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Analytical Magnetic Field Analysis of Halbach
Magnetized Permanent-Magnet Machines

Z.P. Xia, Z. Q. Zhu, Senior Member, IEEE, and D. Howe

Abstract—We develop analytical models for predicting the mag-
netic field distribution in Halbach magnetized machines. They are
formulated in polar coordinates and account for the relative re-
coil permeability of the magnets. They are applicable to both in-
ternal and external rotor permanent-magnet machines with either
an iron-cored or air-cored stator and/or rotor. We compare pre-
dicted results with those obtained by finite-element analyses and
measurements. We show that the air-gap flux density varies sig-
nificantly with the pole number and that an optimal combination
of the magnet thickness and the pole number exists for maximum
air-gap flux density, while the back iron can enhance the air-gap
field and electromagnetic torque when the radial thickness of the
magnet is small.

Index Terms—Electrical machines, magnetic field, permanent
magnet.

1. INTRODUCTION

ALBACH magnetized permanent-magnet machines offer

several potentially attractive features [1]. First, they have
an essentially sinusoidal air-gap field distribution. Hence, their
induced electromotive force (EMF) waveform is inherently
sinusoidal and the cogging torque may be negligible, without
resorting to skew or a distributed stator winding. Second, since
the magnetic field in Halbach magnetized machines is essentially
self-shielding, the rotor back iron is not essential. Thus, either an
iron-cored or an air-cored rotor may be used. However, as will be
shown in the paper, some benefits can be derived by employing
the rotor back iron, in terms of reducing the volume of magnet
material required to achieve a given level of performance.

The concept of Halbach magnetization was originally pro-
posed by Halbach [2], although initially electrical machines
employed segmented magnets which only approximated the
Halbach magnetization [3], [4]. However, high-performance
bonded NdFeB magnets have facilitated the manufacture of
near ideal multipole magnetized Halbach ring magnets. For
example, an isotropic NdFeB Halbach magnetized ring magnet
was produced using a specially designed magnetizing fixture in
[5], while an anisotropic NdFeB Halbach magnetized ring magnet
was produced by employing a combination of a magnet powder
alignment system and a custom magnetizing fixture in [6] and [7].

The magnetic field analyses for segmented magnet Halbach
magnetized machines were derivedin[1]-[3]. This paperpresents
analytical models for predicting the magnetic field distribution
in air-cored and iron-cored internal and external field Halbach
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Fig. 1. General analytical model for field calculation in a Halbach magnetized
magnet machine.

machines which are equipped with ideal Halbach magnetized
magnets. They are formulated in polar coordinates, and account
for the relative recoil permeability of the magnet. The influence
of back iron and the optimal combination of magnet thickness
and pole number for maximum air-gap flux density are also
investigated. Analytically predicted results are compared with
those obtained by finite-element analysis and measurements.

II. ANALYTICAL MODELS FOR PREDICTING MAGNETIC FIELD

The analytical model shown in Fig. 1 is divided into three
annular regions, in which region II is the Halbach magnetized
magnet, and the other regions are air spaces. As will be seen
later in the paper, this is necessary in order to make the solu-
tions generally applicable to air-cored and iron-cored machines.
InFig. 1, R, R,,, R, and R; are the outer bore radius, the outer
and inner radii of the magnet, and the inner bore radius, respec-
tively. The winding can be inserted into either region I or region
III, depending on whether the machine is an internal field or ex-
ternal field Halbach magnetized magnet machine, while one of
the air gaps may be reduced to zero for an iron-cored machine,
or be increased for an air-cored machine. In order to obtain an
analytical solution for the field distribution produced in a mul-
tipole Halbach magnetized magnet machine, the following as-
sumptions are made.

1) The magnet is oriented according to the Halbach mag-
netization and is fully magnetized in the direction of
magnetization.

2) The effect of the finite axial length is neglected, i.e., an
infinitely long machine is considered.

3) The back iron is infinitely permeable.

0018-9464/04$20.00 © 2004 IEEE
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The field vectors B and H are coupled by

B = ugﬁ in the air space (1)

B= 1o urﬁ + ;1,0M in the permanent magnet 2)

where (1 is the permeability of free space and p,. is the relative
recoil permeability of the magnet.

