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Analysis of Anisotropic Bonded NdFeB Halbach
Cylinders Accounting for Partial Powder Alignment

Z. Q. Zhy Member, IEEE, Z. P. Xia, K. Atallah, G. W. Jewell, and D. Howe

Abstract—An analytical technique is developed for predicting 0.8
the performance of a bonded Halbach oriented anisotropic = 071
magnet, with due account of partial alignment of the NdFeB £ 06
powder during injection molding. The predicted performance of a S 45
12-pole injection molded, Halbach oriented magnet is compared o -
with measurement. g 0.4
Index Terms—Bonded NdFeB, electrical machine, Halbach mag- 2 031
netization, permanent magnet. g 02
€ o1
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|. INTRODUCTION 0 02 04 0.6 0.8 ]
RUSHLESS permanent magnet machines employing Aligning field, B, (T)

: Halbach magnetized rotors offer Several- potentiall_y at-tral(::i-g 1. Remanence versus aligning field for NDA-502E Compodic NdFeB
tive features [1]-[3]. For e_xam_ple, due to the_lr “self-_shleld|ngi;1je'cti6n molding compound.

property the rotor back-iron is not essential, whilst due to
their inherent sinusoidal airgap field distribution, they exhibit
negligible cogging torque and an essentially sinusoidal emf
waveform. Thus, skew is not required and a nonoverlapping
stator winding can be employed, which is conducive to low cost
manufacture. The paper describes the analytical modeling of
the powder aligning system which is used to impart a Halbach
orientation during the injection molding of an anisotropic
bonded NdFeB Halbach cylinder for use in a brushless ma-
chine, and the subsequent prediction of its performance, with
due account of the partial alignment of the NdFeB powder,
which inevitably occurs in practice.

Sintered NdFeB
magnets

Injection mould
cavity

Il. ANALYTICAL MAGNET MODEL ACCOUNTING FORPARTIAL
POWDER ALIGNMENT

A commercial grade of anisotropic NdFeB injection molding
compound, NDA502E, which contains 65% by volume of MQE
anisotropic NdFeB powder, compounded with a Nylon binder
and proprietary lubricants, was used in the investigation. For
simplicity, it was assumed that, after injection molding, the im-
pulse magnetizing field could fully saturate the injection molded
ring magnet throughout its entire volume.

The relationship between the remanence which results after
exposure of the NDA502E compound to a specified level of
aligning field during injection molding and its subsequent im-
pulse magnetization to saturation has been measured, Fig. 1, anc
curve-fitted to

Injection
moulded NdFeB
magnet

Brern = F(Ba) (1) ®

Fig. 2. (a) Twelve-pole Halbach powder aligning system. (b) Brushless
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and used to orientate the NDA502E compound during the
injection molding of a ring magnet having inner and outer radii
of R, and R,,, respectively.

In an ideal Halbach magnetized magnet, the magneti-
zation distribution, in polar coordinates, can be expressed
asM = M, + Myéy, where M, = M cos(pf) and
My = +M sin(p6), p is the number of pole-pairs. However,
when a Halbach magnetized magnet comprises discrete magnet
segments, such as in the segmented powder aligning magnet
shown in Fig. 2(a), the above field distribution is approximated,
since the direction of magnetization is fixed in each individual
magnet segment by,,, = (1 &+ p)8;, whered, is the angle
betweené = 0 and the center of théth magnet segment,
“+" being for an internal field Halbach cylinder [such as the
aligning magnet shown in Fig. 2(a)] and-" for an external
field Halbach cylinder [such as the injection molded magnet
employed in Fig. 2(b)].

The amplitude of the flux density which is produced by the
powder aligning system is given by [1]:

Ba(r)| = Bro :0<—1>’” (=) (=)

(n+L)w

Ry n—17 sin T Fig. 3. Twelve-pole Halbach powder aligning system and field distribution.
[1 <Ra2> ] (7’L + 1)71' (2) 0.8
N .
0.6 1 analytical
where - .-o--FE
B, is the remanence of the sintered NdFeB mag E 0.4 1
nets from which the powder aligning system § 0.2
is fabricated, 2 0 :
N is the total number of magnet segments; § 0.2 0 0.1
p+vN, and 8
R, andR,, are the inner and outer radii of the Halbacl & -0.4 1 b
cylinder, respectively. -0.6 1 ‘
Fig. 3 shows the powder aligning system which employs 3 sir -0.8
tered NdFeB magnet segments per pole, and for whigh= Angle (rad)
29 mm andR,» = 39 mm, together with the field distribution. @
Fig. 4 compares the analytically predicted radial flux density
distribution, deduced from equation (2), with the finite elemen -8
predicted distribution, the internal and external radii of the injec _ el
tion mold beingR,. = 17 mm andR,,, = 27 mm, respectively. 'J:_ 0.8 @ -FE
As will be evident, the amplitude of the aligning field, ]
varies throughout the radial thickness of the mold, the variatic o
depending on the pole number. However, the radial and circur 5
ferential components of the aligning field vary essentially cosi 'f-]
nusoidally and sinusoidally, respectively, with angular positior é o2
and the amplitude of the resultant field is constant at any give
radius. In order to determine the flux density distribution an o L bes o o A P it
the flux per pole which results when such an injection molde 0 5 10 5 20 e,

