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SUMMARY

Significant contributions to the theory of the hysteresis motor are
briefly reviewed, and certain shortcomings of the present theory indicated.
A novel approach to calculating the asynchronous torque, based on a sur-
face integral instead of the customary volume integral, is presented.

An experimental hysteresis motor, and several methods of testing the
theory, are described, and deviations from the predicted performance ex-
amined with a view to establishing the magnitude of the various losses.
Evidence is advanced to show that subsidiary loops in the hysteresis curve
are not the major cause of inefficiency, and that laminating the rotor
improves the efficiency considerably by eliminating large, tooth-frequency
eddy current losses.

Synchronous performance and the effects of remanent magnetism are
analyzed with the help of vector diagrams, and the notable increase in
efficiency on pulsing the motor is explained in similar terms.

Some design principles and possible applications are suggested for

the larger hysteresis motors now in prospect.
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CHAPTER I

Operating Principles

1.1 Introduction.

The application of the phenomenon of hysteresis to the conversion of
electrical energy to mechanical power through the medium of the magnetic
field has been known and exploited for well-nigh sixty years. Despite this,
classical treatises on alternating current machinery rarely go beyond a
cursory description of the hysteresis motor; more recent works avoid it
altogether since the essential non-linearity of the hysteresis process does
not readily lend itself to the methods of Unified Machine Theory and matrix,
albeit tensor, notation.

Advances in metallurgy within the last ten years have resulted in
alloys with magnetic and physical properties favourable to the construction
of hysteresis motors capable of more efficient operation than hitherto
thought possible. The topical interest thus enjoyed by the hysteresis motor
seems to present an opportune occasion to reassess and test existing theories
about its operation, and to probe further into the nature of the secondary
phenomena influencing its performance. This investigation constitutes the
primary purpose of the present research project.

In its simpiest form, the hysteresis motor comprises a stator, appro-
priately wound and excited to provide the components of a rotating magnetic
field, and a rotor, consisting in whole or in part of ferromagnetic material,

The interaction of the flux induced in the rotor with the magnetomotive




force producing it provides the torquej this process will be examined in
. greater detail in the following sections.

It is important to note that the above description of the hysteresis
motor applies equally well to the solid rotor induction motor. It is there-
fore necessary to ensure that experimentally the hysteretic behaviour is
separated from the effects of the circulating currents; this is most easily
accomplished by laminating the rotor. Previous investigators were handi-
capped by the lack of high loss hysteresis materials in sheet form, and
their results necessarily reflect the effects of eddy currents.

As with most electromagnetic phenomena, several explanations of the
modus operandi of the hysteresis motor are available. One new treatment and

several older ones will be briefly described in the next five sections.

1.2 Interaction of M.M,F., and Flux at Rotor Surface.

‘ Though to the author's knowledge the surface integral method - a method
gaining in popularityl - has not yet been applied to the analysis of the
hysteresis motor, it offers perhaps the greatest insight to the torque pro-
ducing process. Since the interior of the rotor is assumed homogeneous; a
particularly simple approach is practicable,

For the purpose of illustration, let an extremely simple model (Figo
lol) consist of the plane boundary of two semi-infinite slabs; one fixed
end of infinite permeability, the other free to move and of hysteretic
material. A sinusoidally distributed current sheet J, moving parallel to
the boundary at linear velocity v, produces a magnetomotive force H with
normal and tangential components Hh and Ht (Maxwell's equations imply that
if a sinusoidally varying H exists perpendicular to the interface, a

. sinusoidally varying component must also exist parallel to the interface
and perpendicular to J) which in turn induces a flux density B perpendicular

(and also parallel) to the interface.

\
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Fig, 1.1 Plane Model of Hysteresis Motor

On the fixed (stator) side of the boundary, the corresponding magni-
tudes of H and B always occupy the same position in space, and the only
force on the stator is that experienced by the current sheet, In the
movable slab (rotor), however, H and B are not in phase, and the reaction
between them (ﬁ' p.4 §) produces a force on the face of the rotor.

To adopt an even more unsophisticated point of view, H induces a
magnetic pole density corresponding to the discontinuity in Bn on the sur-
faces; which in the rotor is not; due to hysteresis, identically distributed
with the m.m.f. causing it. Since these poles lie in a magnetic field with
both tangential and normal components, they experience . tangential and
normal forces in accordance with the elementary laws of magnetism. The
normal force cannot produce motion, while the tangential force will attempt
to accelerate the rotor in the direction of the motion of the field until

the induced poles overtake the m.m.f. wave.
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Fig, 1.2 shows the current, m.m.f. and flux density (or surface pole
density) on both sides of the interface. Since the flux density and m.m.f.
in the rotor are related to one another by the hysteresis loop of the
material, B in general cannot be sinusoidal if H is. Thus the sinusoidal
distributions shown in Fig. 1.2 represent only the fundamental components.
The hysteretic angle of lag, which along with the permeability characterises
ferromagnetic materials, is a measure of the retardation of the fundamental
of B; since the maxima of H and B perforce coincide.

If the rotor is moved by an external force at a velocity superior to
that of the current sheet, then the electric field generated at the inter-
face by the flux from the rotor leads the current by more than 902 and the
direction of the power flow is reversed., This does not, in general, con-
stitute an economical method of generating electricity, since an alternating
source must already be available to set up J.

While the model described in this section illustrates the essential
features of the hysteresis motor, quantitative results which may be tested
by experiment can hardly be deduced. In Chapter II, a cylindrical model,
bearing closer resemblance to the real motor, will be proposed, and the

pertinent equations solved,

1,7 The Conservation of Energy-Steinmetz.

Steinmetzz, the first to give a quantitative treatment of the hysteresis
motor, applied the universal "power balance" method to the problem. His

model consists of an iron disk in a rotating magnetic field.

Let f = supply frequency
V = volume of iron in the rotor
= coefficient of hysteresis
B = magnetic density (flux density)
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Fig, 1.2 Current, Flux and M.M.F, Distribution in Plane Model.




6 and the power supplied to

Then the energy lost per cycle is VQaBl°
the stator, Po = fVQ_Bl'6, since the power input is evidently independent
of the speed as long as the reluctance of the magnetic circuit containing
the rotor, and hence the current, is constant.

The rotor, however, sees a field rotating at a speed proportional to
the slip s, and the loss in the rotor is Pl = st;? Bl's.

Thus in the transfer from the stator to the rotor an amount of power

equal to P = Po - P1 = (l-s)erZBl'6 has disappeared, and must be available
o P _pVvpBl.6
as work at the shaft. The torque is T = Q“be (i-s) = o s independent

of the speed.

?731,6 merely represents the energy loss per cycle per unit volume of
rotor material, Hence Steinmetz's expression is equivalent to T = %% VA,
where A is the average area of the hysteresis loop.

It may be noted in passing that the Steinmetz exponent for modern
materials is higher than 1,6, and is usually in the region 1.9 to 2.0,
Steinmetz was also the first to differentiate clearly between hysteresis, the
double valued relationship between H and B, and what he termed "molecular
friction", i.e., the transformation of electromagnetic energy into heat;
he states that these are identical only if there is no other source or sink
of power in the magnetic circuit. This distinction is one well worth keep-

ing in mind.

1.4 Virtual Work ~ Teare,

3 on a theoretical and

In 1939, B.R, Teare, Jr., published a paper
experimental investigation of the hysteresis motor. He chose to treat a
rotor consisting of a thin cylindrical shell, a most economical design pro-

ducing maximum torque per unit weight of high loss material.

Teare bases his derivation for the resultant torque on the virtual




work equation:

T68 = -~ &W
where &0 = wvirtual displacement
8W = wvirtual work

The first step is the calculation of dW for a volume element AV of the
rotor; this is equivalent to the product of the flux density due to the
stator and the intensity of magnetization.

Several assumptions are now introduced (the tangential components of
B and H are neglected, and average values replace integrals) and finally the
torque is calculated on the basis of an elliptical hysteresis loop. While
the theoretical results are shown not to deviate too markedly from the ex-
perimental ones, most of the approximations hold only for motors of dimensions
similar to Teare's,

Teare points out that harmonics moving with the fundamental frequency
have little effect on the torque, but those moving relative to it give rise
to subsidiary loops which reduce the area of the main loop, and hence the
torque.

Teare's paper serves as an excellent illustration both of the power

and of the complexity of the virtual work principle.

1.5 ILoop Energy Method - Roters.

Roters! paper4 does not delve deeply into the actual mechanism of the
torque production, and his development of the torque equation essentially
duplicates that of Steinmetz.

The total loss of the rotor per pair of poles slipped by is
W=V H3B where the symbols have their previous meaning. Since the
energy loss is transmitted through the agency of the magnetic field, as a

torque times the speed of the field, the hysteresis power developed in the




rotor will be:

and the torgue

T = £V ﬁdB where n is the rotational speed of the

stator field in r.p.s. = £/p

Here; as in Section 1.4, it would be more exact to write

T=-2%/[HGB]dV_ R

since the average value of the various loop areas traced out in different
parts of the rotor is required. Thus the flux distribution inside the
rotor must be known in order to predict the torque.

Roters principal concern is the reduction of the parasitic losses
already mentioned in Teare's paper. He advocates the construction of closed
slot stators in order to reduce the variations in the air gap flux. Unfor-
tunately; the magnitude and method of measurement of the losses is not
discussed, although considerable experimental data does seem to show that
the closing of the slots does indeed improve performance. It will be shown
in Chapters IV and V that the magnitude of the parisitic losses does not
constitute a primary problem, and that efficiencies comparable to that of
induction motors may be obtained with ordinary stator construction, It is
to be noted however, that Roters used essentially thin shell, unlaminated
rotor construction, where high frequency losses due to subsidiary loops,; and
especially those due to eddy current, would be relatively very much greater.

An improvement entailing fewer disadvantages than the closing of the
slots is also suggested by Roters: momentarily overexciting the stator at
synchronism by about 80% in order to permanently magnetize the rotor, thus
reducing the exciting current. This too will be discussed in greater detail

in Chapter V.




1.6 Larionov, Masteyev, Orbov and Panov.

The above group made the most recent (1958) contributionsto the theory
of the hysteresis motor. The highly theoretical paper develops a rather
complicated equivalent circuit taking into account eddy current effects, and
a few experimental results are presented to support the theory. Unlaminated
Vicalloy, the material used in laminated form in the present experiment, is
employed; it is regrettable that a description of the actual motor tested
is not included so that a comparison could be made.

An interesting aside in the article is the theoretical treatment of
a motor with the rotor mounted outside the stator. Since the heat dissi-
pated in the rotor is proportional to the slip (1.3) this construction may be
practical for a motor customarily operating at a high slip yet capable of
synchronous performance, This design, however, would not utilize one of the
most advantageous features of the hysteresis motor, namely that no electrical

connection to the rotating member need be made.
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CHAPTER II

Derivation of the Torque Equation

2,1 Procedure.

Since the hysteresis motor is essentially a constant torque device
whose synchronous speed is determined by the stator winding and the applied
frequency, any theory attempting to describe hysteresis motor performance
must evaluate the torque produced by a given excitation in terms of the
stator and rotor parameters. In this chapter the surface integral method
outlined in Section 1.2 will be applied to evaluate this torque.

The geometric and magnetic properties of the actual motor tested are
unfortunately too complicated to be directly amenable to mathematical treat-
ment; in order to arrive at a solution a model will be proposed and the
assumptions involved justified. Section 2.2 discusses in some detail the
substitution of an ellipse for the actual hysteresis loop of the stator and
rotor, while Section 2.3 describes the physical features of the model in
terms of the appropriate boundary conditions.

