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This paper presents the unique synthesis of a motor with a hysteresis torque-speed characteristic. The
machine is synthesized from a conventional polyphase squirrel cage induction motor (SCIM) with a high
rotor resistance to leakage reactance r,/x, ratio, which is mechanically coupled to a polyphase transfer
field (TF) machine but with an inversion of the usual torque-speed characteristic of the latter about
the speed axis and both machines are connected in parallel to the supply. It is shown that the resultant
torque of the combined machines is constant, from standstill to full speed wy, typical of that of a hyster-
esis motor. Unlike the conventional hysteresis motor, the output torque of the synthesized version can be

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The induction motor is the most common of all ac motors and
has been variously described as the “work-horse” of industry. In
its normal working range, the speed of the induction motor re-
mains reasonably constant, varying only slightly with load. For this
reason, it is regarded for all intents and purposes as a constant
speed motor. The major shortcoming of the induction motor is
the relative low power factor which is always lagging.

Synchronous machines on the other hand are constant speed
machines with controllable power factor, which can be made lead-
ing. However, they are more expensive to produce due to slip rings
and brushes compared to squirrel cage induction motors. The ma-
jor demerit of synchronous machines is the problem of synchroni-
zation. The polyphase reluctance motor on the other hand operates
at a fixed speed, synchronous speed of the rotating magnetic field.
The major differences between the reluctance and synchronous
machines are the absence of rotating windings and dc excitation
in the rotors of reluctance machines. The major disadvantage of
the reluctance machine apart from the relatively low power factor
due to excessive reactive magnetizing current is the synchronizing
problems. The pull-in torque is generally less than half of the pull-
out torque. A reluctance motor is therefore several times larger
than a synchronous motor with dc excitation having the same
horse power and speed ratings. However, in some applications
these disadvantages may be off set by its simplicity of construction,
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no slip rings, no brushes and no dc field winding, low cost and
practically maintenance free operation.

The hysteresis motor, like the reluctance motor does not have a
dc excitation and rotor windings. Unlike the reluctance motor,
however, the hysteresis motor does not have a salient rotor. The
rotor of a hysteresis motor has a ring of special magnetic material,
such as chrome hard steel or cobalt, mounted on a cylinder of alu-
minum or some other non-magnetic material having high retentiv-
ity, so that the hysteresis loss is high. The rotor of the ideal
machine is assumed to have zero conductivity and so no torque
is produced as a result of induced currents in the rotor circuit.
The motor torque therefore would be entirely due to hysteresis
effects.

The stator field and the induced rotor field are present at all
speeds from zero up to synchronous speed where the rotor is no
longer subject to alternating magnetization. The torque is constant
throughout and the motor is therefore self-starting. The hysteresis
motor is the smoothest and the quietest running ac machine be-
cause of the smooth rotor periphery and freedom from mechanical
and magnetic vibrations. These characteristics have endeared it to
such applications as in quality sound reproduction equipment, re-
cord player motors, electric clocks and other timing devices. In
contrast with a reluctance motor, which must “snap” its load into
synchronism from an induction motor torque-speed characteristic,
a hysteresis motor can synchronize any load which it can acceler-
ate, no matter how great the inertia and no other electrical ma-
chine possesses this unique feature. The major limitation of the
hysteresis motor is its specific low output power which has nar-
rowed its applications to low power devices. The output power is
about one-quarter of an induction motor of the same dimensions.
Hysteresis motors are generally available as fractional horse power
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motors and most of the studies on the machine were skewed to-
wards production of the machine by exploiting hysteresis loss
phenomena of magnetic materials [1-3]. In this paper, an entirely
different approach is adopted towards producing a hysteresis mo-
tor with good output power by synthesis from ac machines with
well known output power characteristics. Agu [4] has suggested
that the synthesis of a hysteresis motor from two induction motors
could be possible if one of the motors could be made to operate
with inverted torque-speed characteristics. This paper is an exten-
sion of the work done in Ref. [4] and presents a simple method of
deriving negative torque in the low-speed region 0 < @ < wg/2 and
positive torque in the high speed region wo/2 <® < wo from a
transfer field (TF) machine so that the combination of its torque-
speed characteristic with that of a squirrel cage induction motor
(SCIM) with high rotor resistance to leakage reactance ratio will re-
sult in a hysteresis motor torque-speed characteristic.

