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ABSTRACT OF THE DISCLOSURE

A motor has a rotor mounted for rotation about an
axis and first and second poles, each having a pole face
describing in section an arc of a circle having its center
on the axis. The rotor has a first surface closely radially
spaced from the face of the firss pole by a first gap and
second surface closely radially spaced from the face of
the second pole by a second rap. Each of the first and
second rotor surfaces describe in section an arc of a circle
whose center is also on the same axis, The first pole has
an axially extending gap in its face which divides it into
first and second pole pieces. The first surface of the roror
extends across this third gap in the first pole opposite boih
the first and second pole pieces. A first magnet is con-
nected between the first and second poles so as to pass
a first magnetic field through the rotor by way of the first
and second poles and the first and second gaps. Also, a
coil is arranged to develop a second magnetic field passing
between the first and second pole pieces by way of the
first gap and the rotor, the reluctance of the path of the
first magnetic field being substantially greater than that
of the second field.

R ——— .

This invention relates to a rotational electro-mechanical
transducer of the type adapted for limited angular move-
ment. More particularly, it relates to an electromagnetic
motor whose armature is of unpolarized magnetic mate-
rial,

This is a continuation-in-part of my copending applica-
tion Serial No. 104,943, filed April 24, 1961, entitled
“Electric Motor for Limited Rotation.”

Motors designed for limited angular movement, as
opposed to ordinary motors capable of an unlimited num-
ber of revolutions, are used in various applications such
as torque motors for servovalves, as well as electric meter
movements, including movements which control the posi-
tion of a recording pen instead of a dial pointer. In these
devices, the armature generally rotates against a spring,
and the amount of rotation is limited by the reaction
torque of the spring which opposes the torque developed
by the motor. The motor torque is a function of the cur-
rent passed thrugh the motor.

It is generally desirable that rotation of the armature
be linearly related to input current, and this requires a
similar relationship between motor torque and current,
assuming linearity of the restraining spring, The d’Ar-
sonval movement, a moving coil device, fits this require-
ment and has therefore found wide use in limited rotatjon
devices. In fact, its use in direct-current meters has been
almost universal. However in the present day trend to
miniaturization, the d’Arsonval movement has been an
obstacle, mainly for two reasons. The first is the size
required for a given output torque, and the second is the
fairly high input current required for a substantia] torque
in a motor having a reasonably high frequency response,

Accordingly, it is an object of my invention to provide
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an improved electric motor of the type adapted for limited
rotation.

A further object of my invention is to provide a motor
of the above type in which the electrically produced torque
is a linear function of input current and substantially in-
dependent of the angle of rotation over a substantial range
of angular displacement.

Another object of the invention is to provide a motor
of the above type in which the electrically produced torque
is a linear function of input current and substantially in.
dependent of the angle of rotation over a substantial range
of angular displacement.

Another object of the invention is to provide a motor
of the above type having a high efficiency of conversion
of electrical energy into mechanical output and particular-
ly a motor that is characterized by low hysteresis losses.

A still further object of the invention is to provide a
motor of the above type having a high torque-to-moment
of inertia ratio for the armature.

Yet another object of the invention is to provide a
motor of the above type having a relatively small size and
thus adapted for use in miniaturized equipment,

A further object of my invention is to provide a motor
of the above type having means for sensing the velocity
of armature rotation for use in servocontrol of the motor.

Other objects of the invention will in part be obvious
and will in part appear hereinafter.

The invention accordingly comprrises the features of
construction, combinations of elements and arrangements
of parts which will be exemplified in the constructions
hereinafter set forth and the scope of the invention will
be indicated in the claims,

For a fuller understanding of the nature and objects
of the invention, reference should be had to the following
detailed description taken in connection with the accom-
panying drawings, in which:

FIGURE 1 is a perspective view of
my invention,

FIGURE 3 is a section
URE 1,

FIGURE 2 is a section taken along line 2—2 of FIG-
URE 1,

FIGURE 4 is an enlarged view of the rotor and as-
sociated parts, as seen in FIGURE 3,

FIGURE 5 is a section taken along line 5—5 of FIG-
URE 1, and

FIGURES 6-9 are simplified perspective views of fur-
ther embodiments of my invention, [and]}

FIGURE 10 is an exploded view of a further embodi-
ment of my invention, and

FIG. 10aisa Tragmentary view of another embodiment
of the invention.

In general, my motor has an armature of low reluc-
tance material such as soft iron, journalled for rotation
about an axis parallel to a pair of stationary poles dis-
posed on diametrically opposite sides of the armature.
A permanent magnet supplies a static field passing from
one pole to the other through the armature. At least
one of the poles is split, with a slot extending parallel
to the armature axis and dividing the pole into a pair
of pole pieces. The armature extends across this gap
and is thus disposed opposite a part of each of the pole
pieces.

Current through a contro] coil mounted on the stator
develops a magnetic field exterding from one of the pole
pieces into the armature and back into the other of the
pole pieces. Thus, depending on the direction of cur-
rent, the control field developed by the coil adds to the
static field on one side of the slot and subtracts from it
on the other side. In accordance with well-known prin-
ciples, the armature becomes subjected to a force in the
direction of the stronger field,

a motor embodying

taken along line 3—3 of FIG-
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I have also found that linearity of the motor can be
enhanced by proper shaping of the armature. As de-
scribed below, the shaping may, in its simplest form, con-
sist of a notch or slot in the armature.

