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Hysteresis motors are exciter less synchronous machines, which have found wide applications in
sub fractional horse power ratings. These motors have some favorite features such as constant
torque, low startup current and moiseless operation. However, low efficiency and low power
factor are common deficiencies of the hysteresis motors, which should be rectified using more
suitable rotor substance and having accuracy in design considerations as possible. In general,
magnetic property of the rotor material has the most important and plays a key role in the
hysteresis motors performance. In this paper, electromagnetic characteristics of a steel alloy
which contains iron, chrome, nickel, molybdenum, and carbon (Fe-Cr-Ni-Mo-C) are presented
and application of this steel alloy for rotor of hysteresis motors is investigated. Magnetic
properties of Fe-Cr-Ni-Mo-C are compared with other common magnetic materials, used in the
conventional hysteresis motors. The results confirm eligibility of Fe-Cr-Ni-Mo-C rather than
others.
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Nomenclature:
Symbol Quantity

m Number of phases
f Frequency
7] Electrical angle
D, A constant electrical angle
Dy, Mechanical angle
p Number of pole pairs
Z The maximum value of the conductor density
K Ratio of radios
K, Winding factor
Ny Number of winding turns per phase
u Permeability of the material
o Hysteresis delay angle
V. Volume of hysteresis material
E, Area of the hysteresis loop
g Air gap length
Hy(¢p) Magnetic field intensity in the air gap
H{(¢p) Magnetic field intensity in the rotor
B, Peak values of the field density of rotor
B; Magnetic field density in the stator
B, Flux density in the air gap
B, Flux density in the rotor
r; Stator winding resistance
X, Stator leakage reactance
R. Stator iron and parasitic losses resistance
X, Magnetizing reactance
R,+jX, Rotor impedance
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1. Introduction

Hysteresis motors are self starting brushless synchronous motors which is the best option
for some particular applications due to a few unique specifications. Fig. 1 shows a simple
structure of a conventional cylindrical hysteresis motor. Stator of the hysteresis motors are
wounded like as conventional motors, while the rotor is only a solid ring made from a
hysteresis material. Although hysteresis motors have low efficiency and low power factor,
these motors are widely used in navigation and military apparatus due to some attractive
and outstanding features (1)-(4). Different structures of hysteresis motors are presented,
which each of them have some outstanding specifications for one or more applications (5),
(6). In order to have the best possible performance for the hysteresis motors, having an
accurate model for the machine is necessary (7)-(11).

Stator

Rotor

»Rotor core

Fig. 1. Simple structure of a cylindrical hysteresis motor

Selection of the rotor hysteresis material with desirable magnetic characteristic is the
most important key point for having a high performance hysteresis motor. A few hysteresis
materials such as 36% Cobalt steel (Fe-36%Cobalt), Alnico (Fe-Co-Ni-Al) and Chrome
cobalt steel (Fe-Cr-Co) are suggested to utilize in rotor of hysteresis motors (12)-(17). In
this paper, it is confirmed that Fe-Cr-Ni-Mo-C steel alloy could be a good alternative option
for rotor of hysteresis motor due to its suitable magnetic specifications. The magnetic
characteristics of Fe-Cr-Ni-Mo-C alloy are measured and compared to corresponding
characteristics of 36% Cobalt steel (Fe-36%Cobalt), Alnico (Fe-Co-Ni-Al) and Chrome
cobalt steel (Fe-Cr-Co). Different materials impact on the motor performance is analyzed
and the advantages of Fe-Cr-Ni-Mo-C are presented.

2. Modeling

The following assumptions are considered to simplify the analysis:

a) The motor rotates by maximum load in synchronism condition.

b) The stator has sinusoidal distribution poly-phase windings and its magnetic motive
force (mmf) is produced by sinusoidal currents. The resultant fundamental component of
the magnetic motive force in the steady state condition can be calculated by:
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F:%«/EIZcos(a)t—qﬁ) (1
in which:
2K N
Z - w” " ph (2)
pr

¢) In the reference (4) the hysteresis loops are approximated by parallelograms and in the
references (18) and (19) they are estimated by ellipses, with two variables u and o. More
accurate modeling approaches of the hysteresis loops have been presented in (20) and (21).
However, fundamental components of the flux density and field intensity of the rotor for a
given operation condition can be written as follow:

B =B, cos(wt—p—¢,) (3)
H =H, cos(wt—¢—¢,+) “4)
in which:
H, :& 5)
y7i
| E,
a=sin (—ﬂ_ H B ) (6)

e) The thickness of the rotor is sufficiently small, so the flux density of the ring only
consists of circumferential components.

