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Abstract

A comprehensive theoretical field model has been
developed for hysteresis motors. Using the stator cur-
rent sheet technique, the motor field equations are
rigoriously derived for the air gap and hysteresis ring
regions. The analysis takes into account the contribu-
tion of the reaction field of rotor magnetization to
the primary air gap field due to stator current sheets
alone. Unlike induction motor theory, this reaction
effect represents reality in the analysis of hystere-
sis motor. Analytical expressions for the air gap
power and rotor hysteresis power loss for the sub-syn-
chronous mode of operation are obtained in terms of
machine stator and hysteresis rotor parameters. This
analysis furthermore provides a deeper insight into the
sub-synchronous energy conversion process in hysteresis
motors. The validity of the theory is demonstrated by
comparing the experimental and theoretical results. Al
though a polyphase motor is used in the analysis, the
theory is applicable for single phase motors.

INTRODUCTION

In recent years the development of new and im-

proved designs of small and medium-sized brushless syn-
chronous motors has gained considerable momentuml.
This is, in part, due to changing markets for synchro-
nous ac drives and power electronics. The combination
of inverters and synchronous motor has many distinct
advantages over conventional induction motor drives for
applications, e.g., in computer, textile and glass in-
udstries, requiring precisely constant speed combined
with smooth starting capability, constant torque, brush-
less and relatively noiseless operation. Hysteresis
motors idealy meet these drive constraints. Moreover,
when used for motor phase control, these motors can be
operated on open-loop control schemes, as the motor
speed is uniquely determined by the inverter frequency.
For inverter-driven hysteresis motors, there exists a
further need for more rigorous analysis, particularly
of its run-up characteristics.
. 5-8, 10 .
A series of papers have been published on
the analysis of hysteresis motors. These analyses are,
however, limited to the steady state mede of operation.
Although some qualitative representations on asynchro-
nous operation of hysteresis motors have been earlier
reported9'14, there seems to exist a lack of rigorous
field analysis of these motors with the notable excep-
tion of Teare3.

f 79 670-1 A paper recammended and approved by the
EEE Rotating Machinery Committee of the IEEE Power
Engineering Society for presentation at the IEEE PES
Summer Meeting, Vancouver, British Columbia, Canada,
July 15-20, 1979.Manuscript submitted January 5, 1979;
made available for printing May 1, 1979.

The production of driving torque in hysteresis
motors is quite well known2:4. The motor when con-
nected to a balanced ac supply, will run up to synch-
ronous speed using hysteresis torque. At standstill,
the entire hysteresis energy is lost as heat in the
rotor hysteresis ring. During run-up periods, i.e.,
slip s lying between 1.0 and 0, the torque and output
power of an ideal hysteresis motor is given in Fig. 1.
At synchronous speed, the hysteresis ring acts the
role of a permanent magnet rotor in synchronous motor.
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Fig. 1 Torque and Output Power of Ideal
Hysteresis Motor as Function of
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The scope of this paper is to present a rigorous
field analysis of a polyphase hysteresis motor for sub-
synchronous speed. Using a stator current sheet model,
the field equations of the motor are derived for both
the air gap and rotor hysteresis ring regions. Expres-
sions for the air gap power and hysteresis power loss
for sub-synchronous speed are obtained.

MATHEMATICAL ANALYSIS

Fig. 2 shows the cross-section of m-phase 2-pole,
circumferential-flux hysteresis motor. Field models of
the active regions of such motors are shown in Fig. 3.
let X, ¥, z be the co-ordinate system attached to the
stator surface in which the running time is t. Simi-
larly x', y', 2. and t' are fixed to the rotor frame
such that their transformation becomes:

x =x' + (1-s)f\

y=y'-9 (1)
z=2z'

t=t'
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where f = supply frequency and A = wavelength of trav-
leling spatial current sheet.