In FIGURE 1, I have illustrated a motor having a
permanent magnet 10 connected to pass a static mag-
netic field through an armature assembly generally indi-
cated at 12. The assembly 12 is disposed between
poles 14 and 16, connected to the magnet 10 by flux
carriers generally indicated at 18 and 20. The carriers
18 and 20, which comprise arms 22, 24, 26, and 28 of
soft magnetic material, are magnetically connected by
posts 30 and 32 respectively. The arms and posts are
held together by screws 34 and 36, which also serve to
clamp end tabs 38 and 40 of the magnet 10 between the
arms in a dovetail arrangement. The motor also in-
cludes control coils 42 and 44 around the posts 3¢ and
32 and a velocity pickoff coil 46 extending generally
around the armature assembly 12.

More specificaily, as seen in FIGURES 4 and 5, the
armature assembly 12 includes an elongated armature 48
extending the width of the poles 14 and 16 and mounted
for rotation with a tubular shaft 50. The armature 48 is
generally flat, with arcuate sides closely spaced from con-
centric faces of the poles 14 and 16 by air gaps 52 and 54,
respectively. The pole 14 includes pole pieces 56 and 58,
formed on the ends of the arms 22 and 24 and separated
by a slot 60, while the pole 16 has pole pieces 62 and 64
separated by a siot 66. The gaps 52 and 54 are much nar-
rower than the slots 60 and 66, and they are also substan-
tially narrower than the spaces between the projecting tips
56a and 62a and 58a and 64a of the poles 14 and 16.
Thus when currents are passed through the coils 42 and
44, substantially the entire field of each coil passes from
one pole piece associated with the coil into the armature 48
and then returns o the other pole piece on the same pole.
For example, the path for the field created by current
through the coil 44 extends through the post 32, arm 26,
pole piece 62, armature 48 and back through the pole piece
64 and arm 28 to the post 32. The direction of this field,
of course, depends on the direction of current flow in
the coil.

As best seen in FIGURE 4, the shaft 50, which may be
brazed to the armature 48, rotates in frictionless bear-
ings 68 and 70 supported by plates 72 and 74. The plates
72 and 74, which are of non-magnetic material, are
mounted on the arms 22-28 by means Of screws 76.

A reaction force opposing rotation of the armature from
its neutral position {as shown in FIGURE 5) is provided
by a torsion spring in the form of a wire 78, best seen in
FIGURES 2 and 3. One end of the wire 78 is brazed
in place in the tubular shaft 50, and the other end passes
through a clearance hole 80 in the magnet 10 where it
is brazed to a spring arm 82 integral with a bracket 84.
The bracket, in turn, is affixed to the rear of the motor by
screws 86 threaded into the ends of the arms 22-28. The
arm 82, which is stiff in the direction of rotation of the
wire 78, is relatively compliant in the axial direction.
Thus, it is easly bent resiliently toward the magnet 10.
The bending which occurs during rotation of the armature
48 from its neutral position compensates for the shorten-
ing of the wire 78 which follows the twisting thereof by
movement of the armature. In this manner, essentially
the only force imposed on the wire 78 is a torsional one,
and the reaction torque exerted on the armature by the
wire is therefore directly proportional to the angular dis-
placement of the armature.

As seen in FIGURE 1, a shaft 88, which may carry
a pointer or pen, depending on the use of the motor, is
suitably secured in the front end of the tubular shaft 50.

The operation of the motor may be comprehended by
reference to FIGURE 35, remembering that, as noted
above, the permanent magnet 10 projects a static field
from the pole 14 to the pole 16 by way of the armature
48. The static flux in the gaps 52 and 54 does not de-

10

25

30

60

65

70

4

pend on the angular position of the armature 48, since, if
the armature is rotated, the area of the gap 52 adjacent
to the pole piece 56 changes at the same rate as the area
adjacent to the pole piece 58, and, therefore, the total
area of the gap remains unchanged. Similarly, the area
of the gap 54 is independent of armature position, and
thus the reluctance of the path for the static flux is in-
variant.

Next, consider the passage of current through the coil
44. Since the permanent magnet 10 (FIGURE 1) has
a reluctance approaching that of air, the entire control field
developed by this current will, as pointed out above, pass
back and forth through the gap 54 by way of the pole
pieces 62 and 64 and armature 48. With one direction
of current through the coil 44, this field will add to the
static field in the portion of the gap 54 adjacent to the
pole piece 62 and subtract from the static field in the
portion of the gap adjacent to the pole piece 64. Thus, the
net field in the gap 54 is greater adjacent the pole piece
62 than adjacent the pole piece 64. Furthermore, the
magnetic energy in the gap 54 increases with counterclock-
wise rotation of the armature 48, since the latter then
“covers” more of the pole piece 62 and less of the pole
piece 64. In accordance with well-known principles, this
results in a pull of the side of the armature around toward
the pole piece 62 ie., a counterclockwise torque on the
rotor 48.

At the same time, current through the coil 42 projects a
field whose path includes the arm 22, pole piece 56, gap
52, armature 48 and finally back through the gap 52 to
the pole piece 58, arm 24 and post 30. The coils are
connected so that when the field developed by the coil 44
has the direction given above, the field from the coil 42 is
in the same direction as the static field in the portion of
the gap 52 opposite the pole piece 58 and opposite to
the static field in the portion opposite the pole piece 56.
Thus, the total field in the gap 52 is greater adjacent the
pole piece 58, and there is a counterclockwise pull on the
side 48b of the rotor 48. The torque is to a large degree
independent of the angle of rotation as long as the side 48b
is opposite portions of both the pole pieces 56 and 58
and there are currents through both coils 42 and 44,

It will be apparent that reversal of the direction of cur-
rent through the coils 42 and 44 reverses the direction
of rotor torque, and, more specifically, it provides a clock-
wise torque on the rotor 48.

Operation of the velocity coil 46 will now be described
with reference to FIGURE 5.