For a Halbach magnetized magnet machine, the magnetiza-
tion distribution M varies sinusoidally. In polar coordinates, it
is given by

M= M,¢e, + Mgpey = M cospbé, F Msinphey, (3)
where — is for an internal rotor machine (external field), + is for
an external rotor machine (internal field), €, and €y are the unit
vectors in the radial and circumferential directions, respectively,
p is the number of pole pairs, M = (B,./po) is the amplitude
of magnetization, and B, is the remanence of the magnet.

The magnetic field produced by a Halbach magnetized
magnet machine can be described by the scalar magnetic
potential ¢

P 10p1 1 %0
or? r Or 12 002

in region I (air space), R,,<r<Rs; (4)
82(,011 i(‘?z(pn o leM

or? r2 902 .,

in region IT (magnet), R,.<r<R, (5
Ppm | 19pm 1 9pm

a2 Tror T2 o 0

in region III (air space), R;<r<R, (6)

VZQDI = =0

1 a(pH
+ r Or

Vi =

Viom =

where divM = (M, [r)+(OM,./Or)+(1/r)(OMy/08) = (1F
p)(M/r) cos pf and where p1, ©r1, and e are related to the
radial and circumferential components of H by

H= —grady (7a)
Oy 1oy
=g and Hy = ~ 90" (7b)

For both internal and external rotor machines, the general so-
lutions of (4)—(6) are

e1(r,0) =(C1r? + Car™?) cos pb (®)
B
o11(r, 8) =(C5r? 4+ Cyr™P) cos pf+

T
popr 1£p
=(Csr? + Cgr~P) cos pf.

cospl (9)

om(r, 8) (10)

Here, it should be noted that 4+ is for internal rotor machine,
and — is for external rotor machine.
The boundary conditions to be satisfied are

Hpt| =g, =0 (11
B,1 = B,1lr=r Hypr = Hori|v=r,, (12)
Byt = Brtlr=r,, Hou = Houilr=r, (13)
Homtlr=pri = 0. (14)

The expression of H and B for the three regions are given by

7]
lez_ﬂz

3 —p(C1rP™t — Cor P 1) cos ph (15)
,
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Br, = poHy, = pop(—=Cyr? "+ Cor P Vcosph  (16)
10
Hiyg = — -% = p(C1rP~Y) + Cor™1) sin pf (17)
r
Big = ptoHrg = pop(Cr7? ™" + Cor ™" sin pb (18)
d
Hy, = — ;711 = (—ngTp_l +pC4r_p_1)cosp9
T
- -r 9 19
fotte(1£p) P 19
B =popr Hrtr + pio M,
:ugurp(—Cg,r”*l + C4’I“7p71) cos pll
+ I%BT cos pf (20)
10 1 ey
Hig = — o0 = p(CsrP™ + Cyr ) sin pf
B sin pf 1)
popr 1£p
B =to ptr Huig + poMe = puopurp(C3r? 1+ Cyr P~ 1) sin pf
F 7 :I:Tp sin pf (22)
_ Jomm B p—1 —p—1
Hi = — e =p(=CsrP™" + Cyr ) cos pf (23)
Bty = poHutr = pop(—Csr? ™t + Cer P ) cospd  (24)
10
Hyyy = — = g;ﬂ = p(Cs5rP~" 4 Cgr?~ 1) sin pf (25)
T
Brre = poHire = pop(Csr? ™' + Cor™2~1) sin pf. (26)

Application of the boundary conditions (11)-(14) to the
above (15)—(26) gives

Co = R* Dy (27)
Rr 2p Rz 2p
Do=|(1—-p)| =— 1 ) —=—
0=1( u)(Rm> (+u)(Rm)
_ .
1—pu, 1 .
[ @ (B
- .
— (1 ” 1—pu,
)+ 1= () ]
- R
1 » (1—ppr) | = 28
x | (1+ pr) + I (m) (28)
For an internal rotor machine
Dy 1
C :——Rﬁj'l
YT Coppo ™
Cy = —C1R
R\
(14 )+ (L= ) ()
C3 = Cq
240y
1 — p)Rm® + (1 4 py) RSP
o, = L) + A+ )BT
_2/1’7‘
B,
_ Mo p+1
tr(1+ p)
2p
Cs = Dy 1 Rptl <R_)
COPNO m Rm
Cs = — CsR;? (29)
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2B,p R\ If 1, = 1, the above expressions can be simplified signifi-
Dl = 1 +p (1 + .LLT) + (1 - .LLT) (R_r> Cantly’ to
+1
R, \**™! _ (Rr )p
m T r +1 R, 2p
2p 1- R1 )
2B,p R\ ’
D2 = (1 - .Ur) + (1 + ,Ur) = p—1 R p+1 R p+1
1+ R T m m
p s X || = + 1 — cos pf
R\ PH R, R, T
x |1— (RT> (31) (39)

