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If rare earth magnets are arranged in a Halbach array, flux concentration occurs at one side of the array. This principle can be uti-
lized in electric machines to augment the air-gap flux density or even to omit flux carrying iron parts. Highly utilized electric machines
are operated at elevated temperatures requiring an appropriate selection of the material. However, the uncommon magnet orientation
required in a Halbach array entails an augmented temperature degrading effect in the magnets. The effect is studied in three test cases
with linear arrangements of Halbach arrays by means of 2-D and 3-D Finite Element Analysis and is validated through measurements.

Index Terms—Demagnetization, finite element methods, permanent magnets, rare earth metals, temperature degrading.

I. INTRODUCTION

A multitude of electrical machines and drive concepts were
developed cater for the global demand on advanced elec-

tric vehicles. One of the most lightweight and efficient topolo-
gies was presented in [1]. This axial flux design with air cored
stator winding is excited by two outer magnet rings. The ap-
plication of Halbach arrays in lieu of iron back rings was pro-
posed by [1], but today only the conventional design is com-
mercially available. The effect of magnetic flux concentration
caused by an alternating magnetization pattern was discovered
by Mallinson [2] in 1973 who worked in the field of magnetic
recording techniques. The physicist K. Halbach found another
practical application for this effect: synchrotron undulators and
multipoles [3]. Since then, usually radial flux machines [4] were
equipped with Halbach arrays but it is shown that air cored axial
flux machines are the better choices, in particular if efficiency
and weight are important [5]. In the current paper, we adopt the
suggestion of using Halbach arrays in an air cored axial flux
motor to reach both highest possible efficiency and minimum
added mass.
The nexus between the temperature and torque production

using rare earth magnets has already been discussed in [6].
Moreover, the use of Halbach arrays in synchronous machines
has been analyzed in [7]. The combination of both topics and
their influence on torque production under real operational
conditions is of great interest for our ongoing research project,
where we will first focus on a prototype machine. The essential
objective of this paper is the analysis of the temperature depen-
dent behavior of Halbach arrays. The flux distribution within
the magnets and in the air-gap is analyzed in detail by means
of Finite Element Analysis (FEA). An example of the resulting
magnetization pattern and the magnetic flux line distribution is
shown in Fig. 1(i) and (ii), respectively.
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Fig. 1. Double sided Halbach magnet array arrangement without back iron,
(i) magnetization pattern, (ii) magnetic flux lines.

II. ANALYTICAL MODEL OF THE AIR-GAP FIELD

Considering a wide planar structure with respect to a Carte-
sian coordinate system as indicated in Fig. 1(i), the magnetic
flux density and the magnetic vector potential fulfils

(1)

With respect to the period length we have .
Applying the method of separation of variables with ,
the tangential and normal component of the magnetic flux den-
sity are

(2a)

(2b)

where a boundary condition

(3)
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Fig. 2. Typical second quadrant demagnetization data, material grade N40,
maximum operation temperature 80 C.

at the magnet surface is assumed. An alternative approach orig-
inally published by Mallinson [2] is described in [8]. There, the
magnetization pattern is approximated by the superposition of
two sinusoids in quadrature, i.e.,

(4)

is the magnetization magnitude. This formulation includes
only the fundamental harmonic. The potential inside the magnet
array satisfies Poisson’s equation and yields the resulting peak
value

(5)

at the surface. Here, denotes the remanent flux density,
is the magnet height and is the number of magnet blocks
per period [9]. However, the magnetization pattern shown in
Fig. 1(i) is not adequately captured by (4). In order to include
the higher harmonics and the finite length of the Halbach array,
FEA is applied in the following.

III. MATERIAL DEFINITION AND DETAILED FINITE
ELEMENT ANALYSES

The temperature-dependent decrease of the coercive field
strength and the remanent flux density is usually modeled by
linear or second-order characteristics. In this paper, a linear
temperature dependency of the characteristic magnetic prop-
erties is considered. In standard applications, magnets are
usually used in easy axis directions. In 90 Halbach arrays,
only in the gap magnets, i.e. those with horizontal flux lines in
Fig. 1(ii), carry the flux along the easy axis direction. However,
the flux in the pole magnets (vertical flux lines) mainly crosses
the lateral boundaries of the magnet block. This leads to a
unbalanced flux density distribution within the magnet block
itself. We study this effect using both 2-D and 3-D FEA. Our
analysis is based on typical manufacture’s data such as non-
linear, temperature-dependent demagnetization characteristics
shown in Fig. 2. The magnet material is modelled with an

Fig. 3. Measurement setup, (i) climate cabinet, (ii) Cronos PL measurement
system with temperature and voltage input channels, (iii) linear position sensor
attached to the test carriage, (iv) DC supply, (v) notebook, (vi) digital oscillo-
scope, (vii) Gauss meter with axial hall probe attached to the test carriage.