REPRESENTATION OF B-H LOOP

The first step in the development of any field
model for the hysteresis motor is the approximation
of its rotor B-H loop. The analysis is based on small
signal, slow-motion conditions so that quasi-static
states are applicable. Two principal models (17)  name-
ly inclined elliptical3,9-13, and parallelogram ap-
proximation® of the B-H 1loop are employed so as to
facilitate the formulation of the machine field equa-
tions. Elliptical approximation is relatively easier
to handle even though the parallelogram one is some-
times desirablel? Oon the otherhand, the parallelo-
gram approximation leads to a sort of equivalent el-
liptical one, when the fundamental component of the
rotor flux density is concerned.

Based on elliptical approximations, the complex
permeabilityl9-20 of the rotor hysteresis material is
given by the relationship u3 = ur3eJB such that the
magnetic field intensity H is denoted as

H=Re{ # et} 2)
and the corresponding
as

magnetic flux density B is given

B=Re{Be (we=f) (3)

The rotor hysteresis material's relative permea-
bility uri and hysteresis lag angle B can be easily ob-
tained18-19 from the given hysteresis loop of the mate-
rial.

-On the assumption that the
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When parallelogram modelling is used, the ellipti-
cal equivalent relative permeability u;3 of the hyster-
esis ring may be obtained asS5:7

+
W o= ¢ urp o uro + urpuro
r3 o uro(or. urp + urpuro)
(4)
H__H
where a = ]—:g_—:— and 4 = _%
g h P uro rs

Hro and Hpg are the unsaturated and saturated relative
permeabilities respectively, as defined in Fig. 2 of
reference 7. Similarly, the modified hysteresis 1lag
angle B' may be obtained directly from equations (19-
15) of reference 7. The above modified complex per-
meability M} = Mz3elP is valid for the fundamental
component of the rotor flux density.

STATOR CURRENT SHEETS

The technique of using fictitious current sheets
on the stator surface is sometimes quite convenientl6.
field conditions in the
air gap just inside and outside of the stator face at
y = -0 and +0 being same, the slot-embedded stator
conductors may be replaced by a current sheet of in-
finitesimal thickness having the same distribution of
stator surface current as the slot embedded conductor
configurations. The general form of the fundamental
current sheet may be written as

N kg 2T
F=rRe{Fe dWE- T %)y (5)

For the sake of simplicity, the term Re is dropped.

For the common case of m-phase distributed stator
windings having coils with same number of turns and
identical geometry, peak value F of egn. (5) can be ex-
pressed as ,16

mTw
sin )\S)
~ mz
F= V21 3 T, gk, (6)
A

where I = rms stator phase current, Z = number of con-
ductors/phase/pole, wy = stator slot width, Kq and
are the distribution and pitch factors respectively.

The detailed expressions for current sheets for
all major types of distributed, concentric, concen-
trated windings including skewing are given in refer-
ence 16.

MOTOR FIELD EQUATIONS

The pertinent Maxwell's equations for the elec-
tromagnetic field inside the machine are:

e gD

Vi = J + 3¢ (7)
t):}

VxE = - It (8)

V+-B=0 (9)

where D and E are the electric flux
tric field intensity respectively.

density and elec-
It is often convenient to make use of the magnetic
vector potential A which is defined as

Vxa = B (10)
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In order tolgefine A uniquely, it is necessary to sti-
pulate that

oA

V- =-He 5t (11)

From equations (8) and 10), one easily obtains

E + %% = - V¢ (12)
where ¢ is the scalar potential.
ASSUMPTIONS OF IDEALIZATION
(a) The assumption of neglecting the displacement cur-
rent is implied in Fig. 3 showing €=0o for the

regions 1 and 3

Y y' (Radial)

Current Sheet

Region 1 4
€=0,

x'

Fig. 3 Machine Field Model Regions

(b) The stator iron is assumed to be non-conducting
because of its usual lamination and its permea-
bility is infinite. No current flows in the air
gap except that the current sheet is attached to
the stator face only.

(c) The rotor hysteresis ring is assumed to be non-con-
ducting in order to neglect the reaction effects of
all eddy currents on the main air gap field.