and similarly for an external rotor machine

Dy 1

C, = __RTQPle—P r \P! - p+1 R p+1
[ e ()
C2= — il S S (40)
2p
(U4 ) + (1= ) (=) o\
03 = Cl P 1-— (R;) R 2p
24ir By =B, 3 -
B, p+1 1 R, \7? R,
_ Mo le—p - R,
:U’T(l - p) ” p—1 Ri p—1 R p+1
C (1 _Ur)Rm2p+(1+NT)R82pC x <R—> + <R ) <_> cos pt
4 = 1 m m
-2 ”
D1 s 41)
5 = —2 _ ml—P R p+1
Co pio P 1- (R;) R, 2p
2Brp RZ 2p Rs
=22y () (1) SN R ]
X . -z — sin pf.
R 1-p m m T
X [1— <Rm> ] (33) 42)
9B R\ Similarly, the flux density distribution in regions I and III of
Dy = l_rp (1 + ) + (1 = par) < Rm> ] an external rotor machine is
p s Dl R 2p r p—1 R p—1 R p+1
o By =—— == e a —. 0
X |1 — <§T > ] . (34) ! DO <R9> <Rm> + <Rm> < T ) cosp
" (43)
Therefore, the flux density distribution in regions I and III of _Di|(R: 2 T ot (R o R, rH sin p0
the internal rotor machine can be deduced from (16), (18), (24), Dy |\ R, R, R, T
and (26) (44)
_ Do lf v \*7' (R (RN
D p—1 R,, p+1 R,, p+1 — Z2f T v i 9 (45
By =-=L|(= i cospt """ Dy \Bm) T\ r cospd (43)
DO Rs Rs
D p—1 RL p—1 RL p+1
B3 By =22 <L) — < ) <—> sinpf.  (46)
D1 r p—1 Rm p+1 Rm p+1 , Dg Rm Rm T
B = 2L | | B .
"~ Do <Rs> ( R ) ( T ) Smp Again, when ji,, = 1, the foregoing equations are simplified
(36) to
_ _ 1-p
D, r\" R \" ' (R\"T 1— (L= 2p
B, = — — —_ d il f R, R;
t Do (Rm> * <Rm> r cospt - p=p,- L ( ) (R—>

@37) ()"

R 2p r p—1 R p—1 R p+1
&) @) @) ()|

(38) 47)
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By=-B p 1- (g;)l_p <Ri>2p

"1-p 1_(&)21“ R,
R,

y R, 2p r p—1 R, p—1 R, p+T -
i i » , sinp

(48)

=

p—1 A\ p—1 N ptl
(RL) +<]§1) <R%) ]Cospﬁ (49)

X

r p—1 R7 p—1 R7 p+1 .
<H> — <Rm> <7> ] sin pf. (50)

III. ANALYSIS OF MAGNETIC FIELD IN ALTERNATIVE HALBACH
MAGNETIZED PERMANENT-MAGNET MACHINES

Three special cases, i.e., iron-cored Halbach machine, air-
cored Halbach machine, and Halbach machine in the air space,
can be derived from the preceding field solutions. In order to
ease the dicussion, they are classified into internal rotor and ex-
ternal rotor machines.