Fig. 4. Three-dimensional FEA result, magnetic flux density magnitude plot
form 0 to 0.4 T to indicate the demagnetized regions within the specimen, the
magnetization pattern is shown in Fig. 1(i), pole magnets are affected on the
outer side and the gap magnets at the inner side corners, material grade N40,
operation temperature 80 C.

isotropic relative permeabilty. In order to verify these charac-
teristic curves, the magnetic flux density between two magnets
arranged along their easy axis direction was measured for dif-
ferent temperatures. The setup consists of an axial Hall probe
and a climate cabinet, as shown in Fig. 3. It was found that
the measured air-gap flux density degrades due to temperature
rise by C. This value is in reasonable accordance
with the value reported in the literature value ( C for
grade N40, [10]). If the load line for a given magnetic circuit
intersects the relevant characteristic curve in Fig. 2 above its
the knee, only reversible demagnetization takes place. This is
the desired standard case. In Halbach array magnets however,
local flux concentrations may cause local irreversible demag-
netization already at the maximum operational temperature or
even below. Explaining and analyzing this undesirable demag-
netization effect of Halbach arrays is the main contribution
of the current paper. To illustrate the effect, the 3-D magnetic
flux density plot is shown in Fig. 4 for the range 0 to 0.4 T
(lowest value of the linear characteristic for 80 C for N40
material, cf. Fig. 2). The underlying magnetostatic FEA model
consists of approximately 170000 second-order tetrahedral
elements. In Fig. 4, 3% of the total magnet volume is affected
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Fig. 5. Two-dimensional FEA result, double sided Halbach array, flux density
for two different operation temperatures (20 C and 80 C) at 5 mm distance

and 20 C at the surface), air-gap 10 mm, N40 magnet material.

Fig. 6. Two-dimensional FEA result, double sided Halbach array, flux density
for different operation temperatures (20 C, 60 C, and 80 C) at 2 mm

distance and 20 C at the surface), air-gap 5 mm, N40 magnet material.

by local irreversible demagnetization at 80 C. These vol-
umes are located at the pole magnet outer side and at the gap
magnets inner side corners. Even if the operating temperature
decreases, the affected volumes remain demagnetized. To study
the impact of the described augmented temperature degrading
phenomenon on the operation of linear electric machines, three
test cases were modeled with FEA (N40 double array with
air-gap , N40 double array with air-gap ,
N35 single array). The normal flux density component on
the surface of the array is shown Fig. 5. This cleary shows
that neither the assumption of sinusoidal boundary condition
(3) nor the first harmonic approach (4) is tenable. Hence, FEA
is our preferred analysis tool. The magnetic flux density was
evaluated at 2 mm and 5 mm distance, denoted by L2 mm and

Fig. 7. Two-dimensional FEA result for three different 9 pieces Halbach ar-
rangements and materials, (N40 double with air-gap 5 mm, N40 double with
air-gap 10 mm, N35 single), Lymm represents the evaluation distance, dashed
line indicates C theoretical decrease, is the linear interpo-
lated slope from 20 C to 80 C.

Fig. 8. Functional model, double sided N40 Halbach magnet arrays (2 9
pieces each), air-gap .

L5 mm respectively.As shown in Fig. 5, the spatial distribution
at L5 mm is not affected by the temperature difference. The
same assumptions holds for L2 mm (cf. Fig. 6). Therefore,
the maximum value was used to compare different operating
temperatures. The results for the three test cases are shown in
Fig. 7. While the literature and our measurements using on the
two magnet configuration predict the remanence flux density
reduces by 0.13%/ C (dashed line in Fig. 7), the FEA result
shows that the degrading is significantly increased in Halbach
arrays, especially with increased air-gaps.

IV. EXPERIMENTAL VALIDATION

The three test scenarios described in the previous section have
been verified in an experimental analysis. The N40 double array
with an air-gap of is shown in Fig. 8. The respec-
tive test specimen was placed in a climate cabinet to establish
various operating temperatures. The overall test setup is shown
in Fig. 3. After reaching the thermal equilibrium, the Halbach
array was placed on the measurement device. The configuration
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Fig. 9. Measurement principle, axial hall probe attached to the test carriage.

Fig. 10. Measurement result for three different Halbach arrangements (con-
sisting of 9 magnet pieces) and materials, (N40 double with air-gap 5 mm, N40
double with air-gap 10 mm, N35 single), Lymm represents the evaluation dis-
tance, dashed line indicates C theorectical decrease, is the
linear interpolated slope from 20 C to 78 C.

is shown in Fig. 9. The axial Hall sensor is attached to a test
carriage traveling along the direction . While moving said car-
riage, the flux density measured by the Hall sensor was recorded
together with the respective position. Various calibrated PT100
thermocouples for monitoring the ambient temperature, the cli-
mate chamber air temperature and the magnet array tempera-
ture of an additional array which remained inside the chamber.
The Hall sensor temperature rise due to heat radiation during
the measurement period of around 10 s per sample is negligible.
Representative measurements result are shown in Fig. 10. The
value Lymmdescribes again the perpendicular distance between
the inner magnet surface and the probe. It is assumed, that the
difference between the measurements and the FEA is caused
by uncertain magnet material parameters (e.g. different perme-
ability characteristics along and perpendicular to the easy axis)
and the adhesive gap between the magnets.

V. CONCLUSION

This paper discusses the effect of augmented temperature
degrading of rare earth magnets arranged in 90 Halbach ar-
rays. Both 2-D and 3-D nonlinear magnetostatic FEA provided
new insights into the effect of local demagnetization in Hal-
bach arrays. Moreover, three different Halbach magnet arrange-
ments with N35 and N40 magnet material were fabricated. A
Hall probe was moved through the functional models at var-
ious magnet temperatures. In this way, the magnetic flux density
distribution was measured. Both numerical analyses as well as
measurements confirm the occurrence of the augmented tem-
perature degrading effect.
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