(d) The rotor curvature and end effects are neglected.

on the basis of assumptions (a) - (c), one can obtain
the following Laplace's vector and scalar equations.

va

T

(14)

]
o

(15)

]
o

BOUNDARY CONDITIONS

i) At the stator inner face, the tangential component
of H is equal to the surface current density,

ii) The tangential component of H and the radial com-
ponent of B at the rotor outer surface (y'=0)
should be continuous,

iii) The radial component of B at the rotor inner sur-
face (y'=-h) is zero.

In order to overcome the contradiction that the
flux lines of gap field due to stator current sheet,
which furnishes the excitation of the rotor magnetiza-
tion, can not penetrate the rotor surfacell, the air
gap field is assumed to consist. of the superposition
of two fieldslls15, Fig. 4 shows the scalar field
patterns in the air gap and rotor regions.

Non-Magnetic
Sleeve

Fig. 4 Field Components Represented by

Potential Functions ﬂ; r B, and D3

Let air gap total scalar potential ¢2 be given as

=S r
9, = 05 + 0

2 (16)

where ¢S represents the air gap scalar potential due to
the sta%or primary current sheet alone and ¢§ repre-
sents the contribution of the rotor magnetization to
the air gap potential. The corresponding magnetic vec-
tor potentials in air gap region are:

A = As + Ar

2 = By TR an

For region 2, equations (10) and (12) are redefinedas:

S r

Vx (A2 + AZ) =B, = UH, (18)
9 s ry _ _ s r

E, *+ 3¢ (A2 + Az) = V(¢2 + ¢2) (19)

Solution of the field equations (14) - (15) in
region 2, gives rise to the following expressions of
Ag, ¢§, Ag and ¢§ for y < o (details are given in the

Appendix) :

uoA . 2T 27
s_ o a =jlwt-5"x) TV
A,=—5 Fe A el (20)
¢s=.w”o)‘(_mg -j(wt—%zlx)zk—"y(n)
2 J o z e e
oA o e - 2T
x oIt - T ¥ooan@y) (22)

By = Cl 2T



HoA . 2m
r _ o _oy 5 "i(wt- 5= %)
¢, = w5 (2 L) F e X
si.nh(%1 ") s:i.nh(zTTr y) -3 2m
X ¢ 2T o & A J
sinh( = q) sinh (T q)
(23)
where £ = axial length
i8 _2rm
(M e e X 9
and C, = (24)
cosl'x(‘-z-}‘1 g) + L e:lB sinh(zT“ g)

From equations (18) - (24), one obtains the field com-
ponents in the region 2 as

o (z-0)F [ &y
B =2 e? sinn(Zg)+c_sinh(Z y")
2x . 27 A 1 A
s:mh(—)‘g)
2w
S

. 2m
- t - — 25
te A sinh(%‘"l ole J(w X x) (25)

o U (z-2) F{ 21
o e sinn(3L g)+ c, cosh(3L yn)

E
2y sinh(zT“ g

2T . 21
+e A9 cosh(zT" g ] eIt =T X (5
Wy F

E,, = %% — | {cosh(zTﬂ y) sil’lh(-z-k"l gl
sinh(-i— qg)

St -2 0

2n
- sinh(zT" y) -e X ¢ sinh(2>‘—w v e A

(27)
B 21 2w
B o=-2X_ _plex Y 2m -j(wt - =T x)
H, w Fle A + clsinh( X y)|e A
(28)
B 27 p . 2M
= 2Y _ spl Y 2n -jlwt - 5= x)
sz u jF|e + Clcosh( X y)| e A
o
J
(29)
B
L =-22-9 (30)
2z uo

AVERAGE AIRGAP POWER

The time-average active air gap powei flow can be
obtained from the Poynting Theorem as P = 5 Re {E-H*}.
From equations (24) - (30), one gets the eXpressions of

air gap power as:

1,7 a2 X
2 (21r/)\)o.\u°F L sinfB

Py

sinh{ (%‘1) (y'-9)}

- X -1
sinh('z)\l q) (31)