First, consider the static field passing from the pole 14
to the pole 16. When the armature is in its neutral posi-
tion, this field divides equally between the pole pieces 56
and 58 on the one hand and the pole pieces 62 and 64 on
the other. Thus none of the static fields link the coil 46.
However, if the armature 48 is rotated slightly, e.g., in the
counterclockwise direction, the reluctance in the por-
tion of the gap 52 adjacent to the pole piece 58 will be
less than the reluctance in the portion adjacent to the
pole piece 56. Similarly, the reluctance in the portion of
the gap 54 adjacent to the pole piece 62 will be less than
the reluctance in the portion adjacent to the pole piece
64. Thus, although the total static flux remains the same,
a greater portion of it will pass from the pole piece 58
than from the pole piece 56 and likewise a greater portion
will enter the pole piece 62 than the pole piece 64. In
other words, there is a net flux passing through the coil 46
in the uwpward direction (FIGURE 5). In accordance
with the well-known relationship,

de

e=n-v
a voltage is induced in the coil 46. Since the change in
static flux linking the coil 46 is linear with angular dis-
placement of the armature 50, the voltage induced in this
coil by such flux change is proportional to the velogity of
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the armature. Its polarity depends upon the direction of
motion of the armature.

The above construction provides greater torque than
prior units having the same size and armature mass,
Furthermore, as pointed out above, its operation is linear,
and also hysteresis is low. The effect of hysteresis can,
of course, be largely eliminated by the use of dither, a
well-known technique. Arother advantage stems from
the fact that all the coils are stationary. Thus, a large
number of turns may be used in the control coils to
match a high impedance source without increasing the
mass of the moving member. Also, heat may be con-
ducted away from the stationary coifs much more readily
than from movirg coils, which are effectively thermally
insulated from suitable heat sinks.

The use of the permanent magnet 10 (FIGURE 1)
to provide a high reluctance path between the flux car-
riers 18 and 20 deserves some explanation. If an electro-
magnet having a high permeability core were used, there
would be a low reluctance path between the arms 26 and
28 and a similar path between the arms 22 and 24. Thus,
the above-described flux paths for the control coils 42
and 44 woud be “short-circuited,” and there would be
essentially no control flux in the armature 48 (FIGURE
5). In other words, the motor would not operate.

This daficiency might be alleviated somewhat by split-

ting the core of the postulated electromagnet, i.e., pro-
viding a high permeability bar connecting the arms 22
and 26 and a second bar, separated from the first one,
connecting the arms 24 and 28. However, a study of
the flux paths resulting from this arrangement leads one
to the conclusion that its operation is not as efficient as
the one described above, and, particularly, hysteresis losses
will be greater, since flux developed by the control coils
42 and 44 will pass around the entire magnetic circuit
of the motor. However, in some applications, the dis-
advantages may be more than offset by the ability to
use an electromagnet for the static flux, and, therefore,
I include within the ambit of my invention motors of this
type.
In FIGURE 6, 1 have illustrated another embodiment
of my invention in which a single control coil 90 ex-
tends around the armature in a plane between the pole
pieces 56 and 62 on one hand, and the pole pieces 58
and 64 on the other hand. Assuming a current through
the coil 90 which develops an upwardly directed control
field in the armature 48, this field will pass outwardly
from the armature to the pole pieces 56 and 62 and
inwardly toward the armature from the pole pieces 58 and
64. If the static field from the magnet 10 passes through
the armature 48 from left to right, the control field
will add to the static field in the gap 52 adjacent to the
pole picce 58 and in the gap 54 adjacent to the pole
piece 62. It will subtract from the static field in the
gap 52 adjacent to the pole piece 56 and in the gap 54
adjacent to the pole piece 64. Thus, it will be apparent
that operation is in the manner described above,

It will be also be apparent that, since the coil 90 of
FIGURE 6 operates in a similar manner to the coils
42 and 44 of FIGURE 1, the latter coils can be used as
velacity sensors in the manner described above, with the
coil 46 operating as an input coil. Furthermore, a sec-
ond coil, overlapping the coil 90, can be used for velocity
feedback; similarly, a pair of coils around the same flux
paths as the coils 42 and 44 can be used for this pur-
pose.

The motor illustrated in FIGURE 8 also opérates in
the above manner. Four control coils 92-98, wound
arourd the respective pole pieces, are connected to pro-
vide a control field pattern identical to that of the motor
of FIGURES 1-5. Velocity information may thus be
obtained by means of a coil extending around the rotor
in a manner similar to that of the coil 46 of FIGURES
1 and 2. Alternatively, it will be noted from the above
description that either of the control coils 42 or 44 alone
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will provide rotor torque. Therefore, one of the coil
pairs in FIGURE 4, e.g., 96-98, may be used as con-
trol coils, with the coils 92 and 94, either singly or in
series, serving as velocity pickoff coils. In fact, a single
one of the control coils 92-98 will serve to drive the
rotor, with one or both of the coils on the opposite
pole providing velocity information,

However, in general, it is preferable to have at least
two control coils, one on the pole 14 and one on the
pole 16. If control coils are used on only one of the
poles, they must develop twice the field required for
two-pole operation. This, in turn, necessitates a stronger
magnet 10, since the static field must be at least equal
the strongest control field. Furthermore, with a stronger
control field associated with one pole, the cross sectional
areas associated with the path of the control field must
be larger to prevent saturation and reduce hysteresis.
This results in a bulkier, heavier device.

The motor illustrated in FIGURE 7 is particularly
well adapted for use in situations where the axis of rota-
tion must be close to one edge of the unit. A [hemis-
pheric} hemicylindrical rotor 100 is separated from [hem-
ispheric} hemicylindrical pole pieces 102 and 104 by a gap
106. The pole pieces 104 and 102, which are separated by
slots 108 and 110, are extensions of the flux carrier 18
and thus at the same potential as regards the static flux
from the magnet 10. A gap 112 separates the pole pieces
102 and 104 from the flux carrier 20. The rotor 100, which
is considerably closer to the flux carrier 20 than are the
pole pieces, is also preferably magnetically linked to the
flux carrier 20 by means of a shaft 114 of magnetic mate-
rial. Thus essentially all of the static flux passes through
the rotor 100.