Once the problem has been thus simplified, the solution is straight-
forward, Maxwell's equations, now free of the non-linearities inherent in
real hysteresis curves, are solved for B and H in Section 2.4 in terms of
the boundary conditions developed in 2.3. Then the force on an element of
rotor surface is determined, and integration around the periphery yields
the total torque. The expression thus derived is shown to be equivalent to
that resulting from the energy transfer methods.

It will be seen that the real advantage of the method about to be

developed over the customary energy method is that it permits the evaluation
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of the torque in terms of the loop area measured with an annular sample of the
rotor material a.c., magnetized to the maximum value of the air gap flux
density. The energy methods are usually based on the actual hysteresis curves,
which cannot be conveniently expressed in mathematical terms, and consequently
the magnitude of the losses per rotor revolut;on must be obtained experi-
mentally.

It is, of course, possible to obtain analytic solutions from the energy
methods as well by applying the concept of complex impedance, but in the

author's opinion this does not lead to as clear a physical picture of the

principles underlying the method of operation of the hysteresis motor.,

2,2 Elliptical Approximation to the Hysteresis Loop.

It may be seen from Fig. 2.1 that below saturation levels the shape
of the hysteresis loop is not too unlike that of an ellipse. The difference
is most pronounced at the peak values of H and B, which occur simultaneously
in the real loop but lag one another by the angle a in the ellipse. This
does not present a major obstacle as far as the derivation of the torque
is concerned, since the torque will be shown to be proportional to the
total loop area, while the peak region constitutes only a small portion
thereof.

The ellipse may also be regarded as a Lissajous pattern formed by
two sinewaves of the same frequency and differing in phase by a, This
viewpoint makes it convenient to define a complex permeability & = |u) e_jao
Thus

B = | o~ F

has meaning only if H is a periodically varying quantity and a phase differ-

ence may exist., If H is sinusoidal, then H = H e-Jwt = chos wt and

1
-i(wt+e) = B,cos (wt+a) where Hy, B

1 1 denote maximum values,

B=|[ul Hle
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Fig. 2.10a Hysteresis Fig, 2.10b Hysteresis Fig. 2,10c¢ Elliptical
Loop at Low Flux Den- Loop at High Flux Den- Hysteresis Loop
sities sities

stator

z out of the paper

Fig, 2,2 Cylindrical Model of Hysteresis Motor.
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In the course of the derivation of the torque formula, the area of the
hysteresis ellipse will be required in terms of the maximum values of H and

B rather than the major and minor axes. This area will now be calculated by

“,
integrating J/ﬁédH:

‘Hl
B = B cos (wt+a) and H = H, cos wt
B = B1 cos (wt+a) = Bl {cos wt cos @ - sin wt sin a:}
H + \/ H2
= Bl H cos o - l = ﬁ-é sin aJ
1 1.
+ .
At B = 0, H = - Hl sin «
H B y
Area = 2 1 EL[H cos a +- H12-H2 sin a | dH
-Hlsina -
H —
- 1 ;l [A cos a = \/le - H2 sin « ad
1
+ Hlsina
=7 H B, sina (2.1)

In the real hysteresis lodp there is no feature corresponding to a,
which assumes physical significance as a phase lead or lag of the fundamental
only if either H or B is quasi-sinusoidal. Consequently, in order to deter-
mine o it is necessary to measure the area of the loop, and then to calculate
1 and Bl° This

procedure is rather arbitrary, and was chosen mainly because of its simplicity.

a through equation 2,1 substituting real maximum values for H

A slightly different value would have been reached by considering the maximum
values of the fundamental components of H and B. Although the final torque
formula may be expressed in terms of the loop area alone, it is important

to recall that the surreptious introduction of a in the mathematical manipula-

tion of Maxwell's equations conceals an approximation,
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2.3 The Cylindrical Model.

The geometric model will comprise three infinitely long co-axial
cylindrical regions, a stator, an air gap, and a rotor, as shown in Fig., 2,2,
The permeability of the stator, which extends to infinity in the radial
direction, is use"jvé, of the rotor, ure-ja}, and of the air gap, Moo A
sinusoidal current sheet 3'pointing in the z-direction is affixed to the
stator-air gap interface, and moves forward in the positive €=direction at
angular velocity w, where w = 2nf is the angular frequency of the supply and
p is the number of pole pairs. pThe conductivity at the stator surface is
infinity, and zero everywhere else.

The above model introduces the following approximations with respect to
the real motor (Chapter III)z

a, End effects are neglected. This is more serious than in a similar
treatment of induction motors, because the permeability of the
rotor is only about fifteen times that of the air gap, and con-
sequently leakage fluxes may be significant.

b. The shaft of the rotor, of mild steel, has very high permeability
compared to the rest of the rotor. It will be seen however that
except in the case of the two pole stator, the flux densities at
the center are very low. In any case, the addition of a fourth
layer to the model would not in principle make the problem more
difficult to solve.

¢, The finite dimensions of the stator may raise the reluctance of
the magnetic circuit. At the higher flux levels, partial saturation
does indeed occur, giving rise to a flat topped flux wave contain-
ing as much as 15% harmonics.

d. The actual stator winding is concentrated in slots, and the result-

ing air gap flux is not sinusoidal. This causes high frequency

losses; as discussed in Section 4.4.
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e, In general, ferromagnetic materials are fairly good conductors
of electricity., The flux distribution thus induces circulating
currents in both the stator and the rotor., While this effect may
be minimized by lamination, it cannot be entirely eliminated.
These, then, are the major imperfections which must be taken into

account when evaluating results obtained with the infinite cylindrical model.

Mathematically, the model imposes the following boundary conditions on
6,7

Maxwell's equations ’ ':
From energy considerations, the flux density at infinity must be zero:

H=38B=0a r = O (2.2a)
and at the center if must be finite

HB # 00 at r = 0 (2.2p)
From cylindrical symmetry,

H(r,8) = H(r,6 +2¢) and B(r,8) = B(r,0 +2¢) (2.3)

where\P is the pole pitch in radians, i.e., Y= 7m/p

At the air gap-stator boundary,

He(stator) - He(air gap) = J.z (2.4)

At the air gap rotor boundary, HG is continuous:
He(rotor) = He(air gap) (2.5)

One supplementary assumption simplifies the algebra greatly: if the
air gap is short, the radial component of the air gap flux does not change
considerably from stator to rotor, i.e.,

At air gap boundaries Br(stator) = Br(rotor) (206)
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These boundary conditions permit the evaluation of the arbitrary con-
stants appearing in the solutions of Maxwell's equations in the various

regions of the model,

2.4 The Solution of Maxwell's Equations.

Maxwell's equations state that in a current and charge free region
curlH = divB = O,

Expressing the z-components of the curl and the divergence in cylin-
drical coordinates:
922
50

LR 1 OHp _ 18 L =
r&r(rHG)-r'S'B"'O and r6r(rBr)+r = 0

Since the current flow is wholly in the z-direction, H and B can have
no z-components,

Thus, simplifying and letting H = ]—3'/;7‘:

5Bg OB, 5B, 6By
Bg+r 5o -Fg = O and B +rg-+ge = 0 (2.7252.7D)

Differentiating 2.7a with respect to r:

2
8Bg  6°Bg 5%y

2%c YT T5r2 " 5roe (2.82)
and differentiating 2.7b with respect to ©
8B 5B, 82B
r T 0
58 T T o0 T 582 - O (2.80)
again, differentiating 2.7a with respect to 8
8Bg 62Bg 623r
= 0 (2.8¢)

50 't T 5706 - 582

and differentiating 2.7b with respect to r

8B, 8B, 52Bg
25 TR et ° (2.84)
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multiplying 2.8a by r and adding 2.8b

8Bg o 62Bg 6B, 62Bg
x 3T YT 2t e T el

= 0 (2093)

multiplying 2.84 by r and subtracting 2.8c

8B,  p 8%B, 4By 6%B;
2r +r

or 2" vt ez = © (2.9b)

Substituting 2.7a in 2.9a, and 2,.7b in 2,9b

8By o 8°Bg 6By 52Bg

2r 5r +r Y +r —6;' + Be + _6?2- (2»10&.)
5B,  p 6°B 5By 5B
I r

2r e +r Br2 +r Sr + Br + <82 = 0 (2.10b)

simplifying the last two equations yields

2 2
o 0“Bg 0&-<Bg 8Bg
r° st gzt X gn +tBy = O (2.11a)
2 82B, 62B, 5By
and T -6—r?+—6—92-+3r-8-;+3r = 0 (2,11v)

It is seen that Br and B8 satisfy equations of the same type; the solu-

tions must also be similar,
Solving first for Br’ a function of the coordinates and time, assume

that Br may be expressed as a product of separate functions of 8, r and t.
%o Let B = er(e) . Rr(r) . Tr(t) (2.12)
Substituting 2.12 into 2.11b, and dividing by Tr(t)

2 1 " 1 -
r” 8R!+ R, 6" +3r 6 RL+R 6 = 0 (2,13)

where the primes denote differentiation with respect to the independent
variable.

Dividing 2,13 by R 8

2
R+ 2ER 41 = -

R, r Rr -

Hml’ig
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The LHS is a function only of r, and the RHS only of €, therefore both ex-

pressions must be equal to a constant, Kf .

. 2
$ n =
The 6~equation is 9r + Kl er = 0,
The solution to this is 8 = sin(K, 6 - K2) (2.14)

where K1 =q& = p by 2.3 and the amplitude may be set equal to unity without

loss of generality.

The r-equation is

2
T pn oy 38 oy _ge -
R R + R RL+1-K = 0 (2.15)

This is a form of Euler's equation? and the substitution r = e° will

transform it into the linear homogenous second degree equation:

2

d Rr dRr 2
2t 2E t - R =0
whose solution is
R. = A e(‘l"P)S + A e('l‘p)s (2.16)

r 1l 2

Substituting s = 1n r into 2,15, the radial part of the solution of 2,15 is

seen to be

(-1+p) (-1-p)
Rr = Alr + A2r

The time dependent part of the solution must be sinusoidal in view of the
excitation, and involves only one arbitrary constant since the amplitude is
expressed in terms of Al and A2°

Thus Tr = sin(wt - K3)

The complete solution of 2,11b is

B, = [Alr('l+P) + Azr(‘l'P)] sin(p8 - K,) sin(wt - Ky)
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which mey also be written as

D
_ p-1 _. r .
Br(r,e,t) =Cr sin(p® - wt + ar) + 1 sin(p® - wt +A9;) (2.17a)
Similarly,
p-1 De
By = Cgr sin(p@ - wt - ag) + :551— sin(p® - wt *ﬂe) (2.17v)

These equations contain eight constants, though it will be seen that not
all of them are independent. The arbitrary constants will now be evaluated

in terms of the boundary conditions 2,2 to 2,.6.

In the stator:

Cr and Ce must be zero by 2.2a. If/S} now is arbitrarily set equal to
zero, and Dr equal to Bm’ then all the other quantities may be evaluated in
terms of Bm’ Equation 2,17a shows that Bm is the maximum value of the normal

component of the flux density at the stator-air gap interface (r = Rs).