2.2 4m ‘2 2,27
cosh” (== g)+u__cosBsinh(=— g)+u’ _sinh” (5= g)
A r3 A r3 N B
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-1 gy g2
2 wuo(z 2)F L sinB

P =
2z 22T 4m 2 2T
cosh (}‘ g)+ur3cosBsinh(T g)+ur3sinh( X g)

cosh{ (%:—r) (y'-g)}
x| ——— 1 (32)

27
cosh (T g)

Since there is no loss of active power across the air
gap, the power received by the rotor becomes:

P=-P

' =
2y at y 0 (33)

From equations (6), (31) and (33) the expression for
rotor input power per unit of its surface area of an m-
phase 2-pole motor can be written as

2 N
Imz3z deﬁ wur3u° sinB

P =
221 4m 2 2T
2T [cosh™ ( Y g)+ur3cosBsinh( X g)+ur3smh( X )]
2
w
sin(—=
X A (34)
W
1
A
similarly, the solution of equations (14) - (15) in

region 3 leads to the following expréssions of the
field components inside the hysteresis rotor ring

Ex =0 (35)
E3y =0 (36)
N . 2T 2m
=C 5 =j(swt - = x' - 5~y") (37)
Es, Czjswqu e A A
H =_§s___= _fﬁe-j(swuﬁ - 2T""' -2T"y') (38)
3x e]B (T
ur3 1'lo
c . T ol
poo—t3y ST st - Fx - 2y (39)
3y H eJBu ’ ur3
r3 o
H3z =0 (40)
.p 2T
Ur3eJBeA g
where C2 = (41)

2T jB_, . 21
cosh(A g)+ur3e slnh()‘ g)

ROTOR AVERAGE POWER LOSS

The time-average power loss in the rotor hystere-
sis ring can also be obtained from the Poynting Theorem
as:

1 *
P =3 Re {E3Z,H3x } (42)
Substituting equations (6), (37), (38) and (41]) into
egn. (42) at y' = 0, the expression for rotor power
loss per unit of its surface area of an m-phase 2-pole
motor can be written as
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s(1 2 K R)%» sinf
el d p ur3uo 45

P =
3 i 2 27 3 4am 2 o 2.0n
2l o et
2T [cosh (A g)+ur3cos851nh(A g) ur351n (A g)l
M) A
sin (TS)
W n
(-;rﬂ
It is to be noted from equation (34) and (43) that
P, /P=s, This is a well known relationship in induc-

tion motor theory. The motor output power is thus
(1-s) times the rotor input power given in equation
(34). Furthermore, equations (25) - (43) provide a
deeper inside into the origin of sub-synchronous ener-
gy transfer processes in an ideal hysteresis motor,
when the slip frequency eddy currents in the hysteresis
material are ignored. This analysis is analoguous and
consistent to the equivalent circuit models reported
earlier’-8,

EXPERIMENTAL RESULTS

A series of test was carried out on a laboratory
motor. The motor has the standard 3-phase 4-pole con-
centric stator winding and a speciallybuilt rotor made
of 2mm thin sheets of Oerstit 70 (16% cobalt-steel) hy-
steresis material. Some of its sample design dimensions
and rotor hysteresis material properties are given as

follows:

LABORATORY HYSTERESIS MOTOR
Dimensions
Stator inner diameter 130.44mm
Core length 153 mm
Number of poles 4
Number of slots 36
Number of Conductors/slot 76
Conductor Diameter | mm
Rotor outer diameter 129.92mm
Length of rotor ring 154 mm
Ring thickness 16.23mm
Air gap length 0.24mm
Rotor Material
Residual flux density 0.8 7
Coercive force 12.5ka/m
Recoil Permeability (urs) 12.3
Unsaturated Permeability (Hyq) 125
Permeability (Uy3) 41
Hysteresis lag angle (B) 33, 7°
Resistivity 28x10~6Q-cm

rFig. 5

Experimental Rotor Assembly.