Still referring to FIGURE 7, the slot 108 is preferably
enlarged at its inner end, as indicated at 116, to admit
a pair of control coils 118 and 120 wound around the
pole pieces 102 and 104, respectviely, The coils 118
and 120 are connected so that, insofar as the magnetic
fields developed by them are concerned, they are in a
series-aiding relationship. Thus, they develop a field
passing from the flux carrier 18, through one of the
control coils, through the gap 106 and into the rotor
100. The control field then passes from the rotor 100
back through the gap 106 and the other of the control
coils and into the flux carrier 18. The static field from
the magnet 10 is independent of rotor orientation, al-
through the distribution of this field between the pole
pieces 102 and 104 does, of course, depend on the angle
of the rotor. Accordingly, operation of the motor of
FIGURE 7 is similar to that of the motors described
above. In this connection, it will be noted that the
motor will operate with either of the coils 118 or 120
alone.

In FIGURE 9 I have illustrated a modification of the
motor of FIGURE 8, with the rotor 48 mounted for
rotation about an axis perpendicular to the common plane
of the magnet 10 and flux carriers 18 and 20, By way
of ittustration, only the control coils 94 and 96 have bean
included in FIGURE 9, although, from the above, it
will be apparent that fewer or more coils may be uti-
lized.

It will be noted that in FIGURES 6-9, the flux carriers
18 and 26 are not split into separate arms as in FIGURE
1. This because, with the control coil arrangement in
FIGURES 6-9, there is no problem of magnetic “short-
circuiting” by the flux carriers. Furthermore, the magnet
10 may be an electromagnet in these embodiments, al-
though a permanent magnet having a high internal re-
luctance is preferred for the reasons given above,

Since mechanical output of above motors results from
the interaction of magnetic fields—more specifically the
torque is proportional to the produce of the field
strengths—the functions of the sources of the fields may
be interchanged. Thus, the control coils may supply the
static fields, and the magnets 10 the control fields. How-
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ever, the problems of magnetic “short circuiting” dis-
cussed above still exists, and for this as well as other
reasons, it is generally preferable to have the magnet 10
supply the static field.

In FIGURE 10, I have illustrated a construction which
is characterized by its compactness and is thus highly
suitable for application having stringent space require-
ments. The motor includes a pair of poles, generally
indicated at 160 and 162, comprising pole pieces 164,
166, 168 and 170. An armature generally indicated at
122 is disposed between the poles 160 and 162 in a man-
ner similar to that of FIGURE 6, for example. The poles
160 and 162, which are elongated in the direction of the
axis of rotation of the armature 122, also serve as flux
carriers for permanent magnets 124 and 126. The mag-
nets 124 and 126 generate magnetic fields in the same di-
rection with respect to the poles 160 and 162, as indicated
by the arrows 127 and 128.

A coil unit 130, comprising both a control coil and a

separate velocity pickoff coil, extends through longitudinal :

apertures in the poles 160 and 162 and around the ends
of the armature 122 in the [nanner} of the coil 9¢ of FIG-
URE 6. These apertures, together with slots 132, sepa-
rate the pole pieces 164 and 166 and the pole pieces 168
and 170.

With further reference to FIGURE 10, a single one of
the magnets 124 and 126 may be used, but it is preferable
to use two of them as illustrated. In the first place, with
the preferred construction the static flux from the perma-
nent magnet is distributed evenly among the pole pieces
164—170 whereas with a single permanent magnet this
will generally not be the case, and linearity of operation
will suffer. Moreover the total flux obtainable from a
permanent magnet is dependent on its cross-sectional
area, in the illustrated
area of the pole faces 124a and 124b, 126a and 126b. If
a single magnet were used it would therefore have to be
thicker than either of the magnets 124 and 126. With
the greater area thus required for the magnet pole faces,
the motor would have to be wider or longer for an equiva-
lent static magnetic field. That is, the overall size of a
motor of equivalent torque will generally be greater with
a single permanent magnet than with two,

The compactness of the embodiment of FIGURE 10
as compared with that of FIGURE 1, for example, is
due to the disposition of the permanent magnets 124 and
126 in direct contact with the poles 160 and 162. This
eliminates the flux carriers 18 and 20 which contribute to
the bulk of the motor.

The armature 122 is notched or cut away 1o form
grooves 134 and 136 extending across the flat surfaces of
the armature and between the curve surfaces 138 and
140 conforming to the arcuate pole pieces 164-170. This
construction enhances the linearity of operation. As
pointed out above, the torque exerted on the armature
is substantially independent of the angle of rotation, as
long as the surfaces 138 and 140 bridge the siots 132
between the pole pieces 164 and 166 on one side and the
pole pieces 168 and 170 on the other side of the motor.
However, I have found that there is a slight decrease in
torque when the angle of rotation deviates substantially
from the neutral position, i.e. in which the armature over-
laps the two pole pieces of each pole in equal amounts.
While this departure from the ideal characteristic is so
small as to be of little or no consequence in many appli-
cations, there are some cases where a higher degree of
linearity is desirable.

