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Abstract—This paper presents a direct design and
optimization procedures of an arbitrary PM Halbach
Segmented Array. The direct design is based on the ideal PM
Halbach definition. The arc width, magnitude and
orientation of polarization of each segment are taken as
optimization variables after calculation of PM thickness. A
new optimization procedure based on integration of Least
Square Method inside the well-known Sequential Quadratic
Programming method is proposed to improve the
optimization results and to reduce time computation.

Keywords—Halbach Array, Thickness Permanent Magnet
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I. INTRODUCTION

Halbach Permanent Magnets (PMs) are increasingly
used in high specific power electric motors due to their
many benefits [1]. In literature, the segmented Halbach
PM is optimized to reach magnetic flux close to the
sinewave or to minimize the rotor weight [2-4]. In these
papers, Halbach PMs are optimized by taking as
optimization variables the direction of polarization and/or
the arc widths and for a given value of the PM thickness.
In addition, the relative permeability of PMs is always
assumed equal to one. Most often a small number of
segments having the same magnetization magnitude are
considered in these papers. With a small number of
variables, the sequential quadratic programming method
proved to be efficient and fast. For a high number of
variables, the genetic algorithm is used [3]. Although, the
genetic algorithm is more efficient than the sequential
quadratic programming method, the computing time of
this method may be very huge.

This paper presents the design and optimization of PM
Halbach segmented array to reach sinewave airgap flux
density of a high specific power electric machine
dedicated to an aircraft application. The main sizes of this
electric machine are determined using loadability
concepts without specify the rotor and stator
configurations [5]. The PM thickness is determined using
the definition of an ideal Halbach PM and for desired
airgap flux density unlike that done in [2]-[5]. The relative
permeability of PMs is taking into account. In addition,
from ideal Halbach PM definition a direct design of
Halbach PM segmented array is proposed to reach a
sinewave airgap flux density. The optimization of the
Halbach PM segmented array is carried out to improve the
airgap flux density. The optimization variables may be the
arc widths, the magnetization directions and magnitudes.
It can deal with any given number of segments. The
optimization procedure used in this paper is based on the
integration of Least Square Method (LSM) in Sequential
Quadratic Programming Method (SQPM).
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II. DIRECT DESIGN SEGMENTED HALBACH PM ARRAY
FROM THE IDEAL HALBACH PM
A. Calculation of Permanent Magnet thickness

For a desired maximum airgap sinewave flux density B,
and for a given value of the airgap thickness, the thickness
of an ideal Halbach PM can be calculated from equations
of 2D analytical model of an ideal Halbach PM. Thereby,
the PM inner radius R; is governed by:
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Where R;is the airgap radius, R»is the PM external radius,
. 1s the relative permeability of permanent magnet, J,, is
the maximum amplitude of polarization, p is the number
of pole pair.

By using the Newton method in equation (1), the PM
thickness can be directly deduced.

B. Design of Halbach PM array

Ideal Halbach PM is very difficult to realize. For this
purpose, PM Halbach can be discretized into several blocs
with the same angular width 50 and with different
polarization. The polarization of each bloc can be
approached by the following polarization:
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Where k = 1...n,, 8, is the angle at the center of PM bloc
k, npis the number of segments, §6 is the angular width,
Jrang @) and Jg,, (6,) are the magnitude of radial and
tangential average polarization respectively.

III. OPTIMIZATION PROCEDURES FROM GENERAL 2D
MODEL

A. Procedure and methods

By demonstrating that the airgap flux density can be
written as a linear superposition of elementary airgap flux
density bl (r=R;0) and bY.(r=Rs;60) generated
respectively by unit radial j,.(8) and tangential 4, (6)
polarizations in each segment &, the LSM can then be used
in order to find the required polarization magnitude and
direction:

Bl'(r = Rs,0) = 2, JFbfi(r = Rs,0) + Jgbg(r = R3,0))  (5)
As shown on Fig. 1 and contrary to what is done in [5],

the LSM is integrated inside the SQPM optimization
procedure. In [5], LSM and SQPM are used sequentially.



