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Abstract - This paper presents a complete modeling approach for
the analysis of the magnetization of a radial field multipole
NdFeB permanent magnet cylinder. The simulation approach
involves the 3D finite element parametric study of a permanent
magnet rotor structure to extract electromagnetically equivalent
state space variables. These variables are transferred to a circuit
simulator where the genetic algorithm is used to optimize the
circuit parameters of the magnetizing fixture. To validate the
results of the optimized solution, a 3D time-stepping finite ele-
ment analysis coupled with an embedded circuit simulator is
employed. Further, a transient thermal analysis is performed to
determine the effect of the resistive losses in the permanent
magnet during the electromagnetic pulse. The high forces gener-
ated during magnetization process are solved by means of a 3D
finite element analysis static stress simulation and the structural
deformation is computed.

I. INTRODUCTION

The magnetization of permanent magnet cylinders has be-
come a key element in the manufacture of permanent magnet
electrical machines and can exert a considerable influence on
final machine performance. However, the physics underlying
this magnetization process is quite complicated and involves
the rapid discharge of a capacitive power source, nonlinear
permeabilities, eddy currents, thermal effects and mechanical
stresses and deformations. Heuristic models of this magneti-
zation process provide insufficient detail for design analysis
and optimization.

Existing studies have focused on capacitor discharge mag-
netizers, modeling the differential equations governing the
electric circuit and the nonlinear transient electromagnetic
field equations [1] [2]. An air-cored impulse magnetizing
fixture design methodology is presented in reference [3]
where the authors used analytical methods and 2D time-
stepping finite element analysis to show the influence of eddy
currents on the design.

In this paper, a comprehensive 3D design procedure is pre-
sented for radial-field multipole impulse magnetizing fixtures.
We show that a reasonably accurate equivalent circuit model
of the permanent magnet can be generated by using paramet-
ric three-dimensional quasi-static finite element analysis. This
equivalent circuit model can then be used in circuit simulation
to model the capacitive discharge magnetization process.
Since this circuit model runs very quickly, it is amenable to
optimization via the genetic algorithm. The resulting opti-
mized design can be validated and further refined by solving
the design using complete time-stepping finite element analy-
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sis and by coupling this transient electromagnetic simulation
to thermal and structural simulation.

The techniques used in the design analysis are illustrated
by a case study of a 6-pole brushless permanent magnet ma-
chine.

II. DESIGN ANALYSIS APPROACH AND RESULTS

The geometry of a six poles magnetizing fixture is pre-
sented in the Figure 1. In previous studies [4] [5], end effects
were ignored and a simplified 2D model was employed. To
avoid these errors, this paper uses a 3D model, although the
stator is taken to be longer than the rotor in order to reduce
end effects.

The different grades of isotropic NdFeB powder, produced
by the rapid solidification process, currently dominate the
high-performance polymer bonded magnet market [6]. Doubt-
less, they are challenged by the emerging anisotropic NdFeB
powders, obtained from either the rapid solidification powder
[7] or the Hydrogen - Decomposition - Desorption - Recom-
bination (HDDR) [8].

In isotropic bonded magnets, the orientation of the mag-
netization is parallel to the direction of the magnetizing field
regardless the orientation of the external applied field. Thus,
any deviation of the magnetizing field from the desired orien-
tation will result in a corresponding deviation of the remnant
magnetic field. By contrast, for the anisotropic magnets, the
orientation of the remnant magnetic field is established by the
preferred axis of magnetization (easy axis) which is generated
during the manufacturing process by the application of an
aligning magnetic field prior to pressing or extreme mechani-
cal deformation. Consequently, for anisotropic magnets the
direction of the applied magnetizing field is not as critical in
determining the orientation of the remanent magnetic field,
due to the generated magnetocrystalline anisotropy. However,
in order to obtain the intrinsic magnetic properties in both
isotropic and anisotropic magnetic materials, the applied mag-
netizing field must fully saturate the permanent magnet mate-
rial.

Figure 1. The stator-rotor electrical machine assembly
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The axial length of a radial field magnetizing fixture should
be as short as possible to minimize impedance and thus lower
the stored energy in the capacitor and the pulse duration.
However, making the magnetizing fixture the same length as
the magnet which is to be magnetized is undesirable since the
gap between the end-windings of the fixture and the magnet
creates non-uniformity in the magnetization. In the case of
isotropic magnet materials, the end-winding currents can re-
sult in a significant 2-pole axial component of magnetization.
This not only reduces the achievable multipole radial-field but
could result in unacceptable axial vibrations when the stator
end-winding currents interact with the magnet assembled in
an electric machine.