The increased linearity is due to the fact that, as the
armature 122 rotates to the point where the non-linearity
becomes significant, the reduced portions 138a and 140a
of the surfaces 138 and 140 no longer overlap both pole
pieces of the pole 160 and 162. For example, assuming
clockwise rotation of the armature 122, as viewed from
the left-hand end thereof in FIGURE 10, when the rota-
tion reaches the point where the aforementioned non-
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linearity becomes significant, the surface portion 138a
will overlap only the pole piece 164 and the slot 132 ad-
jacent thereto and similarly, the portion 140a will overlap
only the pole piece 170 and the slot adjacent to it. The
reduced portions no longer overlap the pole pieces 166
and 168, respectively. When this occurs, there is a sub-
stantial increase of the pull of the pole pieces 164 and 170
on the portions 138a and 140a with respect to the pull
exerted on these portions by the pole pieces 166 and 168.
Furthermore, the increase continues with further rotation
almost to the point where the reduced surface portions
138a and 140a are entirely opposite the pole pieces 164
and 170.

This follows from the fact that when an arcuate sur-
face of an armature is opposite both adjacent pole pieces,
e.g., when the surface 138 of the armature 122 is opposite
both the pole pieces 164 and 166, the magnetic ficld be-
tween the armature and each of the pole pieces exerts a
torque on the armature. These torques are in opposite
directions, and the armature rotates in the direction of
the predominant torque, as determined by the current
through the control coil in the coil unit 130. The net
torque on the armature, i.e., the difference between these
torques, is substantially independent of armature posi-
tion, except for the non-linearity noted above, as long
as the surface of armature is opposite both adjacent
pole pieces.

However, when it leaves one of the pole pieces and

- is opposite only the other one, the relationships between
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the various parameters of the system tending toward
linearity no longer exist. Rather, the relationship be-
tween the surface 138 and the pole piece 164 is more like
that of a solenoid, where the force exerted by the system
increases as the reluctance of the air gap decreases, that
is, as the armature and the stator comes closer toegther.
Because of the reduced thickness of the surface portion
138a, this increase in torque on this surface portion occurs
while the wider (in arcuate extent) portions 138b still
overlap both the pole pieces 164 and 166. In particular,
the reduction in the surface portion 138a relative to the
portions 138b is such as to provide the increased torque
on the portion 138a as the portions 138b encounter the
decrease in torque which otherwise results in the non-
linearity overcome by this construction.

There is a similar relationship between the reduced por-
tion 140a of the surface 140 and the wide portions 140b
thereof.

By way of example, the relationship between the wide
surface portions 138b and 140b and the slots 132 may
be such that the wide portions overlap both the pole
pieces adjacemt thereto up to a rotation of 15° from the
neutral position; and each of the reduced portions 138a
and 140a overlap both the pole pieces adjacent thereto
up to an angle of 10° on either side of the neutral posi-
tion. The relative lentghs (in the axial direction) of the
reduced and wide portions depend on the amount of the
non-linearity to be compensated for: the increased torque
due to a reduced portion increases with the lentgh of the
portion. When small amounts of non-linearity are to be
compensated, a groove such as 134 or 136 having a rec-
tangular cross section, is adequate. If a greater range
of rotation is to be linearized, the slot may have a differ-
ent cross Section. In the ultimate, there may be a con-
tinued taper from the wide surface portions of the arma-
ture to reduced portion thereof. It will be appreciated
that because of fringing eflects, etc., there will generally
be some empirical correction to arrive at the exact amount
of cutting away of the armature required in a given motor
size.

It will be noted that it is not necessary that both the
surface 138 and 140 have reduced portions. Rather,
the motor could be provided with only one of these por-
tions, for example the portion 140a, although in that
case it would be longer, ie., in the axial direction, than
either of the two reduced portions 138a and 140a illus-
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trated. However, generally it will be easier to form the
grooves 134 and 136 extending all the way across the
armature 122 than merely notch the armature adjacent
to one of the surfaces 138 and 140. For this reason,
it is preferable to construct the armature with the two
reduced surface portions.

Moreover, it is generally desirable that the depth of
the grooves 134 and 136 be equal in order to obtain
symmetry of operation of the motor. That is, with equal
depths and equal widths of the two grooves, the response
of the motor when rotating in one direction from its neu-
tral position, is the same as in the other direction of rota-
tion. On the other hand, it will be apparent, that when
rotation in only one direction from the neutral axis is
contemplated, the grooves corresponding to enhancement
of linearity in the opposite direction may be omittted.

By analogy, it will be apparent that the enhancement of
linearity can be accomplished by reducing the arcuate
extent of portions of the pole pieces 164-170. For exam-
ple, the slot 132 might be widened along portions there-
of.

The motor illustrated in FIGURE 10 also includes a
shaft 142 extending through the armature 122 and fas-
tened to one end of a helical spring 144, which provides
the restoring force for the armature. The other end of
the spring is secured to a screw 146 which is threaded
into a disk 148. The disk, in turn, is rotatably secured
to the end wall of a housing fragmentarily shown in 150.

FIG. 10a illustrates @ motor which is the same as the
one depicted in FIG. 10, except that the armature 122 is
not grooved to form surface portions of lesser arcuate
extent. Rather, the pole pieczs 164', 166°, 168" and 170"
have surface portions 200’ which are of lesser arcuate ex-
tent. This is done by widening each slot 132" ar 134 along
a portion of its length.

More specifically, the disk 148 is provided with arcuate
hoes 152 and 154. Bolts 156 extend through the slots
and the housing 150. When the bolts are tightened, the
disk 148 is secured in position. The angular position of
the disk may be adjusted after assembly of the motor by
loosening the bolts, and in this manner the neutral posi:
tion of the spring 144 and the magnetic system within the
motor may be made to coincide.

The motor of FIGURE 10 is fabricated by first forming
the coil unit 130 and the four pole pieces 164-170, which
may have identical shapes and are separately formed.
The pole pieces are then emplaced about the coil unit and
cemented together to form the poles 164 and 170. The
magnets 124 and 126 are cemented to the poles 164 and
170. A round mandrel (not shown) taking the place
of the armature 122, is used to position the poles during
the cementing and potting operation. The cemented parts
are placed in housing 150, and the unit is then potted,
after which the mandrel is removed. A minor boring
or reaming operation may be required at this point to
provide the requisite clearance for the armature 122 and
ensure concentricity of the pole pieces and the armature
surface 138 and 140.