Fig. 5 shows the picture of rotor assembly of the
experimental motor. Fig. 6 shows the experimental
curves of per unit torque and stator phase current as
a function of motor slip. The difference between the
measured and theoretically predicted torques in Fig. 6
is due to finite conductivity of the rotor hysteresis
material, which is assumed zero for the ideal case.
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CONCLUSIONS

A comprehensive theoretical field model of hy-
steresis motors has been developed. Simplified expres-
sions for air gap power and rotor hysteresis loss mate-
rial are presented. Non-linearity of the rotor hystere-
sis material is taken into account by both the inclined
elliptical and its equivalent parallelogram models.
The field analysis establishes that the reaction effort
of magnetization on the air gap field has to be taken
into consideration. It also provides a clearer insight
into the sub-synchronous torque and hysteresis power
loss mechanism inside the rotor. It thus justifies the
validity of previously published7 sub-synchronous equiv-
alent circuit model of the hysteresis element. The
agreement between the theoretical and measured results
is good enough, considering the complexity of the prob-
lem and approximations made in the analysis.

It is hoped that in near future
sis approach will be further
effects of both the
eddy currents.

this field analy-
extended to include the
fundamental and higher harménic
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APPENDIX

Fields in Air Gap Region 2

Using equation (7) with no disglacement current,
the magnetic field at y = 0 becomesl5:13

21
- - » AT ETE=E X) (44)
Hx(+0) Hx(—O) Fe A



where Hx(+o stands for the x-component of the magnetic
field just lnside the stator face at y = +0, and Hyx(-0)
stands for its counter parts in the air gap just below
the stator face at y = -0. Since M1 = « for the stator
lamination, its magnetic field vanishes and hence edqn.
(1) reduced to
. 2T
Lim HS =-§e-3(wt-TX)
2x
y*o

(45)

Using equation (18) for primary magnetic Vector Poten-

tial Ag alone, z-component of Agbecomes related to ng
by

s
s 1 3 A2z
H2x R TI

Ho y

(46)

From equations (44) - (45) it is evident,As must be co-
herent in space and synchronous in time Wwith the cur-
rent sheet excitation. It then satisfied the Laplace's

vector equationl5 V2A§ = 0. Imposing convergence at
y *= - <, one obtains
H A . 2T
s __o A -Jlwt - 5= x) 21
Bz =72r Fe A Tex ¥ fory <o (5,

The corresponding induced electric field is obtained

from the above equation as:

S
g5 =_3A22=.w£§—
2z ot ¥ o Fe

for y =0

. 21
jlwt - by X) (a7)

From equation (12) it is also evident that this elec-
tric field given in eqn. (47) must be offset by an ad-
ditional component forming part of the primary scalar
potential ¢§. The latter satisfies the Laplace's sca-
lar equationlS V2¢§ = 0. Stipulating again convergence
for y + - « and imposing the boundary condition

3¢S
Lim (= -
v o oz

n

H A s _2m
= - e F eIt x) (48)

A

one obtains egn. (21) for ¢;.

The contribution on the air gap field by the rotor
magnetization, represented by AY and ¢ is confined
to the air gap region only. ThisS rotor® contributing
field, although primarily caused by the stator current
sheet, is not required to allow for the excitation at
the stator surface y = o. Thus a’ is coherent and syn-
chronous with Aj. The z—componen% of Ag is expressed

as
A . 2m
r _ o 4 -jlwt - 5 x) 27
A22 Cl TS Fe A cosh(—)\ y) for y < o (22a)

It satisfies the vector Laplace's equation15 V2Ar = 0.
Imposing the current sheet at the stator face“y = 0
stipulates the boundary condition as

1 2%
Lim er= Lim (- == —% %) =0 (49)
y->02 Hy - 9Y
While the solution given by equation (22a) satisfies

the boundary condition of eqn. (49),
induced electric field component as

it leads to an

r uo 2 =jlwt - 2r X)
= j0) —— for =0
E2z Cljw o Fe A Yy (50)
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It is evident from equation (12) that the above elec-
tric field Egz of egn. (50) must be offset by an addi-
tional component forming part of scalar field ¢X. 1In
view of continuity of field at the rotor interface,

s r [ -
= at =0

¢2 + ¢2 0 y (51)

Similarly the scalar potent%al ¢§ must also satisfy the

scalar Laplace's equation V ¢r =70, which gives rise to

its expression as given in equation (23).