2. Transfer field (TF) machine

The stable operation of a polyphase induction motor at one-half
normal speed by means of unbalanced impedance in the rotor cir-
cuit is well known as Gorges phenomenon [5]. The half-speed
operation did not receive industrial acceptance because of the
associated vibration and noise due to injection of low frequency
current of (wg — 2w) into the supply system. Broadway and Tan
[6] improved the industrial acceptance by mechanically coupling
two identical machine elements together and connecting their
windings in parallel to the supply and thus creating a local loop be-
tween the machine windings for the circulation of the low fre-
quency currents of (wg — 2w) and thus diverted from the supply.
Agu [7] evolved a configuration of a composite two-element reluc-
tance effect machine known as the transfer field (TF) machine. Un-
like [6], there are no windings in the rotor, including damper
windings. Instead, there are two windings on each unit stator com-
prising the TF machine, known as the main and auxiliary windings.
The main windings are connected in series while the auxiliary
windings are transposed (anti-series) in passing from one unit ma-
chine to the other. Like [6], the rotors of the two machine elements
are salient in configuration and in space quadrature as shown in
Fig. 1. Cathey and Nasar [8] studied the steady-state equivalent cir-
cuit of the TF machine for asynchronous operation while Anih and
Obe [9] studied the dynamic performance of the TF machine.

In the TF machine arrangement, the low frequency current of
(o — 2w) is confined to circulate in the auxiliary windings and

e

Fig. 1. Per-phase coupled coil representation of the TF machine.

o

thus prevented from interfering with the supply [7]. Furthermore,
there is a complete electrical separation of the winding carrying
the mains supply current of wg frequency from that which carries
the low frequency current of (wo — 2w). However, the two wind-
ings are magnetically coupled. Additionally, the auxiliary winding
terminals are accessible for control purposes. An alternative con-
figuration of the TF machine can be obtained by holding one-half
of the machine stator and rotor while the other half stator and ro-
tor is rotated until the pole-axis of the two halves are in alignment;
and the axes of the main windings are out of phase by 90° electrical
degrees and the alignment of the axes of the auxiliary windings in
reduced from 180° to 90° electrical degrees [10].

2.1. Principle of operation of the TF machine

The main winding is connected to the source and draws a cur-
rent Iy at frequency wo which produces an mmf whose distribution
is expressed as

moy = Mo cos(0 — wot) (1)

The air-gap permeance distribution in the two halves of the
machine may be expressed respectively as

Py = Py + Py cos2(6 — wt) (2)
and

T
PB:Po—l—PvcosZ(()—wt—j):PO—PVCOSZ(H—a)t) 3)

where o is the rotor speed.

The corresponding flux distribution in the air-gap of the respec-
tive halves of the TF machine due to the mmf m, is obtained from
the product of Eq. (1) and Eq. (2) or Eq. (3). If space harmonics are
neglected, the flux distribution are given by

Ba = MoPg cos(0 — wot) + M;PV cos(0 + (wo — 2w)t)
= Bo1 c0S(0 — wot) + By coS(0 + (o — 2m)t) 4)

and

Bg = MoPq cos(0 — awyt) — M°2PV cos(6 + (wy — 2m)t)
= By1 cos(0 — wot) — Byy cos(0 + (g — 2w)t) (5)

From Egs. (4) and (5) above, the average net flux linking the
main windings is obtained by their summation and is given by

Bm = Bo1 cos(0 — wot) (6)

This flux rotates in the positive anti-clockwise direction and is
behind the magnetizing reactance of the winding. The distribution
of the average flux linking the auxiliary winding is obtained by the
subtraction of Eq. (5) from Eq. (4) and is given by

By = Bop €0s(0 + (g — 2w)t) (7)

This flux rotates in the negative clockwise direction for w <1/
2wp and will induce emfs of (wo — 2w) frequency in the auxiliary
windings which will circulate current I, in the short-circuited
winding, which is inversely proportional to its leakage impedance.
The emfs induced in the auxiliary windings are additive because of
the transposition of the auxiliary windings.