It is generally desirable to use a mandrel which is
slightly smaller in diameter than the ultimate diametrical
distance between the pole pieces, in order to make sure
that some material is removed from each pole piece by
the reaming step.

The armature 122 is then inserted, after having been
secured to the springs 144 and 146, and these parts are
rotated to fasten the screw to the disk 148. A front cover
(not shown) including a bearing unit which may be
similar to the bearing 70 shown in FIGURE 4, is then
secured to the housing and final adjustment of the disc
148 is made.

From the steps used to fabricate the motor of FIGURE
10, it is apparent that this motor not only has the com-
pactness and linearity described above, but also is rela-
tively easy to fabricate. Moreover, the armature has a
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relatively low moment of inertia, because of its small
diameter as compared with its length.

It will thus be seen that the objects set forth above,
among those made apparent from the preceding descrip-
tion, are efficiently attained and, since certain changes
may be made in the above construction without depart-
ing from the scope of the invention, it is intended that
all matter contained in the above description or shown
in the accompanying drawings shal] be interpreted as iflus-
trative and not in a limiting sense.

It is also to be understood that the following claims
are intended to cover all of the generic and specific fea-
tures of the invention therein described, and all state-
ments of the scope of the invention which, as a matter
of language, might be said to fall therebetween.

I claim;

1. A motor comprising, in combination, a rotor mount-
ed for rotation about an axis, first and second poles each
of which has a pole face describing in section an arc of a
circle having its center on said axis, said rotor having a
first surface closely radially spaced from said face of said
first pole by a first gap and a second surface closely radial-
ly spaced from said face of said second pole by a second
gap, each of said first and second surfaces of said rotor
describing in section an arc of a circle whose center
is on said axis, means forming a third gap axially ex-
tending in said face of said first pole to divide it into
first and second pole pieces, said first surface of said rotor
extending across said third gap to be opposite both said
first and second pole pieces, a first magnet connected
between said first and second poles so as to pass a first
magretic field through said rotor by way of said first
and second poles and said first and second gaps, a coil
arranged to develop a second magnetic field passing be-
tween said first and second pole pieces by way of said first
gap and said rotor, the reluctance of the path of said first
magnetic field being substantially greater than that of
said second field.

2. The combination defined in claim 1 in which said
first and second pole pieces are portions of first and sec-
ond flux arms extending between said first gap and said
magnet, said arms being magnetically isolated from each
other except for a magnetic link therebetween, said coil
being disposed around said link.

3. The combination defined in claim 1 including a
fourth gap extending axially in said face of said second
pole so as to divide it into third and fourth pole pieces
and means for passing a magnetic field through said
rotor by way of said third and fourth pole pieces and
said second gap, said second surface of said rotor ex-
tending across said fourth gap to be opposite both said
third and fourth pole pieces.

4. The combination defined in claim 3 including a
coil extending around said rotor in a plane parallel to
said axis and intersecting said pole faces.

5. The combination defined in claim 3 in which said
first and second pole pieces form the ends of first and
second flux arms extending from said first gap to a first
pole of said first magnet, said third and fourth pole pieces
being on the ends of third and fourth flux arms extending
between said second gap and the other pole of said
first magnet, the relative reluctances of the various flux
paths in said motor being such that substantially the en-
tire field developed by current in said coil passes through
said rotor by way of sad first and second pole pieces
and said first gap.

6. A motor comprising, in combination, a rotor of soft
magnetic material mounted for rotation about an axis
between first and second poles with first and second gaps
radially between said rotor and said poles, a first magnet,
flux carrying means extending between said poles and
the respective poles of said first magnet, means forming
third and fourth gaps in said poles extending axially
therealong and opening into said first and second gaps,
said third and fourth gaps dividing the faces of said poles
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into pole pieces, and a stationary coil disposed in a plane
substantially parallel to said axis, said coil passing around
said rotor and axially through said third and fourth gaps,
each of said first and second gaps extending circumferen-
tially about said axis for a distance less than the circum-
ferential extension of the pole adjacent thereto, said rotor
having a pair of opposed arcuate surfaces defining said
gaps, each of said surfaces extending across said third
gap to be opposite 2 pair of adjacent pole pieces, the
path for the flux from said first magnet having substan-
tially greater reluctance than the flux path extending
through said coil and passing through said rotor and one
of said first and second gaps and the pole adjacent there-
to and returning to said rotor through the same gap.

7. A motor comprising, in combination, a rotor of
magnetic material mounted for rotation about an axis
between first and second poles with first and second gaps
radially between said rotor and said poles, a first magnet,
flux carrying means extending between said first and sec-
ond poles and the
means forming third and fourth gaps in said poles ex-
tending axially therealong and opening into said first
and second gaps, whereby said third gap divides said
first pole into first and second pole pieces and said fourth
gap divides said second pole into third and fourth pole
pieces, the circumferential order of said pole pieces being:
first, second, third and fourth, a first coil extending around
said first pole piece and a second coil extending around
said third pole piece, said first and second coils passing
through said third and fourth gaps respectively, said rotor
having a pair of diametrically opposed arcuate surfaces
defining said first and second gaps, each of said surfaces
spanning one of said third and fourth gaps to overlap
a pair of circumferentially adjacent pole pieces the path
for flux from said first
reluctance than the flux path extending through said first
coil and passing through said rotor and said first gap
and the pole adjacent thereto and returning to said rotor
through said first gap, and the path for the flux of said
first magnet having substantially greater reluctance than
the flux path extending through said second coil and pass-
ing through said rotor, and said second gap and the pole
adjacent thereto and returning to said rotor through said
second gap.