Thus,
RS p+l
B, = Bm(—r—) sin(p8 - wt) (2.18a)
and, by the phasor relationship B = p Hre":j s ,
Bm Rs p+l
H, = n (=) sin (p® - wt -xs—) (2.18b)
5B RS p+l
From equation 2.7: 56 = Bm(;r) sin(pe - wt)
RS P+l
i.€.y Be = -Bm(;r) cos(pe - wt) (2,19a)
and Bm R p+l
Hg = == (-8)  cos(p® - wt -&) (2.19p)
MS r

In the rotor:

According to 2.2b, Dr and De must be zero, Because of the continuity

of the normal component of flux (2.6)

1

p—
Ir . -
B, = Bm(_Rr) sin(p® - wt) (2.20a)




B@’ Hr and I-I6 are evaluated exactly as before:

By p P71
Hr = q(ﬁ) sin (p® - wt - b’r)
p=-1
_ T cos (p® - wt)
By = B, (3)
r
B p-1
Hy = B (L) s (08 - wt - &)
r ‘r

In the air gap:

20

(2,20b)

(2.20¢)

(2.204)

Here the flux distribution is more complicated, and varies with both

positive and negative powers of r.

Thus
p-1 -1-p
B, = Ar sin (p8® - wt +x) + Ar sin (p@ - wt + ¥ ) (2.21a)
A, p-1 -1l-p
and H_ = A sin (p® - +X) +-‘A:2—I; sin (p8 - wt + ¥) (2.21b)
T Mo Ho
by Equation 2.7
A A
Hy = —= 1P cos (p8 - wt +at) = 2 172P cog (p8 - wt + ¥) (2.21c)
Ho Ho
p-1 A2r-l-p
and By = Ar cos (p® - wt + ) - cos (p8 - wt + ¥ ) (2.21a)
o

Equating radial flux densities at the stator boundary (2.6) at p® - wt = 0,

and pb - wt = n/2 yields:

A Rsp'l sin o + A, Rs'p‘l sin¥ = 0 (2.22a)
and A, R p-1 cos & + A, R -p-1 cos ¥ = B (2.22b)
2 s 2 s m °
Equating tangential m.m.f. at the rotor boundary:
A A B
Lgpl cos o = =R P o5 ¥ = B cos ¥ (2.23a)
By T T i, r
A A -B
1 - -p-
and —Rplsino(-—szlsin8= —=2 sin ¥ (2,23v)
Ho r ko L r
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T _ p-1 " -p-1
Let Al = AR®, and A} = AR
‘ Then from equations 2.22 and 2.23
A! sina = - lb— B sin ¥ (2.24a)
1 2 By m r *
AL sing = L2258 giny (2.241)
2 2 b, m r *
A! cos = lB (1 + _M_q cos ¥ _) (2.24¢)
1 2'™m By r ’
A! cosb’:lB (l-u—ocosb’) (2.244)
2 2 m r r °
m
=2 sin ¥
Hy r . Ho
Hence tan a = = m = -'E- sin ¥ (2.25&)
1+-=cos ¥ r
N r
r
©
-2 sin ¥
b T
and tan ¥ = = =—— cos b’r = - tan K (2.25v)
Ho r
‘I' l -—cos ¥ r
He
"B 2 by o2 1/2 B_
oo | (R -9 e} . .
Al- (2) 1+ m cos b’r+(u J 5 (2.26a)
L r r
[ Bm 2 2“0 By 2} 1/2 ’ Bm
v - | (B . A L 2
Ay = _(2) 1--—cos ¥ _+ (u ) ! > (2,26b)
r T
Ho
where the approximations hold only if u— <1
T

The substitution of these constants into Equations 2.21 will yield
the flux and m.m.f., distribution in the air gap.

The flux distribution in all three regions of the model has now been
obtained (2.19, 2,20, 2,21) in terms of Bm; the next step is to relate Bm
in magnitude and in phase to J. This relation is obtained from boundary

‘ condition 2.4, which states that the discontinuity in the tangential com-
ponent of m,m.f. at the stator air gap boundary is equal to the surface

current density.
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The tangential component of the m.m.f. in the air gap is:

B r p-1 ) ry PT )
He = -2-1.; (-f-{-) cos (pG -wt +a) - (-R-) cos (pe -0t - a
- M
where ¢ = tan 1 (-—Qsin X )
Hn r
At the stator boundary, r = R + J s and expanding the power terms yields
as a first approximation:
(gap) $
B
He = 2“'0 { [l + (p-l) R] cos (pG - Wt + a)

- [1 - (p+1) é] cos (p8 - wt - a)}

From Equation 2,19, the tangential m.m.f. on the stator side of the boundary
ise
(stator) Bm
Hg = = -—cos (p8 - wt - ¥)
Hg

Hence, by 2.6

J, = J(t) Hstator -Hgap
B_ B d
- — cos (pﬁ-wt- . 4 )-—- 2p T cos (pO-wt) cos A
1 s 2u R
s 0
- 2 sin (p® - wt) sind}
Let J(t) = J cos (p® - wt + @)
if p8 -wt = O
By B 4
Jcos¢=;s—s:|.nb’s-;:p§-cosok
and if p8 -wt = m/2
B
Jsin® = = sin¥ - -2 sino
5 u
s 0
sin¥g sin ¥,
+
n 1 B, sin ¥
o s r . 0 r
e o tan¢ S = — (2027)
cosxs+lé rp37R
1 p, R
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B
° m .
and J = - e p(g/R if ug yon, 7 oug (2.28)

Though it will be seen in Chapter III that in the actual test machine
Bm as well as J is monitored, and the torque formula may hbe expressed very
simply in terms of Bm’ a knowledge of J is useful in order to make com-

parisons with other theories (2.6).

2,5 Calculation of the Torque.

As shown quantitatively in Section 1.2, the tangential component of

the force on an element 4S of the rotor surface is dF = H6 ° Br 4as .

Prom the previous section:

Bm r p-1 Bm
He=u—(-R—-) cos (p@ -wt - ¥ ) = o cos (b8 - wt = ¥ )
r r T
p-1
and Br = Bm (ﬁt) sin (p® - wt ) = Bm sin (p9 - wt)

The total tangential force per unit length of rotor is therefore

Bmz 2p P=2n
F=/ Hy'B a5 = — cos (p® - wt = ¥ _) sin (p® - wt) Rad
s r r

“r 0
Bman
= sin Xr
Hy
2, 2 X sin Y
and the torque is T = R°*F = "R Bn” sin r _ VBm2 -—Ir-—s' (2.29)
ur r
where V denotes the volume of the rotor,
©B 2
By 2.1 B sin¥_= nB,H, sinok = A
° r r 171

Therefore T = '%% (2.30)

where A is the area of the hysteresis ellipse traced out by the

peripheral value of the radial flux density.
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It is rather interesting to note by comparing 2.30 to Steimmetz's and

Roters'! formula, or by direct integration, that the total energy loss is

. | [9{;r (rlﬁ)d B. (rle)] d v+ Eﬁge a 38.] av = f-AV
v

v

This explains the similarity in the appearance of the two formulae as well
as the origin of the factor of p/2.
In Chapter IV the torque calculated from Equation 2.30 will be com-

pared to the measured values, and discrepancies discussed.

2.6 The Bnergy Transfer Method.

The algebra in the previous section may be partially verified by
calculating the energy transfered from the stator to the rotor at synchron-
ous speed.

In the model of Section 2.3, the flow of current at the stator surface
is opposed only by the counter-e.m.f. induced by the rotor. The magnitude

of this counter-e.m.f., Ez’ may be calculated from Maxwell's equations:

o
o

curlE = - 3t (2.31)
Taking the radial component of both sides of Vector Equation 2.31,
el 5 oo L% e %
r T r &8 8z 5t
S6E
0.
since 5o = 0
Equation 2,19 shows that at the stator boundary
1 6Ez
-R— 5_6- = -meCOS (pe-wt)
]
W .
or E, = --RB sin (p® - wt) (2.32)

The energy flow through a cross-sectional area is E =v//p J o E dA
A
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or, using 2.32, 2,27 and 2.28,

B 5 sin ¥
=R--=2p 3% cos (Pe"“’t-——Tr ) e
“’o R (L_
B R
"
o
-2 RB_ sin (p8 - wt) & Rae
p m
B 2 d sin ¥
- _,m—Rzn — sin T
= P} X
s R
r p
0
B ° sin ¥
= 22~ 5 R® sin ¥_ since | ———
P pu, (.Li) L
Hr p,oR
X de W
Now Torque = Energy y and the angular velocity o+ = =
angular velocity P
1 2 ,
T = =B “Vsind _, as in Equation 2.29.
B, m T

2,7 The Flux-Pattern in the Hysteresis Motor.

In order to gain a better understanding of the secondary phenomena
in the hysteresis motor, it may be worthwhile to study the flux distribution
in the stator and the rotor in greater detail than would be possible directly
from Equations 2.19 and 2.20. In this section the coordinate equations of
the actual flux-lires will be developed, and the patterns plotted for the

2-pole and the 4-~pole cases.

In the rotor:

From Equation 2,20,

r P .
B (ﬁ;') sin (p® - wt)

B
r

r \P )
e = By (ﬁ;') cos (p® - wt

td
]




For the sake of simplicity, the flux line will be plotted at t = O.

>C

.3 line of flux
By f
5( B
Y 'S 80
AE’
V4

Fig, 2.3 Diagram for Deriving Coordinate Equations of Lines

of Force

Then from Fig. 2.3

dB

rdé®@ _ _6 _
a S B = tan p®
r
o 4e 1 .
goﬁnr=/-tanpe_-Pﬁnsmpe-,enc
% Cr? - sinpé
C X
Thus, for p = 1, T = sin 8
or, in rectangular coordinates, y = C.

These are horizontal straight lines.

-2

Forp = 2, Cr sin 286 = 2 sin 6 cos 8

or C = 2xy

26
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These are rectangular hyperbolae asymptotic to the x and y axes.
Similarly, for p 7 2, higher order hyperbolae result, asymptotic to

rays at 2n/2p radians.

In the stator:

From Equation 2. 19
( ) p+l sin (pe - wt)

B =
r
RS p+l
By = -B_ (;70 cos (p® - wt)
rdb
A = e -
d ar tan p at t 0

Integrating this equation results in

cr® = sin PO
Thus forp = 1, Cr = sin 8
or C x2 + y2 =
x2 + y2
SR S RS
2C 4C2

+
This equation represents circles of radius %Ey with centres at (0, - %E)

For p = 2, Cr2 = sin 26 (2.33a)
in rectangular coordinates: C(x2 + y2) = 2%y . (2.33b)
Now let w = u+iv = % = x+liy = xzjyz - leiyz
by 2.33b
° oot X :.___JL____. = K §_ i KVEE

o \Eve Eve
o

<
[}
=

<M
<
I

o
b
]
1+
=
n
I
+
Q
~
[\
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Fig, 2.4a  Flux Distribution in 2-pole Machine,

S

Fig. 2,4b Flux Distribution in 4-pole Machine.
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i.e., 2.33%a represents the invase of a rectangular hyperbola with respect to

a circle with center (0,0) and radius \’% .

The flux lines are plotted in Fig. 2.4. Note that the lines of force
(direction of m.m.f,) form a similar pattern, displaced by the angle Xs
or Xro It may be seen from the pattern that the finite dimensions of
the stator and the presence of the rotor shaft are likely to have the greatest
effect in the 2-pole case. In multi-pole construction, the thin cylinder

design becomes more and more economical as the number of poles increases.
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CHAPTER III

Description of the Test Machine

3,1 The Stator.