For an emf E; induced in the auxiliary winding, the current cir-
culating in the winding is given by

2B, cos((wo — 2m)t — @)

12 272 (8)
2+ (wo — 2w)°L;

where ¢ is the impedance angle, r. and [, are the effective resistance
and inductance of the auxiliary winding respectively.
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The circulation of current in the auxiliary winding will cause the
main winding to draw an additional current I; from the source
which will balance the auxiliary winding current reflected in the
main winding, in a manner similar to what is obtained in a trans-
former and induction motors. An equilibrium condition is attained
when the emf induced in the auxiliary winding by the flux due to I
balances the self-induced emf due to I, in the auxiliary windings.
The torque of the machine is due to the interaction between the
main and auxiliary winding mmfs in the respective halves of the
machine. If the auxiliary winding mmf supports the main winding
mmf in one-half of the TF machine say, it will oppose it in the other
half due to the transposition of the auxiliary winding. When the
torque is maximum in one-half, it is zero in the other half and
the load torque swings cyclically from one machine half to the
other while the net torque remains constant. The roles of the main
and auxiliary windings can be interchanged and will produce the
same result.

2.2. Torque-speed characteristic of the TF machine

When the auxiliary winding is on open circuit, the machine does
not develop torque because there are no rotor windings which would
produce an induction motor type torque. Furthermore, since the self
impedance of the machine windings does not change with rotor
angular position, there would be no reluctance torque either. How-
ever, when the auxiliary winding is closed, the emf E, induced in
the auxiliary winding, will circulate current I, in the winding. The
voltage induced in the auxiliary winding is directly proportional to
(o — 2m) as can be deduced from Eq. (7). When the rotor moves
at the speed w = 1/2wg, the emf induced in the auxiliary winding is
zero and sois the auxiliary winding current I,. Consequently, the tor-
que of the machine is zero at w = 1/2wy.

The cyclic variation of the mutual coupling between the main
and auxiliary windings with rotor angular position is the basis of
electromagnetic torque development of the machine. An analogous
relationship exists between the stator and rotor windings of an
induction motor. The asynchronous torque-speed characteristic
as should be expected resembles that of conventional induction
motor operating at half the synchronous speed as shown in Fig. 2
[7-9,11], curve ‘A’. The torque can be readily derived [9] as:

67T
T we(2s—1) ©)

where s is the slip, r;, is the auxiliary winding resistance referred to
the main winding and I;, is the auxiliary winding current referred to
the main winding.

Inthe speedrange, 0 < w < 1/2wgthe machineis motoringandin
therange 1/2mo < w < wo, the machine is generating as depicted by
curve ‘A’. When motoring, the axis of the resultant air gap mmf in
each half of the TF machine would lead the axis of the rotor pole
and would lag behind it for the generating mode [11].

Torque

Fig. 2. The torque-speed characteristics of the TF machine showing the effect of the
leading pf and high (r»/x,) ratio.

3. Review of current loci of asynchronous motors

The rotor circuit voltage equation of an induction motor in pha-
sor form can be written from its equivalent circuit of Fig. 3 as:

(",
E, = 12<5 +sz> (10)
From (10), the per-phase rotor current at any slip s is given by:
L= £ (11)
V (2)? + X3 zarctan(¢,)
where
SX:
¢y =" (12)
2
and the rotor current lags the rotor voltage E; by ¢,
The power input to the rotor is given by:
Py = E;I; cos ¢, (13)
The power factor cos ¢, may be expressed as:
-
P P (r2/5)° +%3
Therefore, (13) becomes:
Py Enly—— 25 prys (15)

(r2/s)* + %3

Pg is actually the power transferred from the stator to the rotor
across the air-gap. For the purpose of obtaining the rotor current
locus, (10) can be rewritten as:

