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Design of Permanent Magnet Hysteresis Motors

J. Rizk, A. Hellany and M. Nagrial

Abstract— The hysteresis motor is so named because it is
producing mechanical torque utilizing the phenomenon of hysteresis.
The rotor of a hysteresis motor is a cylindrical tube of high hysteresis
loss permanent magnet material without windings or slots. This paper
presents the design of a hysteresis permanent magnet motor using the
finite element method. The rotor of the machine consists of 36%
Cobalt steel alloys with Neodymium Boron Iron permanent magnets.
This hybrid motor combines the best performance features of both the
typical permanent magnet motors and the conventional hysteresis
motors. The finite element method is used to determine the
dimensions of the optimal design.
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1. INTRODUCTION

HE hysteresis motors have many advantages including

self-starting, high starting and synchronising torque,

constant speed, relatively noiseless operation and
robustness of construction [1-4]. The hysteresis motors are
generally used in applications requiring constant starting
torque and precise speed operation. They are also used to drive
loads having high moments of inertia, such as gyroscopes,
since they develop their maximum torque during starting [5-
6]. These are simple motors that are widely used for fixed
frequency timing application such as clocks. There are two
different kind of hard magnetic materials in the rotor: a hard
magnet material with percentage of cobalt-steel alloys and the
Neodymium Iron Boron (NdFeB) magnet (Fig. 1).

The hard magnet is a low coercivity material whose
magnetisation state can be influenced by the armature-winding
field. The hysteresis in its B versus H loop is used to create a
phase difference between the armature winding and rotor
magnet fluxes, which will always rotate in synchronism with
the rotor lagging by the torque angle.

A simplified explanation of motor operation will assume
infinite rotor resistance, that is, no induced rotor currents. The
rotor MMF is directly proportional to the magnetic flux [7].
The stator voltage and the spatial flux distribution are nearly
sinusoidal, since the applied voltage is sinusoidal. The crucial

point is that an angle exists between the flux and the rotor
MMF, and thus torque is developed. Significantly, this angle
is determined by the hysteresis loop of the rotor material, and
it remains constant throughout the acceleration period [8-10].
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Also the flux per pole is primarily a function of the rotor
material, and therefore it remains essentially constant.

Therefore the voltage induced in the stator windings is
independent of rotor speed.

These advantages make the hysteresis motor especially
suitable for applications, such as compressors, pumps, timing
and recording equipment [11]. Hysteresis motors use the
hysteresis characteristics of magnetic materials. It is known
the magnetic characteristics of the motor could be easily
affected by air gap length and structure dimensions variations
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[12-14].

Fig. 1: Cross section of a PM / hysteresis motor

The outstanding special feature of a hysteresis motor is the
production of nearly constant, ripple-free torque during
starting. Hysteresis motors are widely used in synchronous
motor applications where very smooth starting is required,
such as in clocks and other timing devices and record-player
turntables, where smooth starting torque reduces record
slippage. Hysteresis motors are limited to small size by the
difficulty of controlling rotor losses caused by imperfections
in the stator mmf wave. A 3D finite element study [15] gave a
high level of accuracy and a better insight of motor
performance.

It is well-known that the hysteresis motors produces the torque
by magnetic hystere sis. Because of this, it has many
advantageous features including self-starting, high starting and
pull- in torque, constant speed, low noise operation and
robustness of the construction. However, there are the
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disadvantages including low output , low efficiency, and low
power-factor [16].

II. TORQUE CALCULATION

The rotor supports a mechanical load torque that tries to slow
the motor down. However, the flux linkage interaction
between the stator and rotor provides energy to coerce the
rotor to continue running at the stator excitation rate. The load
torque is removing mechanical energy from the motor while
the stator coils are injecting higher amount of electrical energy
to compensate the mechanical energy and different losses.
The motor has two sources of energy storage: electrical and
mechanical. The electrical energy driving the motor is either
stored in the magnetic field or dissipated as heat through the
coil resistance.

The output energy of an electrical motor is a combination
(multiplication) of the torque and the speed. The torque is in
N. m and the speed is in rad/s.

The electrical energy (the input energy of the motor) is higher
than the mechanical energy (the output) by the amount of the
total energy losses in the machine.
It could be easy to work with power that is the time rate of the
energy. Mechanical power is defined as force times velocity,
so the motor’s mechanical power will be torque times the
angle rate:

Pm =T d6 /dt @)
Electric power equals current times voltage, and since voltage
is the time rate of change of flux, electric power is:

Pe =I dA /dt 2)
The total power stored in the motor is the difference between
electric and mechanical power. This stored power is a

differential function of A and ©:

dW (A,0)/dt =id\ -Td6 /dt 3)