In order to examine as many as possible of the variables in the theory
derived in the previous chapter, the rotor was tested with three different
stators., The stators were all made up from laminations originally intended

for a 3/4 H.P,, 4-pole induction motor, with the following design parameters:

Ratings: Stator Winding:

Horsepower 3/4 Winding Type Lap
Volts 208 Connection Y
Phases 3 Slots/bhase/bole 3
Frequency (c.p.s.) 60 Turns /coil 21
R.P.M, 1800 Conductors/phase 504
Amperes (full load) 2.6 Conductor size No. 19
Temperature Rise 40° Pitch coil 1-8
Efficiency 5% Resistance/phase 2,95 ohms

One of the stators was wound as specified above, while the other two
were fitted with two and six pole 208 volt short pitched windings as shown
in the design data sheet in the Appendix. Fig. 3.1 shows the distribution
of the phase belts in the two pole stator, and the wave shape which would
result if the phase belts consisted of current sheets instead of isolated
. coils in slots. It will be shown in Chapter IV that local variations (siot
ripple) have a far greater effect upon performance than the overall dis-

tribution factor of the winding.
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Fig. 3.1 Phase Belts in 4-p Stator Winding

To measure flux densities at the air gap, a single turn of fine wire
was inserted in stator slots one pole-~pitch apart. Values obtained with
these probes were checked against those from similar probes around single
teeth and around the yoke itself; after allowance had been made for leakage
flux at the junction of the phase belts, the values agreed to within the

accuracy of the measuring instruments (3%),

3.2 The Rotor.

The rotor (Fig. 3.2) was constructed of ,014" thick Vicalloy laminations
pressed together on a 1/2" shaft. The laminations were sprayed on each side
with lacquer to prevent eddy currents, and 1/4" plastic end discs provide a
high reluctance path for leakage fluxes.

An average air gap of .016" at least was found to be necessary because
of slight irregularities and excentricities in the stator construction. The

rotor laminations were punched to a slightly larger diameter, heat treated,
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Fig. 3.7a Family of Hysteresis Fig. 3.7b Hysteresis loop at
Loops of Vicalloy. Low Flux Densities.

LA
==mrl|

Fig. 3.7c Hysteresis Loop at Fig. 3.7d Hysteresis Loop at
Medium Flux Densities. High Flux Densities.

Fig. 3.2 Viecalloy Rotor
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and then ground to the final dimensions.

The rotor material, Vicalloy, is a carbon free permanent magnet alloy
composed of 38% iron, 10% vanadium, and 52% cobalt. It is available in
strip form, and before the final heat treatment it may be machined without
special equipment (though not without difficulty: Rockwell hardness 41-42)9.

The aging heat treatment, designed to increase the size of the Vicalloy
B-H loop (Section 3,4), consists of baking the alloy for a period of four
hours at lllOoF. Upon completion of this process, Vicalloy attains a hard-
ness comparable to that of tool steel (Rockwell number 62—63)°

Since the manufacturers of Vicalloy state that very large variations in
the magnetic properties are encountered among individual batches of this
material, it was necessary to establish these properties experiméntally, using
the manufacturer's data merely for qualitative guidance. The experimental

procedure is described in the next two Sections.

3.3 Magnetic Measurements - Direct Current Method.

While in other applications it is usually sufficient to have a very
approximate idea of the size and shape of the hysteresis loop in order to
establish the losses due to it, in hysteresis motor design this data is of
course of paramount importance. The customary d.c. method, about to be
described; was first applied in an attempt to obtain a fairly accurate
picture of the B=H curve.

A toroidal sample was prepared, with dimensions as follows:

Inner diameter .080 meter
Outer diameter .100 meter
Thickness (seven laminations) .0025 meter
Cross=sectional area 25 X 10“’4 m2
Number of turns in magnetizing winding

(No. 12 wire) 370
Number of turns in search coil

(No. 23 wire) 180

Mean Radius (Ro) 045 meter
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The evenly distributed secondary winding was wound next to the magnetic
material, and the four-layer magnetizing winding outsidej this arrangement
minimizes errors due to leakage flux. The flux distribution is assumed to be

uniform throughout the cross-sectional area of the toroid. With the above

2
dimensions the resultant error is of the order ofJ' i3 R2rr = 0.4%
where r is the radius of the cross section
and Ro is the mean radius
The magnetic intensity in the sample is
NI N _ 370x1I _ Turns Qersteds
H=7"= 2nR - on(.045) 1308 I Yeter (= 16,4 I Ampere “dmpere )

where I is the current (amps.) in the magnetizing winding

The flux density B was measured with a flux meter having & maximum

sensitivity of 107% weber-turns/division (10,000 maxwell-turns/division).

Thus
) 1074 weber
B = 4 = ) = ,0222 d /d1v1sion (= 222 a gauss/
.25x10" "x180 division)
where B = change in flux density
® = change in total flux linking toroid
A = cross-sectional area of toroid
d = deflectlon of flux meter in divisions (most sensitive
range o
l_{:] M] p“q carmple
110 V.
D.C. Z>°=: 370 ‘W%__A¢v~;5}>
A = Amme ter
F = Fluxmeter

Fig. 3.3 Circuit Diagram for D.C, Hysteresis Measurements.
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The circuit used in measuring B and H is shown in Fig. 3.3. The
magnetizing current may be varied in discrete steps by switching resistors
in and out, and corresponding deflections of the flux meter noted. Since
the flux meter measures only changes in flux, the peak values of B are
obtained by halving the maximum change.

To have the sample traverse a hysteresis loop of the desired magni-
tude, it is important to bring the material to cyclic condition first by
reversing the peak current fifteen or twenty times. A typical set of data,

and the corresponding hysteresis loop, are shown in Table I and Fig. 3.4.

- TABIE I -
Point Current Deflection H B 2
I d amp /m. weber /m
43.0
1 22 42,0 4.53 + .780
2 18 36.4 3.73 + ,656
3 14 32,2 2,90 + .563
4 10 27,0 2.07 + .457
5 0 17.5 0 + 247
6 - 10 302 - 2,07 - ,071
7 - 14 7.0 - 2,90 - ,297
8 - 18 21.5 - 3.73 - o617
9 - 22 28.3 - 4,52 - o780
10 - 18 24,8 - 3,73 - ,702
11 - 14 21.3 - 2,90 - 624
12 - 10 17.8 - 2,07 - 546
13 0 8.5 0 - 2335
14 10 5.5 2,07 -~ ,025
15 14 15.5 2,90 + .197
16 18 32.3 3.73 + 570
10,000 gauss = 1 weber/mzo

126 oersteds = 1 amp/m.
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Very large currents - of the order of 40-50 amps. - are necessary to
even partially saturate the sample, and with such a small specimen heat
dissipation poses a problem. High temperatures tend to damage the insula-
tion of the coils, and also raise the resistance of the windings appreciably,
making it difficult to keep the magnetizing current constant during a reading.
For this reason the experimental curves have inaccuracies of the order of
15%, and the loops never close upon themselves.

The poor results achieved by the method just described made an
alternative derivation of the B-H loop imperative, The next section deals
with an a.c. method of obtaining the hysteresis loop.

The d.c., method may nevertheless be used as a check on the a.c. method
by comparing the magnetization curves (Fig. 3.5) yielded by the two. Since
less switching is required in deriving this curve, the d.c. method proves
sufficiently reliable for this purpose, and it is reassuring to see that the

two curves never differ by more than 5%5

3.4 Magnetic Measurements - A.C. Method.

The toroidal sample already described was used in this set of measure-

ments, The circuit is shown on Figure 3.6,

0.5 M- 0.5 M 0

3

V.7 e - - — — -»

‘HIII} V7M.

Fig. 3.6 Circuit Diagram for A.C., Method of Measuring B-H Loop.
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The essence of this method consists of applying a signal instantaneously

proportional to the 60 cps magnetizing current, and therefore to H, to the
horizontal deflection plates of an oscilloscope, and a signal proportional
to the integral of the voltage generated in the search coil, and therefore
to B = ¢/h = %;//det to the vertical platesll. The hysteresis loop of
the material th;£ appears on the oscilloscope screen. It is true that the
pattern will have a somewhat increased width because of the presence of

eddy currents, but the interlamination insulation and the high resistivity

of Vicalloy tend to minimize this distortion.

. Turns Oersteds
H, as before, is 1308 I(peak) Moter (= 16.4 Kgizgggiy ) (3.1)
and B is calculated as follows:
_ a8
e, = (=) m, at
° 1
o o @ =(-)'E-/e2dt
: 2
and e, = %J//;zdt = - Mn, @
where M is the amplification factor of the system
=5x5x 10 = 250
e3 is in volts
@ is in webers (108 maxwells)
thus B = %' = EEZK = .89 webers/volt (= 8.9 gauss/ﬁilliv01t) (3.2)
2 me

The area of the hysteresis curve may then be determined by photo-
graphing the loop on the screen and measuring the area. It is of course
necessary to keep note of the scale settings in order to calibrate the axes
in terms of equations 3.1 and 3%.2.

The loop area may be expressed in

webers amps
] X
m b3

= 40n gauss oersteds




39

4
1 Eghgﬁzggg is also equivalent to %?I joules/in3

(a common unit in hysteresis motor design practice)

Photographs of typical loops are shown in Fig. 3.7, while the loop
area is plotted against maximum flux density on linear scale in Fig. 3.8
and on logarithmic scale on Fig. 3.9.

The amplification and integration of the signal from the secondary
winding were achieved by means of a small analogue computer (Fig. 3,10).
Although the output of the secondary winding was of the order of millivolts,
sufficiently large to trigger an oscilloscope, this was reduced by a factor
of almost 400 during integration. The amplification back to the original
level had to take place in three stages because of drift in the computer
amplifiers. Ten 1% resistors were used (because several values shown in the
circuit diagram had to be made up of parallel combinations) and, taking into
account the slight non-linearity of the amplifiers, the resulting accuracy
cannot be expected to be better than 4%. An additional inaccuracy is intro-
duced by the presence of noise (2nﬁllivolts output), but this is almost
insignificant,

The a.c., method, in spite of the sources of error indicated above,
constitutes a simple and rapid means of determining the hysteresis loop of
a toroidal sample, especially when the values for several peak flux densities

are required,
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Fig. 3.9

Plot of Area
of Hysteresis

Curve versus
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Fig. 3.10 Apparatus for Magnetic Testing-A.C.
Method.

Fig. 4.2 Apparatus for Testing Torque Chacteristics
of Hysteresis Motor.
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CHAPTER IV

Asynchronous Performance

4.1 Methods of Measurement.

A circuit diagram of the apparatus used in measuring the various
characteristics of the experimental hysteresis motor is shown in Fig. 4.1,
and a photograph of the actual layout in Fig. 4.2.

The essential features comprise a metered variable frequency alter-
nating current supply to the hysteresis motor and a 3/% H.P, direct current
dynamometer coupled to the same shaft. A 2 H,P. Ward-Leonard set constitutes
a variable voltage d.c. supply for the armature of the dynamometer, while
the field of this machine is connected through a rheostat to the 220 V
mains. The torque is measured by a O to 7.5 lb. or a 0 to 1 1b. spring
balance mounted 6" from the shaft of the dynamometer; the torque readings
given in the rest of this chapter and the next one are the average of
readings taken in the forward and reverse directions, and may be considered
accurate to within ,03 ft.-lbs. A permanent magnet type d.c. tachometer
mounted on the dynamometer shaft gives speed to within 50 r.p.m. Close to
synchronism a stroboscope permits more accurate readings.

