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Voltage Source FEA for Hysteresis Motor using Preisach Model

Sun-Ki Hong, Seok-Hee Lee and Hyun-Kyo Jung

Abstract - In this paper, voltage source FEA for hysteresis motor considering magnetic hysteresis characteristics is presented. The
Preisach model is used as a hysteresis model. System matrix whose unknown variables are vector potentials and currents is formu-
lated for voltage source. The stiffness matrix is maintained constant by using M-iteration method. Therefore the calculation time
and efforts are reduced with Choleski direct method. Current waveform can be calculated for arbitrary voltage waveform consider-

ing hysteresis effects.
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1. Introduction

Hysteresis motor is a self-starting synchronous motor
that uses the hysteresis characteristics of magnetic materi-
als. It is known that the magnetic characteristics of the mo-
tor could be easily affected by space harmonics due to the
effects of the slot, current and winding distributions. To
consider those effects, it would be desirable to adopt the
finite element method (FEM) which can consider hystere-
sis effect [1]. With respect to the hysteresis model, the
Preisach model is one of the most powerful tools to de-
scribe the hysteresis behavior [2]. Usually electrical ma-
chines are fed by voltage source and current becomes un-
known. Most of the hysteresis motor is driven by voltage
source inverter, however, so far the FEA for hysteresis mo-
tor does not consider this problem.

In this paper, to analyze the voltage driven hysteresis
motor, voltage source FEM considering hysteresis charac-
teristics 1s proposed. The hysteresis model is magnetiza-
tion-dependent Preisach mode! [3,4]. The circuit equation
and Ampere’s equation are formulated together to calculate
the current. FEM considering hysteresis effect is combined
with circuit equation. System matrix whose unknown vari-
ables are vector potentials and currents is formulated for
voltage source. The Choleski direct method which divides
the stiffness matrix to L and U matrix is used for conven-
ience and time saving because the stiffness matrix is not
changed until the next time step by using M-iteration
method [1] which adopts the pseudo-permeability. The
proposed method is applied to a hysteresis motor, which is
2 phases 4 poles motor and has hysteresis ring as a rotor,
and current waveforms are simulated according to the ap-
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plied voltage of sinusoidal and square waveforms. Hystere-
sis loops according to the depth of the hysteresis ring are
also simulated and it shows that the hysteresis loops are
different according to the radial depths of the hysteresis
ring although in the same ring. The simulated results of the
applied voltage and current are compared with the meas-
ured data and we could get acceptable results. Therefore it
is found that this process can be applied other electrical
systems which need accurate analysis considering hystere-
sis phenomena under voltage source.

2. Hysteresis Motor

Hysteresis motor consists of stator and hysteresis ring
which is a part of the rotor. The hysteresis ring is usually
made of semi-hard magnetic material. Fig. 1 shows the
basic structure of the motor. The performance of the motor
is determined by the hysteresis characteristics of the
hysteresis ring and the output of the motor is propotional to
the hysteresis loop area. The hysteresis ring is usually
made very thin to ignore the rotational hysteresis effects
[5]. The hysteresis ring is affected by the rotational mag-
netic field caused by the stator windings. It is assumed that
only the circumferential component of the flux acts on the
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Fig. 1 Structure of hysteresis motor
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torque of the motor and the area of the hysteresis loop is
proportional to the output. In analytic methods, the hys-
teresis loop of the ring is assumed in the middle of the ring.
However the states of the hysteresis are different from each
depth. For an more accurate analysis of the motor, it is
necessary to analyze the hysteresis loop in any depth
according to the applied voltage using FEM considering
hysteresis effect.

3. Voltage Source Finite Element Analysis

In conventional FEA, the current density is used as input
source [6]. However most electrical machines are driven by
voltage source, therefore the current in coil becomes un-
known. Some studies [7,8] have considered hysteresis for
current source and some studies have considered voltage
source, however those considering both look not developed
vet. Especially for hysteresis motor which should be con-
sidered for the hysteresis characteristics, the FEA consider-
ing hysteresis effect for voltage source is required for accu-
rate analysis. \

In this study, finite element formulation is derived from
(1) and (2) in the voltage source FEA. The discrete form of
equation (2) becomes (3).

1 —_ —-

Vx—(Vx 4)=J (1)
u
VeRis N2 (2)
dt

where V: input voltage, R: winding resistance, i: current, NV:
winding turns, @ : linkage flux.

7
V= Ri+ (- 3)
Al

where At : time step size. @' : linkage flux of previous
time step.