Since dW/dt is the stored power in the motor, it is easy to
imagine that with added current or voltage, power would
increase. On the other hand, if the rotor is allowed to torque,
T, in the direction coerced by the magnetic field, then the
stored energy is expended as kinetic energy so that dW/dt
would decrease. That’s why the mechanical power is
negatively defined: it is the output of the motor. The
expression for conservation of energy:

dW (,0) =idA -Tdo (4)

A and O are considered independent variables. Thus, energy W
can be expressed as:

dW (1,0) =idA/dt ~Tdo/dt (5)

A partial differential equation could be concluded as:
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dW(2,0) =idA-Td6 (6)
And its solution is presented as the values for the current and
the torque A

i= dW (1,0)/d A @)
T=-dW (1,0)/d 0 (8)
dW (&,0)/dt =id\ -Td@ /dt 9)

In a very similar way, the co-energy W’ is determined as
W =M-w (10)
And the flux linkage and the torque are defined as

A= dW(i,0) /d A (11)

T=-dW’(i,0)/do (12)
Expression 12 is the equation used to calculate the torque by

calculating the flux linkage, A, for the motor as a function of

current i and 0.. Integrating the flux linkage to get the
expression for co-energy and by the differential of the co-
energy with respect to 8, the torque could be defined.

The finite element method (FEM) is a powerful numerical
technique for obtaining approximate solutions to boundary-
value problems of mathematical physics. Engineers and
researchers use it as a tool to solve a wide range of problems.

The finite element method can be used to change the structure
of the machine, the material properties, and the excitation in
the rotor and/or in the stator of the machine. In finite element
analysis, the energy derivative is obtained by the sum of the
contributions from each element in the airgap to obtain the
total torque.

II. SIMULATION RESULTS

This paper presents the results of using the finite element
method in the design of PM hysteresis motors. The method is
used in the design optimisation of the motor to obtain the
optimum size of the hysteresis magnet material and of
Neodymium Iron Boron (NdFeB) magnets. The finite element
method is also used to determine the optimum permeability of
the Cobalt-steel magnet material. The average magnetic flux
density in the air gap B is used as the objective function for
optimisation.

The rotor of the designed machine consists of an aluminium
ring around the shaft, the hysteresis material and the
Neodymium Boron Iron magnet [11]. The magnets are
arranged within the hysteresis material. Moreover the
Neodymium Iron Boron magnets are separated by 4 air gaps
as shown in Fig. 1. The NdFeB magnet’s size, the
permeability and the thickness of the hysteresis magnet are the
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variable parameters for the optimal design. A standard stator
frame for a 3-phase induction machine rated at 415 volts,
550W, 50 Hz, delta connected 4-pole is employed.

Firstly the variation of the magnetic flux density in the air gap
B, with variations of above mentioned three parameters is
investigated. Then, depending on the sensitivity to the change
of given parameter, the number of variations and the steps
between subsequent variations are chosen. This procedure
resulted in 15 different geometrical versions of the rotor. The
results of these investigations are summarised in Fig. 2 to 4

a)Influence of Magnet Length

The magnetic flux density in the airgap is linearly proportional
to the magnet length, which is not surprising because a wider
magnet produce a higher magnet flux per pole. In comparison
with other parameters, the length of NdFeB has the greatest
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influence on the magnetic flux density in the airgap. Fig. 2
shows how the magnetic flux density in the airgap is changed
with increasing NdFeB length.

Fig. 2: Magnetic flux density versus magnet length

b) Influence of Hysteresis Magnet Permeability

Cobalt is a ferromagnetic metal with a specific gravity of 8.9.
Pure cobalt is not found in nature, but compounds of cobalt
are common. Small amounts of it are found in most rocks,
soil, plants and animals. In nature, it is frequently associated
with nickel, and both are characteristic minor components of
meteoric iron. Cobalt has a relative permeability two thirds
that of iron.

The finite element method is used to determine the optimal

permeability of the hysteresis materials. Extensive simulations
have been performed on a model of a hysteresis motor. The
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permeability is only the variable parameter while other
parameters are kept constant. The optimal permeability of the
hysteresis material is 18 (Fig. 3). The hysteresis material can
be made of 36 % Cobalt-steel alloys.
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Fig. 3: B versus hysteresis material permeability

¢) Influence of Hysteresis Material Thickness

The magnetic flux density (B) in the airgap of the hysteresis
motor is slightly decreased with increasing the thickness of the
hysteresis material (Fig. 4). The minimum thickness of the
hard magnet material will be limited by the mechanical
strength.
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Fig. 4: B versus hysteresis material thickness
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Fig.5 shows the magnetic flux density around the air gap of
the machine with the variation of different design parameters. Nd-Fe-B
Only one pole is considered because of the symmetry.