The expressions for magnetic vector and scalar
potentials of egns. (20) - (23) when referred to the
rotor frame of co-ordinate systems (x', y', z', t') be-
comes

A;-= 520“_)‘3 i tsutt - ZT” x') %’—r ' (52)

S “o)‘z(:' - seitsutt - By By (s3)

I'-'\;' = Cl UZL_: g‘ej(swt' - 2)\1 x')cosh{%\‘[(Y"g)} (54)
¢§' = jsw %%;(z'—l) F e (swt! - %F x')
sinh3L y')  sinn{Zy*-g}} 2 g-l

x |c TR eI X J (55)

. . 2
sinh( X g) sinh (')\l g)

FIELDS IN ROTOR REGION 3

The resultant electric field from equations (47)
and (50) has only a z'~- component. Continuity of this
field across the rotor surface at y' = 0 implies that
the rotor magnetic vector potential Ag has only z- com-
ponent throughout the rotor region 3 for -=<y'<-g. The
requirements of coherence, synchronism and convergence
yield that

B A . 2m 2T,
_ o 4 =j(swt - = x') =Yy (56)
A =C o Fe A e A
The electric field E3zl inside the rotor becomes
3 A
3z’
Eypr = at' 57)

While the magnetic flux density has x' and y' components

from egn. (10) as:
1)
3x' ay'
3 a (58)
B - 3z’
3y’ 9x'

By virtue of the assumed potential functions, the
requirement of continuity for the x'-directed electric
field component is automatically satisfied at y' = O.

Applying the continuity requirement for z'-directed
electric field and x'-directed magnetic field at the
rotor interface y ' = 0, one gets the following set of
equations



Bo suad r @ @) retianeh g 3z’
3 awyd Mgl Thet M5t 9500 at’ P8
and
9 A
a8 o8 - 1 3’
My ay' (AZZ' A2z') ejB ay' {60)
ur3 uo
Using equations (52) - (56) and (59) - (60), one

eventually gets the expressions for the constants C. and
C2 as given in equations (24) and (41) respectively.

Continuity of y-directed component of the magnetic
flux density at y' = 0 is automatically ensured. As for
the radial discontinuity of the
field at y' = 0, it does not give rise to any charges
in view of assumed zero value of €.
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Discussion

Gordon R. Slemon (University of Toronto, Toronto, Canada): Dr. Rah-
man is to be complimented on extending his previous analysis to give
insight into the sub-synchronous operation of a hysteresis motor. It
would be interesting to know what effect the neglect of air-gap curva-
ture has on this analysis. In small machines, where the change in radius
may be significant, would the use of a cylindrical co-ordinate system
have been justified?

Figure 6 shows an experimental torque which appears to have high
ripple content. One of the advantages normally claimed for hysteresis
machines is the constancy of the torque during the speed-up process.
Did these ripples actually occur, or did they arise from vibrations in the
measurement system?

An extension of this paper would be to include the effects of eddy
currents during the speed-up of the process. Does the author feel that a
simple superposition of eddy current and hysteresis effects is appropri-
ate, or does a more elaborate theory have to be developed to include
these effects?

Manuscript received July 31,1979.

J. Perard and M. Poloujadoff (Institut National Polytechnique de
Grenoble, Grenoble, France): We welcome the paper of our colleague
Professor Rahman, and we are glad to answer to his call for discussion.