This integration allows reducing the number of SQPM
variables from 3 X n, to n, and then reducing time
computing.

Start: Choice of number of segments '’ odd or even
Initial segment width fi=a/(pns)
L 2
Sequential Quadratic Programming Method (SQPM):

Optimization of segment angular width fi:
min g [B7(r=Rs, 0)-Bw cos(pd)]

f !

Elementary radial flux density distribution
lo by (6) due 1o unit radial Ja(6) polarization
o bae () due 1o unit tangential Ja' &) polarization
Least Square Method (LSM): :
i FindJ and J¢ so that: 5,(J*b,. (8) + [¥bg(8)) = Bycos (pf) i

‘ Halbach solution : J& s fi |

Fig.. 1. Optimization pr(.)ccdun:: LSM inside the SQi’M

B. Application of the optimization procedure

A high specific power electric motor (Table I) has been

sized using the tool presented in [6]. Before performed the

optimization procedure to reach sinewave airgap flux

density, the PM thickness is calculated using equation (1).
TABLE I: SM-PMSM PARAMETERS

Electromagnetic power P, 1.425 MW
Mechanical Speed N 15970 rpm
RMS current density Jrms 8.10 A.mm?
Fill factor k/,‘u 0.5
Max airgap flux density B, 09T
Magnetic shear stress o 50000 Pa
Number of poles 2p 4
Flux density in stator yoke By, 1.21T
Flux density in stator teeth B, 1.29T
Stator outer radius Rour 163 mm
Stator inner radius Rin 92 mm
Thickness of airgap [ 2.7 mm
Active length L, 317.3mm

Table II summarizes the results obtained for 7 parallel
segment PM Halbach. Optimization of PM Halbach with
7 segmented parallel polarization with unequal
polarization, length and orientation gives the best result
compared to the other optimization results and compared
to the direct design of equal length ideal PM Halbach.
Figure 2 shows the resulting airgap flux densities. The
incorporation of LSM method inside SQP has divided by
3 the computation time.
TABLE II: OPTIMIZATION RESULTS FOR 7 SEGMENTS

k [ 1 2 3 4 5 6 7
Parallel polarization:J* =1.15T,u,,, = 1.038p,,e,,, = 8.85mm

ﬁk [°] 15 11.86 12.11 12.04 12.11 11.86 15

v 1 | 98 357 -634 90  -116 -144  -170

Bp=0.9T, THD (%) = 5.78 and quadratic error: 4.1%
Parallel polarization:u,,, = 1.038u,, e,m = 15.38mm

JH[T] 105 096 083 079 083 096 105
B[] 15 137 107 11 107 137 15
YI°] | 123 -368 613 90  -118  -143  -167

B,,=0.9T and THD (%) = 2.98 and quadratic error: 3.07%
Radial-Tangential polarization: p,,,, = 1.038p,, e, = 15.38mm

JErT] [ 105 085 046 000 046 -085 -1.05
JFIT] | -0.04 008 005 -008 -0.05 -0.08 -0.04
B¥[°] 15 144 103 104 103 144 15

B, =0.9T, THD (%) = 4.39 and quadratic error: 3.25%

Direct design:p,,,, = 1.038p,, e, = 15.38mm, g* = 12.85°,J% = 1T
yiel | -12.8 385 642 90 -115  -141  -167
By =0.9T and THD(%) =35
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Fig. 2 Airgap flux density (a) Parallel polarization with the same
magnetization (b) Parallel polarization with different magnitude (c)
Radial-Tangential magnetization, (d) equal length ideal PM Halbach

IV. CONCLUSION

The thickness of PM Halbach is calculated from the
definition of ideal PM Halbach. This calculation is used in
the direct design of equal length ideal PM Halbach and in
the optimization design of an arbitrary Halbach PM. The
direct design presented in this paper is efficient in the case
of design without optimization. Optimization procedure
performed in this paper gives improved airgap flux
density. In the optimization procedure, the incorporation
of LSM method into SQP method allows to reduce the
computation time. 7 segments Halbach PM with unequal
polarization, length and orientation gives the best
optimization result.
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