8. The combination defined in claim 7 including third
and fourth coils around said second and fourth pole
pieces, respectively.

9. An electric motor comprising, in combination, first
and second magnetic poles, a rotor mounted for rotation
about an axis, said first pole having a face extending in
the axial direction of said rotor and closely radially
spaced from said rotor to define a first air gap, a second
gap extending axially in said pole face and opening into
said first gap, whereby said second gap divides said first

pole into first and second pole pieces, said rotor being so |

shaped that it overlaps both said first and second pole
pieces and rotation about said axis increases the portion
of said first gap opposite one of said pole pieces and de-
creases the portion thereof opposite the other of said
pole pieces, a magnet, a first flux arm magnetically con-
necting said first pole to one of the poles of said magnet,
a second flux arm extending between the other pole of
said magnet and an axial end of said rotor, said second
flux arm being spaced from said first pole, the portion
of said second arm adjacent said rotor being said second
pole of said motor, and a coil extending around said first
pole piece and through said second gap the path for the
flux from said magnet having substantially greater reluc-
tance than the flux path extending through said coil and
passing through said rotor and said first gap and said
first pole and returning to said rotor through said first gap.

10. The combination defined in claim 9 including a sec-
ond coil extending around said second pole piece and
through said second gap.

11. A motor comprising, in combination, a rotor

respective poles of said first magnet, ¢
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mounted for rotation about an axis, said rotor having first
and second diametrically opposed arcuate surfaces form-
ing part of a cylinder concentric with said axis, said sur-
faces being diametrically opposed with respect to said axis
and defining between them the longest dimension of said
rotor perpendicular to said axis, first and second poles
disposed opposite the respective arcuate surfaces of said
rotor with first and second gaps radially between said
poles and said rotor, said first pole having first and second
pole pieces spaced apart by a first further gap in the di-
rection of rotor rotation, first low reluctance means con-
necting said first and second pole pieces together, said
second pole having portions opposite said first and second
pole pieces, second low reluctance means connecting to-
gether said portions of said second pole, a first magnet
connected between said first and second poles, magnetic
means positioned to develop a magnetic field along a loop
consisting of said rotor, said first pole piece, said second
pole piece and the low reluctance means connecting said
first and second pole pieces, said first surface of said
rotor extending across said first further gap to the op-
posite both said first and second pole pieces, the path for
the flux of said first magnet having a relatively high reluc-
tance so that substantially none of the field of said magnet
means passes through said first magnet.

12. The combination defined in claim 11 in which
said first magnet is a permanent magnet and in which said
magnet means comprises an electromagnet coil.

13. The combination defined in claim 11 in which
said portions of said second pole opposite said first and
second pole pieces are third and fourth pole pieces spaced
apart by a second further gap in the direction of rotor
rotation, said motor including means for passing a mag-
netic field along a further loop consisting of said rotor,
said third and fourth pole pieces and said second low
reluctance means interconnecting said third and fourth
pole pieces, said second surface of said rotor extends
across said second further gap to be opposite both said
third and fourth pole pieces.

14. The combination defined in claim 11 including a
sensing winding disposed to develop a voltage in response
to the change in the distribution of flux between the two
pole pieces of each pole resulting from angular displace-
ment of said rotor.

15. The combination defined in claim 13 including a
winding disposed around said rotor and substantially
symmetrical about a plane passing through, said axis of
rotation and said first further gap.

16. The combination defined in claim 13 in which said
first and second pole pieces form the ends of first and
second flux arms extending from said first gap to a first
pole of said first magnet, the relative reluctances of the
various flux paths in said motor being such that substan-
tially the entire field developed by said magnet means
passes through said rotor by way of said first and second
pole pieces and said first gap.

17. An electric motor for limited rotation, said motor
comprising:

(a} a rotor of highly permeable magnetic material,

(b) means mounting said rotor for rotation about an
axis of rotation,

(¢) four pole pieces disposed in a circle centered on
said axis,

(d) said pole pieces being separated by slots,

(e) each pole piece being paired with each of its cir-
cumferentially adjacent pole pieces, whereby said
pole pieces form first, second, third and fourth pairs
of pole pieces with said first pair excluding the pole
pieces of said second pair,

(f) said rotor having first and second arcuate surfaces
centered on said axis and bridging a pair of said
slots oppositely disposed with respect to said axis,
whereby each of said arcuate surfaces overlaps a sep-
arate pair of said pole pieces,

(g) a permanent magnet connected to impose a static
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magnetic potential difference between said first and
second pairs of pole pieces,

(h) electromagnetic means connected to develop a
magnetic potential between said third and fourth
pairs of pole pieces, and

(i) at least one of said surfaces of said rotor having
a reduced portion whose arcuate extent is substan-
tially less than that of the remainder of said one
surface [, thereby to enhance the linearity of opera-
tion of said motor].

18. The combination defined in claim 17 in which said
reduced portion is symmetrical with respect to the remain-
der of said one surface in the circumferential direction
thereof.

19. The combination defined in claim 17 including a
velocity pickoff coil system connected to be linked by
substantially the same flux as said electromagnetic means.

20. The combination defined in claim 17

(a) in which said permanent magnet is connected di-
rectly between the pole pieces of said third pair
thereof and

(b) including a second permanent magnet directly
connected to the pole pieces of said fourth pair
thereof,

(c) said magnets being similarly polarized with respect
to the pole pieces of said first pair.