—JE,

% (16a)

= -Jh
Eq. (16a) shows that a constant current E,/x; lagging 90° behind
E, is made up of two components: the current in the rotor circuit I,
plus a variable component I, 5’722 lagging I, by 90° as shown in Fig. 4.
From the geometry of the phasor diagram shown in Fig. 4,
where a right-angled triangle is formed over a constant diameter
E>[x,, it can be seen that the phasor I, traces out a semi-circle as
S—TXZZ- varies from 0 to oo. lfs—rxlz- takes negative values, implying s being
traditionally negative (super synchronous speed of the rotor), Eq.
(16a) modifies to:
—jE2 )
T =hL +]l, E

(16b)

The phasor I, will trace out a semi-circle below the OA co-ordi-
nate, which is the negative slip region. The phasor I, will now lag
the applied voltage by an angle greater than 90°. This means neg-
ative power factor (cos ¢,) or that electric power flows out of the
machine from rotor to the stator resulting in generator operation
<Pg = —Iﬁrz /s), a reversal of power flow.

I Jxz
o YYYL
T

E, Ir,/s

O

Fig. 3. Rotor equivalent circuit of an induction motor.
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Fig. 4. Current locus for inductive rotor circuit of induction machine.

Suppose capacitance is injected into the rotor circuit through
the slip rings and of magnitude twice that of the leakage reactance
X, say, the overall reactance of the rotor circuit becomes —jx, even
though s is positive. Eq. (16a) will now be modified to:

jE2 )
Eflz +]IZE (16¢)

From Eq. (16¢), the locus of I; as s varies from 0 to oo is as shown
in Fig. 5.

It can be seen from Fig. 5 that the rotor current I, leads the ap-
plied voltage E, by ¢, >90°. Consequently, the leading power fac-
tor cos ¢ is negative, which means that power flows out of the
machine from the rotor to the stator resulting in generating oper-
ation (Py = 715;—22 . In summary, the generating operation can be
obtained at rotor speeds below synchronous (w < ag) by capacitive
injection into the rotor circuit, such that the overall reactance of
the rotor circuit becomes capacitive (i.e. injected capacitive reac-
tance x. is greater than the leakage reactance x;).

Similarly, consider the auxiliary winding circuit of a transfer
field (TF) machine operating in the asynchronous mode as shown
in Fig. 6.

The auxiliary winding voltage equation in phasor form can be
written directly from its equivalent circuit of Fig. 6 as:

+E,
E,

N sz (P2/ 0
\ ¥ i
1,2 I

\ Jha Sx. 2 /
\ - /
AN /
~ s

Fig. 5. Current locus for the capacitive rotor circuit of induction machine.
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Fig. 6. Equivalent circuit of an auxiliary winding of a TF machine.
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Fig. 7. Current locus of inductive auxiliary winding of a TF machine.

T .
Er=1 (ﬁ +]x2) (17a)
or
,Ez o . 12r2
—Jg—lz —17(25_1))‘2 (17b)

From the preceding discussion, the locus of I, as ﬁ varies
from O to oo, that is, as s varies from 0 to 1/2 is a semi-circle above
OA co-ordinate as shown in Fig. 7. If ZSi—Zl)xz takes negative values,
supersynchronous speed of the rotor (w > 1/2wy), that is s<1/2,
the phasor I, will trace out a semi-circle below the OA co-ordinate
and lags the applied voltage E, by an angle greater than 90°. The
power factor will become negative and there will be a reversal of
power flow from the auxiliary winding to the main winding, gen-
erating operation.

Alternatively, @siﬁ can be made negative by capacitive injec-
tion into the auxiliary winding while s is within the range of motor
operation. Suppose a capacitance is injected into the auxiliary
winding which is twice that of the leakage reactance in magnitude,

the overall reactance of the auxiliary winding will become capaci-

tive (—x3). Eq. (17b) will then be modified to:
.Ez _ . 12r2
Jgflz +14(25_1)X2 (17¢)

The locus of I, as (Zsizlm varies from 0 to co will be as shown in
Fig. 8.