The nonlinear B(H) characteristic curves for the steel cores
and permanent magnet material are shown in Figure 2. The
stator core is laminated to reduce eddy-currents; the rotor core
is solid. The permanent magnets were considered conductive
with the conductivity set to 6.25E+05 S/m.
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Figure 2. Magnetization curves for steel and magnet.
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A. Parametric Analysis and System Design Optimization

A parametric 3D finite element analysis was first per-
formed to get a complete range of coil inductance values.
Inductance versus coil current is presented in Figure 3 under
static conditions for the magnetization process assuming
locked rotor conditions. The complete nonlinear lookup table
based on the flux linkage computation was exported into the
Simplorer™ circuit simulator as presented in Figure 4.
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Figure 3. The coil inductance profile.
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The main idea is to charge a capacitor to a certain initial
voltage (Uy = 3kV). Then the capacitor is discharged by turn-
ing on the switch at the time 7 = 0. This results in a current
flow through the coil of the magnetizer. The discharge of this
current through the coil of the magnetizer generates a mag-
netic field which penetrates the permanent magnet materials.
When the voltage across the capacitor reaches 0 V at the time
t, the current no longer flows through the circuit formed by
C], the Winding, S], AM], LCOIL; RCOIL but instead flows
through D, Rcow, Lo, and AM;. The components of the
external inductor, Lyinging and Ryinging in Figure 4, limit the
current in the main circuit and determine the time constant of
the circuit. The inductor model in the external circuit (Lyinding)
takes the nonlinear magnetic characteristic into account as
well as the geometric parameters of the magnetic core. The
diode D, prevents an oscillating current from forming in the
RLC circuit.
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Figure 4. The entire system design concept of the magnetizing fixture.

The time domain circuit simulation includes the static elec-
tromagnetic behavior based on the finite element solution
stored in a lookup table. This is appropriate at this stage of
analysis since the response of the electromagnetic system is
very fast. However, when the permanent magnet is exposed to
a sudden change in the applied magnetic field, eddy currents
are induced in the magnet. These currents shield the interior
of the magnet from the magnetic field. The eddy currents de-
cay with time and the magnetic field diffuses into the magnet.
To estimate the time required for the magnetic field to pene-
trate the magnet, an infinitely long conducting and magneti-
cally permeable homogeneous cylinder with radius a sur-
rounded by air is analyzed. The field equations and boundary
conditions governing this behavior are

781‘ (1)

t=0-H=H,

Assuming a special variation only in the radial direction r,

the solution of this is
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where, o’ is the diffusion time for the material with a
magnetic permeability & and an electric conductivity O .

To optimize the external circuit parameters in respect to the
peak value of the magnetizing current, the genetic algorithm
was employed. The goal was to reduce the magnetization time
by considering the diffusion of the magnetic field into the
permanent magnet material and the value of the remanent
magnetic field requirements at the end of the magnetization
process.

The optimization analysis reported in [9] uses a genetic
algorithm and a seclected set of weighted performance
measures. The simulation parameters are the genome of an
initial population of individuals that is optimized by the
genetic algorithm. The algorithm uses biological models
including selection, recombination, and mutation over a series
of transient simulation runs to produce an optimal population.
The optimal population is produced over a specified number
of generations from the initial population that has randomly
distributed traits.

The optimization variables and their range of variation are
shown in the Table 1. Optimization constraints are provided
by the peak magnetizing current, the time of the peak
magnetizing current t, and the permanent magnet remnant
flux density By. I < 7000 A due to the force in the end-
winding and the temperature rise in the permanent magnets,
tn<2.5ms due to the diffusion time and the temperature rise in
permanent magnets and B>1.1T due to the remnant flux
density in the permanent magnet.

The objective function was defined as a weighted expres-
sion of the above specifications. A multi-objective optimiza-
tion was achieved by establishing different level of contribu-
tions of each individual characteristic (peak value of the mag-
netizing current, time of peak value of the magnetizing cur-
rent and the remnant value of the permanent magnet when the
magnetizing current goes to zero) to provide the total fitness
of the system. The convergence of the computed objective
function is displayed in Figure 5.

TABLE 2
THE OPTIMIZATION RESULTS
VARIABLES OTIMUM VALUE
Capacitance value 2.4 mF
Inductor winding no. of turns 4

Saturation Magnetization 991210 A/m

Effective area of core 12.2E-03 m*
Effective length of core 48.13 mm

TABLE 1
THE OPTIMIZATION VARIABLES

VARIABLES MINIMUM MAXIMUM

Capacitance value 500 uF 10 mF

Inductor winding no. of turns 1 7
Saturation Magnetization S500E+03 A/m 1E+06 A/m
Effective area of core 500E-06 m” 50E-03 m’
Effective length of core 10 mm 50 mm

The results of the optimization are presented in Table 2.
We see the major role geometry and the magnetic characteris-
tic of the external inductor play in the optimal design of the
magnetizer. The optimized magnetization curve is shown in
Figure6. At the end of the magnetization process, a remnant
magnetic flux density as high as 1.26T is achieved.
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Figure 5. The objective function variation.
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Figure 6. The B(H) profile of the permanent magnet.