For example, for an internal rotor (external field) machine,
the radial and circumferential components of magnetic field in
the effective air space (region I) are given as follows:

1) Iron-cored Halbach machine, i.e., R; = R,
4B, p

R p+1
1_ ™
DO 1+p <Rm>
p—1 p+1 p+1
T Rm Rm
) )4 () Jewm 0
R p+1
1_ T
)
p—1 p+1 p+1
r R,, R, .
) ) () Jm o
Rr 2p Rm 2p
DO —2{ <Rm> [(1_/Lr)+(1+ﬂr)<RS>

() + -0 (32) ! } (53)

R,
If 11, = 1, the equations are simplified to

R, p+1
P 1_(Rm)

R,

p—1 p+1 p+1
T R, R,
— — 4

BI'r:_

X

BIT‘ =B

p+1
p 1_(?)
By = — B; 5
1+p 1_(&) P
R

s

p—1 p+1 p+1
<};> <1;’”> —<RT’"> ]sinpﬂ (55)

2) Air-cored Halbach machine, i.e. R, — 0

X

4B, p R, p+1
By = — Dy m(l‘*‘ﬂr) 1_<Rm>
p—1 p+1 p+1
) e
s s T
AB, p R\"*
By = Do —1+p(1+ﬂr) 1_<Rm>
p—1 p+1 p+1
) () e o
s s T

Dy 22{(1—uq~)<}§;> 2], [(1—ur>+<1+uT><Z’:) !

} (58)

() <1+ur>+<1—uT><ﬁ—j)2p

If i1, = 1, the equations are simplified to

monst ()
GG ) e

o= o)
)G e

3) Halbach machine in air, i.e. R; — 0, R, — o0

[ p+1] )
a1 - (8) ]
By, = — % - cospf (61)
(=) (f2) " = ()
I p+1]
2t () L= ()] (B
By = S = sinpf (62)

2p
(=) (f) = ()

Further, when p,. = 1, the equations are simplified to

+1 p+1

P R\"""| (Rm

B, =B,— |1— —
T | <Rm> < " ) cospd  (63)

p+1 p+1
p R \' R, .

Brg=—-B,— |1— — 4
10 e <Rm> < " ) sinpf (64)
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The radial component of air-gap flux density in air-cored and
iron-cored internal rotor machines can be expressed in the fol-
lowing unified form, viz.:

4B.p
Do(l +p)

r p—1 Rm 1’+
oy
R\
Dy = Z{K <Rm>

~asmra- u»(fg)

Bair gap — B, =

cospl (65)

)
} (66)

where K = 1 and (1—pu,)/(14 ) for iron-cored and air-cored
rotor machines, respectively.
When p,. = 1, their ratio at the same radius can be expressed

as
R\
=1 (R—> . (67)

Clearly, it depends on the pole number and the ratio of
R, /R, or the ratio of R,./R,, if the air-gap length (Rs; — R,,,)
is fixed.

Similarly, the radial and circumferential components of mag-
netic field in the effective air space (region III) of an external
rotor (internal field) machine are given as follows:

(1= ptr) +(14p1r) (

Bair gap(air-cored)
Bair gap(iron-cored)

a) Iron-cored Halbach machine, i.e., R; = R,

4B, p R.\""
By = —- 21—
IIT Do 1—p <Rm>
Ri 2p p—1
X 1+<—> (RL> cos pd (68)
T T
4B, p R.\""!
B = — — 2|1 _
1116 D(] l—p [ <Rm> ]
Ri 2p p—1
X [1— <7> (RL> sin pé (69)

Do=2{<1—ur> <§;>2p+(1+ur) (}fm)

} . (70)

When p,. = 1, the equations are simplified to
r. )77
—B,pl-— (R) R\
2 L+ { -
1- p 1— ( R; ) P r
R,

r\?!
X (R_> cos pf (71)

T

Bty =
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BIIIezl_p . (R1)2p -
— (&
p—1
x (Ri> sin pé. (72)

b) Air-cored Halbach machine, i.e., R, — oo

4B, p RN\
B, = 1+p,)(1—
TIT Do = p( +u) |1 <Rm> ]
Ri 2p p—1
x 1+<—> (L> cos pb (73)
r R,
—4B, p RN\
Bue = 14 ,) [1—
119 = . —(14pr) <Rm> ]

( ) sin pf (74)

2p 2p
R;
+(L+pr) (R_)

} . (75

Again, when p,. = 1, the equations are simplified to

-
|

00:2{1 1) (1= )

() <1+ur>+(1—m<ﬁ—:)2p

_B'r'p Rr pt Ri K
Bt = — 1 —
IIT 1—p <Rm> + < . >
r O\
x| = cos pé (76)
Brp Rr Pt Rz 2
Brig = 1- 1—-(—
o = 1= () H (™)
r\"! .
X " sin pd. 77