Using Ampere's circuital law in a closed path including rotor and stator as shown in
Fig.2 gives:

H (§)g +H,<¢>r%—(Hg<¢>+ng<¢>>g=Fd¢ ™
in which:

r dH
F=;Hr(¢)—g— (8)

Stator

Fig. 2. A closed path including rotor and stator
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According to Fig. 3, applying the continuity principle will give the flux density of the air
gap. If magnetic field intensity in rotor is defined by:

H,<¢>=%cos<ax—¢—¢o+a> ©)
So:
It,(B,(9)+dB, (9)—1t, B.(§) = B, (P (R, + g)d—; (10)
pt,dB,.(9)
B (¢)=—r—"r "7 11
i (R, +g)d¢ (I
“ '\I
—_—
Stator

Fig. 3. Flux in the infinitesimal angle ( d¢ ) of rotor, stator and air gaps

In equations (I1), B,(¢) is the space dependent flux density of the air gap and
B.(9)=B,, cos(ax —¢—¢,) is the flux density of the rotor.
In stator we have:

It,(B,(¢) +dB,(#)~1t, B,($) =B, ($) (R, + g)d—]f (12)
dB,(9) _(R, +2)B,(¢) 13
de It,
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From equations (11) and (13) one can derive:
aB.@)_  dB,©)

14
9 19 (14)
Using this equation one can calculate stator flux density and core losses.
Combination of equations (7)-(13) gives:
3 217 cos(@i—g) = KB cogar— g— g, +a) + ELEBucosar—g—g,) (15)
2 pu (R, +

To obtain an equivalent circuit for the hysteresis motor, first the induced voltage of each
phase of the stator winding is calculated and the phase current is divided to different
components. For calculation of the induced voltage, linkage flux of one turn winding
including two conductors located in positions ¢ and ¢ + 7, is calculated by:

o+ d¢
p=I(R, +g) | B, (9)— (16)
¢ p
Substitution equation (11) in (16):
@ =lt, cos(ax — ¢ —¢,) (17)
Therefore, the induced voltage in one conductor located in the position ¢ will be:
0.5(%) , s0, the induced voltage in phase a will be:
t
2pw
e,= 1 [ 22V cos(p)ig (18)
o 2\ dt
e, =@K,N ,It, cos(@t — ¢, + %) (19)

Now, by dividing both sides of equation (15) onl.5Z and setting the value of
¢ =(n-1)*1.5x (for phase a the value of n is one), gives:

2
V21 cos(@i—¢) =B cosar—g-g, + o)+ —TL B osan—p-g,) (20)
3K,N ,u 3K,N (R, +2)

In the left side of equation (20), the current of phase a with phase angle 0.57—¢,
regarding the induced voltage of phase a appears. In the other side of this equation, two
components of the phase current with different phase angles come out.

i, =i, +i, 21

Therefore, the calculated air gap or magnetizing reactances and impedances of the rotor
seen by the stator side will be respectively as:
3wK Nt 1, (R, +8)Z

i X . =7 22
JX =1 2t B, (22)
3wK N It
7, =R + jx, = 2K Nl P2 7w _ (23)
2R B 2

av m

Consequently, an equivalent circuit for the hysteresis motor is obtained as shown in Fig.
4, in which its elements are introduced in the nomenclature.

As mentioned earlier the output power and hysteresis torque are related to the area of
hysteresis loop, can be calculated by:

Phs = Ehfvvr (24)
Ths — M (25)
4
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3. Selection of the appropriate material for hysteresis motor

Performance of a hysteresis motor strictly depends on the rotor ring material and the
rotor material is chosen considering the following key points:

_._l\/)'[\{_._._f]jg{[\d

A

—

1- The output power of hysteresis motor depends on the area of hysteresis loop and
volume of the rotor ring proportionally. Therefore, higher output power density can be
realized for a wider area hysteresis loops.

