC DESIGN ANALYSIS

The investigation procedure for the Halbach rotor MG ty-
pology began with the ideal Halbach rotor MG structure as
shown in Fig. 1. A simple cage modulator design with a Imm
thick inner bridge was used. Table I shows the fixed geometric
MG parameters that were not changed in the design analysis
and Table I shows the radial sweep parameter values. The pa-
rameters are defined in Fig. 2. Based on prior experience the
three rotor’s radial lengths, along with axial length, d, have the
biggest impact on the torque density.

The torque ripple of the MG remains essentially unchanged
with respect to the load, hence, cogging torque and torque ripple
within the MG are the same [19]. The torque ripple can be min-
imized by selecting a pole combination in which the greatest
common divisor (gcd) defined as [20], [21].

CT = ged (2p1a nz) )
is minimized. For this Halbach rotor design the pole combina-
tion (p1, n2, p3) = (3,17,14) was selected, this gives a gear ratio
of G12=5.67 and using (2) gives Cr= 1. Therefore, it is expected
the torque ripple will be low. It should however be noted that
because the cage rotor is an odd number the radial forces on the
cage rotor are unsymmetrical [20].

In the following analysis the magnets are Nd-Fe-B, grade
N48, and the laminations are M19 steel. The outer radius and
axial length of the MG have been fixed at 7,3 = 60mm and

d=50mm respectively. The radial parameters, identified in Ta-
ble 2 were swept across the defined range of values and the re-
sultant 2-D FEA calculated torque density for each parameter
value is shown in Fig. 3.

The active region volumetric torque density was computed
from

T, = T,/(rr}d) (3)

where 7> = cage rotor torque. And the active region mass torque
density was computed using

r,=T,/(m +m,) 4)
where m and m,, are the ferromagnetic steel and magnet mate-
rial mass respectively.

Looking at the zoomed in view in Fig. 3(b) it can be seen
that a clear trade-off between maximizing mass torque density,
Design A, and volumetric torque density, Design B, is present.
Note that since the outer radius was fixed at 7,3 = 60mm when
the modulation length, /,, was changed, the outer rotor inner ra-
diusr;3 was also changed since r;3 = ro1+h+2g.

TABLE I. HALBACH MAGNETIC GEARBOX FIXED GEOMETRIC PARAMETERS

Description Value Unit
Pole pairs, p; 3 -
Inner rotor .
Angular span, 6, /(2py) radians
Pole pairs, n, 17 -
Cage rotor .
Angular span, 6, w/(n2) radians
Outer radius, 7,3 60 mm
Outer rotor | Pole pairs, p; 14 -
Angular span, 65 /(2ps) radians
Axial stack length, d 50 mm
Air gaps, g 0.5 mm

TABLE II. SWEEP PARAMETERS

Description Sweep values [mm]
Inner radius, 7 [8, 10, ... 30]
Inner rotor outer radius, 7, [30, 32, ... 50]

Cage bar length, /, [2.5,3,...75] &[8,9, ... 13]

(a) ' ®)
Fig. 2. Geometric parameter definitions along (a) radial and (b) axial lengths.



The design parameters for the peak mass and volumetric
torque density design are shown in Table III. Also shown is a
trade-off design, Design C, in which both a relatively high mass
and volumetric torque density is obtained whilst the parameters
are relatively mechanically strong and feasible to construct. The
geometry for this Design C was used to create Fig. 1.
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Fig. 3. (a) Volumetric and mass torque density trade-oft plot and (b) zoomed
in view. The legend shows the different cage rotor length, /, values. Design A
has the highest mass torque density and Design B has the highest volumetric
torque density and Design C is the trade-off design shown in Fig. 1.