The metering system consists of voltmeters and ammeters in the three
a.,Cc. lines to the hysteresis motor, and a wattmeter which may be switched
between the lines without disrupting the current. A single wattmeter
instead of the customary two was used in power measurements in an effort to
increase the accuracy at the dominant low power factors, Where maximum
accuracy was not deemed important a double element wattmeter replaced the

switching arrangement.




110 v,

@

3-phase Variac

Temperature Measurement

Al Ou

-

CRO

O

Hyst., ||| Motor

|

Dynamometer

TPDT Switch

44
1 l 3-phase 208 VAC
b

TPDT DS

Switch
Variable 7
Frequency
Supply

220 V. DOCO

1o V.D.C.

___{Z;;,,’

f-@—'-‘% 220 V. D.C.

Ward Leonard Set

VIVM
Vo 3
Probes
Spring
Balance
<:> Amme ter
() Voltmeter
(:) Wattmeter
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Circuit Diagram of Measuring Apparatus.




45
The flux density at the air gap, i.e. the e.m.f. generated in the
probes around the stator poles, was measured by means of an electronic
tube voltmeter and an oscilloscope (section 4.2). The e.m.f. and the

flux density are related as follows:

@ _ - _
e = -ngs = O ¢max sin wt since n =1
°° Cmpx = Y ¢max
° B - ¢max _ °max = 2.65 ®max webers (= 265 emax(mv) uss)
°° "max - A ~ wA — °° A 2 - A(cm2) &

where A is the effective area of the search coil in’m2°

The formula just deduced applies only if the width of the search coil
is small compared to the pole-pitch. If the search coil encompasses the
whole poleface, then the distribution of the flux (sinusoidal) through the
poleface must also be taken into account, and the above result multiplied
by a factor of m/2 in order to obtain the true maximum flux density. These
measurements were checked with a Hall-effect flux density meter, which did
not, however, prove reliable.to within better than 10%.

Provisions are also made to monitor the temperature of the hysteresis
motor by means of resistance measurements on the stator winding. The
necessary voltmeter-ammeter arrangement is also shown in Fig. 4.1. With a
suitable choice of meters the temperature may be read directly on the volt-

meter once the current has been set to a predetermined constant value.

4.2 Torque.

It was shown in Chapter II that in the idealized hysteresis motor the
torque developed does not vary with speed provided the flux density is main-
tained constant. Consequently, the variation of torque with speed in the
real motor serves as an indication of the magnitude and nature of the

secondary phenomena influencing hysteresis motor behaviour.
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A simple means of obtaining directly some measure of the change in
torque with speed consists of connecting the output of the tachogenerator to
a graphic recorder, and suddenly reversing the polarity of two windings of
the hysteresis motor, This results in the motor accelerating from minus
synchronous speed to plus synchronous speed at a rate (slope) proportional
to the torque. Figure 4.3 shows the results of such a test on the four
pole machine. It may be seen that the slope of the envelope is practically
constant between -0 and O, and between O and «»;, although there is con-
siderable difference between the two. This difference is due only partly
to friction, which tends to increase the slope at negative speeds and decrease
it at positive speeds.

The test just described was also repeated with a photographic type
recorder, which offers the advantage of a larger channel width. Here the
d.c., output of the dynamometer at constant excitation was taken as the speed-
dependent signal, Results are shown in Fig. 4.4. A curve of the free deceler-
ation is also given; this shows that friction is practically constant through-
out the speed range considered.

More detailed graphs of the torque speed variation with all three stators
and at different flux densities are shown in Fig. 4.5. Two features are of
great interest in these graphs: the gradual change in the torque at
asynchronous speeds, and the sudden jump at synchronism (where the sign of
the torque also changes)o

Although the torque resolution of the spring balance is not sufficiently
high (vecause of vibration and instability in the d.c. system) to compare
the gradual increase in torque with slip to theoretically calculated values,
it seems certain that this variation is due to the induction motor effect
caused by eddy currents. As already mentioned in Chapter I, the presence

of laminations reduces this effect very considerably.
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Fig. 4.3 Deceleration and Acceleration - 2-pole stator - at Phase-
to-Phase Terminal Voltage = 150 V.”A.C. Tachometer.

Fig. 4.4a Deceleration and Acceleration - 2-pole stator - at Phase-
to-Phase Terminal Voltage = 160 V,”D.C. Tachometer and

Visicorder,




Fig. 4.4b Deceleration and Acceleration - 6-pole stator - Phase-to-Phase Voltage = 160 V,
200 V, and 0.V. (friction only).
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The second noteworthy feature, namely, the sudden increase in the

torque required to drive the motor at a speed just above synchronism over

that supplied by the motor below synchronism may only be attributed to

high frequency losses caused by tooth pulsations.

in greater detail in Section 4.4.

This will be discussed

An estimate of what the torque output would be at synchronism without

the high frequency effects (since 60 c.p.s. eddy curremts have no effect at

synchronism) may be obtained by taking the average of the sub- and super-

synchronous torques.

predicted by the theory is shown in Table II,

The comparison of the torque so calculated with that

The deviations are rather

smaller than those expected in view of the approximations listed in Section

2.3 and the inaccuracy introduced in the determination of the area of the

hysteresis loop (Section 3.4).

The shockingly large discrepancy at the

lower flux densities is not significant since the torque measurements at that

level may be in error by as much as 40% due to friction.

A rigorous

quantitative breakdown of the errors involved is, however, not attempted.

- TABIE II -
B A Torque Torque
Motor gauss joules{cycle Predicted Measured % Error
/in newton-m, newton-m,
2 pole 2060 .019 012 015 - 18
2750 .047 °33 239 - 18
3436 c09 063 073 - 15
4120 015 1,02 1.15 - 10
4 pole 3140 .07 .48 .71 - 32
3930 013 088 1.14‘ - 22
4720 021 1,43 1.70 - 16
6 pole 2360 0024 916 034 - 50
2360 .09 064 «94 - 31
4720 021 194‘3 lo 60 - 10
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4.3 Stator Losses.

As with other a.c. motors, the stator losses in the hysteresis motor
comprise the copper loss, the eddy current loss and the hysteresis loss.
Because the stator is built up of soft steel laminations and the flux density
is kept below design levels by the unusually high reluctance of the rotor,
the iron losses in the stator are very small, except in case of the two-
pole stator.

By far the largest single cause of loss in the motors tested is the
copper loss in the stator, since in order to attain suitable air gap flux
densities with the very low permeability Vicalloy rotor, it was necessary to
run the machine at currents greatly in excess (2-300%) of the design value.

The two-pole stator has relatively the greatest amount of copper, and
here the resistance loss amounted to about 25% of the imput power at the
load required for most efficient non-synchronous operation. In the case of
the six-pole stator, where the size of the punchings (intended for a four-
pole motor) restricted the amount of space available for the winding, the
copper loss exceeded 50% at all non-synchronous operating points. For the
purpose of calculating the copper loss the hot 60 c.p.s. resistance of
the winding was taken as 1.20 times the cold d.c. resistance12’28o

It is evident that the prime prerequisite for the efficient non-~
synchronous operation of hysteresis motors is a low resistance stator wind-
ing, This does not mean that the hysteresis motor is necessarily larger
than an induction motor of the same rating, since very large power output
may be expected from a small rotor. A nearly vertical hysteresis loop is
also desirable, for a tilt in the loop decreases the power factor and

correspondingly increases the current.
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4,4 Rotor losses.

In the hysteresis motor, as in other types of d.c. motors where the

13,14 result

winding is distributed in slots, tooth frequency pulsations
in losses due both to high-frequency eddy currents and to parasitic hysteresis
loops.

In order to predict the magnitude of these losses, the relative
maxima and minima in the flux density directly opposite the stator slots
and teeth must be known. This information is however even more difficult to
obtain experimentally than the high frequency losses themselves, since the
percentage variation in B is closely dependent upon the extent of penetration
into the rotor. A rather coarse estimate of the effect of slots on the air
gap flux density may be made by assuming that the flux density varies linearly
between the minima and maxima (Fig. 4.6b). The total flux per tooth crossing
the gap may then be equated to the ideal distribution (Fig. 4.6¢c) computed
by Carterls’ls.

Thus the flux per tooth, on the basis of the distribution shown in

AB
(B, - 2)(s + t)
where s = slot width
t = tooth width

This must also be equal to the flux per tooth calculated from the Carter

distributions

)
£ _
n Bmax x

where n is the number of teeth per pole

x is the Carter equivalent tooth width

AB

Then B . X = (Bm - 7)(1; +8)
AB = 2 l:ft + s) - :|
Bmax t+s
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Fig. 4.6¢c Carter Distribution.
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But x = fs, where f 1s a coefficient chiefly dependent upon the ratio of the

slot width to the air gap.

. OB 1-¢f [1 - o.4§]
o o e o 2 ———— = 2 = 0033
Bmax §-+ 1 1+ 250

When the variation in flux density was actually measured by means of
.250", 070" and .018" wide single turn search coils laid in shallow grooves
on the rotor surface, the ratio was found to be closer to 45%, and slightly
dependent upon flux density. The signal from the probes was of the order
of a few millivolts, and elaborate shielding would be required for precise
measurements. The instantaneous flux variation on the surface of the rotor
is plotted in Fig. 4.7 for the four-pole statorj the dips are not nearly as
large as those shown by Rotersl7o Furthermore, the variation must decrease

rapidly with depth of penetration because of the low permeability of the

rotor,
/
\\
Fig. 4.7 Tooth Frequency Flux Variation - 4- pole Motor.
Both Teare3 and Roters4’l7 conjecture that the major part of the

high frequency losses is due to excursions inside the main hysteresis
loop which tend to reduce its effective area. The effect of such loops,

referred to as parasitic, subsidiary, or displaced loops, has been studied
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in some detail by Spoonerrs’19

s who gives numerous empirical formulae deter-
mining the parasitic losses in terms of the maximum flux density, the number,
displacement and relative size of the displaced loops, and a constant de-
pending on the material tested. These formulae are unfortunately difficult
to apply, not only because the flux distribution is only guessed at,” but
also because suitable constants are available only for the standard grades
of electrical sheet steels.

Spooner's results show, however, that when the rotor is made up of

laminations thin compared to the tooth width, the eddy current losses are

only a small fraction of the total high frequency loss. It will be shown
that in the present instance the total high frequency losses are propor-
tionally much smaller than those encountered by Roters. It seems therefore
reasonable to assume that in solid rotor machines the tooth frequency eddy
currents are largely responsible for inefficient operation.

As mentioned in Section 4.2, the parasitic losses may be calculated
directly from the difference between the sub- and super-synchronous torques
at constant air gap flux density. This difference, multiplied by the
synchronous speed w,is in fact just twice the pewer consumed by the sub-
sidiary loops, which itself is proportional to the speed. It may be seen
from Pig. 4.5 that the loss varies between 8 and 20% of the output, de-
pending on the flux density and the stator used.

In order to ascertain the effect of the length of the air gap on
motor performance, the rotor was grdund down ten thousands of an inch.

This increased the length of the air gap by 70%, from ,016" to .026",

12% more current was required to attain the same flux density with
the larger air gap, increasing the copper losses by 25%° This effect was
however compensated by an 8% to 12% increase in the output torque, which

may be attributed to lower tooth frequency losses. As shown above, the



58

longer air gap decreases the flux variation opposite the slots and increases
the effective area of the hysteresis loop traversed by the rotor material.
The magnitude of the gain and that of the loss was practically the same
in the range of frequencies tested. Thus, within certain limits the length
of the air gap is not a critical factor in determining the overall efficiency

of the hysteresis motor.