IV. FINAL ROTOR DESIGN

From the above studies, one could draw the following
conclusions that in an ideal rotor the NdFeB should be as long
as possible. The hard magnetic material should be as thin as
possible and the permeability of the hard magnetic material
should be about 18. Taking into account the result of a finite
element analysis as well as the mechanical constrains the final
optimal rotor design is shown in Fig. 6. Fig. 7 shows the
distribution of the magnetic flux in the machine. The machine
dimensions and design data are given in tables 1 and 2.

MagoeticFluxDensity in the aivgepsf (NdBFa widt

36% Cobalt

Fig. 6: Optimal Hybrid PM / hysteresis machine
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b) Function of hysteresis material permeability Fig. 7: Magnetic flux distribution in the motor

i
24. B in the airgap=fihysterssis material thickness)
: : o o Table 1: Design dimensions of PM / hysteresis motor
Stator
Stator inner diameter 63.0 mm
Core length 50.0 mm
Number of slots 24
Number of poles 2
AirGap (30 degrees) Rotor
Rotor outer diameter 62.2 mm
¢) Function of hysteresis material thickness Thickness of rotor ring 15 mm
Fig. 5: Magnetic flux density versus different parameters Hysteresis ring thickness 4 mm
Airgap length 0.4 mm
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The pertinent properties of the rotor materials are given in
Table 2

Table 2: Properties of hysteresis and permanent magnet
materials

Properties 36% Cobalt steel | NdFeB

Hysteresis Loss (J/cycle/cm) | () ()9

Residual flux density (kG) 9.6 11.38

Coercive force (kOe) 0.24 10.84

Recoil permeability 18.0 1.07

Energy product (MGOe) 1.0 31.1
REFERENCES

[1] Kataoka, T., and Takahashi T. “Analysis of a hysteresis

motor with overexitation”, IEEE Trans., 1982, MAG-18

PP. 1731-1733.

Copeland A. and Slemon G. R. “An analysis of the

hysteresis motor I. Analysis of the idealised machine”

IEEE Trans., April 1963, PAS-82, pp.34-42.

Copeland A. and Slemon G. R. “An analysis of the

hysteresis motor II. The circumferential flux machine”

IEEE Trans., 1964, vol. PAS-83, pp.619-624.

Qin R. and Zhong R., “The starting process analysis of

hysteresis motors”, Small and special electrical machines,

China, No. 4, 1986, pp. 25-31

Rahman M. A., Copeland M. A. and Slemon G. R., “An

analysis of the hysteresis motor, part III “Parasitic losses”

IEEE Trans., vol., 6, PAS-828, pp.954-961.

Osheiba A. M., Qian J., Rahman M. A, “Performance of

hysteresis Permanent magnet motors”, Electrical

machines and power systems, vol. 16 no. 14, 1989, pp.

265-280.

Mizia J., Adamiak K., Easthan A.R. and Dawson G.E..

"Finite Element Force calculation:comparison of

methods for Electric Machines", vol. MAG-24, No.l,

1988, pp. 447-450.

Profumo, F.; Tenconi, A.; Gianolio, G. " PM linear

synchronous motors normal force calculation”, Electric

Machines and Drives, 1999. IEMD '99 ,pp.116 -118

Ho, S.L.; Li, HL. " Dynamic modeling of permanent

magnet synchronous machines using direct-coupled time

stepping finite element method", Electric Machines and

Drives, 1999. IEMD '99, 1999 , pp.113 -115

[10]Rahman M. A., “Starrting and synchronization of
permanent magnet hysteresis motors”, IEEE Trans., vol.
MAG-24, 1994 pp.210-215.

[11]JRahman M. A., and Qui R. “A permanent magnet
hysteresis Hybrid motor drive for electrical vechiles.”
IEEE conference, IECON’96, Taipee, Taiwan, pp. 28-33,
Aug. 1996.

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

ISBN: 978-1-61804-022-0

80

[12] K. R. Rajagopal, "Design of a Compact Hysteresis Motor
Used in a Gyroscope," IEEE Transactions on Magnetic,
Vol. 39, No. 5, September 2003.

[13] A. Darabi, H. Lesani, T. Ghanbaril and A.
Akhavanhejazi, "Modeling and Optimum Design of Disk-
Type Hysteresis Motors," Proceeding of International
Conference on Electrical Machines and Systems, 8-11
October 2007, Seoul, Korea.

[14] A. Sedagati and A. Vahedi, "Effect of Parameters Design
on the Characteristics of Hysteresis Motor," IEEE
Conference, Electrical Machines and Systems, Vol. 1, 9-
11 November 2003, pp. 246-249.

[15]CEDRAT Group, "Flux3D User's Guide," Version 10.3,
France, 2009.

[16]T. Kubota, T. Tamura and K. Kunihara, High-Efficiency
Operation of PWM Inverter-Driven Hysteresis Motor
with  Short-Duration Over-excitation. Proceeding of
International Conference on Electrical Machines and
Systems, 15-18 Nov 2009, Japan, pages 1-4.