21. An electric motor for limited rotation, said motor

comprising

(a) an armature mounted for rotation about an axis,

(b) said armature having first and second surfaces
which are

(1) arcuate with respect to said axis,

(2) oppositely disposed with respect to said axis,

(c) first and second poles oppositely disposed with
Tespect to said axis,

(d) said first pole including first and second pole pieces
having

(1) first and second surfaces which are arcuate
with respect to said axis,

(2) first means magnetically connecting said first
and second pole pieces,

(3) said first and second pole pieces and said
first magnetic connecting means defining a first
slot extending radially from said first and sec-
ond surfaces,

(e) said second pole including third and fourth pole
pieces having

(1) third and fourth surfaces which are arcuate
with respect to said axis,

(2) second means magnetically connecting said
third and fourth pole pieces,

(3) said third and fourth pole pieces and said
second magnetic connecting means defining a
second slot extending radially from said third
and fourth surfaces,

(f) said first and fourth surfaces being diametrically
opposed,

(g) said second and third surfaces being diametrically
opposed,

(h) said first and third surfaces and said second and
fourth surfaces defining third and fourth slots, re-
spectively, extending radially with respect to said
axis,

(i) a first permanent magnet substantially coextensive
with first and third pole pieces and extending be-
tween them,

(i) a second permanent magnet substantially coexten-
sive with said second and fourth pieces and extend-
ing between them,

(k) said magnets being polarized in the same direction
with respect to said poles,

(1) a control coil extending through said first and sec-
ond slots,

(m) said surfaces of said armature bridging a pair of
slots which are oppositely disposed with respect to
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said axis, whereby each of said armature surfaces
overlaps a pair of said pole piece surfaces opposite-
ly disposed with respect to the pair of pole piece
surfaces overlapped by the other of said armature
surfaces.

22. The combination defined in claim 21 including a
second coil extending through said first and second slots.

23. The combination defined in claim 21 in which each
of said rotor surfaces has a portion reduced in circum-
ferential extent with respect to the remainder of said
rotor surface [, thereby to enhance the linearity of opera-
tion of said motor].

24. The combination defined in claim 21 including

(a) a housing containing said motor,

(b) a shaft connected to said rotor and disposed on
said axis,

(c) a plate rotatably secured to said housing, and

(d) a torsional spring connected between said shaft
and said plate.

25. An electric motor comprising

(A4) first and second magnetic poles each of which
has a pole face describing in section substantially an
arc of a circle having its center on a common axis,

(B) means forming an axially-extending slot in said
first pole face forming on said first pole first and
second circumferentially spaced-apart pole pieces,

(C) arotor mounted for rotation about said axis,

(D) said rotor having a third arcuate surface

(1) closely radially spaced from first and second
pole face portions, said pole face portions con-
sisting of the portion of said first pole face on
said first pole piece and another circumferen-
tially-adjacent portion of said pole faces, and

(2) opposite both said pole face portions when
said rotor is in a neutral position,

(E) a first magnet connected between said first and
second poles so as to pass a first magnetic field
through said rotor by way of said first and second
poles and the gaps between said rotor and said two
poles,

(F) a second magnet arranged to develop a second
magnetic field passing between said first and second
pole pieces by way of said rotor and the gaps be-
tween said rotor and said first and second pole pieces,

(G) at least one of said first and second magnets being
an electromagnet, and

(H) at least one of said third rotor surface and one
pole face having an exially-extending portion of
lesser arcuate extent than the rest of said surface or
pole face,

(1) said reduced portion being so arranged that
when said rotor is turned by a selected angle,
the area of said rotor third surface opposite said
first and second pole face portions at said re-
duced portion changes with rotation of said rotor
relative to the area of said rotor third surface
opposite said pole face portions elsewhere than
at said reduced portion.

26. An electric motor according to claim 25 having
at least one said portion of lesser arcuate extent so ar-
ranged that when said rotor is turned by said selected
angle, the area of said rotor third surface opposite said
first and second pole face portions at said one reduced
portion increases with rotation relative to the area of said
rotor third surface opposite said pole face portions else-
where than at said one reduced portion.

27. An electric motor according to claim 25 in which
said portion of lesser arcuate extent is formed by means
reducing the arcuate extent of said third rotor surface.

28. An electric motor according to claim 23 in which
said portion of lesser arcuate extent is formed by means
reducing the arcuate extent edge of said first pole face on
at least one of said first and second pole pieces.

29. An electric motor according to claim 28 in which
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said reducing means is widening a lengthwise portion of
said slot.

30. An electric motor for limited rotation, said motor

comprising:

(A) a rotor element of magnetically permeable ma-
terial,

(B) means mounting said rotor for rotation about an
axis of rotation,

(C) a stator element comprising four pole pieces dis-
posed in a circle centered on said axis,

(D) said pole pieces being separated by slots,

(E) each pole piece being paired with each of its cir-
cumferentially adjacent pole pieces, whereby said
pole pieces form first, second third and fourth pairs
of pole picces with said first pair excluding the pole
pieces of said second pair,

(F) said rotor element having first and second arcuate
surfaces centered on said axis and at least when said
rotor element is in a neutral position, bridging a pair
of said slots oppositely disposed with respect 1o said
axis, whereby each of said rotor arcuate surfaces
normally overlaps a separate pair of said pole pieces,

(G) a permanent magnet connected to impose a static
magnetic potential difference between said first and
second pairs of pole pieces,

(H) electromagnetic means connected to a develop a
magnetic potential between said third and fourth
pairs of pole pieces, and

(1) at least one arcudle surface

(1) selected from
(@) one pole piece surface facing an arcuate
rotor element surface, and
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(b) one arcuate rotor element surface

(2) having a reduced portion of lesser axial length
and of lesser arcuate extent than the remainder
of said one surface, said reduced portion being
so arranged that, when said rotor is turned by
a selected angle, the area of said reduced por-
tion of said one arcuate surface on one said
motor element opposite the arcuate surfaces on
said other motor element changes with rotation
of said rotor element relative to the area of the
remainder of said one arcuate surface opposite
the arcuate surfaces on said other motor ele-
ment.
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