The phasor I, now leads the applied voltage E, by an angle > 90°
and consequently, the power factor is negative and therefore there
will be a reversal of power flow from the auxiliary winding back to
the main winding. Like an induction machine, however, the main
winding will still be connected to the supply for the purpose of
deriving the magnetizing current.

From the discussions thus far, it follows that generating opera-
tion can be obtained from an induction machine and a TF machine
without the rotor necessarily operating above the synchronous

-~ E2
.E
. o /10

\ ) /
ibr, Iz

\ (2s-1)x, /

/
AN 7/

~N - T 7

Fig. 8. Current locus of capacitive auxiliary winding of a TF machine.
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speed; by injecting a capacitive reactance into the rotor and auxil-
iary winding respectively such that they become capacitive.

4. Effect of leading power factor

Suppose a variable capacitance is injected into the auxiliary
winding of a TF machine as shown in Fig. 9 and tuned such that
the overall auxiliary winding leakage reactance becomes capacitive
(jxc > jx1), the current in the auxiliary winding would become re-
versed in phase, relative to what it is for the case of the usually
inductively loaded auxiliary winding circuit, from lagging to
leading.

The effect of the power factor reversal from lagging to leading
will result in the shift of the axis of the resultant air-gap mmf to
the trailing tips of the rotor poles in both halves of the machine,
comprising the TF machine and thus leading to an electromagnetic
torque in the opposite direction to the rotation of the rotor, that is,
generator operation [11]. The machine would require an external
mechanical agency to drive the rotor forward over the speed range
0 < w < 1/2wy. The torque-speed characteristic of the capacitively
loaded auxiliary winding will take the form of curve ‘B’ [11] as
shown in Fig. 2, operating in the generating mode in the low-speed
region and producing positive torque as a motor in the high speed
region. If the auxiliary winding resistance to leakage reactance r/
X, ratio of the winding producing curve ‘B’ is made high by using
conductors with small cross sectional area or by connecting resis-
tance in series with the injected capacitance, curve ‘B’ will take the
form of curve ‘C. The external prime mover requirement for
generator operation is readily met by the polyphase SCIM with
high rotor resistance to leakage reactance ry/x, ratio which is
mechanically coupled to the shaft of the TF machine.

5. The physical arrangement of the proposed hysteresis motor

The physical arrangement of the proposed hysteresis motor is
shown schematically in Fig. 10. The configuration comprises a
squirrel cage induction motor (SCIM) with a high rotor resistance
to leakage reactance r,/x, ratio which is mechanically coupled to
a TF reluctance effect machine with a high auxiliary winding resis-
tance to leakage reactance r,/x; ratio as well and both connected in
parallel to the supply. The two machines are wound for the same

LmZ > Lm |
[ ] [ ]

Fig. 9. Per-phase coupled coil representation of the TF machine with injected
capacitance in the auxiliary winding.

X
v y N N
7 —1 . N N

L 1

H=)

]
SCIM

£

TF Machine

Fig. 10. Schematic arrangement of the proposed hysteresis motor.

number of poles. The possibility of combining the two machines
in one frame is being investigated.

6. Synthesis of a hysteresis motor

The torque-speed characteristic of an ideal hysteresis motor is
shown in Fig. 11 as characteristic D.

In the speed range 0 < w < w, the torque-speed characteristic
can be synthesized from two linear graphs viz A and B whose equa-
tions are given respectively as:

2T

Ta=2T- 2 (18)
2T

TB:_T+(1)_0w (19)

The summation of Eqs. (18) and (19) will produce graph D,
which has a constant torque from stall to synchronous speed .
Graph A has the shape of the torque-speed characteristic of an
induction motor with a high rotor resistance to leakage reactance
I2/x ratio. Graph C is the asynchronous torque-speed characteris-
tic of a TF machine whose output torque is one-half of that of the
SCIM with high r,/x, ratio, producing Graph A. Graph B is unusual;
with negative torque at starting and positive torque above the half-
speed point 1/2wg and is a mirror image of curve C about the hor-
izontal axis and resembles the asynchronous torque-speed charac-
teristic of a TF machine with capacitively loaded auxiliary winding
with high ry/x; ratio as discussed above.