¢) Halbach machine in air, i.e., R, — 0, Ry — 00

(1 4 ) [1 [ (3;)1)_1] (RLT)p—l

B = —
(1= pr)? (g;)% — (14 pr)?
X cos pl (78)
2Brp(1+ﬂm) [1 B ( m)pl} (RLT)pﬂ
B = -
(=) (£=)" =+ )
X sin pf. (79)

Further, when p,, = 1, the equations are simplified to

Bup = B, —2—

()

r O\t
X <R_) cos pf (80)

™
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Fig. 2. Comparison of analytically and finite-element-predicted field
distributions at » = 27.4 mm, for 12-pole, slotless, air-cored, internal rotor
Halbach magnetized magnet machine with stator back iron. (a) . = 1.3.

(b) Hr = 1.
-1
P R, \"*
Brupy=-B,— |[1—
1116 T—p [ (Rm> ]
p—1
X <RLT) sin pf.

The radial component of air-gap flux density in air-cored and
iron-cored external rotor machines can also be expressed in the

following unified form, viz.
p—1
()]
R,,

p—1
<RLT> cos pf

(81)

4B, p
B gap = B, = D_Tﬁ
o 1—

R 2p
! ( Z)
r

(4 )+ (1= 1) (%)

} (83)

where K = 1and (1—pu,-)/(1+ p,), respectively, for iron-cored
and air-cored external rotor machines, the same as was the case
for internal rotor machines.

When p,- = 1, their ratio at the same radius can be expressed

as
R\
1_ (2
(z:)

Clearly, it depends on the pole number and the ratio of
R;/R,,, or the ratio of R,./R,, if the air-gap length (R, — R;)
is fixed.

Bair gap(air-cored)
Bair gap(iron-cored)

(84)
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Fig. 3. Comparison of analytically and finite-element-predicted field
distributions at v = 27.4 mm, for 12-pole, air-cored, Halbach magnetized ring
magnet in air. (a) ¢ = 1.3.(b) - = 1.

IV. VALIDATION

Fig. 2(a) compares analytically and finite-element-predicted
radial flux density distributions in the air gap (at r = 27.4 mm)
of an air-cored internal rotor, slotless stator Halbach magne-
tized magnet machine, for which the remanence of the bonded
anisotropic NeFeB magnet = 0.655 T, its relative recoil perme-
ability p1,- = 1.3, which corresponds to a (B H ) pax 0f 66 kJ/m?,
R, =22.4mm, R,, = 27 mm, R, = 27.5 mm. Fig. 2(b) com-
pares predictions when .- is assumed to be equal to 1.0. Fig. 3
compares analytically and finite-element-calculated radial flux
density distributions when the Halbach machine is in air, again
for u, = 1 and 1.3, while Fig. 4 shows the radial flux den-
sity distributions at 7 = 21.5 mm for an external rotor machine
topology for p,, = 1 and 1.3, when R,, = Rs; = 27 mm,
R, = 224 mm, and R; = 21.4 mm. As can be seen, ex-
cellent agreement is achieved between analytical and finite-ele-
ment predictions for both internal and external rotor machines.
The influence of the relative recoil permeability on the field dis-
tribution is relatively small when the air gap is small. However,
it becomes more significant when the air gap is increased, for
example, when the magnet is placed in air.

Two 12-pole internal rotor demonstrator machines have been
manufactured (Fig. 5). Both have identical unskewed stators,
with 18 slots and a nonoverlapping winding. Both rotor ring
magnets have an almost ideal Halbach magnetization. One rotor
has an air-cored Halbach oriented and magnetized ring magnet
rotor made from injection moulded bonded anisotropic NdFeB
powder (Dai Nippon Ink & Chemicals’ Compodic NDA502E)
[6], while the second is iron-cored. However, its magnet thick-
ness is thinner than that in the air-cored rotor such that it pro-
duces a similar air-gap field. The leading parameters for the
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—analytical
o FEM calculated

Flux density (T)
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82 —analytical
0:4 1 o FEM calculated

Flux density (T)
o
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Fig. 4. Comparison of analytically and finite-element-predicted predicted
field distributions at » = 21.5 mm, for 12-pole, slotless, iron-cored, external
rotor Halbach magnetized magnet machine. (a) . = 1.3. (b) - = 1.