4.5 Efficiency.

The constant output torque feature of the hysteresis motor signifies
that the theoretical efficiency of the motor is proportional to the speed;
the stator has no way of knowing whether the homogeneous rotor is moving or
not. Thus, in order to effect comparisons it is advantageous to refer the
efficiency to synchronous speed by multiplying it by (l-s), though the
value so calculated does not necessarily correspond to the maximum efficiency
obtainable at synchronism.

Fig. 4.8 shows the variation in electromagnetic efficiency (friction
discounted) with flux density. At first the efficiency increases rapidly
as the flux density progresses beyond the first bend in the magnetization.
curve, thus increasing the power factor, then it attains a plateau where
both the output (area of the 1oop) and the major part of the losses (I2R)
increase approximately as the square of the current.

The customary increase in efficiency with the decrease in the number
of poles is more marked here because of the dominant role played by the
copper losses. As shown in Table 3, the friction and stator losses
remain small in all cases, and the rotor loss depends mainly on the flux
density.

The maximum output power obtainable from the test machine is limited

only by the rise in stator temperature, since the rotor is not likely to
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— TABLE III ~

Details of Losses

Motor 2-pole 4-pole 6-pole
watts % watts % watts %
Output 240 54 184 44 130 32
Losses
Copper 117 26 165 40 214 53
Iron 25 6 8 2 4
Friction 23 5 T 2 4
Tooth Fre-
quency 18 4 23 5 21 5
Total 423 95 387 93 373 92
Input 443 100 415 100 407 100
Deviation 20 5 28 T 30 8

be damaged by even the very large amounts of heat liberated in it at low
speeds. Above and below synchronism rated output could be obtained only
momentarily, at the expense of very swift temperature rise.

At peak output, the power factor of all three stators was abofe 45%,
although it varies slightly with speed. This variation and the corres-
ponding 2-3% decrease in current towards synchronism could not be measured-
with sufficient accuracy, and is probably also due to the presence of eddy

currents within the laminations,

4,6 The Equivalent Circuit.

In order to describe the asynchronous performance of the hysteresis
motor under all possible conditions, it is desirable to represent its
characteristics by means of a simple equivalent circuit. The circuit pro-

posed is shown in Fig. 4.9.
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The motor was tested at various flux densities in the 20 to 70 cps
frequency range, and the data thus obtained is sufficient to assign values
to the components of the equivalent circuit. One set of readings, at a
particular flux density and speed, is shown in Fig. 4.10; the equivalent
series resistances were obtained from the watt, var and current readings.
The reactance is, as expected, strictly proportional to the frequency, and
when extrapolated passes through the origin of the plot. It is composed of
two parts: Xl, the leakage reactance of the winding, and Xz, the hysteretic
reactance due to the inclination of the hysteresis curve,

The resistance also varies linearly with the frequency, but this curve
does not pass through the (0,0) point. wR2, the frequency dependent part,
represents the power per phase developed through hysteresis at synchronism,
while the intercept R1 corresponds to the d.c. resistance of the winding.

The size of the hysteresis loop of Vicalloy does not unfortunately
vary exactly as the square of the current, nor does the inclination
(permeability) of the hysteresis curve remain constant., Thus both R, and
X2 are functions of the air gap flux density, i.e. of the current, and the
circuit is not linear. The restricted usefulness of non-linear equivalent
circuits heed not be emphasized.

More elaborate equivalent circuits include the effects of eddy
currents, harmonics and tooth frequency pulsationsy a thorough discussion is

given in reference 5.

Fig. 4.9
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CHAPTER V

Synchronous Performance

5.1 Vector Diagram at Synchronism.

At synchronism the rotor of the hysteresis motor behaves essentially
like a permanent magnet; the various portions of the rotor are magnetized
to a constant flux density, depending on their position relative to the
stator flux-wave at the moment dynamic equilibrium was attained. The
sinusoidally distributed remanent rotor magnetization may he observed by
turning off the stator excitation and connecting an oscilloscope either to
a search coil mounted on the stator or to part of the stator winding itself
while the rotor is still moving. Care must however be taken to use a switch
which will break all three phases within a time interval very short compared
to a rotor revolution, otherwise the rotor will remasin unsymmetrically
magne tized,

Fig. 5.1 is a vector diagram showing the spatial phase relationship
of the fundamentals of the various electromagnetic quantities at synchronism.
The phasor E represents the applied voltage - the resistance and reactance
drop through the stator have been omitted for the sake of simplicity -
which rotates counterclockwise at synchronous speed. The solid lines
represent the distribution of e.m.f., current, m.m.f, and flux at the
moment the rotor attains synchronism, and is delivering full load torque.
The radial component of the magnetomotive force, Hr’ is in space (and
therefore time) phase with the current vector I, and inauces a flux density
B (only the radial component is of the interest) in the rotor which lags

Hr by the hysteretic angle « (value for the combination of rotor, stator and




full load torque
reduced torque

£ —_——

Fig, 5.1 Space Vector Diagram-Synchronism.
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air gap). This in turn gives rise to a counter e.m.f. E'! lagging B by 90°,
and the vector sum of E and E' must be such as to correspond in phase to the
current vector. As shown already, a tangential component of the m.m.f. must
exist at 90o to the radial component, and it is the scalar product of the
tangential component He with the flux density B (really Br) which determines
the torque.

When the torque is reduced, the situation is complicated by the effect
of residual magnetism in the rotor. This state of affairs, with the applied
voltage unchanged, is shown in broken lines in Fig. 5.1. The decrease in
the torque demanded allows the rotor to pull in closer to the stator e.m.f.
wave, while the current and power factor decrease in order to reduce the
power supplied to the rotor. The radial component of the flux density B2
still lags the m.m.f. by a, but now there exists also another component,
the residual induction Bl’ which has been advanced in space by the change
in the rotor angle. This residual induction disappears only when an alter-
nating m.m.f. wave sweeps it away, i.e. the rotor drops out of synchronism.
The resultant of the two components of radial flux density is B, and E' lags
B by 90°, Since the angle between E and E' is greater now than before, the
current and power factor are smaller, as expected from power considerations.
The decrease in torque results from the diminution in HG and the increase

in the angle between B and He, despite the slight increase in B,

5.2 No-load Behaviour.

In the ideal motor, the power factor should reach zero precisely
when the torque at the shaft vanishes and the angle between B and He is
90°; beyond this point, generator action takes place. The departure of
the real motor from the ideal is shown in Fig. 5.2, and is due to the

various losses.
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Fig. 5.2a Current Locus at Synchronism. 5
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Fig. 5.2b Current Locus at Synchronism. P
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Thus, an alternative determination of the high frequency losses is

possible at synchronism, provided all other losses are known. When there
is no external load on the motor, the principal losses are the copper loss,
the friction loss, the ripple loss and the iron loss. Table IV shows the
data necessary to determine the high frequency losses in this manner, and
a comparison with the figures obtained in the previous chapter. The
discrepancies are not too disquieting since the no load input depends on

the past history of rotor, as shown in the previous sections.

- TABLE IV -~

2-pole 4~-pole 6-pole

watts watts watts
Input at Synchron-
ism at zero Torque 156 144 143

Output
Copper Loss 83 109 124
Iron Loss 25 8 4
Friction Loss 23 T 4
Stator Losses (Incl.
Friction) 131 124 132

Synchronous Tooth
Frequency Loss 25 20 11
Asynchronous Tooth
Frequency Loss .18 23 21

(Table III)

Because of the relatively high currents exacted by the low rotor
permeability at synchronism the efficiency of the hysteresis motor decreases
with the load. The efficiency curves of the various stators are plotted in
Fig. 5.4 in order to permit comparison with the efficiency attained with

the help of pulsing, as discussed in the next section.
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The part played by remanent magnetism in maintaining the rotor flux

density may be turned to great advantage by momentarily pulsing the rotor
at a voltage and current much higher than its normal rating. The duration
of the pulse need not be mugh longer than the period of a single cycle,
although in the present experiment a menual switch was used. This pro-
cedure results in a considerable improvement in efficiency, due mainly to
the fact that once the required radial flux density has been established,
little current is needed to maintain it.

Fig. 5.3 is the relevant vector diagram., The situation represented
by the solid lines is the same as that shown in Fig. 5.13 the rotor has
just pulled into synchronism. Next, the motor is pulsed to a level approx-
imately twice its normal operating voltage, and a corresponding increase
in current, m,m.f. and flux density ensues (dotted lines). Although the
rotor is displaced relative to E, the residual induction remaining from
before the pulse is neglected since it is small compared to the new flux
density. At thispoint the power factor is low, because the mechariical load has
not been increased, and the torque is only a fraction of what the motor
could momentarily develop.

When the applied voltage is restored to its former level (broken
lines) the rotor drops back, and with it the large residual induction Bl°
In order to produce the necessary m.m.f. to interact with the flux density,
only a small current is necessary, which however induces B2° The re-
sultant of Bl and B2 is By, and B is necessarily of the right magnitude and
phase to generate E', which in conjunction with E determines I, Although
now I is indeed small, it is at a favourable phase angle; the angle between
H6 and B is much smaller than before, and compensates for the decrease in

the size of Hy (B is about the same as before the pulse).
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Fig. 5.3 Vector Diagram-Pulsing at Synchronism.

69




70

It should be pointed out here that the remanance as mentioned above
is not quite the same as that customarily specified in connection with
permanent magnetszo, since the current goes down to zero only at certain
discrete points corresponding to the number of poles in the stator winding.
At other points the flux density merely moves back along the hysteresis
curve as far as the current at the point ahead of it by the angle a will
permit it to move. This augurs difficulties, which will not be confronted
here, for the precise theoretical prediction of the effects of pulsing,

Despite the somewhat abtruse electromagnetic adjustments which take
place in the process just described, the gain in efficiency is tangible
enough. Curves of the efficiency versus the torque, after pulsing at
synchronism, are displayed in Fig. 5.4. While it must be kept in mind
that these values apply to the electromagnetic torque, and that if the
friction loss were subtracted the efficiency would be 3-6% lower, the
efficiency is nevertheless already in the induction motor range.

The motor tested could be used at high efficiency near rated load
(stator) only intermittently, for periods up to 30 minutes, but the residual
magnetism was tested at lower flux densities and found unchanged during
intervals of up to 5 hours.

The efficiencies depicted above are in some cases superior to those
claimed by Roterss, who also pulsed his motors. This would seem to indicate
that closed stator slots are not essential in laminated hysteresis motor
design, and that the costs involved in winding such slots could be turned

to better profit elsewhere,
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CHAPTER VI

Conclusions

6.1 Characteristics of Test Machines.

The three hysteresis motors tested are capable of producing 45 - 55%
of the output of induction motors of the same frame size continuously, and
7 = 85% intermittently, at electromagnetic efficiencies ranging from 60%
at subsynchronous speeds to 84% at synchronism after pulsing. The power
factor varies from 40% to 90%, while the variation in torque, due to eddy
currents, is restricted by the presence of laminations to about 12% between
standstill and synchronism. The asynchronous torque output of the machines
corresponds to the theoretically predicted torque within 10 - 30%, where the
lower limit indicates the applicability of the theory, while the upper limit
reflects the minimum accuracy of the measurements. |

The greatest single cause of inefficiency is the copper loss in the
stator. This accounts for over 45% of all the losses. unbling the amount
of copper in the stator of the four-pole machine would raise its efficiency
by about 16% and also increase the maximum continuous output considefa’bly°

The next important offender is the high frequency loss due to_
pulsations at tooth frequency. This loss however does not seem as large as
hitherto thought unavoidable; apparently high frequency eddy current
losses were erroneously ascribed to subsidiary hysteresis loops. Thus
laminating the rotbr seems as effective a solution as some of the more
drastic measures applied previously.