Consider a two-pole squirrel cage induction motor say, with a
high rotor resistance to leakage reactance ry/x, ratio, r; ~ 10xz,
the torque-speed characteristic will produce graph A as shown in
Fig. 12. A two-pole TF machine with a capacitively loaded auxiliary

Torque A

2T NA

-T

Fig. 11. The idealized torque-speed characteristics of a hysteresis motor and
component torques.
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Fig. 12. The synthesized hysteresis motor.
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hysteresis motor

d

@y w O
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Fig. 13. Synthesized hysteresis motor from two induction motors.

winding whose resistance to reactance r,/x ratio is high as well
will produce graph B as discussed earlier and shown in Fig. 12.
The combination of the two linear graphs A and B produces a hys-
teresis motor torque-speed characteristics as shown in Fig. 12 as
broken lines. At w = 1/2w,, the torque of the TF machine is zero,
graph B, the net torque of the hysteresis motor being provided
by the SCIM.

At synchronous speed @ = @y, the torque of the SCIM is zero,
the net torque being provided by the TF machine. The SCIM and
the TF machine are arranged as shown in Fig. 10, their rotors being
mechanically coupled together and their windings connected in
parallel to the supply.

In view of the foregoing, it follows that a hysteresis motor can
also be synthesized from two induction motors. Consider a two-
pole squirrel cage induction motor (SCIM) with high rotor resis-
tance to leakage reactance r»/x; ratio coupled to a four-pole wound
rotor induction motor (WRIM) and both connected to the same
supply. Suppose the rotor winding of the latter is connected to a
capacitive load through the slip rings in a manner akin to the con-
nection of external rotor resistance to wound rotor induction mo-
tors. If the effective leakage reactance is capacitive, the power
factor of the machine becomes leading, instead of the usually
inductive lagging power factor. Consequently, the torque-speed

characteristic of the machine will take the form of ‘B’ as shown
in Fig. 13, assuming high rotor r,/x, ratio, and cutting the x-axis
at 1/2wy, which is the synchronous speed of the four-pole induc-
tion motor, in comparison to the synchronous speed wq of the
two-pole SCIM. The four-pole induction motor will therefore oper-
ate in the generating mode in the low-speed region 0 < w < 1/2wyg
and producing positive torque as a motor in the high speed range
1/2w¢ < w < wg. The result of the combination of the torque-
speed characteristics of the two machines produces a hysteresis
torque-speed characteristics as shown in Fig. 13.

7. Conclusion

The synthesis of a hysteresis motor from an induction motor
with high rotor resistance to leakage reactance ratio and a TF ma-
chine which are mechanically coupled together and both con-
nected in parallel to the supply has been presented. The
synthesized hysteresis motor will not be as quiet in operation as
the conventional hysteresis motor, but will exhibit the usual noise
associated with conventional induction motors. By using a squirrel
cage induction motor with high rotor r,/x; ratio and a TF machine,
the proposed hysteresis motor would be entirely brushless and
consequently robust, requiring very little maintenance. In synthe-
sizing a hysteresis motor from SCIM and WRIM, the stator mag-
netic poles of the WRIM for obvious reasons must be twice that
of the SCIM so that its synchronous speed will be one-half that of
the SCIM. In synthesizing from a SCIM and a TF machine, it requires
that the two machines be wound for the same pole number since
the TF machine is naturally a half-speed machine. Therefore, when
both are wound for the same pole number, the synchronous speed
of the TF machine is 1/2wq while that of the SCIM is w,. The syn-
thesis of a hysteresis motor although still in the analytical stage,
it is expected that the output torque of the synthesized version
can be made large and would drive as much load as the conven-
tional induction motors. Consequently, the synthesized version
will find applications in both domestic and industrial drives. The
possibility of combining the TF machine and the induction motor
comprising the hysteresis motor in a single frame is being vigor-
ously pursued for improved convenience of use.
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