Halbach oriented magnet has been fully magnetized and is st Radis {mm)
sequently employed in a brushless motor, as in Fig. 2(b), an ana- )
lytically-based magnet model is employed. As shown schemat- _ _ N _ _
ically in Fig. 5, the Halbach magnetized magnet is sub-dividé;dﬂ- _‘k‘]- .Compaé'sg.” |°f analytical a_”dzﬂ”'te e'gm'f”tkprelc"“ed f"lﬂx density
into a numberyp, of concentric annular rings, each having agffgdi‘ff;‘_’”' (8) Radial componentat= 27 mm. (b) Peak value as a function

elemental radial thicknes&. For theith annular ring,

. . A whereA = (R,,, — R,.)/n,r7(1); = R+ (i — DA, andr (i), =
) =Re + (i -1DA+ S (3) R, +iA. Thus, during injection molding within the Halbach
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Fig. 5. Annular ring magnet model. AN s T

cylinder powder aligning system, the aligning fielt}; which Flg.e. Comparison of radial field distribution at stator iron bore surf&ce—=
results in each elemental ring is given by (2), whilst the effectivé-> MM

remanence, following subsequent magnetization to saturation,

is obtained from (1), i.eB,en, (1) = F(B,;). When the magnet volume [2] and insertion in an iron cylinder having a bore
is subsequently used for the rotor of a permanent magnet brugidius R, =27.5 mm, which is identical to the stator bore
less motor [Fig. 2(b)] the contribution of each aligned and fullyadius of the brushless motor shown in Fig. 2(b), a) without
magnetized elemental ring to the airgap flux density can be dhe application of the Halbach aligning field (which results
rived. At the stator borel?,: in an isotropic magnet witlB,..,, = 0.45 T), b) assuming

2 r(@): \PT1] (7)., \PT  @n ideal Halbach alignment (which results in an anisotropic
B,(i) = Brem(D)K ll _ <_) < )

=1 N i magnet withB,..,,, = 0.7 T), and c) with the actual powder
P (2o s alignment which is achieved with the Halbach powder aligning
The radial and circumferential components of airgap fl

system of Fig. 2(a) [which results in an anisotropic magnet

) . . ) L s ith B.... = F(B,)], respectively. For cases a) and b), the
deg;ﬁty)’"’“}’ coesmyrimdally and SIdI’I.USOIdaUB.Zt.)BT,(L)COS%pH%I analytically predicted results are also compared with finite
and B, (i) sin(p#). The corresponding contribution to the fluxg) et calculations, whilst for c), the analytical prediction

per pole is: ) is compared with the measured flux density distribution. As
. /2P . 2B, ()R, L, can be seen, good agreement is achieved. It will also be seen
(i) = 2/0 B, (1)RsLa cos(pt) db = (1)) that a) the field distributions are essentially sinusoidal; b) the
(5) amplitude of the airgap field is larger than the remanence
whereL, is the active axial length, and of the magnet, due to flux focusing which results from the
1 for an air-cored rotor Halbach magnetization; c) the field is significantly enhanced by
K= { [1 - (R./R.)%] 1 for an iron-cored rotor (6)  orienting the powder; and d) the developed analytical technique

h he ai flux densi dthe fi le which accounts for the reduction in the airgap field which results from
Thus, the airgap flux density and the flux per pole which res .\ alignment of the powder.

sult from a Halbach magnetized magnet comprising a number
of such elemental rings is obtained by superimpositim;
IV. CONCLUSION

Bitor = ZB,,(i) and .., = Z ,.(4) @) An analytical technique has been developed for modeling a
=1

i=1 bonded anisotropic magnet having a Halbach orientation im-
parted during the injection molding process, with due account of
IIl. RESULTS AND VALIDATIONS the degree of alignment of the NdFeB powder. Predictions have

. . . . heenvalidated by finite element calculations and measurements.
The derived analytical technique has been used to predict 91e y

field distribution produced by an injection molded anisotropic
Halbach magnetized magnet, with due account of the partial

alignment of the NdFeB powder. The dimensions of the [l K. Halbach, “Design of permanent magnet multipole magnets with ori-
ented rare-earth cobalt materidiiclear | nstrumentsand Methods, vol.

powder aligning system and the injection molded magnet are 169 . 1-10, 1980.
R, =224mm,R,, =27Tmm, R,; = 29 mm, R,» =39 mm, [2] M. Marinescu and N. Marinescu, “New concept of permanent magnet

and L. = 13.5 mm. Fig. 6 compares the distribution of the excitation for electrical machines—Analytical and numerical computa-
@ tion,” IEEE Trans. Magn., vol. 28, pp. 1390-1393, 1992.

radial flux density produced by a 12-pole injection molded (3; k_Ataliah and D. Howe, “The application of Halbach cylinders to brush-
magnet, following magnetization to saturation throughout its  less ac servo motors,EEE Trans. Magn., vol. 34, pp. 2060-2062, 1998.
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