B. Electromagnetic Transient Analysis of the Optimized Sys-
tem Design

To validate the results of the optimized solution, a coupled
external circuit-3D time-stepping finite element analysis was
performed. A new numerical technique of coupling finite
elements with embedded circuits in the Maxwell simulator
[10] was used to compute the fields and currents when the
capacitor is discharged. Figure 7 illustrates the dynamic cur-
rent response where the eddy-currents are fully computed in
the finite element simulation.
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Figure 7. The winding current waveform during the magnetization process.

Figure 8 shows the capacitor voltage obtained from finite
element transient analysis during the discharge period.

Capacitor Voltage Profile

3.00k
. 2.00k
=)
®
=3
8
5
>

1.00ky

-20.0¢ T T T T T T T

0 500.00u 1.00m 1.50m 2.00m 2.50m 3.00m 3.50m 4.00m
Time [s]

Figure 8. The capacitor voltage profile during the magnetization process.

The multipole structure and radial orientation of the mag-
netic field in the permanent magnets at peak current is shown
in Figure 9.
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Figure 9. The radial multipole field generated during magnetization

C. Transient Thermal Analysis of the Optimized System

To accurately compute the temperature rise in the perma-
nent magnet material due to the magnetizing pulse, the ther-
mal time stepping technique reported in [11] was employed.
During the electromagnetic time stepping analysis, the tran-
sient losses in the stator winding, the stator core, the perma-
nent magnet material and the rotor core were estimated and
used as input in the thermal simulation. Since the stator of the
fixture was laminated, a core loss estimation procedure was
employed to calculate the eddy, hysteresis and excess losses
components as presented in Figure 10.
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Figure 10. The transient core loss computation in the stator.

The stator winding structure has a stranded topology with
37 turns. Consequently, eddy currents in the winding are neg-
ligible; only ohmic losses are considered in Fig 11.
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Figure 11. The transient winding loss computation.

Permanent magnets resistive losses due to the eddy currents
developed during the magnetization process and their conduc-
tive property are shown in Figure 12.
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Figure 12. The transient permanent magnet resistive loss computation.

Figure 13 illustrates the rotor losses during the magnetiza-
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tion process. Since the rotor is solid, eddy-currents will pro-



vide the major contribution to total losses compared to hys-
teresis losses.
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Figure 13. Transient rotor loss computation

The thermal performance of the magnetizer is strongly de-
pendent on the temperature rise in the permanent magnet ma-
terial and in the stator winding. Figures 14 and 15 illustrate
the average temperature rise in the winding and permanent
magnet material, respectively, during five consecutive pulses.
Because of the short pulse duration, the thermal process in the
winding is almost adiabatic, in agreement with expected
physics. However, the energy dissipation in the permanent
magnets results in a temperature rise of 6°C during the first
pulse and almost 30.3°C by the end of five pulse cycles. This
augmentation in temperature does not affect the saturation
level of the permanent magnets.
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Figure 14. The winding temperature profile.

Figures 16 and 17 present the computed temperature varia-
tions along both an interior axial line and an exterior axial
line in the permanent magnet. The thermal field computation
clearly illustrates the accumulation of thermal energy in these
materials over the duration of the magnetization process.
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Figure 15. Permanent magnet temperature profile.

Temperature variation on the inferior surface of the PM
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Figure 16. The computed temperature variation along an interior axial line on
the surface of the permanent magnet material facing the rotor
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Figure 17. The computed temperature variation along an exterior axial line on
the surface of the permanent magnet material facing the airgap
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D. Static Stress Analysis of the Optimized System Design

A major factor that ultimately limits the achievable per-
formance of a magnetizing fixture is the mechanical stress on
the winding due to the high electromagnetic forces developed
during the magnetizing process (see Figure 18). To properly
model the structural deformation of the magnetizer, we em-
ploy a technology which couples 3D finite element electro-
magnetic time stepping analysis with 3D finite element static
stress analysis [12]. Using this technology, transient forces
are transferred to the static stress simulator as sources. Struc-
tural boundary conditions are defined according to the struc-
tural constraints of the magnetizer. The mesh topology of the
electromagnetic transient simulation can be preserved for
stress simulation or created anew using an adaptive algorithm.
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Figure 18. The winding transient electromagnetic force profile

Figure 19 shows the deformed shape of the end-winding
due to peak transient force components acting on these parts.
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Figure 19. The end-winding static stress deformation profile

III. CONCLUSIONS

This paper presented a complete analysis of the operation
of a magnetization fixture for magnetizing multi-pole ring
NdFeB permanent magnets on the surface of a brushless cy-
lindrical rotor. The analysis begins with a parametric 3D fi-
nite element analysis of the fixture and the cylinder to deter-
mine equivalent circuit parameters. Circuit simulation and the
genetic algorithm are then employed to optimize the design
parameters. The resulting design is further refined by com-
bined transient 3D finite element-circuit simulation.

The local eddy-currents loss in each material is employed
in 3D transient finite element thermal analysis to determine
the temperature distribution in the permanent magnets.

The structural deformation due to the high magnetizing im-
pulse current is evaluated by means of a coupled 3D finite
element static stress simulator, taking into account the dy-
namic force signature computed during the magnetizing proc-
ess.
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