In equation (2), the linkage flux of current time step can
be calculated from the vector potential in coil region as
shown in (4).

d A+ AT+ AT,
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where d is axial length, A®is the area of triangle element
and S is coil arca. From (3) and (4), the voltage equation
becomes (5) where N is the number of turn, d is the depth
of z-axis and & is the current direction,
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From (1) to (5), element matrix equation can be formu-
lated to (6).

s f{a = e} (6)

where for the equivalent current density of magnetization
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From the element matrix equation (6), the resulting sys-
tem equation becomes (7).
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where, I'=-Atl/d, S, = aN-Ad , and because the mo-
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4. FEA Considering Hysteresis Characteristics

The hysteresis model applies to each element of hystere-
sis region because the magnetic history of each element is
different. In combining FEM with the hysteresis model,
finite element formulation is derived from (8),

B:/:OH + M :/IOH +'“0'“va + M’
‘ (8)
:/10(1+/1SP)H+M

where, M' is the pseudo-magnetization and Uy, is the
pseudo-permeability. From (8), the input to FEA are the
permeability u(1+44,) and M' pseudo-magnetization. As
mentioned before, the stiffness matrix is not changed al-
though time step increases, because 4, which is included
in stiffness matrix is constant. Instead, M'included in the
forcing matrix is varied, therefore once the stiffness matrix
is divided into L and U matrix, no more effort for the stiff-
ness matrix is needed at one step.

It the flux density is calculated with the pseudo perme-
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ability and pseudo-magnetization, field intensity and mag-
netization is calculated by magnetization-dependent
Preisach model. Then new magnetization and pseudo-
magnetization are obtained from this field intensity. Fig. 2
shows the total calculation procedure combined with volt-
age source FEM including hysteresis model.

If the finite clement solution was obtained, hysteresis
loops can be obtained according to the circumferential di-
rection. Then the torque of the motor is calculated by

1
r=—pVyEp 9
2z

Start

v
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End

Fig. 2 Flow chart of voltage source FEA considering
hysteresis characteristics.

where p : number of pole pairs, ¥, : volume of hysteresis
ring, E, : arca of the hysteresis loop.
5. Simulation and Results
Table [ and 11 are the specifications of the tested motor.
Because the number of poles is 4, the hysteresis ring makes

two major hysteresis loops.

Table 1 Stator Specification

no. ot phase 2 No. of poles 4
no. of winding 2280 Winding factor 0.85
no. of slot 16 Inner diameter 30[mm]
Eftective thickness 28 [mm]
Table 2 Rotor Specification
outer diameter 29.6 {mm)] Thickness 3.5 [fmm]
axial length 28.1 [mm] Air gap 0.2 [mm]

Fig. 3 shows the equi-potential lines when the rms valuc
of the voltage source is 110 [V]. A half of the motor is
analyzed because of the symmetry. In the analysis flow, the

convergence to the solution is checked using the following
equation.

Fig. 3 Equipotential lines of the hysteresis motor with 110
[Vrms].

H.(n+l) Ry FREY
R LIS (10)

H’,(/Hl)
where, n is the iteration step, i = x or y component, &:
convergence criterion.

As is shown in the figure, the results are for the half of
the motor because the motor has 4 poles and cach 2 poles
are periodical.

Fig. 4 shows the hysteresis loop variations for time steps
according to their ring depths. As seen in the figures, the
hysteresis loop at the outside of the ring is a little larger
than that at the inside of the ring because the applied field
is a little different according to the depths. From the calcu-
lation results, the torque is computed using the hysteresis
loop area.

{(a) Most inner point of the ring
' (Tl

; / [A/m]

(b) Middle point of the ring
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{Arm]

(c) Most outer point of the ring
Fig. 4 Hysteresis loops according to the ring depths.

Fig. 5 shows the current waveform when 110 [V, ]
60[Hz] sine wave voltage source is applied. Within a few
cycles after the voltage source is applied, the current
wave form is stabilized. From this result, the peak current
value can be estimated from this proposed method.

Fig. 6 shows the current waveform when squarc wave
voltage source is applied and the amplitude is 110 [V, ].
In the equivalent circuit method, it is very difficult problem
to analyze the motor under the square wave or arbitrary

voltage wave form input.
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Fig. § Current waveform for sinusoidal voltage source.
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Fig. 6 Current waveform for rectangular voltage source.

Fig. 7 shows the measured and simulated current values
according to the sine wave input voltage. The measured
values are a little larger than the simulated value. That
main reason may come from the iron losses because the
FEA does not consider about that. However the trend ex-
plains the good agrecment between the measured and
simulated data. If the input current is known, the torque
can be calculated accurately by the FEM considering hys-

teresis characteristics[1].
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Fig. 7 Current vs. input voltage for sine wave voltage source

6. Conclusions

In this paper, voltage source FEA considering hysteresis
model is presented for accurate analysis of the hysteresis
motor. Magnetization-dependent Preisach model is adopted
to consider hysteresis effect. System matrix whose un-
known variables are vector potentials and currents is for-
mulated for voltage source. The stiffness matrix is main-
tained constant by using M-iteration method, therefore the
calculation time and efforts are reduced using direct
method. Hysteresis loops according to the voltage and
depths of the hysteresis ring are calculated to evaluate and
estimate the hysteresis motor performances. Through the
comparison between the simulation results and the experi-
mental ones, it is found that the proposed method can get
very reasonable results. The proposed method can be ap-
plied to other magnetic systems where voltage source is
apphied and hysteresis characteristics must be considered.
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