(b)

Fig. 5. 12-pole Halbach magnetized internal rotor used for air-gap field
measurement. (a) Slotless laminated stator with search coils, and air-cored
Halbach rotor. (b) Iron-cored Halbach rotor.

two machines are B, = 0.655 T, p,, = 1.3, Ry = 27.5 mm,
R,,, = 27 mm, while R,. = 22.4 and 23.5 mm for the air-cored
and iron-cored rotor machines, respectively. In order to measure
the air-gap flux density distribution, a slotless laminated stator
is employed and full pole-pitched search coils are used to mea-
sure the induced voltage, which is then integrated into obtain
the air-gap flux density. Fig. 6 compares the measured and pre-

IEEE TRANSACTIONS ON MAGNETICS, VOL. 40, NO. 4, JULY 2004
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Fig. 6. Comparison of predicted and measured air-gap flux density
distributions. (a) Air-cored rotor. (b) Iron-cored rotor.

dicted air-gap field distributions. It can be seen that similar am-
plitudes of the air-gap flux density have been achieved for both
air-cored and iron-cored machines although the magnet thick-
nesses are significantly different, and that their variation with
respect to angular displacement are essentially sinusoidal. The
measured results are slightly lower than the predicted values,
which may be attributed in part to the magnet powder not being
fully aligned and magnetized, as was observed in [7].

V. INVESTIGATION

Fig. 7 shows the variation of the calculated air-gap flux
density (at r = 27.4 mm) for different magnet thicknesses
(R, /R;,) and numbers of pole pairs, for an internal rotor ma-
chine, for which R, = 27.5 mm, R,, = 27 mm, B, = 0.655 T,
and p, = 1. It can be seen that in contrast to conventional
radial or parallel magnetized rotors, in which the length of the
magnetic flux path in the magnets is constant (equal to the
magnet thickness) and, hence, the peak air-gap flux density
is almost independent of the pole number, both the effective
cross-sectional area and the length of the flux paths in a
Halbach magnetized magnet depend on the pole number, and
consequently the peak air-gap flux density varies significantly
with pole number. It can also be seen that for both air-cored and
iron-cored rotor machines, an optimum combination for the
number of pole pairs and the rotor magnet thickness exists for
maximum air-gap flux density, as shown in Fig. 8. The thinner
the magnet, the higher the optimum pole-pair number. In gen-
eral, the optimum pole-pair number is higher for an air-cored
rotor than for an equivalent iron-cored rotor. However, when
the magnet thickness is increased, the difference diminishes.
This is also reflected in Fig. 9, which shows the variation of the
normalized air-gap flux density with the magnet thickness for
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Fig. 7. Variation of peak air-gap flux density with pole-pair number for
different magnet thicknesses. (a) Air-cored rotor. (b) Iron-cored rotor.
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Fig. 8. Variation of optimum pole-pair number with rotor magnet thickness.
(R, = 27.5 mm, R,, = 27 mm).

both air-cored and iron-cored rotors. Since the electromagnetic
torque is proportional to the rotor volume, the air-gap flux
density and the electric loading, when the magnet thickness
R, /R,, is varied, while the stator bore radius R, and the rotor
outer radius R,,, as well as the current excitation are fixed, the
torque varies in proportion to the air-gap flux density. Hence,
the variation of the normalized torque is identical to that of the
normalized air-gap flux density, as shown in Fig. 9. It can be
seen that by employing rotor back iron the air-gap flux density,
and, consequently, the electromagnetic torque, can be enhanced
significantly compared to an air-cored rotor if the radial thick-
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Fig. 9. Variation of normalized air-gap flux density and electromagnetic
torque with rotor magnet thickness. (R, = 27.5 mm, R,, = 27 mm).

ness of the magnet is small. Alternatively, the magnet thickness
for an iron-cored rotor may be significantly less than for an
air-cored rotor having the same torque capability and volume
envelope.