TABLE III DESIGN CHOICES

parameer P e e Hde sl
Inner rotor inner radius, 7; 30 8 19 mm
Inner rotor outer radius, 7, 46 44 42 mm
Modulator radial length, /, 7 8 10 mm
Inner radius of outer rotor 54 53 53 mm
Peak torque 189.2 2229 203.5 N'm
Volumetric torque density 334.6 394.2 359.9 N'-m/L
Mass torque density 69.7 60.9 63.4 N-m/kg
Magnet mass torque density 84.5 71 78.7 N-m/kg

III. MECHANICAL CONSIDERATIONS

The Design C cage rotor lamination was modified in order
to provide mechanical support. Rectangular slots and lips were
added to the cage rotor, as shown in Fig. 4, this provided the

necessary retaining support to allow rectangular Garolite, G10,
rods to be used to support the cage rotor in place. The Garolite
material was selected because it provided the radial deflection
support for the cage rotor and this therefore reduced the power
losses by eliminated all non-laminated conductive parts from
the cage rotor. For ease of assembly, ferromagnetic back sup-
port material was added to the outer and inner radius as shown
in Fig. 4. Due to mechanical design requirements the inner ro-
tor shaft, and the inner rotor back support is a solid cylinder
with radius of 7;;. However, the outer rotor ferromagnetic back
support thickness, /5, remains adjustable. Fig. 5 shows how the
torque performance with different outer rotor back support
thicknesses affect the torque and torque density. As the back-
support steel thickness increases, the torque decreases until it
reaches a plateau. The use of the ferromagnetic back-support
provides mechanical fabrication support and greatly helps with
magnet assembly. A back-support thickness /, = 3mm was se-
lected. After making these mechanical design changes the re-
sultant 2-D FEA calculated peak torque reduced to 193.5 N'm
and consequently the volumetric and mass torque density re-
duced to 342.2 N'm/L and 52.2 N-m/kg respectively.

Outer rotor p; pole-pairs

Outer radial magnet

Cage rotor

n, ferromagnetic segments

Inner rotor p; pole-pairs

Inner radial magnet

< Ogter rotor back iron
thickness, /,

(®)
Fig. 4. (a) Half cut-away view of the Halbach rotor magnetic gearbox and (b)
axial view of the magnetic gearbox .

370 210

2-D Volumetric torque density
[N-m/L]

310 : : : : 180
0 2 4 6 8 10
Outer rotor back iron thickness, /, [mm]
Fig. 5. Influence of torque and torque density when the outer rotor ferromag-
netic back-support thickness, /,, is increased.



IV. 3-D MAGNETIC ANALYSIS

The impact of the axial length, d, on the Halbach MG per-
formance is shown in Fig. 6. An axial length of d = 50mm was
selected as this still maintained a high torque and volumetric
torque density whilst the radial deflection forces were deter-
mined to be not serious at this axial length.

Gerber et al. showed that if the modulator rotor axial length
was reduced slightly the torque density could be improved [22].
Fig. 7 demonstrates the torque performance at different cage
lamination axial lengths, d., when the inner and outer rotor axial
lengths were kept fixed at d = 50mm. It can be seen that a peak
torque density occurs when d. = 47.5mm, this therefore in-
creased the torque and torque density to 160.6 N'm and 284
N-m/L, a 1.3% improvement. This d. value was selected for the
cage axial length.

The 3-D FEA calculated torque versus cage rotor angle
over one pole-pair span and the torque ripple for the final design
at peak torque angle are shown in Fig. 8. The calculated torque
ripple is low with a calculated value of 0.58 % at peak torque.

A contour plot showing the magnitude of the flux density,
B:, By and |B|, within the MG is shown in Fig. 9. The saturation
along the bridges is apparent.

The operating principle of the MG can be verified by con-
sidering the analysis shown in Fig 10 in which the harmonics
created next to the outer rotor airgap for the case when only the
inner rotor is present and when both the inner rotor and cage
rotor are present. It can be seen that the inclusion of the cage
rotor creates the necessary p3 = 14 spatial harmonic.
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Fig. 6. Impact of stack length on the peak torque and volumetric torque den-
sity when axial length of MG is increased.
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ripple plot with cage rotor rotating at 180RPM and inner rotor rotating at
1020RPM according to gear ratio at peak torque angle.
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Fig. 9. Contour plot of the magn_it-ilde of the flux density B,, By, and |B| within
the MG magnetic structure at the peak torque position.