2- The stator magnetizing current and in consequence copper loss will be low if the
magnetic field intensity of the hysteresis loop is small and the permeability of the loop is
high. Therefore, the maximum efficiency is achieved, when the machine works on one of
the hysteresis loops called normal loop.

3- Higher output torques are achieved in more hysteresis delay angles for a hysteresis
motor.

4- Minor loops and corresponding parasitic losses of the rotor rings are produced by
MMF harmonic content including slotting effects (22), (23). It is known that slope of minor
loops is equal to the slope of the magnetizing curve at the maximum point of relevant
hysteresis loop. A hysteresis loop and a few minor loops are shown in Fig. 5. The parasitic
losses have a reverse relation with the minor loops slope. Therefore, one of the important
factors in selection of the rotor material is the value of magnetizing curve slope at the
maximum point of the normal loop.

5- In the hysteresis motors, the torque corresponding to the eddy current is added to the
hysteresis torque during startup (1). Eddy current torque depends on the conductivity and
volume of rotor material, area of hysteresis loop and some design parameters. Hence, the
startup torque in the hysteresis motor can be improved by selection of an appropriate
material with higher conductivity.

6- Generally a particular heat treatment and hardening process are performed on the
hysteresis materials. Therefore the hysteresis materials are mechanically hard and cause

some problems for manufacturing. This matter should be taken into account, when the
hysteresis material is chosen.

.
2 B

h

X

l
!
|

Fig. 4. Steady state equivalent circuit per phase of hysteresis motor
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fSlopc of Minor loop
H

Minor loop

Fig. 5. A hysteresis loop and a few minor loops

5. Comparison of magnetic properties of hysteresis materials

Comparisons of magnetic characteristics for Fe-36%Cobalt, Alnico, Fe-Cr-Co and Fe-
Cr-Ni-Mo-C help us to choose the best material for the hysteresis motor in different
applications.

Magnetizing curves of Fe-36% Cobalt, Alnico, Fe-Cr-Co and Fe-Cr-Ni-Mo-C alloys are
shown in Fig. 6. Points highlighted by ‘*’ on the graphs in Fig. 6, represent the peak values
of magnetic field intensities and flux densities of the normal loops for the materials. It can
be clearly observed that Fe-Cr-Ni-Mo-C alloy goes to saturation faster than the other alloys
and magnetic field intensity of the normal loop of Fe-Cr-Ni-Mo-C alloy is lower than the
other alloys.

1.8¢ Fe-Cr-Ni-Mo-C N
1.6f 1
1.4f o 1
et
= 1.27 Fe-36%Cobalt 3
k)
g1 1
e
M 0.8 1
0.6 1
0.4r 1
* Normal loop
0.2r
O I I I I I I I
0 10 20 30 40 50 60 70 80

Hm (KA/m)

Fig. 6. Magnetizing curves and peak values of normal loops for various hysteresis materials
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In addition, the magnetizing curve slope for the normal loop of Fe-Cr-Ni-Mo-C alloy is
higher than the slopes for magnetizing curves of other alloys.

Relative permeability p/u, versus peak values of magnetic field intensities for various
materials are shown in Fig. 7. It is evident that the relative permeability for the normal loop
of Fe-Cr-Ni-Mo-C alloy is much higher than other hysteresis materials.

Since the peak value of magnetic field intensity for the normal loop of Fe-Cr-Ni-Mo-C
alloy is lower than the corresponding values of the other alloys and the relative
permeability for the normal loop of this alloy is higher than the others, the magnetizing
current and resultant copper loss of the motor with Fe-Cr-Ni-Mo-C alloy in its rotor will be
lower. Consequently, the power factor for this motor will be higher. Moreover, due to
higher magnetizing curve slope for the rotor made by Fe-Cr-Ni-Mo-C alloy, the parasitic
losses will be lower.