VI. CONCLUSION

Analytical models, formulated in polar coordinates, have
been developed for predicting the field distribution in Halbach
magnetized permanent-magnet machines, accounting for the
relative permeability of the magnets. They are general in nature
and are therefore applicable to both internal and external rotor
machines having either an iron-cored or air-cored stator and
rotor. Since the developed models are analytically based and
take significantly less computing time than the finite-element
method, they are eminently suitable for use during the initial
design of Halbach magnetized machines. Predicted results from
the analytical models have been compared with finite-element
predictions, and excellent agreement has been achieved. It has
been shown that the air-gap flux density varies significantly
with the pole number, and an optimal combination of magnet
thickness and pole number exists for maximum flux density. It
has also been shown that if the radial thickness of the magnet
is relatively small, the air-gap field and electromagnetic torque
can be enhanced by employing rotor back iron.

REFERENCES

[1] Z.Q.Zhu and D. Howe, “Halbach permanent magnet machines and ap-
plications—a review,” Proc. Inst. Elect. Eng.—Electric Power Applica-
tions, vol. 148, no. 4, pp. 299-308, 2001.

[2] K. Halbach, “Design of permanent magnet multipole magnets with ori-
ented rare earth cobalt material,” Nucl. Instrum. Methods, vol. 169, pp.
1-10, 1980.

[3] M. Marinescu and N. Marinescu, “New concept of permanent magnet
excitation for electrical machines—analytical and numerical computa-
tion,” IEEE Trans. Magn., vol. 28, pp. 1390-1393, Mar. 1992.

[4] J. Ofori-Tenkorang and J. H. Lang, “A comparative analysis of torque
production in Halbach and conventional surface-mounted permanent
magnet synchronous machines,” in Proc. IEEE Industry Applications
Soc. Annu. General Meeting, 1995, pp. 657-663.

[5] K. Atallah and D. Howe, “The application of Halbach cylinders to brush-
less ac servo motors,” IEEE Trans. Magn., vol. 34, pp. 2060-2062, July
1998.

[6] Z.Q.Zhu, Z. P. Xia, K. Atallah, G. W. Jewell, and D. Howe, “Powder
alignment system for anisotropic bonded NdFeB Halbach machines,”
IEEE Trans. Magn., vol. 36, pp. 3349-3352, Sept. 2000.

[71 ——, “Analysis of anisotropic bonded NdFeB Halbach machines ac-
counting for partial powder alignment,” IEEE Trans. Magn., vol. 36, pp.
3575-3577, Sept. 2000.



1872

Z.P. Xia received the B.Eng. and M.Sc. degrees from Zhejiang University,
Hangzhou, China, in 1982 and 1985, respectively, and the Ph.D. degree from
the University of Sheffield, Sheffield, U.K., in 2002, all in electrical and
electronic engineering.

Since graduation, she has worked at Zhejiang University, China Institute of
Metrology, The University of Sheffield, IMRA Europe S.A.S.—U.K. Research
Center. Currently, she is a Research Associate at the University of Sheffield,
working on the design and analysis of permanent-magnet brushless machines.

Z.Q.Zhu (M’90-SM’00) received the B.Eng. and M.Sc. degrees from Zhejiang
University, Hangzhou, China, in 1981 and 1984, respectively, and the Ph.D.
degree from the University of Sheffield, Sheffield, U.K., in 1991, all in electrical
and electronic engineering.

From 1984 to 1988, he lectured in the Department of Electrical Engineering at
Zhejiang University. Since 1988, he has been with the University of Sheffield,
where he is currently Professor of Electrical Engineering. His current major
research interests include applications, control, and design of permanent-magnet
machines and drives.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 40, NO. 4, JULY 2004

David Howe received the B.Tech and M.Sc. degrees from the University of
Bradford, Bradford, U.K., in 1966 and 1967, respectively, and the Ph.D. degree
from the University of Southampton, Southampton, U.K., in 1974, all in elec-
trical power engineering.

He has held academic posts at Brunel and Southampton universities, and spent
aperiod in industry with NEI Parsons Ltd. working on electromagnetic problems
related to turbo-generators. He is currently Professor of Electrical Engineering,
Head of the Electrical Machines and Drives Research Group, and Director of the
Rolls-Royce University Technology Centre in Advanced Electrical Machines
and Drives at the University of Sheffield. His research activities span all facets
of controlled electrical drive systems, with particular emphasis on permanent-
magnet excited machines.

Prof. Howe is a Chartered Engineer, a Fellow of the Royal Academy of En-
gineering, and a Fellow of the IEE.