We have three comments:

First, we have had great difficulties when representing the hysteresis
loops by parallelograms or ellipses. Indeed, small differences of interpre-
tation, introduced during the passage from real cycles to ‘“‘equivalent™
cycles, have led us to differences in the predicted torque which were
commonly of the order of + 5%, and have attained 20%. That is the
reason why we have tried to characterize the hysteretic properties of
the rotor material by integrals which were precisely defined from the
actual, complete, cycle [A], [B]. This cannot be done if it is not ac-
cepted to make some errors on the evaluation of the field.

Second, it is unfortunate that we have no time to discuss the
fundamentals of the field computation, because of the delays which
are given to send a discussion. We hope to give precisions on this point
later on.

Third, we believe that Professor Rahman’s experimental work
could be of great use for future developments, if it was fully published.
As a matter of fact, his method leads to predict a torque which is in-
dependent of speed; therefore, it is necessary to know the variation of
this torque as a function of primary current. The knowledge of the
active and reactive power at the input terminals would give another
precious method to check the validity of theoretical studies.

As far as the data are concerned, several hysteresis cycles should
be given instead of prs, #r3, 110, B, Hc(max), and Be(max), which, as we
have said earlier, define a poor characterization of the material.

Knowledge of the winding is also of interest. Indeed, it is known
[Fig. 6 of ref. B] that the torques of an hysteresis machine are not the
same during motor operation and d-c brake operation, even if the
primary mmf is the same; the discrepancies can be attributed to the
mmf distribution harmonics, which are determined by the nature of the
winding [C].

We would like also to know what is the air-gap indicated by the
author: is it the mechanical clearance, or the air-gap computed from
some Carter coefficient? Changes in the definition of the air-gap may
also introduce noticeable variations in the results.

We hope that such precisions can be given, and we compliment
Professor Rahman for his contribution.
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M. A. Rahman: The author wishes to thank the discussors for their
stimulating comments. Professor Slemon is quite correct about his
concern on the ripples in Fig. 6. These ripples on the torque curve were
indeed picked up due to vibration of the measurement systems. As
regards the effect of neglecting the airgap curvature, it is more of a con-
venience to facilitate the solutions of equations (14) - (15) in cartesian
co-ordinates. It is an approximation but it does not appreciably affect
the result of the analysis qualitatively. The author fully agrees with
Professor Slemon that more elaborate works have to be carried out to
include the eddy current effects in the total analysis of the hysteresis
motors, the results of which will be reported in a future paper.

As regards the questions of Dr. Perard and Professor Poloujadoff,
the following additional design data on the stator are: The stator wind-
ings are 3-phase, Y-connected and standard concentric type. The slot
opening is 2.5 mm. The slot shape is standard type with a depth of
25.3 mm, top-radius of 2.85 mm and bottom-radius of 4.4 mm. The
tooth rim is 0.5 mm thick. The airgap clearance given in the text is
a mechanical one. However, for computational purposes, modified air-
gap using Carter’s coefficient was taken care of.

In reply to the question on MMF-harmonis the computed values
were not adjusted for any parasitic losses due to both MMF and Flux-
harmonics. However, some detailed analysis on the effects of these
harmonics are given in reference [6]. The author fully agrees with
Professor Poloujadoff that the predicted terminal performance results
of the hysteresis motor are critically dependent on the types of B-H
loop models used. The author is pursuing the modelling of B-H char-
acterization by digital methods using modified Frolich approachD,
Neél’s methodA,14, along with parallelogram methodsE. The results of
comparative methods will be reported in the near future. A typical B-H
loop cycle of the experimental hysteresis ring material, Oerstit-70, is
given in Fig. A.

B(T)
1.2

H (kA/m)
13 20 25

Fig. A. B-H Loop for Oerstit-70
REFERENCES
[D] J. S. Everatt, “Computer Simulation of Non-linear inductor with
hysteresis”, Electron letter, No. 6, 1970, pp. 833-4.
[E] R. D. Jackson, “Digital Simulation of the Hysteresis Motor”’, Proc.
1.E.E., Vol. 120, No. 12, 1973, pp. 1533-37.

Manuscript received November 6, 1979.