In Fig.8 hysteresis delay angle versus magnetic field density in some hysteresis materials
are shown. By observing the graphs, it is clear that hysteresis delay angle of Fe-Cr-Ni-Mo-
C alloy is higher than the other alloys, which causes higher generated torque. Hysteresis
loops areas versus flux densities of the hysteresis materials are shown in Fig. 9.
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Fig. 7. Relative permeabilities versus peak values of magnetic field intensities of various hysteresis materials
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Fig. 8. Hysteresis delay angles versus peak values of flux densities of hysteresis materials

56



J. Electrical Systems 11-1 (2015): 49-60

250

* Normal loop

200r

150F

100

Hysteresis loop area (KTA/m)

50r

Fe-36%Cobalt

0 0.5 1 1.5 2
Bm (Tesla)

Fig. 9. Area of hysteresis loops versus peak values of flux densities for various hysteresis materials

From equation (4) one can conclude that the output power of a hysteresis motor depends
on the area of hysteresis loop and volume of the rotor ring proportionally. For a given
output power, due to less area of the hysteresis loop, greater hysteresis material volume is
required for the hysteresis motor, in which Fe-Cr-Ni-Mo-C alloy is utilized.

Of course, increased volume and weight is not a disadvantage for some applications
particularly for the apparatus, in which high moment inertia is required.

6. Simulation and experimental results

Based on the equivalent circuit shown in Fig. 4, one can straightforwardly calculate
efficiency and power factor for the hysteresis motor with different rotor materials. In fact,
using the information presented in figures 6-9 for different materials the rotor parameters
are calculated by Eq. (22) and (23). Then, using the calculated equivalent circuit and Eq.
(24) the power factors and efficiencies are computed. Calculated efficiencies and power
factors of a motor with different rotor materials are shown in Fig.10. As Shown in Fig.10,
efficiency and power factor of the motor with Fe-Cr-Ni-Mo-C alloy are remarkable
especially in the high frequencies, whereas the volume of the rotor material as shown in
Fig. 11 for 50 Hz is greater than the other materials. Although, more volume of the rotor
material may be a deficiency in some applications, in some other applications such as
gyroscopes it is advantageous for achieving higher rotor inertia. In all the presented
simulations, the mechanical losses are ignored. Some essential design and measured
parameters for a prototype motor are listed in Table 1 and the photographs of the machine
and its rotor are given in Fig.12.
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Fig. 10. Efficiencies and power factors with: A: Fe-Cr-Ni-Mo-C B: Fe-Cr-Co C: Fe - 36%Co D: Alnico
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Fig. 11. Volumes of rotor materials with: A: Fe-Cr-Ni-Mo-C B: Fe-Cr-Co C: Fe-36%Co D: Alnico (for 50 Hz)

Fig. 12. The prototype fabricated motor
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TABLE I

Characteristics of the motor by Fe-Cr-Ni-Mo-C alloy and some measured parameters

Symbol Quantity value

f Frequency 50 Hz

% Line voltage 50V
P, Output power 25 W
PF Power factor 0.4

I; Phase input current 15A
n% Efficiency percent 47

Tou Output torque 1 Kg.cm
m Number of phases 3

p Number of pole pairs 2

g Air gap length 0.2 mm
Z Number of stator slots 16

R, Ring mean radius 30 mm
t, Ring thickness 4 mm

1% Ring volume 5.3e4 mm’
N Number of turns/coil 32

N, Number of coils 95

K, Winding factor 0.85

l Axial length 70 mm

7. Conclusion

In this paper magnetic characteristics of a steel alloy with composition iron, chrome,
nickel, molybdenum (Fe-Cr-Ni-Mo-C) for application in rotors of hysteresis motors are
presented. These properties are compared with a few materials, which are commonly
employed for the rotors of the hysteresis motors. This comparison shows that utilizing this
alloy with a proper design can increase the efficiency and power factor of the hysteresis
motor. Even though the power density of the suggested material is lower than the other
materials, it could be suitable at least in specific application such as gyroscope in which
higher moment inertia of the rotor is an advantageous. Moreover, other hysteresis materials
contain rare-earths and costly components such as Cobalt, but Fe-Cr-Ni-Mo-C alloy steel is
cheap and available steel, so this alloy can be recommended for using in the hysteresis
machines with some confidences.
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