Iron losses in the stator are slight since the machines are perforce

always run well under the rated air gap flux density.
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The higher efficiencies and power factors could be attained only by
pulsing the stator at close to twice rated voltage. This causes remanent
induction to induce a counter e.m.f. which restrains the current; at the
same time it reacts with the m.m.f. to develop torques higher than other-
wise obtainable at the same terminal voltage. A qualitative treatment by
means of vector diagram is sufficient only to outline the principal features
of the method and is not really suitable for quantitative predictions,
Neither is the simple equivalent circuit derived in Section 4.6 easily

adaptable to represent synchronous operation.

6.2 Scope for Further Research.

If a truly accurate solution for the torque output of the hysteresis
motor is desired, especially at higher flux densities, the first step will
be evidently to tackle the problem in its full non-linear complexity21.
While the more elaborate analogue computer installations can be used to
solve partial differential equations, any problem where time is not the
only independent variable causes hideous complications22° Furthermore,
two-valued functions, such as a hysteresis curve, are rather difficult to
generate.

Any of the several numerical methods23 (eogo the Runge-Kutta method)
for solving partial differential equations may be programmed for iterative
solution on a digital computer, and this would perhaps be a more practical
approach to the problem. Scanners are now available to convert photographs
of the hysteresis loop of the rotor material at various flux densities
directly into a form suitable for reference by the computer. It must how-
ever be noted that at the present time, and takiné into consideration the
size of the hysteresis motors now being built or likely to be built, a pre-
cise calculation by means of either analogue or digital computers of the

torque developed by such motors could hardly be considered more than a
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somewhat arduous academic exercise,

Once the problem has been solved, even approximately as in Chapter II,
it may well be worthwhile to simulate the various parameters on an analogue
device or to feed the data and method of solution into a digital machine
in order to determine the most economical design. This is becoming common
practice in design offices, and would be of particular value in hysteresis
motor design where rotor materials vary so widely in price and magnetic
properties,

A more detailed study of pulsing, especially with regard to the
permanence of the remanence of various materials under different conditions
of torque oscillation and vibration, may lead to some ingenious method of
taking advantage of the high efficiencies obtainable in this manner.

Comprehensible data on hysteresis losses with high frequencies super-
imposed on a fundamental is still not available for hard magnetic materials.
Apparatus similar to that described in Section 3.4 could be used to obtain
it, although a larger outer diameter and cross-sectional area in the
toroid and more turns on both the primary and the secondary windings
would be preferable. A motor-generator set or frequency multipliers could
supply the high frequency, which, in order té reproduce conditions in the
rotor, would have to be amplitude modulated by the low frequency. The
main problem is that this source would have to be capable of passing
the very large fundamental as well, An alternative would be to intro-
duce the low and high frequency components of the m.m.f. in separate
windings, and to use wattmeters to measure the loss.

Before deciding however whether practical considerations justify
elaborate experiments to turn already known principles into four figure
quantitative data, it may be well to cast about for possible fields of

application. This forms the subject matter of Section 6.5.
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6.3 Principles of Design.

As seen in Section 6.i, the simplest way to increase the efficiency of
a practical hysteresis ﬁotor is to increase the volume of copper in the
stator. Because of the high present cost of materials suitable for rotor
construction, the most economical design has a much larger ratio of copper
to rotor material than an induction motor of the same réfing. The relative
rise in efficiency is more rapid than the increase in the amount of copper,
because the high currents now permissible entail higher flux densities,
vwhere the hysteresis curve of most materials is less tilted and the power
factor consequently more favourable. Of course, the rotor must never be
driven into saturationj according to Brailsford29, for all materials there
exists a point of optimum excitation, beyond which the rotational hysteresis
loss actually decreases and eventually reaches zero.

While with laminated rotors the high frequency loss is not too
serious, it pays nevertheless to devote care and attention to the design
of the slot structure and the ratio of the width of the slots to the air
gap. The rotor itself, if it consists of a low permeability alloy such as
Vicalloy, accounts for by far the major portion of the total reluctance of
the magnetic circuit., It is therefore permissible to provide air gaps
longer than those customary without significantly increasing the number of
ampere-turns required. Apart from promoting a more uniform flux density
distribution, the long air gap is also conducive to better ventilation,

The optimum thickness of the rotor laminations may be determined
either by the amount of torque variation which may be tolerated at sub-
synchronous speeds, or by the high frequency eddy currents depending on the
slot pitch.

The ideal rotor material should have a hysteresis loop symmetrical

about both the H and the B axes, and preferably be elliptical in shape.
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A rectangular loop would give rise to high freqguency components in the
current, with the attendant losses. The area of the loop determines the
torque available for any given m.,m,f,, while the optimum ratio of the
maximum flux density to the m.m.f. (permeability) is a question of the
relative costs of rotor material and copper. Very tall, thin loops (high
remanence, low coercive force) require excessive amounts of iron in the
stator, but since the saturation flux density of prime grade steels is high’
this does not constitute a common limitation.

As long as high loss materials are available only at their present
price level, the most economiceal design is a thick walled cylindrical shell.
For special applications, where large output torque per unit volume is
required, the solid cylinder is indicated.

Wherever 2 motor may be called upon to operate at synchronism for
periods of several hours at a time, it may be economically justifiable
to incorporate a device which will apply a higher than normal operating
voltage to the winding while or just after the motor comes up to speed.

With three phase motors, the winding may be switched from delta to star
connection after the rotor has locked into synchronism, or capacitors may

be momentarily inserted into the circuit to raise the current.

6.4 ngnetic Materials Suitable for Rotor Construction.

Although any ferromagnetic material may be incorporated into the
rotor of a hysteresis motor, until quite recently materials developed for
permanent magnet applications were almost exclusively used. In the past
few years however one or two companies have marketed alloys primarily
designed for hysteresis motors. The great demand for ferrites has also
helped to promote the development of potentially interesting hysteretic
properties, The materials now available are briefly reviewed in this

section,
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The oldest and perhaps most popular among the permanent magnet steels

are the Alnic0524’3o’31

s consisting of iron, nickel and aluminum in various
proportions. These alloys exhibit extremely high hysteresis losses, but
also require large magnetizing forces to take full advantage of this
feature. Alnico rotors are generally cast in a fairly thin shell, with a
soft magnetic material such as low carbon sheet steel to back it up and to
supply a low reluctance path to the flux. Mechanically the Alnicos are
very hard and brittle, and can be machines only by grinding. Alnicos
cannot be rolled or extruded, and although their resistivity is much higher
than that of ordinary steels, it is not sufficient to effectively limit
eddy currents.

Vicalloy9 (vanadium, nickel and iron) is a very convenient material to
work with inasmuch as it is machinable and available in strip form, and
does not require excessive magnetizing forces. At low flux densities the
shape of the Vicalloy hysteresis loop is almost elliptical, but with con-
siderable tilt to the curve, while near saturation it yields an equivalent
power factor much closer to unity. Thus a compromise must be reached between
the volume of rotor material needed and the power factor of the motor.

Remalloy24 is a very promising material with magnetic and physical
properties much like those of Vicalloy. It contains 17% molybdenum, 12%
cobalt, and 71% iron, and is cheaper than materials with a higher cobalt
content,

A new material developed especially for hysteresis motor applications
is P-625, an alloy of cobalt (45%), nickel (6%), vanadium (4%) and iron
(45%), P-6 is most efficiently used at magnetizing forces of about 60

oersteds, which is almost attainable with normal stator windings. Had the

motors tested been made of P-6 instead of Vicalloy, the subsynchronous
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torque output may have been raised by a factor of 2.5 at rated current.
P-6 exhibits an almost vertical hysteresis curve, and relatively high
residual induction indicates that pulsing could be applied to advantage.
This material is machinable and may be hot or cold rolled before the final
aging treatment, which takes place at a very elevated temperature.

Ferrites26 are now available at a wide variety of magnetic chacter-
istics, which range from tall thin loops to extremely wide squat ones,
The cost of these materials is low compared to that of the alloys described
above, and their resistivity is sufficiently high to eliminate eddy current
losses almost entirely. Most of the problems arising from the construction
of hysteresis motors would likely be mechanical ones, since the ceramics
are weak and brittle and may be machined only with the greatest difficulty.
Nevertheless a rotor could be made up of rings pressed together on an arbor,
provided the speed and outer radius were small enough to prevent disinte-
gration of the material due to centrifugal and vibrational forces. Motors
with very low permeability (1-10) ferrite rotors would be particularly suit-
able for asynchronous constant torque operation, since the large amounts
of heat (proportional to the slip) generated in the rotor would not damage
the rotor and the design could incorporate a long air gap to act as thermal
insulation between rotor and stator,

In Table V the most pertinent properties of the materials discussed
are compiled in a form suitable to serve as a preliminary guide in the

selection of rotor material for a particular application.

6.5 Applications.

The efficiency of a motor is closely related to the maximum economical
size of that designj thus, the hysteresis motor has evolved from clockwork
and demand-meter applications requiring only a few watts at 1 or 2% efficiency

to the point where, at present, small integral horsepower sizes seem practicable,




- TABIE V -

Properties of Magnetic Materials Suitable For
Hysteresis Motor Construction

Material Vicalloy | P-6 Alnico II | Alnico IV Alnico V Remalloy 17§ tg:i’alt
Manufacturing hot or " hot or cast cast cast hot hot
Process cold " cold
rolled rolled (sintered) (directional) rolled rolled
Price per 100
pom]ds 6500"’ 6000- 5500- 5900- 4000- 2500-
Specific
Gravity 8.5 8,2 T.1 7.0 To3 8.3 8.4
Flux Density
in Gauss
at H = 100 oers. 1,600 16,000 450 400 400 1,000
=200 " 54400 17,000 1,000 800 800 2,800
=500 " 11,200 18,000 4,000 2,200 2,800 12,000
= 1000 " 15,000 19,000 10,000 6,600 14,000 15,000
+
Hysteresis loss
per cycle in
joules/cu.in.,
at H = 100 oers, .02 »35 - - - - .01
=200 " 033 42 .01 - - .07 .28
=500 " 1.20 «50 .30 .16 .16 1.23 1.00
= 1000 " 1050 hd 2000 095 3080 1042 1015

6L
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The single phase, shaded pole, self-starting hysteresis motor is indeed
particularly suitable for timing mechanisms, and has been used for this
purpose almost since the turn of the century. With the advent of various
types of automatic controllers, large numbers of such motors came to be
used to power recording mechanisms and to trip relays at preset time
intervals,

Slightly 1a;ger sizes are suitable for turn-tables, motion picture
projector327, and tape-decks, although in the latter application sub-
synchronous operation may be required in order to keep the tape speed,
rather than the angular velocity of the reel, constant. Here the constant
torque feature affords some measure of protection since in a well designed
tape recorder the motor will stall hefore the tape can break.