V. EXPERIMENTAL PROTOTYPE

The assembled individual MG rotors are shown in Fig. 11.
In the prototype, both the inner and outer rotor back supports
were made with solid steel instead of laminations due to the
limited time. In addition, to reduce eddy current loss due to ax-
ial edge effects and axial flux leakage, non-magnetic, non-con-
ductive, material was used on the axial cage and outer rotors
end plate. Magnets are attached to the rotors’ back supports
with glue.

The radial magnetic flux density created by the assembled
inner and outer rotors were measured manually at an air-gap of
0.63mm, the measurement results are compared in Fig. 12 and



Fig. 13 with the 2-D and 3-D FEA calculated values. A rela-
tively good match was achieved.
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rotor and cage rotor is present, but not the outer rotor. (b) The corresponding
spatial harmonics spectrum. It can be seen that when the cage rotor is added,
the p3 =n, — p; harmonic is created.

(d

Fig. 11.(a) Cage rotor lamination. (b) Assembled cage rotor with Garolite sup-
porting bars. (c) Assembled inner rotor with Halbach array magnet embedded.
(d) Assembled outer rotor with Halbach array magnet embedded.
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Fig. 12 and Fig. 13 harmonic analysis show that the inner
rotor magnet field is 7.9 % higher than the 3-D FEA model pre-
dicted whereas the outer rotor magnets field is 10.7 % lower

than the 3-D FEA model predicted.
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Fig. 12.(a) Inner rotor radial flux density field comparison over one pole and
(b) corresponding harmonic analysis comparison when measured and calcu-
lated with an airgap of 0.63mm (half the Gaussmeter probe thickness).
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The fully assembled MG is shown in Fig. 14(a) and also
shown in Fig. 14 (b) is a mechanical cut-away view of the as-
sembly. Fig. 15 shows the MG on the test setup. The torque
transducers on either side of the MG are being used to charac-
terize the torque-speed and efficiency characteristics.

VI. EXPERIMENTAL TESTING RESULTS

The torque as a function of load angle was measured by
locking the inner rotor and rotating the cage rotor. The resulting
torque measurements are shown in Fig. 16. It can be seen that
a peak torque of 147.8 N'm was achieved, this is 8 % lower than
was computed using 3-D FEA. Table IV. summarizes the per-
formance results.

(2 (®
Fig. 14. (a) Fully assembled prototype photo (b) Section view of the built
prototype CAD image.

I'C Motor
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Fig. 15. Experimental torque measurement setup.
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A plot of the measured torque as a function of time is
shown in Fig. 17. The permanent magnet synchronous motor
(PMSM) was set to speed control mode and the DC motor was
in torque control mode to imitate the load. The operation at
constant torque for two cases at 55 N'm and then at 105 N'm is
shown.

The torque ripple was significantly higher than expected at
16.3N'm, 11% at peak torque, the reason for this is currently
being investigated and maybe a result of unwanted mechanical
vibrations in the setup or an eccentric air gap. Fig. 18 shows
the no load torque measurement for both rotors.

TABLE IV FINAL PROTOTYPE PARAMETER

Description Prototype | Calculated Unit

Peak torque 147.8 160.6 N'm
Active region Volumetric 261.4 284 N-m/L
torque density Mass 39.9 43.4 N'm/kg
Magnet mass 57.2 62.1 N-m/kg

Full bl Outer diameter 150 - mm

D‘l‘m:;ﬁl Y [“Axial length 114.3 - mm

Mass 6.6 - kg
Full assembly Volumetric 73.2 - N-m/L
torque density Mass 22.4 - N-m/kg
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Fig. 17. Measured torque with applied 300RPM on high speed rotor
changing load on low speed rotor.
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VII. CONCLUSION

This paper has presented the design, analysis and initial ex-
perimental testing results for a high torque density coaxial MG
with Halbach rotors. The calculated 3-D FEA peak torque and
volumetric torque density was 160.6 N-m and 284 N-m/L whilst
the measured peak torque was 147.8 Nm and this corresponds
to an active region torque density of 261.4 N-m/L.

The measured torque ripple was unfortunately higher than
expected and the reason for this is currently being investigated.

Future designs will be changed to using an even number of
cage rotors bars so as to minimize unsymmetrical radial forces
that can cause increased bearing wear.
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