In servomechanism applications the hysteresis motor is restricted
to the relatively small number of systems where frequency dependent
(synchronous) operation is required., Because all of the rotor; rather
than just the periphery, contributes towards the torque production, very
low inertia, small time constant motors mey be constructed.

As mentioned before, one of the most useful features of the hysteresis
motor is that no brushes or slip rings are required. This mskes the motor
ideal for explosive atmospheres, and it should be used wherever synchronous
speeds are needed at hazardous locations. No special devices are
necessary to protect the motor against stalling; even at standstill the
rotor is not likely to overheat sufficiently to ignite the vapours.

It has been seen in Section 6.4 that the hysteresis motor is capable
of developing very large amounts of torque per unit volume, and would thus
appear suitable for the intermittent duty cycle required in moving
mechanical controls or control surfaces in air-borne equipment, Mechanical

linkage could convert the rotary motion into whatever type of movement is
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required, and the motor would function as a sort of long-stroke relay.
Although hydraulic motors are capable of a far larger torque-to-weight
ratio, they require a pump and compressor generally driven by an electric
unit.

In contrast to d.c. excited synchronous motors equipped with amor-
tisseur bars, the starting current of a hysteresis motor is the same as
the running current, and there is no sudden spasm when the motor locks
into synchronism, even under full load. ZFPurthermore, the apparent
synchronizing torque in a d.c. excited or reluctance type motor is greatly
affected by the inertia of the gonnected load, because synchronization must
take place within a single half cycle from normal slip speed or not at all.
With the hysteresis motor, inertia affects only the total time required
to reach synchronism. Gyroscopes, for instance, connected to delicate
instruments,may take advantage of the smooth acceleration afforded by the
hysteresis motor.

While, 2ll in all, the above list is not too extensive, new applica-
tions will no doubt be discovered, and as the art of design progresses, the
hysteresis motor will assume an increasingly useful position among the

stock of equipment available to the electrical engineer.
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STATOR Lam No. £ /2787 |

ROTOR Lam No. Y- 23 4.1 2 |

NEYT. WEIGHTS

Stator Wdg.
aux.

Rotor cond.
ring.

Stator teeth
'——Pﬁ?—mﬂ——lw—ﬂl-“*
SC [ .0 DATA.

3.85°0

- D

!

!
!
|
{

AUX. WDG.

Capacitor
Wdg. type
Slots per pole |
Turns per coil |
Conductor
Coil pitch
‘R.at 75°
Rotor resist.
Locked, X
Cap. X
X.-Xc
Z
1
Cap. Volts
Stasting amps.

Diam. ext. 5.7 r%“‘f'-}‘- Diam. ext. '3 724- !
e, |3 7€ int. e g
Core stack. |2 7§ Core stack. z s ’ '
ducts ducts
Stack. factor Stack. factor
Iron < 4 i~ P( Iron
No. of slots 3 é No. of slots . 4 \r
Core depth Core depth
Slot depth Slot depth
width width
Wdg. area Wdg. area
Tooth width Tooth width
Slot insul. & 20 Slot insul.
Wdg. type Laf wdg. type S c
connect.| Y ' connect.
Slots/ph./pole | & Stots/ph./pole
Turns/coil o ’ Turns/coil
Cond./phase |24 O | : Cond./phase
Cond. width ' Cond. width
depth 2 ’% /9 .l ’ dcp(h) Vs 4"4"/ E
Factor space ‘ Material fv/M
dist. Conductivityeg
pitch Factor space
Pitch coil /- /é dist.

slot pitch

pole Pitch coil
Cond. length slot

Rat75°| 7. /? Cond. length

volts at 75° R at 75°
LALT. < 4 0! volts ag 75°
SNETIC CIRCUIT ROTOR DESIGN
Area, gap/pole Equiv. Ny

S. teeth N,

S. core Actually/Phase

R. teeth Start. torq.%

loss 2 Q‘

R. core Ringsax. wic \b .59 !
Phase volts /3 RY Rad. Dooeh 574 7(
Flux/pole K.L. Marterial : ﬂ/ [
Density,gap |/£ 05 Conductivity g,

S. teeth Resist. factor

core bars
R. tecth rings
Equiv.R,at75°
core Locked, X
Gap length O/ Z
Slot open, S. 1
R. %
Fring. stator K.W. bars
rotor rings.
A.T. gap KW/Ib. bars
S. teeth rings
core Bar length
R. teeth Slip %
Skew angle / {k’)if/?

core Brushes/Ring
Total Brush Size
Amperes niag. / 2 Rotor Volts

" gap. *  Amps.

<
Denigncr.%.............

D;ze,..Pte‘_é/ rf

LOSS

Cond. stator
rotor
Iron tooth
core
surface
pulsation
Wind. & frict.
Brush resist. -
- frict.
Total
Efficiency @

RATING

Horsepower

Volts

Phases

Freq.

R.P.M.

Poles

P.F.

Amperes

Frame

Enclos.

Time Rating

Temp. rise

Torque start.sg
max. %

Design Letter

Insul. Class

Type

/70
3
S
3450
2

Similar to
Supersedes

|

i./:;.‘/a/daus < //9- 4408

DESIGN Neo.. /7 41 C G ~ 2P
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STATOR Lam No. £_ 121 &1 ROTOR Lam No. v - 234 | 2« NETT. WEIGHTS ~
Diam. ext. ;’5,7." | SgAaNL Diam. ext. i372 ‘ i | Stator Wdg. | 3. So; ,
i, | 37{ ' int. ., 2 Jj ( : | aux. ! |
Core stack. 2. 7,{' Core stack. '9 7{ ! ’ ' Rotor cond. 40 |
ducta ducts } ; ring. <43 '
Stack. factor Stack. factor | Stator tecth
Iron 24 (-e Iron o __cote
No.ofslots (D& No.of slos. | & & MISCELLANEGUS DATA.
Core depth Core depth
Slot depth Slot depth
© width width AUX. WDG. -
Wdg. area Wdg. area Capacitor f , .
Tooth width Tooth width Wdg. type | I :
Slot insul. ' O2 0 Slot insul. Slots per pole ' : !
Wdg. type Layp Wdg. type S.c Turns per coil . l 5
conpect.] Y connect. Condiictor ‘ 1 I
Slows/ph./pole | B Slots/ph./pole | Coil pitch | | j
Turns/coil 21 Turns/coil | R.at75° i | |
Cond./phase | o4 Cond./phase Rotor resist |
Cond. width | 1q |H = Coud. width ) dA c A r/ Locked, X l !
depth depth Cap. X ! |
Factor space Material MM" X. X¢ ! :
dist, Conductivityg Z '
pitch Factor space | !
Pitchcoil . [t - B dist. Cap. Volts l |
" slot pitch Starting amps. [ !
pole Pitch coil LOSSES
Cond. length P slot Cond. stator |
Rat75°| & ?J Cond. length rotor l
volts at 75°] A R at 75° ' Iron tooth :
L.M.T. volts at 75° ! core f
sNETIC CIRCUIT “ROTOR DESIGN surface 6’ °o }
Area, gap/pgle Equiv. Ny pulsation 4 : :
S. teeth Ni Wind. & frict. | | ©
S. core Actual Iy/Phase Brush resist. |
R. teeth Start. torq.g frict, / i
lass Total i
R. core Ringsax.width| . §& Efficiency g% ! Z.._f._o ! i
Phasevolis | 1277 Rad. Depth| + 374 « 74 RATING
Flux/pole K.L. Material ran Horsepower ‘3/4
Density.gap | 3.5 3 Conductivitys Volts 220 ~. 0%
S. teeth Resist. factor Phases 3
core bars Freq. éo "y
R. teeth rings RPM. (1730 17
Equiv.R;at 75° Poles <
core Locked, X P.F. 785
Gap length fOtD z Amperes 2, 5— 2.0 4
Slot open, S. 1 Frame |_4“3: Z
; R. % Enclos. . D.
Fring. stator K.W. bars Time Rating | Conn &
' rotor rings. Temp. rise 40°C
4.T. gap KW/lb. bars Torque'start.g, 350
. S. teeth rings max.xl 380
cpre - Bar length Design lLetter | gq 8
_R. teeth Slip Insul. Class i
) Skew angle L. SRLP Type BQ_K !
core Brushes/Ring Similar to
Total Brush Size Superscdes 2 8 3
Amperes mag. ‘ é Rotor Volts
¥,  gap. *  Amps.

DESIGN n._,/qmqlag
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Da‘e}éc 2,’/17 .....

DESIGN No...

STAYOR Lim No. & /2267 | ROTOR Lam No. V- 23442 | “NETY. WHGHTS.
Diam.ext. . |§,7F |Sgeuari Dlam, ext. ‘ Stator Wdg. .
. int. 3.?-‘ . ) h‘. aux.
Core stack. |2 ;s‘ ‘Cére stack. ‘Rotor cond.
© ducts " duces sing.

Stack, facter o Stack. factor Stator teeth

Iron 2 4 H'is( Iron { __core s - _

N?.ofolot_o ,3‘ No. of slots " . . e

' ‘Core depth Care depth .

Slot depth Slot depth : .
width ] width 15}5 wﬁ e
Wdg, area . Wdg. area chitor ’ |

Tooth width \Tooth width Wdg. type ]

. Slot insul, O2 0 Slot insul. Slots per pole

Wdg. type Lam Wdg. type Turns per coil.

condect. ﬂ/ 1 connect. 'Conductor

Slotsfph./pole | 2 ‘Slotsfph./pole Coil pitch

Turns/ceil | R Turns/coil - R.at1s°

Cond./phase 7.'_4, Cond./phase Rotor resist.

Cond. width ) Cond. width Locked, X

depth / 21 HF deptk) Fﬁ’ 41,‘/ Cap. X
Factor space ’ ’ Material é/w X.-Xc 1
dist. Conductivity s z
. pitch Factor space 1 ’
Pivch coil A dist. ‘Cap. Volts
slot pitch Starting amps.
pole Pitch coil (OS9ES
Cond. length slot Cond. stator
R at 75° é / Cond. length rotor
volts at 75° R at 75° Iron tooth
LM.T. /3 4. : volts at 75° core
muuﬁi% CIRCUIT “ROTOR DESIGN surface
Area, gap/pole Equiv. N; pulsation
S. teeth Ni Wind. & frict.
S. core Actually/Phase Brush resist.
R. testh Start. torq.% frict.
o loas Total
R. core Ringsax. width .25 Eficiency g | /2 ©

Phase volts /o / Rad. Depth|- 37: / s RATING

Flux/pole K.L. Material é(’ ' Horeepower ‘/2_

Density,gap | 3> Snrﬁ Conductivitys Volts N 3

S. teeth Resist. f[actor Phases 3
core bars Freq. é o
R. teeth rings R.P.M. /40
Equiv. Ryat 759 Poles é
core _ Locked, X PF. . { 2
Gap length o7 3 z Amperes #0
Slot open, S. 1 Frame pZ3 J2
. R. % Enclos, D/l’b'

Fring. stator K.W. bars Time Rating | Zppsv’

' rotor ‘rings. Temp.rise | LY

A.T. gap KW/b. bars Torque start.g| 2 7Q’

S. teeth ~ rings max. &g 329
core Bar length Design Letter | "R
R. teeth Slip % Insul. Class v
Skew angle .5 28 P Type IV, @ 4
core Brushes/Ring Similar to
Total . Brush Size Supersedes ’
Amperes mag. /7.2 Rotor Volts FSM‘ 2 b sy “} 2 M- Ai ¢,8
“  gap. “  Amps.
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